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Abstract

More than 30 years of research on nuclear RNA polymerases (RNAP I, I1, and I11) has uncovered
numerous factors that regulate the activity of these enzymes during the transcription reaction.
However, very little is known about the machinery that regulates the fate of RNAPs before or after
transcription. In particular, the mechanisms of biogenesis of the 3 nuclear RNAPs, which comprise
both common and specific subunits, remains mostly uncharacterized and the proteins involved are
yet to be discovered. Using protein affinity purification coupled to mass spectrometry (AP-MS),
we recently unraveled a high-density interaction network formed by nuclear RNAP subunits from
the soluble fraction of human cell extracts. Validation of the dataset using a machine learning
approach trained to minimize the rate of false positives and false negatives yielded a high-
confidence dataset and uncovered novel interactors that regulate the RNAP |1 transcription
machinery, including a set of proteins we named the RNAP ll-associated proteins (RPAPSs). One of
the RPAPs, RPAP3, is part of an 11-subunit complex we termed the RPAP3/R2TP/prefoldin-like
complex. Here, we review the literature on the subunits of this complex, which points to a role in
nuclear RNAP biogenesis.
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Introduction

Nuclear gene expression in eukaryotes is orchestrated by 3 RNA polymerases (RNAPSs) that
synthesize RNA molecules from a DNA template. RNAP | generates most ribosomal RNAs
(rRNA), RNAP 11 synthesizes protein-coding mRNAs (mRNA), along with non-coding
micro RNAs (miRNA), small nuclear RNAs (snRNA), and small nucleolar RNAs
(snoRNA), and RNAP 111 mostly transcribes transfer RNAs (tRNA) and 5S rRNAs. Over the
past 3 decades, many efforts have been made to identify and characterize the myriad protein
factors that regulate the activity of nuclear RNAPs during the act of transcription. They
include the DNA-binding transcriptional regulators (Tjian and Maniatis 1994; Triezenberg
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1995; Ptashne and Gann 1997; Carey 1998), the general transcription factors (Orphanides et
al. 1996; Conaway and Conaway 1997; Hampsey 1998; Coulombe and Burton 1999), and
the co-activators or co-repressors (Conaway et al. 2005; Kornberg 2005; Roeder 2005; Marr
et al. 2006). Studying the role of the RNAP co-regulators has revealed the existence of a
multitude of proteins that participate in transcriptional regulation by acting on the
organization or chemical modification of chromatin, the template of RNAPs in eukaryotic
cells (Kornberg and Lorch 1999; Orphanides and Reinberg 2000; Li et al. 2007).

Surprisingly, and despite many efforts to analyze the regulatory mechanisms targeting
transcription and transcription factors themselves, very little is known about the machinery
that regulates nuclear RNAPs before or after transcription. For example, the biogenesis of
RNAPs, which comprise both common and specific subunits, remains uncharacterized. This
lack of information leaves many important questions unanswered. Are the different nuclear
RNAPs assembled in the cytoplasm before being imported to the nucleus? Are they
assembled as sub-complexes first, that are then assembled into active enzymes? Is a common
mechanism in place or is there a distinct mechanism for each enzyme? Finding answers to
these questions would be facilitated by the identification and characterization of regulatory
factors involved in RNAP subunit folding, their assembly into active enzymes, and their
nuclear import. Although RNAP biogenesis has been the object of a few reports (Hardeland
and Hurt 2006), a molecular description of the process, including the identification and
characterization of the regulatory factors involved, is still awaited.

Because protein complexes involved in the assembly, folding, and nuclear import of RNAPs
are likely found in the soluble fraction of cell extracts, as opposed to the insoluble fraction
that contains chromatin and actively transcribing RNAP molecules, we surveyed soluble
protein complexes that associate with RNAP subunits using protein affinity purification
coupled to mass spectrometry (AP-MS). Specific subunits of all 3 nuclear RNAPs were
tagged and purified to identify associating partners by MS. High confidence interactions
were computationally inferred and most were confirmed by reciprocal tagging and
purification. The resulting dataset stemming from 77 tagged proteins was used to draw a
map of interactions connecting these various complexes (Cloutier et al. 2009). The
composition and organization of this network revealed important features of the machinery
involved in eukaryotic transcription. Notably, we identified a set of proteins that are tightly
connected to RNAP I1. Accordingly, these proteins were named RNAP Il-associated proteins
(RPAPSs). Although the exact function of these factors remains elusive, one of these RPAPs,
RPAP3, is part of an 11-subunit protein complex that we termed the RPAP3/R2TP/prefoldin-
like complex (Fig. 1) based on similarity to the previously characterized R2TP complex, a
cofactor of Hsp90 (Zhao et al. 2008), and prefoldin complexes (chaperone associated with
the CCT/TRIiC complex) (Geissler et al. 1998; Vainberg et al. 1998).

