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SUMMARY

We have performed a survey of soluble human protein complexes containing components of the
transcription and RNA processing machineries using protein affinity purification coupled to mass
spectrometry. Thirty-two tagged polypeptides yielded a network of 805 high-confidence
interactions. Remarkably, the network is significantly enriched in proteins that regulate the
formation of protein complexes, including a number of previously uncharacterized proteins for
which we have inferred functions. The RNA polymerase 1l (RNAP Il)-associated proteins (RPAPS)
are physically and functionally associated with RNAP I, forming an interface between the
enzyme and chaperone/scaffolding proteins. BCDIN3 is the 7SK snRNA methylphosphate
capping enzyme (MePCE) present in an snRNP complex containing both RNA processing and
transcription factors, including the elongation factor P-TEFb. Our results define a high-density
protein interaction network for the mammalian transcription machinery and uncover multiple
regulatory factors that target the transcription machinery.
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INTRODUCTION

The information contained in mammalian genomes is decoded through the concerted action
of a myriad of proteins that recognize and interpret specific signals at active genomic sites in
such a way that mRNA precursors are synthesized and processed to form mature mRNA that
will then serve for protein synthesis. The machinery required for gene transcription includes
RNA polymerase I (RNAP I1) and its general transcription factors TFIIA, TFIIB, TFIID/
STAGA, TFIIE, TFIIF, TFIIH, TFIIS, and Mediator (Hampsey, 1998; Hahn, 2004;
Coulombe and Burton, 1999). Many additional proteins regulating the activity of RNAP Il at
various stages of the transcription reaction have also been purified and characterized from
various organisms. Among the regulatory proteins, many were found to modulate the
structure of chromatin, the substrate of RNAP Il in vivo (Smith and Peterson, 2005; Fischle
etal., 2003).

Although information on the composition, function, and mechanisms of these protein
complexes has accumulated in the literature, the protein-protein interactions that participate
in their functional recruitment at their site of action along genomic DNA are often elusive.
Emerging evidence shows that the RNAP Il transcription apparatus is involved in this
process, particularly through the CTD of RPBL, the largest subunit of RNAP 11, which was
shown to bind several regulatory complexes at various stages of transcription (Hampsey and
Reinberg, 2003; Hirose and Manley, 2000). The CTD was found to interact with
transcription elongation factors, chromatin-modifying complexes, pre-mRNA maturation
enzymes, and other proteins, providing a molecular basis for the coupling between
transcription and RNA processing. The pre-mRNA processing events, including 5” end
capping, splicing, and 3" end cleavage/polyadenylation, were shown to occur
cotranscriptionally (Proudfoot et al., 2002; Bentley, 2005; Aguilera, 2005). Indeed, during
the transcription cycle, CTD phosphorylation stimulates efficient recruitment of 5" and 3’
end processing factors to the pre-mRNA. The splicing machinery is comprised of small-
nuclear ribonucleoprotein particles (sSnRNPs), each composed of various proteins and a
specific snRNA (U1, U2, U4, U5, and U6 snRNAS), which together form the spliceosome
responsible for performing the catalytic events leading to exon excision and intron ligation
(Zhou et al., 2002; Jurica and Moore, 2003). Many proteins such as the hnRNPs and the SR
proteins regulate splice site selection (Black, 2003; Shin and Manley, 2004).

The spliceosomal U1-U5 snRNA genes are transcribed by RNAP Il while U6 is synthesized
by RNA polymerase 111 (RNAP I11) (reviewed in Kiss [2004]). In contrast to the RNAP 11-
synthesized snRNAs, which receive a 7-methyl guanosine (m’G) cap during transcription
and are subsequently methylated posttranscriptionally to form the trimethylguanosine
(TMG) cap, RNAP llI-transcribed sSnRNAs acquire a methyl group on the gamma-phosphate
of their 5" end posttranscriptionally (Reddy et al., 1992). Another snRNA synthesized by
RNAP I11, 7SK, is an abundant 331 nucleotide transcript found in association with the
positive transcription elongation factor b (P-TEFb) (Nguyen et al., 2001; Yang et al., 2001).
P-TEFb, which is composed of CDK9 and CCNT1/cyclin T1 or CCNT2/cyclin T2,
stimulates the elongation phase of transcription by phosphorylating the CTD of RNAP 11
and reversing the effects of negative elongation factors (for recent reviews, see Peterlin and
Price [2006] and Zhou and Yik [2006]). P-TEFb not only plays an important role in the
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transcription of cellular genes but is also a key factor for the expression of the human
immunodeficiency virus type 1 (HIV-1) genome (Zhu et al., 1997). Previous studies have
shown that a complex formed of the 7SK snRNA and proteins termed HEXIMs can interact
with P-TEFb and repress its stimulatory activity on transcriptional elongation by RNAP |1
(Barboric et al., 2005; Blazek et al., 2005; Byers et al., 2005; Li et al., 2005; Yik et al.,
2005).

