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While probing the role of RNA for the function of SET1C/
COMPASS histone methyltransferase, we identified
SETIRC (SET1 mRNA-associated complex), a complex
that contains SETI mRNA and Setl, Swdl, Sppl and
Shgl, four of the eight polypeptides that constitute
SET1C. Characterization of SETIRC showed that SETI
mRNA binding did not require associated Swdl, Sppl
and Shgl proteins or RNA recognition motifs present in
Setl. RNA binding was not observed when Setl protein
and SET1 mRNA were derived from independent genes or
when SETI1 transcripts were restricted to the nucleus.
Importantly, the protein—-RNA interaction was sensitive
to EDTA, to the translation elongation inhibitor puromycin
and to the inhibition of translation initiation in prt1-1
mutants. Taken together, our results support the idea
that SET1 mRNA binding was dependent on translation
and that SET1RC assembled on nascent Setl in a cotrans-
lational manner. Moreover, we show that cellular
accumulation of Setl is limited by the availability of
certain SET1C components, such as Swdl and Swd3, and
suggest that cotranslational protein interactions may exert
an effect in the protection of nascent Setl from degradation.
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Introduction

Most proteins in a cell are integral components of hetero-
geneous multi-subunit complexes. Assembly pathways for
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such complexes have been studied, for example, for ribonu-
cleoproteins that form on small nuclear or small nucleolar
RNAs (Filipowicz and Pogacic, 2002; Paushkin et al, 2002;
Staley and Woolford, 2009) and for membrane-bound com-
plexes in organelles (Choquet and Vallon, 2000; Ackerman
and Tzagoloff, 2005). The manner in which large structures
such as ribosomal subunits are built poses another huge
challenge for biologists (Fatica and Tollervey, 2002); more-
over, very little is known about the formation of a large
number of diverse multi-protein complexes in the cytosol. In
particular, the mechanisms that ensure specific association of
a certain set of interaction partners remain largely obscure.

Chromatin modification enzymes such as histone methyl-
transferases (HMTases) are often contained in multi-protein
assemblies (Kouzarides, 2007). In yeast, the Setl protein is
required for all methylation of histone 3 lysine 4 (H3K4)
(Briggs et al, 2001; Roguev et al, 2001; for a recent review see
Dehe and Geli, 2006). The protein stably associates with
seven other subunits, which have been given multiple de-
nominations: Swdl/Cps50p/Saf49p, Swd2/Cps35p/Saf35p,
Swd3/Cps30p/Saf35p, Sppl/Cps40p/Safdlp, Bre2/Cps60p,
Sdc1/Cps25p/Saf19p and Shgl (Miller et al, 2001; Roguev
et al, 2001; Nagy et al, 2002). The resulting SET1 complex is
also known as COMPASS (Miller et al, 2001). For simplicity,
we will use the standard nomenclature of the proteins
as indicated by the Saccharomyces Genome Database
(http://www.yeastgenome.org/). Only the Swd2 subunit of
the complex is essential for cell viability, which is probably
because of an independent role of the protein as a component
of the cleavage and polyadenylation factor (CPF) complex
(Cheng et al, 2004; Dichtl et al, 2004).

H3K4 HMTases from yeast to humans carry, in addition to
variable enzyme-specific subunits, a common set of asso-
ciated proteins: the so-called ‘MLL core complex’. This com-
plex consists of a catalytic SET domain containing subunit
and WDRS5, RpBP5 and Ash2L proteins, which are homo-
logous to yeast Swd3, Swdl and Bre2 (reviewed in
Ruthenburg et al, 2007). Analysis of these core components
in vivo and in vitro showed a central role for WDRS in
complex integrity and substrate interaction (Wysocka et al,
2005; Dou et al, 2006; Steward et al, 2006). It is noteworthy
that the requirement for certain core components to maintain
complex integrity seems to be conserved in yeast, as a
mutation of the essential WD-repeat protein Swd2 (Dichtl
et al, 2004) or a deletion of the genes encoding the non-
essential Swdl and Swd3 subunits resulted in a severe under-
accumulation of Setl (Dehe et al, 2006; Steward et al, 2006).
Although a reconstitution of an MLL core enzyme was
recently achieved with heterologously expressed proteins
in vitro (Dou et al, 2006), little is known about the manner
by which HMTase complexes are formed in vivo.

Setl harbours an evolutionarily conserved RNA-binding
domain in its amino-terminal half, comprising two RNA
recognition motifs (RRM1 and RRM2) (Tresaugues et al,
2006). We recently showed that, although this domain can
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bind RNA in vitro, mutations within RRM2 do not interfere
with the HMTase activity of SET1C in vivo (Tresaugues et al,
2006). However, removal of the entire RRM domain or point
mutations within RRM1 resulted in a specific loss of
tri-methylation, consistent with the idea that RNA may
have a role in regulating SET1C (Schlichter and Cairns,
2005; Tresaugues et al, 2006). Moreover, it was suggested
that the catalytic SET domain and associated n-SET and post-
SET domains can bind single-stranded DNA and RNA in vitro
(Krajewski et al, 2005). Nevertheless, the physiological
implications of nucleic acid binding by SET1C and related
complexes remain unclear.

This study was initiated by a search for RNA molecules
that bind to SET1C. Our analyses showed that SET]1 mRNA
was associated with a SET1C sub-complex, which we refer to
as SET1RC. Our experiments provide evidence that SET1RC
assembles on nascent Setl during translation. We propose
that this cotranslational assembly couples the synthesis and
accumulation of Setl, the catalytic subunit of the complex,
with the formation of SET1C. Cotranslational processes, as
described here, may be of wider relevance for the assembly of
multi-protein complexes.