Similar complexes have been described in two independent reports. The first report
described an approximately 1 MDa complex composed of Tip49 (RUVBL1), Tip48
(RUVBL2), PFD2 (PFDN2), PFDN4r (PDRG1), STAP1 (UXT), URI (C190rf2), and RPB5
(POLRZ2E) (Gstaiger et al. 2003). Whereas this report failed to detect the remaining 4
subunits of RPAP3/R2TP/prefoldin-like complex, we noted that a number of unidentified
protein bands on the SDS gel could be attributed to the missing components. Based on their
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approximated molecular masses, p10, p40, and p42 could be PFDNG6, PIH1D1 and WDR92,
respectively, whereas RPAP3 could be present in the upper portion of the large 90 kDa band
where C190orf2 was identified.

The other paper to describe this complex was much more detailed and identified all of the
same components, but included the RNAP |11 catalytic subunit POLR3A/RPC1 (Sardiu et al.
2008). Our own assays have identified POLR3A on occasion, but based on the weak mascot
score attributed to this protein (which can also be found in the heatmap representation of
Sardiu et al. (2008)), we propose this reflects a transient interaction of the RPAP3/R2TP/
prefoldin-like complex with RNAP II1. Moreover, once the central components of the
RPAP3/R2TP/prefoldin-like complex were defined, we were able to observe association
with subunits of all 3 nuclear RNAPs. How exactly this complex relates to RNAP function is
still under investigation.

RPAP2 and GPN1/RPAP4 are additional interactors that we have found to be tightly
connected to RNAPs and the RPAP3/R2TP/prefoldin-like complex. The yeast homologue of
RPAP2, Rtrl, has been shown to affect transcription by RNAP |1 and was identified as an
RNAP II specific phophatase that targets the COOH-terminal domain (CTD) of the largest
subunit POLR2A/RPB1 during transcription, bringing about a change in the phosphorylation
pattern of the CTD that is required for recruitment of termination factors (Gibney et al.
2008; Mosley et al. 2009). GPNL1 is a GTPase that appears to have a role in RNAP 11
transport from the cytosol to the nucleus (Forget, D., Lacombe, A., and Coulombe, B.,
unpublished observations). Finally, it should come as no surprise that Hsp90 and the
TRIC/CCT chaperones also appear in this network based on their well-known interaction
with R2TP and the prefoldin complex, respectively (Vainberg et al. 1998; Zhao et al. 20054).

The purpose of this review is to outline the literature that has been generated on all 11
subunits of the RPAP3/R2TP/prefoldin-like complex to define a general framework for the
putative role for this complex in regulating RNAP. This review will also focus on a few other
proteins shown to interact transiently or weakly with the complex, as they might also
provide insights into its function and (or) regulation.

The R2TP module

RUVBL1 and RUVBL2 (RVB1 and RVB2; TIP49 and TIP48; pontin and reptin)

RUVBL1 and RUVBL2 are ATPases of the AAA+ superfamily (ATPase associated with
diverse cellular activities) and are related to the prokaryotic DNA helicase RuvB (Qiu et al.
1998; Kanemaki et al. 1999), which is involved in homologous recombination and double-
strand break repair (see Fig. 2 for a schematic representation of the R2TP module
components). In metazoans, these proteins assemble into two distinct homohexameric rings
that interact with one another to form a large dodecameric unit (Puri et al. 2007), or
heterohexamer as is the case for the yeast homologs Rvb1 and Rvb2 (Gribun et al. 2008),
which is an integral part of the Ino80, SRCAP, and TRRAP/TIP60 chromatin-modifying
complexes (Sardiu et al. 2008). They are also required for ribonucleoprotein (RNP)
assembly of snoRNPs (Newman et al. 2000; King et al. 2001) and telomerase (Venteicher et
al. 2008).
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Interestingly, RUVBL2 has been shown to be the target of sumoylation at ser139 (Kim et al.
2006). Mutation of this residue leads to cytoplasmic localization and derepression of the
metastatic suppressor KAI1 by Ino80. On the other hand, when a chimerical version of
RUVBL2 is expressed with the SUMO peptide present at the N-termini of the protein, it
becomes exclusively nuclear and KAI1 repression is restored. Though the enzymes
responsible for this modification have been identified as being the E2 SUMO-conjugating
enzyme ubc9 and the desumoylating enzyme SENP1, there is no mention of a similar
mechanism for RUVBL1, which bears close homology with RUVBL2.