Although the protein complexes actively involved in transcription on genomic DNA have
been extensively studied, very little is known about the organization of the transcription
machinery in the soluble nuclear compartment, prior to or following its association with
genomic DNA, where its formation and recycling likely take place. To determine the
composition and organization of the soluble machinery for mMRNA formation and obtain
insight into its mechanisms of formation and/or recycling, we performed a survey of the
soluble protein complexes comprising key components of the RNAP Il machinery. Tagged
proteins were purified and their associating partners identified by mass spectrometry. High-
confidence interactions were selected computationally and used to draw a map of
interactions connecting these various complexes. The composition and organization of this
network revealed important features of the machinery involved in mRNA formation in
eukaryotes.

A Network of Protein Complexes Involving the Human Transcription and RNA Processing

Machineries

To survey soluble protein complexes that comprise the transcription machinery and define
their interaction network, several subunits of RNAP Il and basal transcription factors
carrying a tandem affinity purification (TAP) tag were purified and their interaction partners
identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS) (see Figure
1A for an overview of our procedure and see Figure S1A in the Supplemental Data available
with this article online for a schematic representation of the expression system used). A
number of identified interaction partners, including RNA processing factors, were also
tagged and submitted to the same procedure, thereby enriching the interaction data set (see
Figure S1B for examples). Of note, all the tagged transcription factors that we purified and
tested were active in transcription reactions in vitro and were present in transcribed regions
in chromatin immunoprecipitation (ChIP) experiments in vivo (M. Cojocaru, C.J., D. F.,
A.B., D.B., P. Céte, G.G.P, J.G., and B. Coulombe, unpublished data), indicating that bona
fide, functional protein complexes were purified.

To select high-confidence interactions and minimize the number of false positives in our
data set, we developed a computational method that, first, filters out spurious interactions
caused by proteins that bind nonspecifically to our columns and very abundant cellular
proteins that may have remained as contaminants after affinity purification and, second,
attributes an interaction reliability (IR) score to each protein interaction detected by mass
spectrometry (see the Supplemental Data for a description of the method; Figure S2
illustrates the overall procedure, and the Supplemental Experimental Procedures describes
the computational algorithm used).
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Figure 1B illustrates the ability of our IR score to separate true protein interactions from
likely false positives. Of the 2008 putative protein interactions detected by mass
spectrometry (see Table S1), 805 were judged highly reliable by our classifier (IR score
above 0.6729) (Figure 1C), involving a total of 436 proteins. This set of highly reliable
interactions contains 83% of the interactions supported by the literature, while excluding
83% of those that were judged likely false positives. As summarized in Figure 1C, 170
successful affinity purifications using 32 tagged proteins yielded 2008 putative protein
interactions (see Figure 2 and Table S1 for a list of the tagged proteins). The 805 distinct
interactions with an IR score above 0.6729 constitute a network of protein interactions in
which we have high confidence.

Figure 2 shows the interaction network for the protein complexes comprising all the tagged
transcription and RNA processing factors used in our experiments and their interaction
partners. Not surprisingly, gene ontology (GO) annotations (Gene-Ontology database, http://
www.geneontology.org) revealed that many proteins of the network are either transcription
factors (Figure 2; blue nodes) or RNA processing factors (Figure 2; pink nodes), which are
sometimes interconnected as should be expected for two closely related cellular machineries.
Unexpectedly, however, GO annotations also revealed that a significant number of network
components are proteins involved in modulating the formation of protein complexes (P value
= 1.8e-5) (see Figure 2; green nodes). Importantly, our protein network also contains several
proteins that are in the databases but have not been previously characterized (Figure 2;
yellow nodes).