Results

Specific enrichment of SET1T mRNA in Shg1-TAP
purifications

To test for RNA associated with SET1C, we partially purified
the complex from Shgl-TAP extracts; a non-tagged isogenic
wild-type strain served as control. RNA isolated from extracts
and from purified Shgl-TAP material was used to generate
cDNA probes labelled with different fluorescent dyes, which
were then mixed and hybridized to Saccharomyces cerevisiae
oligonucleotide  microarrays (Gerber et al, 2004;
Supplementary data). The scatter plot shown in Figure 1B
illustrates that SETI RNA was highly enriched in Shgl-TAP
affinity isolates (average enrichment ~ 23-fold; P-value was
<0.0004, false discovery rate (FDR) approximated to 0%).
Six additional RNAs were enriched; however, they had
FDRs of >50% and hence were not likely to represent true
targets. The microarray results were confirmed by real-time
PCR (Figure 1C): SETI mRNA was found to be approximately
50-fold enriched compared with ACT! mRNA in Shgl-TAP
isolates; transcripts encoding other SET1C subunits (SPPI,
SDC1), ribosomal proteins (RPL29A and RPS7A) and histones
(HHTI and HTA2) were not enriched. Moreover, Figure 1D
shows that a SETI signal was obtained when cDNA
synthesis was primed with oligo(dT) instead of random
hexamers (which were used in Figure 1C), suggesting that
the RNA contained poly(A). To exclude the fact that we
detected short polyadenylated fragments, we used for
cDNA synthesis a primer that anneals in the 3’ UTR (oligo
UTR; see Figure 1A). We observed similar signal intensities
for primer pairs PP1, PP2 and PP4, indicating that RNAs
extended from the 3’ UTR to the 5 end of the transcript
(Figure 1E). Taken together, our analyses suggested that
bona fide, full-length SETI mRNA was associated with
Shgl1-TAP.

SET1 mRNA is associated with a SET1C sub-complex
Most of cellular Shgl is associated with SET1C (Roguev et al,
2001). To test whether other SET1C subunits were also bound
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to SET1 mRNA, we affinity purified all eight SET1C subunits
individually from extracts. An immunoblot analysis con-
firmed the correct expression of TAP-fusion proteins and
enrichment of proteins after IgG-Sepharose adsorption and
elution by TEV-protease cleavage (Supplementary Figure
S1A). We observed an enrichment of SETI mRNA with
TAP-Setl, Sppl-TAP, Swdl-TAP and Shgl-TAP, but not
with Bre2-TAP, Sdcl-TAP, Swd2-TAP and a non-tagged
wild-type strain (Figure 2A). Swd3-TAP gave a signal that
was slightly above background, indicating that it may either
associate loosely with the complex or that this protein does
not support efficient purification because of other limitations.
No enrichment of RPS7A mRNA took place in any case.
To evaluate whether the TAP-tag compromised the functionality
of the fusion proteins and potentially influenced the effi-
ciency of SETI mRNA co-purification, we tested H3K4 methy-
lation by western blot. Supplementary Figure S1B shows that
all analysed strains had similar levels of H3K4 di- and
tri-methylation, suggesting that TAP-fusion proteins were
functional.

Next, we addressed whether Setl, Sppl, Swdl and Shgl
associate with SETI mRNA as constituents of the same
complex. Results from yeast two-hybrid screening identified
domains within Setl that mediate interactions with Shgl
(amino acid (aa) 462-560) and Sppl (aa 762-794) (BD,
unpublished data; Figure 2B). Furthermore, Bre2 interacted
with a Setl domain encompassing aa 900-1081, consistent
with previous results (Dehe et al, 2006). No interaction
domains on Setl are known for Swdl, Swd2 and Swd3, but
the Swd1-Swd3 heterodimer does not require the C-terminal
SET domain (aa 901-1081) for association with SET1C (Dehe
et al, 2006). In pull-down assays, Swdl, Sppl and Shgl
efficiently bound to GST-Setl but not to GST alone
(Figure 2B), consistent with the view that the three proteins
directly associate with Setl. Furthermore, a Superdex 200 gel-
filtration analysis of material associated with Shg1-TAP after
IgG purification suggested that SETI mRNA was associated
with a large molecular weight complex that eluted with the
void volume of the column (Figure 2C). Taken together, our
results showed the existence of a SETI mRNA containing
complex that we will henceforth refer to as SET1RC (SET1
mRNA-associated complex).

Swd1, Spp1 and Shg1 are dispensable for SETT mRNA
binding

To determine the requirements for SET1RC formation and
stability, we initially tested SET1 mRNA association to TAP-
tagged SETIRC subunits in the absence of other SET1RC
proteins. As shown in Figure 2A, SET1 mRNA association
was observed with TAP-Setl in Aswdl, Asppl and Ashgl
backgrounds, with Sppl-TAP in Aswdl and Ashgl back-
grounds, with Shgl-TAP in AswdI and Asppl backgrounds
and with Swd1-TAP in the Ashgl background. The signal
obtained with the TAP-Setl Asppl strain was elevated in this
analysis, but remained within the limits of variation that we
observed in numerous such experiments. The only combina-
tion that gave no signal was Swd1-TAP in Asppl, indicating
that the absence of Sppl weakens the binding of Swd1-TAP
to the complex. The absence of Bre2 and Sdcl, which we
found not to associate with SET1RC, was tested in Spp1-TAP
and Shgl-TAP backgrounds, respectively, and did not inter-
fere with the binding of SET1 mRNA.

©2009 European Molecular Biology Organization
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Figure 1 Specific association of SETI mRNA with Shgl-TAP. (A) Schematic presentation of the SET1 gene. Oligonucleotides (primer pairs
PP1-PP6) used for qPCR analysis or reverse transcription (oligo UTR) and their location relative to the translational start codon (+ 1) are
indicated. (B) Average RNA enrichment from four independent microarray hybridizations analysing Shgl-TAP affinity isolates (y-axis) and
mock controls (x-axis). Data are shown for 6253 features. SET1 data are depicted in red. (C) Quantitative RT-PCR analysis of the indicated
target genes on RNA co-purifying with partially purified Shgl-TAP (solid black bars) or from a control extract (open white bars). Fold
enrichment was determined as described in ‘Materials and methods’. (D) Quantitative RT-PCR analysis as described in (C) with the indicated
primer pairs, with cDNA that was obtained after oligo(dT)-primed reverse transcription. (E) Quantitative RT-PCR analysis as described in (C)
with the indicated primer pairs with cDNA that was obtained after reverse transcription that was primed with oligo UTR.