RPAP3 (Spaghetti/Tahl)

In a previous paper, we had identified RPAP3 as a novel interactor of RNAP Il (RNAP II-
Associated Protein 3) (Jeronimo et al. 2007). This protein has 2 tetratricopeptide repeat
(TPR) domains that have been shown to mediate interaction with Hsp90 in a similar fashion
as another TPR-containing Hsp90 cofactor, Hop/Sti-1 (Scheufler et al. 2000; Boulon et al.
2008).

A role for RPAP3 in DNA repair and apoptosis has been proposed. In a recent article it was
shown that overexpression of RPAP3 sensitizes HEK293 cells to UV-induced cell death and
phosphorylation of histone variant H2AX, a marker of double strand breaks that targets
repair factors to the site of DNA damage. Knockdown of RPAP3 by RNAI had an altogether
opposed effect on every phenotype studied as did overexpression of the related protein
RUVBL2, suggesting a possible inhibitory function (Ni et al. 2009).

It has also been reported that in Drosophila, P element-induced insertions in the gene of the
RPAP3 homolog, Spaghetti, results in defects in the development of imaginal discs
responsible for wing morphogenesis (Roch et al. 1998).

PIH1D1 (Pih1/Nop17)

The recent mapping of the physical and genetic interaction network of Saccharomyces
cerevisiae Hsp90 led to the identification of a novel cofactor composed of Rvbl and Rvb2,
Tahl, and Pih1/Nop17. This cofactor complex was termed the R2TP (Rvb1-Rvb2-Tahl-
Pih1) complex (Zhao et al. 20055).

At the time the R2TP complex was characterized, Nop17 had already been shown to have a
role in rRNA maturation. A yeast two-hybrid (Y2H) screen revealed this nucleolar protein
interacts with exosome component Rrp43 (involved in rRNA processing), the box C/D
snoRNP protein Nop58 and the presumed box H/AHA snoRNP assembly factor Nop53
(Gonzales et al. 2005; Granato et al. 2005). Deletion of the Nop17 gene led to dissociation
from the nucleolus of all 4 box C/D snoRNP, Nop1, Nop56, Nop58, and snul3 and
accumulation of pre-rRNA 35 S (Gonzales et al. 2005). Notably, Pih1/Nop17 is also an
unstable protein with a propensity to aggregate in the absence of Tahl and Hsp90 (Zhao et
al. 2008).

Assuming that yeast Tah1 is the homolog of RPAP3/Spaghetti (despite a size discrepancy,
both proteins share a high degree of homology and a conserved domain architecture), the
ability of R2TP components to form a complex seems to be conserved in both Drosophila
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(Giot et al. 2003) and human (Te et al. 2007). Furthermore, study of the mammalian
counterparts yielded similar results in that they associated with U3 snoRNA, but also U4
snRNP, and SBP2. It was therefore proposed that R2TP might be involved in maturation of
not only box C/D snoRNPs, but possibly all L7Ae RNPs, of which box C/D snoRNPs are
members, along with box H/ACA snoRNPs, U4 snRNP, telomerase, and selenoprotein-
coding mRNPs. Inhibition of Hsp90 by geldanamycin seems to validate the assumption that
Hsp90 and its co-chaperone R2TP might act during L7Ae RNP assembly as it resulted in a
decrease in the number of L7Ae proteins (Boulon et al. 2008).

Our own AP-MS analysis of the R2TP subunits has not identified L7Ae protein family
members. The reverse is also true, upon AP—MS analysis of the box C/D snoRNP proteins
FBL (Nopl homologue) and NOP56, no RPAP3 complex component was identified. Of
note, another PIH domain containing protein exists in human, PIH1D2, though its function
remains unknown and it has not appeared in any of our AP—MS experiments.