To further assess the efficiency of our affinity-purification method for the discovery of
functionally relevant protein interaction partners, five proteins occupying key positions in
the overall interaction network, namely RNAP Il-associated protein (RPAP)1, CLORF82,
FLJ21908, XAB1, and BCDIN3, were used in experiments aimed at validating their network
connections both physically (reciprocal tagging and gel filtration) and functionally (bio-
informatics, silencing of the yeast homolog, and biochemical assays). These five proteins
were selected because our initial bioinformatic analysis revealed that they may represent
unprecedented regulatory factors targeting two key components of the transcription
machinery, RNAP Il and P-TEFb. As shown in a previous study in yeast (Krogan et al.,
2004), the affinity-purification procedure used is also efficient in identifying RNA
components of the purified complexes.

The RPAPs-XAB1 Physically and Functionally Connect RNAP Il to Regulators of Protein
Complex Formation

Our protein interaction network reveals the existence of a group of four polypeptides,
RPAP1 (Jeronimo et al., 2004), XAB1, C1ORF82, and FLJ21908, that are tightly connected
to the enzyme RNAP I1 itself in the soluble nuclear compartment (Figure 3A). Gel filtration
experiments using the tagged-RPB11/POLR2J eluate confirmed that RPAP1, FLJ21908, and
XAB1 cofractionate with RNAP |1 (Figure 3B). Because of their physical association with
RNAP 11, which may be direct or indirect, the two previously uncharacterized proteins
C1ORF82 and FLJ21908 were named RPAP2 and RPAP3, respectively. The RPAPs-XAB1
also interact with the regulatory complex Mediator, GRINL1A/Gdownl, a recently

Mol Cell. Author manuscript; available in PMC 2015 July 10.


http://www.geneontology.org
http://www.geneontology.org

1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnue Joyiny gHID

Jeronimo et al.

Page 5

discovered RNAP Il interaction partner that mediates Mediator responsiveness during
transcriptional activation (Hu et al., 2006), and the Integrator, a complex involved in the
processing of RNAP Il-synthesized snRNAs (Baillat et al., 2005) (Figure 3A).

Examination of the protein interaction network further reveals that the RPAPs-XAB1 are
placed at the interface between RNAP Il and a group of proteins able to assemble into
molecular chaperone complexes, including the prefoldins (C190RF2/URI, PFDN6, PFDN2,
and UXT) (Gstaiger et al., 2003; Vainberg et al., 1998; Zhao et al., 2005) and the AAA+
chaperone-like ATPases RUVBL1 and RUVBL2 (Kanemaki et al., 1999; Ikura et al., 2000)
(Figure 3A). Notably, a bioinformatics analysis revealed that motifs unique to chaperones
and scaffolding proteins are also present in the RPAPs-XAB1 proteins themselves (Figure
3C). RPAP1 contains an ARM domain (Jeronimo et al., 2004), which is a structural element
known to mediate protein-protein interactions (Huber et al., 1997). FLJ21908/RPAP3
contains helix-turn-helix tetratricopeptide repeat (TPR) motifs, which characterize cofactors
of chaperones (Smith, 2004). XABL1 is part of a family of polypeptides containing an ATP-
binding domain, termed “ATP_bind_1,” that are conserved among eukaryotes and archaea;
of note, energy-driven conformational changes are central to the formation of many protein
complexes. Although previous reports have shown that human XAB1 binds to the DNA
repair factor XPA and participates in transcriptional regulation at methylated promoters
(Nitta et al., 2000; Lembo et al., 2003), its mechanism of action remains undetermined. The
RPAPs-XABL1 are also associated with a number of additional previously uncharacterized
proteins (MGC14560, LOC116143, NOP17, and PDRG1) (Figure 3A). MGC14560 is
another member of the ATP_bind_1 family, and LOC116143 contains a WD40 domain
(Figure 3C), which is believed to coordinate multiprotein complex assemblies (Smith et al.,
1999). Our results demonstrate that RNAP 1 is associated with a number of proteins known
or predicted to regulate protein complex formation.

A number of interactions among the RPAPs-XAB1, RNAP Il, and their other human
interaction partners are also observed in yeast (Saccharomyces genome database, SGD).
Interestingly, silencing the yeast homologs of XAB1 and MGC14560, namely NPA3and

YL R243W, which are both essential for cell growth and are known to physically interact in
yeast (see Figure 3C and SGD), had global effects on yeast gene expression similar to those
of silencing either the RNAP Il subunit RPB11 or RBA50 (the closest homologous gene to
RPAP1 in yeast) (Figure 3D). These results along with their position at the interface of
RNAP II regulatory complexes and molecular chaperones/scaffolding proteins suggest a role
for the RPAPs-XABL in the formation of multicomponent transcription complexes.