We, along with others, previously found that inactivation
of Swd1, Swd2 and Swd3 resulted in a severe under-accumu-
lation of Set1 (Dichtl et al, 2004; Dehe et al, 2006; Nedea et al,
2008), and western blot analysis confirmed strongly reduced
levels of TAP-Setl in Aswdl and Aswd3 cells (Figure 6A).
Remarkably, co-purification of SETI mRNA with TAP-Setl
occurred with the same efficiency, irrespective of the
presence or absence of either Swdl or Swd3 (Figure 2A).
This indicated that the amount of TAP-Setl associated
with SET1RC was not significantly reduced, despite strongly
reduced cellular levels of the protein. In summary, we found
that SET1RC formation can occur in the absence of Swdl,
Sppl and Shgl, suggesting that only Setl is required for SET'1
mRNA binding.

mRNA binding is not associated with a specific Set1
domain

Setl carries RRM1- and RRM2 RNA-binding motifs in the
N-terminal half and the -catalytic SET domain at its

©2009 European Molecular Biology Organization

C-terminus (Figure 3A). To test which domains are required
for SETI mRNA binding we fused Setl fragments to ProteinA
and assayed whether encoding mRNAs co-purified. The data
in Figure 3B illustrate that both the N- and the C-terminal half
of the protein (residues 1-571 and 572-1081) bound their
encoding mRNA with an efficiency similar to full-length
protein (residues 1-1081). Thus, SETI mRNA binding
occurred both with a Setl protein, which carried the RRM
domains, and the C-terminal part of the protein, which lacked
RRMs. Moreover, proteins carrying mutations in RRMI1
(1-571YF/AA) or RRM2 (1-571H/A), which strongly reduced
RNA binding in vitro (Tresaugues et al, 2006), retained the
ability to interact with cognate mRNA (Figure 3B). Thus,
RNA binding of the N-terminal domain did not depend on
intact RRMs, consistent with the observation that the
C-terminal fragment, which completely lacked these motifs,
also bound RNA.

Next, we asked whether the interaction may be restricted
to mRNAs and to their derived proteins, or whether Setl
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Figure 2 SET1 mRNA is associated with a SET1C sub-complex. (A) Affinity purification was carried out with extracts obtained from the
indicated strains. After RNA extraction and cDNA synthesis, JPCR analysis was performed to detect SETI RNA (PP4; solid black bars) or a
control RNA (RPS7A; open white bars). Values represent the mean of three to five comparable experiments for each indicated strain and error
bars indicate s.d. (B) The diagram (top) depicts the domain structure of Setl (RRM1, RRM2, n-SET, SET and post-SET; not in scale) and
numbers delineate the interaction domains for Shgl, Sppl and Bre2, as derived from yeast two-hybrid results. The region of interaction (aa
1-900; Dehe et al, 2006) of the Swd1-Swd3 heterodimer is indicated. Sdc1 forms a heterodimer with Bre2 and does not directly bind to Set1; no
interaction domain is known for Swd2. The bottom panels show GST pull-down assays with GST-Set1 and in vitro translated 3°S-methionine-
labelled Swd1, Sppl and Shgl proteins. Input lanes show 10% of radioactive protein included in the binding reactions. The GST lane shows
background binding. (C) Shgl-TAP and associated material were partially purified by affinity chromatography on IgG-Sepharose and the
obtained material was then applied on a Superdex 200 column. The upper graph displays the obtained protein elution profile. The indicated
fractions were then analysed by RT-PCR for the presence of SETI mRNA (lower graph). The western blot at the bottom of the figure shows the
distribution of Shgl in the Superdex 200 fractions. The arrow indicates the void volume of the column.

proteins were able to bind SET1 RNA derived from a second polymerase (Dower and Rosbash, 2002). As termination of
SET1 locus. For this purpose, we expressed the ProteinA these transcripts was mediated by a T7 terminator, the RNAs
fusions of the N- and C-terminal Setl halves in a strain that will not be exported to the cytoplasm (Dower and Rosbash,
also carries a chromosomal full-length SETI-MYC gene 2002). Figure 3E shows that we achieved efficient transcrip-
(Figure 3C). We found that both Setl fragments efficiently tion of T7-derived RNAs (approximately 180-fold relative to
co-purified their encoding mRNA, but neither of the frag- endogenous SETI1 mRNA levels). Analysis of RNA co-purify-
ments bound to SETI-MYC mRNA (Figure 3D). This sug- ing with Shgl-TAP showed, however, that neither of the T7
gested that binding was restricted to Setl proteins and their RNAs was enriched with this procedure (Figure 3F).
encoding mRNAs. In contrast, chromosomally encoded SETI mRNA was bound,
To address the requirements of sub-cellular RNA localiza- as expected (Figure 3F). These results suggested that nuclear-
tion for association within SET1RC, we asked whether nucle- restricted RNAs do not qualify for association with SET1RC.
ar-restricted SET1 RNAs were included in the complex. RNAs The above data are consistent with the possibility that
corresponding to the N- and C-terminal halves of SET1 were SET1RC formation may rely on a cytoplasmic localization
expressed in SHG1-TAP strains with nuclear localized T7 RNA of its components. To test this hypothesis, we performed