The prefoldin-like module
PFDN2 and PFDN6

The GimC/prefoldin (PFD) complex is a highly conserved heterohexameric chaperone
composed of two classes of proteins: a and p prefoldins. Prefoldins of the B group (PFDN1,
PFDN2, PFDN4, and PFDN6/HKE?2) consist of two long a helices in a coiled-coil
conformation connected by a B hairpin linker comprising two short § strands, whereas a
prefoldins (VBP1/PFDN3, PFDN5) share the same arrangement but have two B hairpins
instead of one (see Fig. 2 for a schematic representation of the prefoldin-like module
components). Once assembled, the B hairpins form the core of the complex, two 8-stranded
B barrels, while the coiled-coil helixes resemble tentacle-like appendages that first mediate
substrate binding (Siegert et al. 2000; Lundin et al. 2004). The PFD complex binds unfolded,
newly synthesized poly-peptides and delivers them to the CCT chaperone for proper folding.
The best known targets of this prefoldin—~CCT pathway are the cytoskeletal proteins actin
and tubulin (Geissler et al. 1998; Vainberg et al. 1998; Siegers et al. 1999).

In addition to their involvement in the classical PFD complex, PFDN2 and PFDN6 were
found in the RPAP3/R2TP/prefoldin-like complex. Of note, this novel complex differs from
the classical PFD complex in that it only has 5 prefoldin or prefoldin-like proteins, but we
cannot assume a pentameric conformation as one of these subunits might be present in two
copies.

PDRG1 (PFDN4r)

Very little is known about PDRGL1 other than the observation that its expression is repressed
by the tumor suppressor p53. Ultraviolet radiation was shown to upregulate PDRG1 gene
expression via binding of the Oct-1 transcription factor to a conserved element in its
promoter region (hence the name, p53 and DNA damage-regulated gene 1). GFP-tagged
fusions of this protein were shown to localize primarily in cytosolic aggregates, possibly due
to association with some yet-to-be-identified subcellular compartment. Overexpression of
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PDRG1 further sensitized cells to UV irradiation, pointing to a possible role in apoptosis
(Luo et al. 2003).

Though the authors mentioned not having found significant homology to any known protein,
PDRG1 is most likely the PFDN4-related (PFDNA4r) protein mentioned in Gstaiger et al.
(2003), given the resemblance between these two proteins (about 25% identity and 53%
similarity). Notably, in our own AP-MS experiments, PDRG1 was the only prefoldin-like
protein to copurify other canonical prefoldins, unlike C190rf2 and UXT, which yielded only
PFDN2 and PFDNS6. Indeed, in addition to these two aforementioned prefoldins, we were
able to detect PFDN1, VBP1/PFDN3 and PFDND5, but not PFDN4, which could imply that
in addition to the prefoldin-like module of the RPAP3/R2TP/prefoldin-like complex,
PDRG1 could be present in a third prefoldin complex, closer in structure and composition to
the archetypical PFD where it would substitute for PFDN4. How would this alteration affect
the specificity of the prefoldin complex is still unknown.

UXT (ART-27/STAP1)

UXT/ART-27 was mapped to the Xp11 locus, a region responsible of a number of genetic
disorders, including Renpenning, Prieto, and Sutherland—Haan syndromes, but does not
appear to be involved in their onset (Schroer et al. 1999).

It was shown to associate with the N-terminus of the androgen receptor (androgen receptor
(AR) trapped clone 27 or ART-27) by a Y2H screen and enhance transcriptional activation
by a number of steroid and thyroid receptors, including AR, the glucocorticoid receptor
(GR), the estrogen receptor (ER)-a, ER-B, and the thyroid receptor (TR) B-1. This activity
might be attributable to UXT alone, although the same report mentioned that this protein
was part of a larger complex as observed by velocity gradient sedimentation of HeLa
extracts (Markus et al. 2002).