A 7SK snRNP Complex Is Comprised of RNA Processing and Transcription Factors,
Including the Elongation Factor P-TEFb, and the Previously Uncharacterized Protein

BCDIN3

Previous studies have shown that two forms of P-TEFb complexes, one being large and
inactive and the other being small and active, can be purified from mammalian cells. Indeed,
the cyclin-dependent kinase activity of P-TEFb is inhibited upon binding of proteins termed
HEXIMs and the 7SK snRNA (Barboric et al., 2005; Blazek et al., 2005; Byers et al., 2005;
Li et al., 2005; Yik et al., 2005). P-TEFb also binds to the bromodomain protein Brd4 to
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form the transcriptionally active P-TEFb complex (Jang et al., 2005; Yang et al., 2005). Our
protein interaction network revealed that, in the soluble fraction, besides its positive (Brd4)
and negative (HEXIMs and 7SK snRNA) regulators, P-TEFb is associated with many other
proteins including RNA processing factors, SART3 (also referred to as Tip110), and the
previously uncharacterized protein BCDIN3 (Bicoid-interacting 3, homolog [ Drosophilal)
(see Figure 4A and Table S1). Reciprocal tagging of BCDIN3 confirmed these interactions.
Interestingly, SARTS3, a surface antigen in several cancers (Yang et al., 1999), has
independently been described as (1) a coregulator of HIV-1 gene expression that directly
associates with Tat (Liu et al., 2002), and (2) a negative regulator of transcriptional
activation by the androgen receptor (Liu et al., 2004).

The affinity-purified complex was further characterized by running the BCDINS eluate on a
gel filtration column (Figure 4B). This experiment confirmed that P-TEFb, HEXIM1, and
SART3 cofractionate with BCDIN3. Because subunits of P-TEFb and the HEXIMs were
found associated with BCDIN3, we reasoned that 7SK might also be present, because P-
TEFb and HEXIML1 do not interact in the absence of 7SK (L. et al., 2005; Michels et al.,
2003; Yik et al., 2003). RNA was isolated from a portion of a BCDIN3 eluate and probed for
the presence of 7SK, U6, and U2 snRNAs. The probes specifically recognized their
respective cellular RNAs from total HeLa cell RNA, but only 7SK and U6 were found in the
BCDIN3-tagged eluate (Figure 4C). Both 7SK and U6 RNAs were partially degraded,
presumably due to extensive incubations utilized in the affinity-purification procedure.

To assess the roles of protein-RNA and protein-protein interactions in maintaining the
integrity of the 7SK snRNP, the complex was submitted to extensive digestion with RNase A
prior to its purification on our affinity columns. This treatment led to a partial dissociation of
SART3 and HEXIML1 (Figure 4D), suggesting that RNA-protein interactions contribute to,
but are not essential for, the association of these proteins with the complex. This experiment
also ruled out the possibility that our observed interactions are caused by contaminating
RNA molecules associated nonspecifically with some protein components of the complex.
The association of P-TEFb (and most other proteins of the eluate; data not shown) with
tagged BCDINS3 is resistant to RNase A treatment (Figure 4D), indicating that P-TEFb and
BCDINS are associated mainly through direct or indirect protein-protein interactions.

BCDIN3 Is a Conserved 7SK snRNA Methylphosphate Capping Enzyme

Bioinformatics analysis revealed that BCDIN3 contains a consensus S-adenosyl methionine
(AdoMet)-binding domain (Figure 5A), AdoMet being the methyl donor used by
methyltransferases (Lu, 2000). As in the other members of the major class (class 1) of
AdoMet-dependent methyltransferases, BCDIN3 has the four conserved amino acid
sequence motifs (1, la, 11, and I11) that form a seven-strand twisted beta sheet (Kagan and
Clarke, 1994). A database search with BCDIN3 revealed the existence of homologous
proteins in metazoans (Mus musculus, Drosophila melanogaster, Caenorhabditis elegans),
plants (Arabidopsis thaliana), and lower eukaryotes (Schizosaccharomyces pombe) (Figure
5B; see Experimental Procedures for homolog accession numbers). The Drosophila
BCDIN3 homologous protein, named Bin3 (Bicoid-/mteracting protein 3), was previously
identified in association with Bicoid, a DNA-binding factor that directs pattern formation in
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the early developing embryo (Zhu and Hanes, 2000). BCDIN3 and its homologous proteins
show the highest homology in their C-terminal regions, which contain the conserved
AdoMet-dependent methyltransferase motifs (Figure 5B), as well as the Bin3 domain
(Figure 5A). Notably, a BCDIN3 homolog is absent in S. cerevisiae (Figure 5B).