The EMBO Journal VOL 28 | NO 19 | 2009 ©2009 European Molecular Biology Organization
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Figure 3 Characteristics of SET1 mRNA association. (A) Schematic presentation of Setl (not in scale); numbers indicate approximate amino-
acid positions of RRM1, RRM2 and SET domains. Also indicated are fragments that were expressed as plasmid-encoded ProteinA fusions in
Aset] strains. A strain carrying the empty ProteinA-fusion vector was analysed for control. The 1-571 YT/AA fragment carries two point
mutations in RRM1, and 1-571 H/A carries a single point mutation in RRM2 (asterisks indicate the presence of point mutations; Tresaugues
et al, 2006). (B) RT-PCR analysis of RNA isolated from IgG purifications of the indicated ProteinA-fusion proteins. PP2 and PP4 were used to
detect SET1 mRNA or fragments thereof (primer locations are indicated in panel C). RPS7A served as control. Note that PP2 will only detect
full-length and N-terminal fragments and PP4 will detect only full-length and C-terminal fragments. (C) Schematic representation of N- and C-
terminal halves of Setl, which were expressed as ProteinA fusions from plasmids in strains carrying a chromosomal SET1-MYC gene (1-1081-
Myc). The location of primer pairs used for gPCR is also shown. Wavy lines represent mRNAs that correspond to Setl proteins as indicated.
Double-headed arrows indicate interactions between proteins and RNA that were tested. The crossed-out double-headed arrows indicate
interactions that were not observed. (D) RT-PCR analysis of RNA associated with the indicated ProteinA-fusion proteins. The 1-571 mRNA was
detected with PP1 and 572-1081 mRNA was detected with PP4. 1-1081-Myc mRNA was detected with PP6 in the 1-571 strain and with PP1 in
the 572-1081-expressing strain, as indicated. (E) RNA analysis of SHGI-TAP strains carrying plasmids encoding the 5" and 3’ halves of the SET1
mRNA, under control of a T7 RNA polymerase promoter. RT-PCR was carried out with primers specific for T7? RNAs (T7-5 and T7-3’ primer
pairs, respectively) to determine the fold-increase of T7? RNA compared with that of chromosomally encoded SET1 mRNA. (F) RT-PCR analysis
of RNA co-purifying with Shg1-TAP strains as described in (E). Endogenous SETI mRNA was detected with PP1 and PP4 (solid black bars; note
that PP1 does not detect the T7-3’ fragment and that PP4 does not detect the T7-5" fragment). The T7-derived RNAs were detected with T7-5
and T7-3' primer pairs (open white bars; note that T7 primer pairs specifically detect T7 transcripts and not endogenous SET1 mRNA). (G) Sub-
cellular fractionation of Shgl-TAP cells. Total extract (XT), post-nuclear supernatant (PNS) and nuclear (Nc) fractions were analysed by
western blot with the indicated antibodies. H3K4me3 is a nuclear-specific marker, whereas Pgk1 is cytoplasmic.

fluorescence microscopy on strains carrying GFP-tagged al-
leles of SHGI and SET1. We observed nuclear localization of
these SET1C components as expected (Supplementary Figure
S4; Huh et al, 2003). However, we could not conclude about
cytoplasmic protein levels, as the signal strength was very
weak compared with auto-fluorescence obtained with a GFP-
only control strain (Supplementary Figure S4). To circumvent
this problem, we used Shgl-TAP-expressing cells and
performed sub-cellular fractionation. Figure 3G shows
that Shgl-TAP distributed to both nuclear and post-nuclear
fractions. In contrast, histone H3 tri-methylated at lysine 4

©2009 European Molecular Biology Organization

(H3K4me3) was exclusively nuclear and the glycolysis
enzyme 3-phosphoglycerate kinase (Pgkl) localized to
the post-nuclear supernatant. We conclude that some
cellular Shgl-TAP was associated with the cytoplasmic
compartment.

SET1 mRNA binding is sensitive to EDTA and
puromycin

One of the simplest explanations to account for our observa-
tion in Figures 1-3 is that the SETI mRNA interactions
depended on nascent Setl peptides that were associated

The EMBO Journal VOL 28 | NO 19 | 2009
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with their mRNAs during translation. Therefore, we wanted
to test whether SETIRC formation was indeed translation
dependent. For this purpose, we initially performed RNA co-
purification experiments with Shgl-TAP extracts in the pre-
sence of EDTA. This treatment dissociates ribosomes and we
found that SETI mRNA binding was indeed abolished under
these conditions (Figure 4A). However, EDTA could also
disrupt binding independently of ribosome dissociation.
Therefore, we performed affinity purification in the presence
and absence of the translation inhibitor puromycin. Figure 4B
shows that the drug reduced co-purification of SETI mRNA
by more than six-fold, suggesting that SET] mRNA binding
required translation.

To further scrutinize the relationship of SET1RC and
translation, we initially tested the efficiency of SETI mRNA
binding when glucose was withdrawn from the medium, a
condition that rapidly inhibits the initiation of protein synth-
esis (Ashe et al, 2000). Sucrose-gradient fractionation showed
that most polysomes disappeared on glucose withdrawal, but
a minor polysomal signal remained (we estimate less than
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5%; Supplementary Figure S2A), in agreement with previous
reports (Ashe et al, 2000). The bulk of RPL29 mRNA exited
polysomal fractions (8-12) on glucose withdrawal and relo-
cated to early fractions (1-5), whereas some mRNA remained
associated with fractions 7-9, overlapping the 80S monosome
peak (Supplementary Figure S2B). In contrast, SETI mRNA
distribution was very similar in the presence and absence of
glucose (Supplementary Figure S2B). Consistent with this, we
also found that binding of Shgl1-TAP to SET1 mRNA was not
sensitive to glucose withdrawal (Supplementary Figure S2C).
We conclude that control of SET1 mRNA translation does not
respond to glucose withdrawal and therefore occurs un-
coupled from most cellular mRNAs.