This once considered “ubiquitously expressed transcript” is actually tightly regulated both in
a cell line- and developmental stage-specific fashion and is downregulated in prostate cancer
cells, consistent with a role as an inhibitor of androgen-mediated cellular proliferation
(Taneja et al. 2004; Nwachukwu et al. 2007). In a separate study, UXT was also shown to
bind the transcriptional repressor Evil and inhibit its cell transformation property in Ratl
cells (McGilvray et al. 2007). Conversely, UXT was found to be overexpressed in many
other tumor cell lines (Schroer et al. 1999; Zhao et al. 20054).

A different Y2H screen identified UXT as interacting with the centrosomal protein
phosphatase Cdc14A. Immunofluorescence showed that UXT colocalizes with y tubulin to
the centrosome and that overexpression of this prefoldin-like protein results in a disruption
of normal centrosomal structure. The authors of this paper assume that a resulting defect in
chromosome segregation may account for the apparent tumorigenic nature of this protein
(Zhao et al. 20054).

Surprisingly, yet another series of reports stated that UXT interacted with a mitochondria-
associated leucine-rich penta-tricopeptide repeat motif-containing (LRPPRC) protein and
that expression of a GFP-tagged UXT exhibited differential localization based on its
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expression level. At lower concentration, UXT appears to be diffusely cytoplasmic and
gradually aggregates in a perinuclear pattern along with mitochondria, a hallmark of some
forms of cell death. Higher levels of GFP-UXT expression result in nuclear invasion and
subsequent disruption of the nucleus. An additional interaction with the mitotic checkpoint
protein BUB3 was reported, but no apparent colocalization was observed (Liu and
McKeehan 2002; Moss et al. 2007).

C190rf2 (URI/RMP)

URI/RMP is likely the most intensively studied member of prefoldin-like family and its
large size has garnered it the name unconventional prefoldin RPB5 interactor (URI). This
extended C-terminal structure is responsible for direct binding of the nuclear RNAP
common subunit RPB5 (hence the name RPB5 mediating protein, or RMP).

URI/RMP appears to have a corepressor activity, dependent on the general transcription
factor TFIIF with which both RMP and RPB5 interact on transactivation via the hepatitis B
virus X protein (HBx). This activity would proceed through a competition for binding of the
RPBS5 subunit (Nikolov and Burley 1997; Dorjsuren et al. 1998; Wei et al. 2003), consistent
with the proposed role of RPB5 on activated transcription (Miyao and Woychik 1998).

URI/RMP is mainly located in the cytoplasm, but does contain a nuclear localization signal
and can translocate to the nucleus upon DNA methyltransferase 1-associating protein
(DMAP1) overexpression (Delgermaa et al. 2004). Mutants in Drosophila melanogaster and
Caenorhabditis elegans have both shown an accumulation of DNA damage, suggesting that
whatever fraction of URI/RMP that locates to the nucleus might have a role in chromatin
stability (Parusel et al. 2006; Kirchner et al. 2008).

More recently, it has also been shown that URI/RMP is phosphorylated by S6K1 and acts as
a regulator of gene expression in the nutrient-sensitive TOR signaling pathway —an activity
it shares with its yeast counterpart, BUD27 (Gstaiger et al. 2003). Moreover, URI/RMP
phosphorylation leads to the release of the phosphatase PP1y from its tethered state at the
surface of mitochondria and subsequently acts in a negative feedback loop to alleviate the
effect of S6K1-mediated phosphorylation of the apoptotic protein BAD (Djouder et al.
2007). This ability of URI/RMP to bind PPla-type phosphatases, of which human PP1vy is a
member, is conserved even in Drosophila (Kirchner et al. 2008).

A role of URI/RMP in protein translation, more precisely by coupling translation initiation
and quality control, has also been proposed. Indeed, BUD27 has also been shown to form a
complex with the cotranslational quality control chaperones Ssb1p and Sislp, as well as the
elongation factor eEF1A, and to be somehow involved with initiating translation in yeast
(Deplazes et al. 2009).

Other RPAP3/R2TP/prefoldin-like complex components

POLR2E (RPB5)

As mentioned previously, RPB5 (POLR2E) is a subunit shared by all 3 nuclear RNAPs (see
Fig. 2 for a schematic representation of the other components of the RPAP3/R2TP/prefoldin-

Biochem Cell Biol. Author manuscript; available in PMC 2015 July 06.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Cloutier and Coulombe Page 8

like complex). Our own results indicate that RPB5 is not merely the target by which the
RPAP3/R2TP/prefoldin-like complex interacts with RNAPs, but should instead be
considered as a bona fide component of this new complex. Of note, though it might be easy
to assume that the presumed chaperone activity of the RPAP3/R2TP/prefoldin-like complex
might be directed towards ensuring proper folding of RPB5 prior to its association with
RNAP holoenzymes, the fact that the RPB5-binding domain of URI/RMP is separate from
its prefoldin homology domain may preclude RPB5 from being the target of prefoldin-CCT
mediated folding.