To start addressing the function of this previously un-characterized methyltransferase, we
searched for specific substrates within members of the 7SK snRNP complex. Because
BCDINS harbors a putative RNA methylase domain (NCBI’s conserved domain database)
(Figure 5A), we investigated whether the 7SK snRNA could serve as a substrate for
BCDIN3 in an in vitro methylation assay. His-tagged BCDIN3 expressed and purified from
bacteria was incubated with recombinant 7SK in the presence of radiolabeled AdoMet (3H-
AdoMet). Figure 5C shows that the 7SK is methylated by BCDIN3-His. Moreover,
competition with AdoHcy, a potent competitive inhibitor of a number of methyltransferases
(Ueland, 1982), confirmed the enzymatic nature of the BCDIN3 methylation reaction.

To confirm that BCDIN3 is a bona fide 7SK methyltransferase in human cells, we depleted
endogenous BCDIN3 from HEK293 whole-cell extracts using a specific antibody and
assessed the effect on the ability of the extract to support 7SK methylation. As shown in
Figure 5D, the depletion of BCDINS3 resulted in a marked decrease in the 7SK methylation
activity of the extract. Addition of recombinant BCDIN3 to the depleted extract fully
restored the methylation activity. These results indicate that BCDIN3 is an active 7SK
methyltransferase in human cell extracts.

Previous studies have shown that RNAP Il1-synthesized snRNAs such as 7SK are capped
posttranscriptionally through the addition of a methyl group directly on the gamma-
phosphate of their first 5" nucleotide (Gupta et al., 1990; Shumyatsky et al., 1990).
However, up to now the enzyme responsible for this function had not been identified.
Consequently, BCDINS3 is a candidate for being a methylphosphate capping enzyme. To test
this hypothesis, we performed two independent experiments. First, recombinant 7SK was
treated with calf intestinal alkaline phosphatase (CIAP), specifically removing the phosphate
groups from the 5” end of RNA, prior to its incubation with His-tagged BCDIN3 in the in
vitro methylation assay. Treatment of 7SK with CIAP decreased the methylation signal
(Figure 6A, upper panel), showing that the presence of the 5" phosphates is required for
efficient methylation by BCDIN3. Second, the 7SK snRNA was methylated in vitro by
BCDIN3-His and the reaction product treated with tobacco acid (TA) pyrophosphatase, an
enzyme that specifically removes the gamma and beta phosphates from the 5" end of RNA
(Shinshi et al., 1976). Figure 6B shows that treatment with this decapping enzyme removes
the radiolabeled methyl from the 7SK. To ensure that equal amounts of RNA were used and
that RNA was not degraded during the dephosphorylation and decapping assays, the gels
containing the methylation reactions were stained with ethidium bromide prior to their
autoradiography (Figures 6A and 6B, lower panels). Essentially the same results were
observed using endogenous BCDIN3 (data not shown). Taken together, these results
demonstrate that BCDINS is capable of acting as a 7SK methylphosphate capping enzyme,
hereby renamed MePCE.
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BCDIN3/MePCE Silencing Decreases the Steady-State Level of Cellular 7SK

Previous studies have shown that 7SK capping through gamma-phosphate methylation is
important for protecting the RNA from exonucleolytic degradation. Indeed, it has been
shown that the cap structure enhances the stability of U6 and 7SK snRNAs (Shumyatsky et
al., 1990) and that uncapped U6 snRNA is rapidly degraded (Hamm et al., 1990). Moreover,
other known cap structures such as m’G and TMG also enhance the half-life of RNAs
(Cougot et al., 2004). To determine whether BCDIN3/MePCE is involved in regulating 7SK
steady-state levels, we used small interfering RNA (siRNA) to silence its expression in
HEK?293 cells and analyzed the effect on 7SK RNA levels. The results show that reducing
the expression of BCDIN3/MePCE by about 70% in vivo caused a decrease in the steady-
state level of cellular 7SK as determined by RNA blot (Figure 7). BCDIN3/MePCE
knockdown had no effect on U2 and U6 snRNA levels (Figure 7). Together, our results
indicate that BCDIN3/MePCE stabilizes the 7SK snRNA in human cells through the
addition of a methyl-phosphate cap at its 5 end.