To interfere with translation initiation using an alternative
approach, we analysed SET! mRNA binding in prtI-I1 tem-
perature-sensitive strains expressing plasmid encoded ProtA-
Setl, as translation initiation was shown to be disrupted in
these mutants (Nielsen et al, 2004). Figure 4C shows that
polysomes associated with the mutant at 27°C were strongly
reduced at a non-permissive temperature (Figure 4C). This
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Figure 4 SET1 mRNA binding is translation dependent. (A) RT-PCR analysis of RNA associated with Shg1-TAP, which was purified in the
presence of 10mM EDTA. PCR was carried out with PP4 to detect SETI mRNA; RPS7A served as control. Shown are results from two
independent extracts (EDTA XT 1 and EDTA XT 2). (B) Shgl-TAP was purified from identical extracts on IgG-Sepharose in the absence
(XT 4 H,0) or presence of 200 pg/ml puromycin (XT + puromycin). Shown is a representative RT-PCR using PP4 to detect SET1 mRNA; RPS7A
served as control. (C) A,s4 recordings of sucrose-gradient fractionations of extracts from a prtI-1 strain expressing plasmid-born ProtA-SET1I,
after growth at 27°C or after a shift to 37°C for 35 min, as indicated. (D) RT-PCR analysis of RNA associated with ProtA-Setl in extracts that
were obtained as described in (C). PCR was carried out with PP4 to detect SETI mRNA; RPS7A served as control. Values represent the mean of
at least three independent extracts produced for each strain at the indicated conditions and error bars indicate s.d. (E) Co-immunoprecipitation
experiment with extracts (XT) prepared from the indicated TAP-tagged strains that also carried a plasmid-expressing HA-Set1. After adsorption
of material on IgG-Sepharose, bound material was eluted by TEV-protease cleavage (eluate). The obtained fractions were analysed by western
blot using anti-HA (top) and anti-TAP (bottom) antibodies, respectively. Migration of molecular weight marker (M) and HA- and TAP-tagged
proteins is indicated on the right.
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decrease coincided with the accumulation of an 80S mono-
some peak and a prominent shoulder that may reflect a
ribosomal halfmer, as suggested earlier (see Figure 4C;
Nielsen et al, 2004). Most interestingly, we found that SET
mRNA co-purified efficiently from the cells grown at 27°C but
the signal was clearly reduced after growth at the non-
permissive temperature (Figure 4D). This effect was not
because of reduced SETI mRNA levels, which remained
stable at 37°C as determined by qPCR analysis (data not
shown). These data show that the observed mRNA binding
was indeed translation dependent.

Set1 interacts with the translational machinery

To obtain further evidence for the interaction between SET1C
and SET1RC with the translational machinery, we examined a
large high-confidence high-throughput protein-protein inter-
action data set, using a modified testing procedure (Collins
et al, 2007; PK unpublished results). A systematic analysis of
the available protein complexes and significant interactions
between the various protein complexes defined within
this data set support the idea that SET1C interacts with
components of the translational machinery (Supplementary
Figure S3). These include interactions with the large riboso-
mal subunit (purple nodes, P-value 4.6 x 10 %); the small
ribosomal subunit (dark blue nodes, P-value 9.4 x 107'%); and
the translation elongation factor 1 (EF1) complex (green
nodes, P-value 1.3 x10™%). The yellow (P-value 5.1 x10°)
and red nodes (P-value 2.1 x10~°) do not uniquely map to
individually known protein complexes, but all proteins are
involved in ribosome biogenesis and assembly, as well as in
translation initiation, and together consist of various known
sub-complexes involved in translation. Furthermore, the light
blue nodes indicate the CPF complex (P-value 3.2 x 107!2),
which is linked to SET1C through the common Swd2
subunit (Roguev et al, 2001). Taken together, these
statistically significant protein interactions are consistent
with the idea that assembly of the SET1C complex is linked
to translation.

Alternatively, these in silico analyses may also point to an
interaction between mature SET1C components and the
ribosome. We tested this idea with co-immunoprecipitation
(Co-IP) experiments and found that HA-Setl indeed
co-purified with the TAP-tagged large ribosomal subunit
component Rpll6a (Figure 4E). No signal was obtained
with the wild-type (no TAP) extract, whereas Shgl-TAP
bound to HA-Setl as expected. It is important to point out
that these experiments detected the binding of full-length
HA-Setl to the ribosome. In contrast, nascent Setl, which we
predict to assemble the SET1RC complex, is heterogenous in
size and therefore unlikely to produce a detectable full-length
signal in a Co-IP experiment. Irrespective of this, our obser-
vations suggest that mature Setl or SET1C may serve a
hitherto unrecognized function through an association with
the translational machinery.

TAP-Set1 is targeted for degradation in the absence
of Swd1 and Swd3

Our data support the idea that SETIRC forms on SETI
mRNA during translation. We reasoned that such an interac-
tion may coordinate the assembly of SETIC with the
synthesis of its catalytic component Setl. We described
earlier that inactivation of Swdl, Swd2 and Swd3 resulted
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in a severe under-accumulation of Setl (Dichtl et al, 2004;
Dehe et al, 2006). Western blot analysis confirmed
strongly reduced levels of TAP-Setl in Aswdl and Aswd3
mutant cells (Figure 6A). Furthermore, the lack of any
di-methylated histone 3 lysine 4 (H3K4me2) signal indicated
the absence of functional SET1C in these strains. This
defect was not due to transcriptional downregulation, as
strains lacking individual SET1C subunits had similar levels
of SET1 mRNA ( Figure 6B). Interestingly, the absence of
either Swdl or Swd3 did not abrogate SET1RC formation, as
judged by the binding of TAP-Setl to SETI mRNA
(Figure 2A). Therefore, we predicted that TAP-Setl transla-
tion continued in Aswdl and Aswd3 strains and that the
protein was instead targeted for degradation. To this end, we
analysed TAP-SETI extracts that contained or lacked either
Swdl or Swd3 on sucrose gradients. Analysis of SETI and
ACTI mRNA distributions showed an association of SETI
mRNA with polysome containing fractions 7-12 independent
of Swdl and Swd3 (Figure 5A, C and E). To ensure that
fractions 7-12 indeed contained polysomes, we repeated the
analysis in the presence of EDTA and found that no mRNA
association took place anymore (Figure 5B, D and F). These
data indicated that the under-accumulation of Setl in the
absence of Swdl or Swd3 was not due to an inhibition of
translation.