WDR92 (MONAD)

Sequence analysis of WDR92 (Monad) predicts that the bulk of the protein is folded into a
B-propeller. This unique symmetrical structure is made up of several WD40 repeats (seven in
WDR92 as opposed to the two reported by Saeki et al. (2006) that each consists of a small
four-stranded anti-parallel p-sheet. The resulting platform may be a mediator of the
interaction between the R2TP and prefoldin-like modules.

WDR92 has been reported to potentiate TNFa and cycloheximide-induced apoptosis in a
manner similar to its interacting protein RPAP3 (Saeki et al. 2006; Itsuki et al. 2008).
Alternatively, WDR92 could be a target of the presumed chaperone activity of the RPAP3/
R2TP/prefoldin-like complex. Indeed, it has been shown that WD40 domains require
assisted folding by the chaperones CCT and Hsp70 (Siegers et al. 2003). But given that no
other WD40 domain-containing protein were as systematically identified as WDR92, this
hypothesis of a WDR92-specific chaperone appears unlikely.

Interactors

Over the years, a number of reports have identified components of the RPAP3/R2TP/
prefoldin-like complex as interactors of proteins that were not identified in the most recent
AP-MS experiments describing the RPAP3/R2TP/prefoldin-like complex. These proteins
warrant consideration here. The mechanism by which they affect the activity of the complex
will undoubtedly be an interesting avenue of investigation.

PARDGA (Par-6C)

PAR proteins are asymmetrically localized factors required for the establishment of the
anterior—posterior polarity axis early in Caenorhabditis elegans embryogenesis (Kemphues
et al. 1988; Watts et al. 1996) (see Fig. 3 for a schematic representation of the interactors of
the RPAP3/R2TP/prefoldin-like complex). Brajenovic and colleagues have undertaken the
mapping of the interaction network of human orthologues of Par proteins by AP (Brajenovic
et al. 2003). Surprisingly, one of these proteins, Par-6C, has yielded a number of RPAP3/
R2TP/prefoldin-like complex subunits, including RPAP3 itself (mSpaghetti), WDR92
(FLJ31741), PIH1D1 (FLJ20643), and PDRG1 (C200rf126). Another PAR protein, Par-4,
was copurified with RPAP3, but no other component of the complex was detected in that
eluate nor any of the other Par-6 proteins (A and B) or typical Par-6 interactors, Par-3 and
aPKC.
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MAP3K3 (MEKK3)

MEKKS is a member of the mitogen-activated protein kinase kinase kinase (MAP(3)K)
family. MAP(3)Ks participate in the early steps of a signal transduction pathway that will
promote various cellular processes in responses to a number of external stimuli through a
sequential MAP(3)K > MAP(2)K > MAPK phosphorylation cascade (Chang and Karin
2001; Pearson et al. 2001). In accordance to this general scheme, MEKK3 is known to
phosphorylate a number of MAP(2)K (MEK/MKK?1-7), which leads to the activation of
their specific downstream MAPK (ERK1/2, INK/SAPK, ERKS5, and p38) (Blank et al. 1996;
Deacon and Blank 1997; Ellinger-Ziegelbauer et al. 1997; Chao et al. 1999; Deacon and
Blank 1999; Uhlik et al. 2003). MEKK3 is also involved in the NF-xB pathway where it
activates the IKK complex in response to TNFa and LPS (Yang et al. 2001; Schmidt et al.
2003; Samanta et al. 2004).

In a landmark report aimed at mapping the entirety of the interaction network of the TNF-
a/NF-xB signal transduction pathway by AP-MS, MEKK3 was found in association with
the majority of RPAP3/R2TP/prefoldin-like complex subunits (Bouwmeester et al. 2004).
Indeed, RPAP3 (FLJ21908), PIH1D1 (FLJ20643), RUVBL1, RUVBL2, PFDN2, PFDN6
(HKE2), PDRG1 (C200rf126) and C19orf2 all copurified with MEKKS3, as did the CCT
complex and Hsp90a./B. Of note, other classical prefoldins were present, including PFDN1,
VBP1 and PFDN4, which may suggest that MEKKS3 association might be mediated by the
prefoldin-like module.