DISCUSSION

In this article, we report the development of a general procedure allowing (1) the purification
of affinity-tagged proteins in native conditions, (2) the identification of purified proteins
using sensitive mass spectrometry, and (3) the computational analysis of the data for
minimizing the rate of both false positives and false negatives, and its use to define a high-
confidence protein interaction data set for transcription and RNA processing factors. The
results were used to build a high-density interaction network connecting components of the
transcription and RNA processing machineries in human cells. Although the transcription
and RNA processing machineries have been studied for decades, our results define many
additional proteins that interact with some of their key components. In particular, important
transcription factors are associated with proteins that regulate the formation of other protein
complexes. We believe that these proteins have not been identified in previous studies
because they apparently do not regulate these machineries during active transcription,
although this possibility remains to be tested. For example, the RPAPs-XABL are tightly
associated both physically and functionally with RNAP I1. Because they also interact with
chaperones/scaffolding proteins and themselves contain motifs characteristic of chaperones/
scaffolding proteins (see Figures 3A and 3C), our results suggest that we have identified and
purified proteins involved in assembly of the protein complexes composing the cellular
machinery for mRNA synthesis.

The composition of the 7SK snRNP, which was discovered more than two decades ago, has
been elusive (Wassarman and Steitz, 1991; Gurney and Eliceiri, 1980). Association of the
transcription elongation factor P-TEFb with a putative methyltransferase prompted us to use
this tagged protein in reciprocal affinity-purification experiments. Our results confirmed that
BCDINS associates with P-TEFb, its negative regulatory factors HEXIMs, and the RNA
processing factor SART3. Our results also indicate that the 7SK and U6 snRNAs are part of
the BCDINS affinity-purified complex. Indeed, previous studies have shown that HEXIM1
and HEXIMZ2 bind to the 7SK snRNA through their arginine-rich RNA-binding motifs
(Byers et al., 2005; Yik et al., 2004, 2005). Of note, SART3 contains two RNA recognition
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motifs (RRMs) that bind directly to the U6 snRNA (Bell et al., 2002). Interestingly, it has
been proposed that SART3 acts as an RNA chaperone. Indeed, SART3 interacts via its C-
terminal domain with other components of the U6 snRNP, the LSM proteins, which
assemble as heteroheptamers on the 3" end of the U6 SnRNA (Achsel et al., 1999). In
addition, it has also been shown that SART3 interacts through its TPR motifs with the
U4/U6-specific factor PRPF3, suggesting that it provides the scaffolding interface for the
assembly of the U4/U6 snRNP (Medenbach et al., 2004). It will be interesting to investigate
whether SART3 participates in the formation of the 7SK snRNP.

In this study, we show that BCDIN3, a conserved protein that is part of a family of AdoMet-
dependent methyl-transferases, is a 7SK MePCE. To date, the methylated gamma-phosphate
cap structure has been identified in three other RNAP IlI-transcribed small RNAs, namely
U6, rodent B2, and plant U3 (Shumyatsky et al., 1990; Shimba et al., 1992; Liu et al., 1992).
Our results indicate that sSiRNA-mediated silencing of MePCE expression reduces the
steady-state level of cellular 7SK, suggesting that MePCE protects 7SK from exonucleolytic
degradation. Interestingly, previous studies have shown that the activity of P-TEFb is highly
modulated via alternative interactions with its positive (Brd4) and negative (HEXIMs and
7SK snRNA) regulators (Nguyen et al., 2001; Yang et al., 2001, 2005; Yik et al., 2003;
Michels et al., 2003, 2004). Although the role of 7SK capping by MePCE remains to be
detailed, this structure might be involved in regulating the formation (e.g., assembly and/or
transport) of transcriptionally active P-TEFb to be recruited to gene promoters. Further
analyses are necessary to unravel the mechanism of action of the capped 7SK and the
pathway controlling the association of capped 7SK with P-TEFb.

Despite decades of detailed biochemical and genetic analysis of the RNAP 11 basal
transcription machinery, we identified many previously uncharacterized factors, some being
involved in regulating the network of interactions formed by the transcription and RNA
processing machineries. Expanding this network promises to reveal numerous additional
interactions of general or regulatory importance and may be similarly revealing for other
cellular functions.