Set1 over-expression is limited in wild-type strains
Reduced Setl levels in the absence of either Swdl or Swd3
may indicate that the accumulation of proteins requires the
presence of other complex components. Therefore, we
hypothesized that Setl over-expression may be limited in
wild-type strains when the levels of other SET1C subunits
remained constant. We initially tested this idea with two
expression strategies: (1) driving SETI transcription with
the robust ADHI promoter, and (2) expressing the SETI
gene from a multi-copy plasmid. We confirmed the over-
expression of SET1 mRNA (20- and 45-fold; Figure 6C) and
then determined Setl protein levels using quantitative wes-
tern analysis (Figure 6D and E). Importantly, a titration
analysis of increasing amounts of respective extracts demon-
strated that the measurements were obtained in the linear
signal range (data not shown). We found that the strong
increase in SET1 mRNA copy number resulted in a modest
increase in Setl protein levels of up to three-fold over wild-
type levels (Figure 6E). Moreover, we found that SETI
mRNA, which was over-expressed with the ADHI promoter,
remained polysome associated, suggesting that it was
engaged in translation (Figure G6F). These data suggest that
a significant amount of newly synthesized Setl was unstable
and rapidly degraded.

To further test this idea, we adopted yet another
over-expression strategy. We transformed strains carrying
a single chromosomal TAP-SETI copy, either with an
empty vector or with a vector over-expressing HA-Setl,
with the ADHI promoter. Interestingly, the presence of
additional HA-Setl resulted in a marked decrease in
the levels of TAP-Setl (Figure 6G), consistent with the
idea that the availability of SET1C components restricted
the accumulation of Setl. As a cellular surplus of Setl is
targeted for degradation, we propose that cotranslational
protein interactions may stabilize newly synthesized Setl
(Figure 7).
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Discussion

In a search for RNA molecules co-purifying with SET1C, we
found SET1 mRNA as the only transcript that stably bound to
the Shgl subunit under the conditions described in this study.
This observation led to the identification of SET1RC, a com-
plex including SETI mRNA and four out of eight polypep-
tides, which also constitute SET1C. We propose that SET1RC
assembles cotranslationally on nascent Setl protein and that
SET1RC has an effect as a transitional complex to coordinate
Setl expression and the assembly of SET1C.

A major conundrum of our observations was how the
specific association of SETI mRNA with SETIRC was estab-
lished. Our analyses defined the SET1RC complex to mini-
mally consist of SET1 mRNA in association with Setl, Swdl,
Sppl and Shgl. As Swdl, Sppl and Shgl can directly bind to
GST-Setl in pull-down assays, and as the four proteins are
also components of SET1C, we consider it likely that they are
also present in the same complex to form SET1RC. We show
that Swdl, Sppl and Shgl were not essential for SET1 mRNA
binding, suggesting that only Setl was required.
Unexpectedly, we found that RNA binding occurred indepen-
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dently of canonical Setl RNA-binding domains and was also
associated with the C-terminal half of the protein. Another
key observation was that RNA binding was restricted to
proteins and to their encoding transcript, and did not occur
‘in trans’ when protein and target mRNA were derived from
different genes. Moreover, SET1RC did not include RNAs that
were nuclear restricted, arguing that association required
cytoplasmic localization of the RNA. Consistent with this
idea, we could detect Shgl-TAP in post-nuclear fractions.
Each of these observations can be coherently accounted for if
SETI1 mRNA binding was mediated by a nascent Setl protein
that emerged from ribosomes during translation of its mRNA.
Although it is trivial that a nascent protein interacts with its
mRNA during translation, the exciting observation here was
that other SET1C proteins (Shgl, Sppl and Swd1) also bound
to SET1 mRNA, suggesting that this association occurred in a
cotranslational manner.

Importantly, we provide several independent lines of evi-
dence supporting the idea that SET1RC is indeed a transla-
tion-dependent complex. We show that binding of Shgl-TAP
to SETI mRNA was sensitive to both EDTA and to the
translation inhibitor puromycin. Furthermore, binding of
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SETI mRNA by TAP-Setl remained unchanged in strains
lacking Swdl or Swd3 (Figure 2A), although steady-state
levels of TAP-Setl were strongly reduced (Figure 6A). The
observation that TAP-Setl translation continues normally in
the absence of Swdl or Swd3 is fully consistent with the idea
that binding of nascent TAP-Setl to SETI mRNA was de-
tected in these experiments. Finally, we show that binding of
ProtA-Setl to its mRNA was reduced when translation initia-
tion was inhibited in a prtI-I mutant background at non-
permissive temperature (Figure 4D).

The association of Swdl, Sppl and Shgl within SETIRC
may define the early steps of the SET1C assembly pathway,
which are initiated as soon as interaction domains of nascent
Setl emerge from the ribosome (Figure 7). The binding site
for Swdl on Setl has not yet been mapped, but it does not
include the C-terminal SET domain (aa 900-1081, Figure 2B;
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Dehe et al, 2006). Shgl recognizes a central domain of Setl
within RRM2, and Sppl binds in the vicinity of the n-SET
region (Figure 2B). A further maturation of the complex is
probably preceded by, or coincides with, the release of full-
length Setl and associated proteins from the ribosome.
Therefore, certain steps of SET1C assembly probably occur
post translationally. We expect that Swd3 joins the complex
through an interaction with the Swdl subunit, as the two
proteins are known to form a heterodimer (Roguev et al,
2001; Dehe et al, 2006). The failure to detect an Swd3-SET1
mRNA association may indicate a post-translational associa-
tion of Swd3 with Swd1. It seems possible that Sdc1 and Bre2
associate as a pre-assembled heterodimer (Roguev et al, 2001;
Dehe et al, 2006). These proteins interact through a direct
binding of Bre2 to the SET domain, which is located close to
the C-terminal end of Setl (Dehe et al, 2006; BD, unpublished
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results), providing a plausible explanation as to why they are
not components of SETIRC. Currently, we cannot clearly
define the entry point of Swd2 in this assembly pathway.
The observation that Swd2 is required for a stable accumula-
tion of Setl (Dichtl et al, 2004; Nedea et al, 2008) may
indicate that it will join the complex early. However, the
protein was suggested to interact dynamically with SET1C on
chromatin (Lee et al, 2007), opening the possibility that it
joins the complex when it is bound to nucleosomes. The
assembly pathway of SET1C may therefore have both cyto-
plasmic and nuclear phases or, alternatively, the composition
of the nuclear form of the complex may be dynamic.