There might be a link between these observations and a recent paper that states that UXT is
part of the NF-xB enhanceosome (Sun et al. 2007). Though the authors favored a model
where UXT interacts directly with the p65 subunit of NF-xB, many of the results (NF-xB-
dependent transcription, subcellular NF-xB localization, TNFa-mediated apoptosis) might
be explained by a RPAP3/R2TP/prefoldin-like complex-dependent regulation of the activity
of upstream MEKK3 activator.

ZNHIT2 and RP11-529110.4

ZNHIT2 and RP11-529110.4 were found initially in both our RUVBL1 and RUVBL2
affinity purifications. To our surprise, reciprocal tagging of the RP11-529110.4 protein
revealed not only the presence of the RUVBL1 and RUVBL2 subcomplex, but the entire
RPAP3/R2TP/prefoldin-like complex. Once again, these data are reminiscent to those
presented in Sardiu et al. (2008). In addition, ZNHIT2 was also present in RP11-529110.4
purification. Though we cannot speculate on a possible heterodimer confirmation between
these two proteins, it seems they interact together with the RPAP3/R2TP/prefoldin-like
complex, most likely through the RUVBL1 and RUVBL2 components. Very little is known
about both factors.

ZNHIT2/FON is part of a family of proteins that contain a novel zinc-binding moiety called
the zinc finger Hit domain (zf-HIT) that binds two zinc atoms in a core composed of two
antiparallel B sheets followed by a short a helix, a conformation that is reminiscent of the B-
box, RING and PHD domains (He et al. 2007). Other zf-HIT domain-containing proteins
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NUFIP1

include ZNHIT1 of the SRCAP chromatin remodeling complex (Sardiu et al. 2008) and
ZNHIT3/TRIP3, a coactivator of the HNF4a transcription factor (Iwahashi et al. 2002).

Deletion of RP11-529110.4/DPCD in mice results in a phenotype similar to primary ciliary
dyskinesia (PCD) (Zariwala et al. 2004). PCD is a genetic disorder characterized by a defect
in axonemal structure resulting in hindrance of normal ciliated and flagellar cells, most
notably of the respiratory tract. Whether or not this phenotype has anything to do with a
possible microtubular polymerizing activity of the RPAP3/R2TP/prefoldin-like complex is
an interesting hypothesis that remains to be investigated.

NUFIP is another zinc finger motif-containing protein that was first identified by Y2H
screens as a FMRP (FMR1) interactor (Bardoni et al. 1999). This shuttling protein was later
found to interact also with BRCA1 and the Cyclin T1 subunit of P-TEFb and promote
RNAP II transcription and ATP-dependent disassembly of hyperphosphorylated form of the
holoenzyme from open transcription complexes (Cabart et al. 2004).

In the network built by Sardiu and colleagues, NUFIP is shown to be a RPAP3/R2TP/
prefoldin-like complex interactor (Sardiu et al. 2008), which is not surprising given that both
NUFIP and its yeast homologue, RSA1, where able to bind the R2TP components PIH1D1
(PIH1/Nopl7), RUVBL1 (TIP49) and RUVBL2 (TIP48) (McKeegan et al. 2007; Boulon et
al. 2008). In both studies a role for NUFIP and their associated factors in box C/D snoRNP
(or even all L7Ae family RNP) biogenesis was proposed.

Though the exact purpose of this interaction is, again, not clear, it was noted that
immunodepletion assay followed by add-back of recombinant NUFIP was not sufficient to
restore RNAP |1 transcription in vitro unlike the addition of immunopurified NUFIP, which
retains a number of essential cofactors (Cabart et al. 2004). It would therefore be interesting
to assess whether the presence of the RPAP3/R2TP/prefoldin-like complex could be
responsible for this effect.