EXPERIMENTAL PROCEDURES
Human Cell Lines Carrying Inducible TAP-Tagged Proteins

Selected human polypeptides were cloned into the mammalian expression vector pMZI
(Zeghouf et al., 2004) carrying a TAP tag at its C terminus (Rigaut et al., 1999). Stable
human embryonic kidney cell lines EcCR-293 (derived from HEK293) carrying these
constructs were produced as previously described (Jeronimo et al., 2004). The conditions for
expression, affinity purification, and mass spectrometry identification of proteins are
detailed in the Supplemental Experimental Procedures.

DNA Microarray Analysis of Tet-Promoter Mutants

DNA microarray analyses of tet-promoter mutants were performed as described (Mnaimneh
et al., 2004). See the Supplemental Experimental Procedures for further details.
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siRNA Knockdown and RNA Blot

BCDIN3 (ON-TARGETplus SMART pool) and control (sSiCONTROL Non-targeting pool)
siRNAs (Dharmacon) were transfected in 50% confluent HEK293 cells using Lipofectamine
2000 (Invitrogen) at an siRNA final concentration of 100 nM. At various time intervals post-
transfection, cells were lysed and BCDIN3 expression levels were monitored by western
blotting (see the Supplemental Experimental Procedures for a description of the antibodies
used).

RNA blot analyses of total RNAs from HelLa cells, HEK293 cells treated with siRNA, or
BCDIN3-TAP eluate were carried out as previously described (Li et al., 2007) (see the
Supplemental Experimental Procedures for further details).

Sequence Analysis

The proteins belonging to the Bin3 family (NCBI’s conserved domain database; pfam06859)
have the following accession numbers: H. sapiens, NP_062552; M. musculus, NP_659162;
D. melanogaster, NP_724468; C. elegans, NP_496572; A. thaliana, NP_568752; and S.
pombe, NP_596220.

Other Methods

See the Supplemental Experimental Procedures for methods relating to gel filtration
chromatography, immunodepletion, RNA methyltransferase, dephosphorylation, and
decapping assays.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A Method for the Analysis of Protein Complexesin Human Cells
(A) Flow chart of the procedure used for the affinity purification and mass spectrometry

identification of protein complexes in HEK293 cells.
(B) Computational validation of protein interactions. Sensitivity/specificity ROC curve,

parameterized by the IR score, for the discrimination between literature-supported

Page 15

interactions and dubious interactions (see Table S1). The chosen IR score threshold results in
a sensitivity of 83% and a specificity of 83%. The IR was calculated based on the method
described in the Supplemental Experimental Procedures.

(C) Summary of the overall screen for protein interactions.
(D) List of the 32 TAP-tagged polypeptides used in this study.
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= Transcription Unknown

= RNA processing ®  Others
" Protein complex assembly

Figure 2. A Network of Protein Complexes I nvolving the RNAP |1 Basal Transcription
Machinery
Overview of the interaction map showing the 805 validated interactions obtained using 32

tagged polypeptides. The interactions are represented as directional edges extending from
the tagged protein using the web-based software VisANT (http://visant.bu.edu). The
thickness of the line that connects two proteins is proportional to the IR score obtained for
this interaction (see Table S1). The nodes are colored according to their GO annotations
(http://www.geneontology.org). The tagged proteins are indicated.
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Figure 3. Previously Uncharacterized Protein Complexes Containing RNAP |1 in Association
with Regulators of Protein Complex Assembly

(A) Network highlighting the interactions of RPAPs-XAB1 with RNAP 1, the regulatory
complexes Integrator and Mediator, and a group of proteins with chaperone/scaffolding
activity.

(B) Elution profile of RNAP Il and the RPAPs-XABL1 in gel filtration.

(C) Previously uncharacterized proteins are associated with RNAP 11. For each human
protein, a representation with putative functional domains provided by the NCBI’s
conserved domain database, the name of the closest yeast homologous gene as determined
by a BLASTP search on the June 2005 assembly version of the UCSC genome browser, and
gene essentiality in yeast provided by the SGD are shown. ARM, ARM repeat protein
superfamily; ATP_bind 1, conserved hypothetical ATP-binding protein; DUF408, domain of
unknown function; 7PR, tetratricopeptide repeat domain; WD40, WD40 domain.

(D) Clustering analysis of mMRNA expression profiles with tet-promoter alleles
corresponding to RBA50, NPA3, YLR243W, and RPB11, in comparison to profiles from
214 other tet-promoter mutants representing diverse cellular functions (Mnaimneh et al.,
2004).
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Figure 4. A Complex Comprising the Elongation Factor P-TEFb, the 7SK and U6 snRNAs, and
the Previously Uncharacterized Protein BCDIN3
(A) Network highlighting the interactions of BCDIN3 and CDK9 with various RNA

processing factors, P-TEFb (cyclin T1/cyclin T2 subunits), and its regulatory factors
HEXIM1 and HEXIM2.