Most interestingly, the formation of certain cytoskeletal
structures, including myosin and vimentin, has been
suggested to involve cotranslational assembly processes
(Fulton and L'Ecuyer, 1993). To the best of our knowledge,
our experiments provide evidence for the first time that
assembly of a soluble multi-protein complex is initiated on
a nascent protein during translation in the cytosol. It seems
likely that similar pathways are in place to assemble other
multi-protein complexes. Research over the last decade
showed a remarkable interdependence of cellular processes
(Maniatis and Reed, 2002; Orphanides and Reinberg, 2002),
but what is the significance and advantage of coupling
assembly of a complex to translation? An obvious advantage
would be to ensure an ordered assembly of interacting
subunits once the respective binding sites emerge from the
ribosome. It seems possible that the resulting interactions
may have an effect on the folding of the nascent polypeptide
chain or in the stabilization of folded domains. Notably, there
are well-documented examples of chaperone proteins that aid
the folding of nascent proteins both in prokaryotic and
eukaryotic cells (Bukau et al, 2000; Frydman, 2001; Hartl
and Hayer-Hartl, 2002). Considering the crowded environ-
ment of the cytosolic compartment, cotranslational complex
formation may further monitor the association of the correct
proteins at the right time in the assembly pathway. The
availability of interaction partners may have an immediate
effect on the functionality and fate of the translated protein or
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in the resulting assembled complex. This possibility is well
exemplified here with Swd1l or Swd3 subunits of SET1C. The
absence of either protein resulted in a severe under-accumu-
lation of Setl, whereas SET1 mRNA transcription, SET1RC
formation and Set1 translation seemed to function normally.
These observations suggest that the maturation of the
complex did not proceed after release from the ribosome
and it seems likely that the newly translated Setl was
instead channelled into a turnover pathway. Similarly, over-
expression of SET1 mRNA resulted only in a modest increase
in protein levels and over-expression of HA-Set1 resulted in
reduced TAP-Setl levels in the same cells. This effect most
likely reflects the limited availability of the remaining SET1C
subunits and suggests that cotranslational protein interac-
tions are required to stabilize newly synthesized Setl.
Although our experiments suggest that assembly of SET1C
is initiated during translation, we cannot exclude the possi-
bility that post-translational assembly will occur in a parallel
pathway and it remains unclear whether cotranslational
protein interactions are obligatory for successful Setl synth-
esis. The answer to this question will likely depend on the
mechanisms and kinetics of Setl protein degradation, which
have not been addressed in this study. Initial experiments
showed, however, that treatment of Setl-over-expressing
yeast cells with the inhibitor MG132 stabilized the degrada-
tion products of Setl, pointing to proteasomal involvement
(AH and BD, unpublished results). Most interestingly, earlier
studies indicate that, in S. cerevisiae, nascent proteins can be
targeted for proteasomal degradation in significant amounts
(50% of all nascent peptides) and that a kinetic competition
may exist between protein folding and cotranslational degra-
dation (Turner and Varshavsky, 2000). Therefore, it is tempt-
ing to speculate that cotranslational protein interactions may
enhance the efficiency of complex formation by protecting
nascent Setl from degradation. Such a mechanism would be
an efficient means to match the amount of newly synthesized
Setl with the availability of other SET1C subunits. The Swd3
homologue, WDRS, is known to contribute to the recognition
of the H3K4 substrate and it is required for the formation of

©2009 European Molecular Biology Organization



H3K4me3 on target genes and for normal metazoan devel-
opment (Wysocka et al, 2005). Therefore, adverse effects on
gene expression and cell growth seem likely when SET1C
complexes are not assembled with the complete set of sub-
units at proper stoichiometry. The cell could escape such
situations by coupling the synthesis and stable accumulation
of Setl to the assembly of the complex.

Materials and methods

Growth and construction of yeast strains

Growth and handling of yeast was carried out by standard
techniques. Yeast was grown in a rich YPD medium (2% glucose,
2% bacto-tryptone, 1% yeast extract) or in a synthetic drop-out
medium when selection for plasmid-dependent growth was
required (2% glucose, 0.17% yeast nitrogen base, 0.5% ammo-
nium sulfate, 1 x aa). The strains used in this study are listed in
Supplementary Table S1. Chromosomal targeting for tagging the
SET1 gene with Myc-epitope was carried out as described (Longtine
et al, 1998). Gene deletion was performed as described (Rothstein,
1991), by transferring kanMX4-disrupted alleles from the Euroscarf
yeast gene deletion collection (Winzeler et al, 1999).

Oligonucleotides
Oligonucleotides used in this study for cloning, strain construction,
reverse transcription and PCR are listed in Supplementary Table S2.

Constructs

ProteinA fusions of SETI were produced by PCR amplification of
DNA encoding the indicated aa regions and cloning of PCR products
into the Ncol and BamHI or Ncol and Sall sites of pUN100-NOP1p-
ProtA-TEV-ADHIt (Senger et al, 1998); the resulting plasmid
constructs were as follows: pHZ724 (Ncol-Xmal; aa 1-1081),
pHZ671 (Ncol-BamHI; aa 1-571), pHZ672 (Ncol-Sall; aa 572-
1081), pHZ725 (Ncol-BamHI; aa 1-571 YF/AA) and pHZ726 (Ncol-
BamHI; aa 1-571 H/A). For expression of SETI fragments with T7
RNA polymerase, SET1 sequences were cloned into pRS426 with
oligonucleotide-encoded HindIll and Notl restriction sites, generat-
ing plasmids pHZ692 (5’ half) and pHZ693 (3’ half). The plasmid
encoding nuclear-targeted T7 RNA polymerase (pRS315
nlsT7RNAP) was a kind gift from M Rosbash (Brandeis, USA).