Concluding remarks

AP-MS coupled to efficient computational biology methods offers a powerful procedure for
the identification and characterization of protein complexes and networks. We used this
procedure to unravel a novel protein complex that is tightly connected to nuclear RNAP
subunits. This complex termed the RPAP3/R2TP/prefoldin-like complex is composed of
proteins previously defined to have a role in protein complex assembly, such as some
chaperone cofactors and the prefoldins. This finding points to a role of the RPAP3/R2TP/
prefoldin-like complex at some stage of the process of nuclear RNAP biogenesis. One could
speculate that RPB5 (POLR2E) might be a target of this presumed chaperone activity. On
the other hand, RPB5 might only act as an anchor through which the RPAP3/R2TP/
prefoldin-like complex could target other subunits of RNAPs, most notably the largest,
catalytic subunits specific to each polymerase. Alternatively, the complex might have an
activity that is closer in nature to the canonical prefoldin complex in that it could be involved
in cytoskeletal assembly. Given that hyperphosphorylated RNAP Il is known to migrate
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away from the DNA during mitosis (Parsons and Spencer 1997; Kim et al. 1997),
association with RNAPs might therefore be a trigger to promote a cell-cycle dependent
microtubular rearrangement or more simply, it could be responsible for directly segregating
the RNA polymerases from DNA during this timeframe. Whatever the case might be,
reviewing the literature on the many subunits and interactors of this complex, as we have
done here, helps defining its role in RNAP biogenesis and its putative coordination with
other cellular processes. This review will likely be the starting point of more focused and
intensive efforts aimed at characterizing this important protein interaction network.
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Fig. 1.
Diagram of the network of high-confidence interactions formed around the RPAP3/R2TP/

prefoldin-like complex. Nodes represent tagged subunits of the RPAP3/R2TP/prefoldin-like
complex (RPAP3/R2TP/PFD-like), classical prefoldin complex (GimC/PFD), CCT
chaperone (TRiC/CCT), and RNA polymerases I, I, and 111 (RNAP I, RNAP I, RNAP I11).
Tagged proteins that have not been associated to any known complex are also indicated.
Thin arrows represent unidirectional interactions, whereas thicker lines symbolize
bidirectional interactions as detected in reciprocal tagging experiments. Lines and arrows of
the same shade show interactions within a same complex (note that the term interaction does
not signify direct binding between two proteins, but rather copurification of a tagged bait
protein with its prey or targets. For simplification purposes, many gene isoforms have been
condensed into one node: HSP90 (HSP90AA1L, HSP90AA2, HSP90AB1), HSP70
(HSPA1A, HSPA1B, HSPA1L, HSPA2, HSPA5, HSPAG, HSPA8, HSPA9), aTUBULIN
(TUBA1A, TUBA1B, TU-BA1C, TUBA3C, TUBA3D, TUBA3E, TUBA4A, TUBA4B,
TUBAG), BTUBULIN (TUBB, TUBB1, TUBB2A, TUBB2B, TUBB2C, TUBB3, TUBB4,
TUBB4Q, TUBBG6). The tagged isoforms of HSP70 and a TUBULIN are HSPA8 and
TUBAULA, respectively. (Note: a full-colour version of this image is available from http://
bch.nre.ca.)
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Fig. 2.
Schematic representation of the 11 subunits of the RPAP3/R2TP/prefoldin-like complex.

Domain architecture, length, and molecular mass of proteins are shown. AAA+ ATPase
motifs of RUVBL1 and RUVBL?2 consist of Walker A and Walker B elements, 2 sensors (S1
and S2), and a protruding arginine finger (R) essential for hydrolysis. TPR, tetratricopeptide
repeats; a PFD, alpha prefoldin homology domain; p PFD, beta prefoldin homology
domain; RPB5, RPB5-binding domain; D, aspartic acid-rich region; CLS, cytoplasmic
localization signal; NLS, nuclear localization signal; WDR, WDA40 repeats.
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Fig. 3.
Schematic representation of five reported interactors of the RPAP3/R2TP/prefoldin-like

complex. Domain architecture, length, and molecular mass of proteins are shown. PB1,
Phox and Bem1p homology domain; CRIB, Cdc42/Rac interactive binding; PDZ, PSD-95,
DIgA and ZO-1 homology domain; STKc, serine-threonine kinase catalytic domain; Zf-
HIT, HIT-type zinc finger motif; Zf-C2H2, C2H2-type zinc finger motif; P, proline-rich
region; NLS, nuclear localization signal.
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