(B) Gel filtration analysis showing that P-TEFb, HEXIM1, and the RNA processing factor
SART3 cofractionate with BCDINS.

(C) The 7SK and U6 snRNAs are present in the BCDIN3-TAP eluate. RNA blots were
performed on total RNA extracted from HeLa cells (T; 900 ng) or RNA extracted from the
BCDINS3-TAP eluate (B; 60 ng) and probed with RNA oligos specific for U2, U6, or 7SK
snRNAs. Migration of the three intact RNA species is indicated.

(D) The 7SK snRNP complex is partly resistant to extensive digestion with RNase A. SDS
gel showing BCDINS3 affinity eluates prepared from cell extracts treated or not with RNase
A. Western blots confirming the presence of BCDIN3, P-TEFb, HEXIM1, and SART3 in
both eluates are shown.
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Figure 5. BCDIN3 Isa Conserved Methyltransferase that Targetsthe 7SK snRNA
(A) Linear representation of BCDIN3 with its RMA methylase and Bin3 domains provided

by the NCBI’s conserved domain database. The amino acid sequence of the C-terminal
region of BCDIN3 containing the putative S-adenosyl methionine (AdoMet)-binding domain
is shown. The signature seven B strand methyltransferase motifs I, la, I1, and 111 are
indicated.

(B) Evolutionary conservation of human BCDIN3. A schematic representation of BCDIN3
and its protein homolog according to the NCBI’s Homolo-Gene system is provided. The
conserved regions containing the methyltransferase motifs I, la, I, and 111 are indicated.

(C) The 7SK snRNA is methylated in vitro by BCDIN3. Recombinant 7SK snRNA was
incubated with His-tagged BCDIN3 and 3H-AdoMet in the presence of the buffer alone,
AdoHcy, or RNase A. The 3H-methylated RNA product was detected by autoradiography.
(D) Immunodepletion of BCDIN3 impairs the 7SK methylation activity of whole-cell
extracts and addition of recombinant BCDIN3-His to the depleted extract rescues 7SK
methylation. HEK293 whole-cell extracts (WCE) were incubated or not with protein A
Sepharose beads coupled to either pre-immune or anti-BCDIN3 serum, and supernatants
were immunoblotted with antibodies directed against BCDIN3 and SART3 (as a loading
control). WCE incubated or not with beads coated with preimmune or anti-BCDIN3 serum
were assayed for methylation of recombinant 7SK snRNA in the absence or presence of His-
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tagged BCDIN3. RNA was visualized by ethidium bromide (EB) staining (lower panel), and
the 3H-methylated product was detected by autoradiography (upper panel).
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Figure 6. BCDIN3 Isthe 7SK snRNA MePCE
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(A) Dephosphorylation of the 7SK snRNA impairs its methylation by BCDIN3.
Recombinant 7SK snRNA was treated with (+) or without (=) calf intestinal alkaline
phosphatase (CIAP) prior to its incubation with His-tagged BCDIN3 and 3H-AdoMet. The
RNA was visualized by ethidium bromide (EB) staining (lower panel), and the methylated
product was detected by autoradiography (upper panel). A schematic representation of the

assay is shown.

(B) Enzymatic decapping of BCDIN3-methylated 7SK removes the radiolabeled methyl
group. Recombinant 7SK was incubated with His-tagged BCDIN3 and 3H-AdoMet and then
decapped or not () with different amounts of tobacco acid (TA) pyrophosphatase. The RNA
was visualized by ethidium bromide (EB) staining (lower panel), and the methylated product
was detected by autoradiography (upper panel). A schematic representation of the assay is

shown.
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Figure 7. BCDIN3 Silencing Decreases the Steady-State L evel of Cellular 7SK
BCDINS silencing was monitored by western blotting using extracts from HEK293 cells

mock transfected or transfected with control or BCDIN3 siRNA (tubulin was used as a
loading control). 7SK steady-state levels were assessed by RNA blotting using total RNA
extracted from HEK293 cells mock transfected or transfected with control or BCDIN3
SiRNA (48 hr and 72 hr posttransfection) and probed with RNA oligonucleotides that
specifically detect 7SK, U6, or U2 snRNAs.
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