Isolation of RNA associated with TAP-tagged proteins
Purification of RNA bound to TAP-fusion proteins was carried out
as described (Gerber et al, 2004), with modifications. One-and-a-
half litres of yeast was grown in an appropriate medium to an
ODgoonm Of 0.6-0.8 and was collected in the presence of 0.1 mg/ml
cycloheximide. Cell pellets were washed twice with 25 ml ice-cold
buffer A (20 mM Tris-HCI pH 8.0, 140 mM KCl, 2mM MgCl,, 0.1%
NP-40, 0.2 mg/ml heparin, 0.1 mg/ml cycloheximide) and frozen as
drops in liquid nitrogen. Cells were disrupted with three 4-min
bursts in a Mixer Mill MM301 (Retsch, Haan, Germany) and the cell
powder was re-suspended in cold buffer B to a final volume of 15 ml
(buffer A supplemented with 0.5mM DTT, 1 mM PMSF, 100 U/ml
RNase OUT (Invitrogen), one tablet complete mini protease
inhibitors EDTA free (Roche) and 20 U/ml RQ1 DNase (Promega)).
The suspension was cleared by three successive centrifugation steps
at 4°C with increasing r.p.m. (15'/4kr.p.m., 15'/8kr.p.m. and 40’/
12 kr.p.m.). Buffer B was added to the supernatant to a final volume
of 9 ml to produce an extract with a protein concentration of
10-25mg/ml. This material served for total RNA extraction, for
western blot analysis or for binding to IgG beads; 4ml of the
obtained extract was bound to 200 pl slurry of IgG-Sepharose 6 Fast
Flow (Amersham Biosciences) for 2 h at 4°C. The beads were then
washed twice for 15min in 5ml buffer B and thrice for 15min in
10 ml buffer C (20 mM Tris-HCI pH 8.0, 140 mM KCl, 2 mM MgCl,,
10% glycerol, 0.5 mM DTT, 0.01 % NP-40, 10 U/ml RNase OUT). The
beads were then re-suspended in 200 pl buffer C with 0.25U/ul
ACTEV protease (Invitrogen) and incubated for 2h at 15°C. The
supernatant and one 200 pl wash with buffer C were collected and
combined to obtain ~ 0.4 ml of the final TEV eluate. The eluate was
then cleaned with the RNeasy MicroElute Cleanup kit from Qiagen,
according to the manufacturer’s instructions.
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RNA extraction, reverse transcription and qPCR

RNA extraction was carried out using the hot-phenol method as
described earlier (Dichtl et al, 2004). All RNA samples that were
analysed by reverse transcription were first treated with DNase. For
this purpose, 1pug of RNA was incubated with 1U RQ1 DNase
(Promega) at 37°C for 30min with the supplied reaction buffer.
The reaction was stopped by the addition of 1l stop solution
and DNase was inactivated at 65°C for 10 min. Reverse transcrip-
tion was performed using 25-150ng of Dnase-treated RNA with
the Reverse Transcriptase Core kit from Eurogentech, according
to the manufacturer’s instructions. qPCR analysis was carried
out on an Applied Biosystems 7900HT fast real-time PCR
system with the following temperature profile: 50°C for 2min;
95°C for 10 min; 40 cycles of 95°C for 155, 60°C for 1 min; 95°C for
15s, 60°C for 15 s and 95°C for 15s. The PCR reaction was based on
the SYBR Green PCR Master Mix (Applied Biosystems), according to
the manufacturer’s instructions. In co-purification experiments, all
¢, values for SET1 mRNA or other mRNAs, such as the RPS7A
control mRNA, were normalized to levels for ACT! mRNA.
This was carried out for RNA isolated from total extract (total) or
from immunopurified material (IP). The ratio between the IP and
the total resulted in the fold-enrichment factor that is indicated in
the figures.

Polysome analysis

Polysome analysis was carried out essentially as described
(Halbeisen and Gerber, 2009). Cell lysates were prepared from a
100 ml exponential growth culture (ODggonm 0.6). At the time of
collection, cycloheximide was added to a final concentration of
0.1 mg/ml in the presence of ice. Cells were pelleted by centrifuga-
tion at 4000r.p.m. for 5min at 4°C and washed twice in 2.5ml of
lysis buffer (20mM Tris-HCI pH 8.0, 140 mM KCl, 1.5 mM MgCl,,
0.5mM DTT, 1% Triton X-100, 0.1 mg/ml cycloheximide, 1 mg/ml
heparin). For cell lysis, the pellet was re-suspended in 700 pl of lysis
buffer. A 400 pl volume of glass beads was added and the reaction
mixture was vortexed at full speed for 20, followed by incubation
on ice for 100s. This process was repeated four times. After
cell lysis, excess cell debris and glass beads were removed in
a two-step centrifugation performed for 5min at 4700 r.p.m. and for
5min at 9500r.p.m. at 4°C. The obtained cell lysate was brought to
a final volume of 1 ml with lysis buffer. Cell lysate of 0.8 ml was
loaded on a 10-50% sucrose gradient that contained lysis buffer
lacking Triton X-100. The samples were sedimented in a Beckman
SW41 rotor at 4°C for 160min at 35000r.p.m. and collected,
whereas the A,s, value was monitored using a continuous flow cell
UV detector. RNA was extracted from polysome fractions (100 pl)
with RNeasy Mini columns according to the manufacturer’s
instructions (Qiagen). A spike RNA (0.2ng) was added to each
fraction before RNA extraction. The obtained RNA was precipitated
overnight with LiCl (1.5M final concentration) to remove residual
heparin.

Microarrays, sub-cellular fractionation and bioinformatic
analysis

Microarray experiments, sub-cellular fractionation and bioinfor-
matic analysis are described in Supplementary data. Microarray
data were deposited at GEO (www.ncbi.nlm.nih.gov/geo; GEO
accession: GSE15247).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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