
RESOURCE/METHODOLOGY

A protein interaction map of the LSU
processome
Kathleen L. McCann,1 J. Michael Charette,2,3,5 Nicholas G. Vincent,4 and Susan J. Baserga1,2,3

1Department of Genetics, 2Department of Therapeutic Radiology, 3Department of Molecular Biophysics and Biochemistry,
4Department of Microbiology, Yale University School of Medicine, New Haven, Connecticut 06520, USA

Maturation of the large ribosomal subunit (LSU) in eukaryotes is a complex and highly coordinated process that
requires the concerted action of a large, dynamic, ribonucleoprotein complex, the LSU processome. While we know
that >80 ribosome biogenesis factors are required throughout the course of LSU assembly, little is known about how
these factors interact with each other within the LSU processome. To interrogate its organization and architecture,
we took a systems biology approach and performed a semi-high-throughput, array-based, directed yeast two-hybrid
assay. Assaying 4800 protein–protein interactions, we identified 232 high-confidence, binary-interacting protein
pairs, representing a fourfold increase from current knowledge. The resulting LSU processome interactomemap has
enhanced our understanding of the organization and function of the biogenesis factors within the LSU processome,
revealing both novel and previously identified subcomplexes and hub proteins, including Nop4.
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Eukaryotic ribosomes are complex cellular machines that
are comprised of four different ribosomal RNAs (rRNAs)
and >70 ribosomal proteins (r-proteins) (Woolford and
Baserga 2013). Ribosome assembly begins in the nucleo-
lus with the transcription of the polycistronic pre-rRNA,
termed the 35S in Saccharomyces cerevisiae, by RNA po-
lymerase I. The 35S pre-rRNAundergoes numerous cleav-
age and modification steps to generate the mature 18S,
5.8S, and 25S rRNAs that are assembled with the r-pro-
teins to form the small and large ribosomal subunits. Ac-
curate and efficient production of ribosomes requires the
coordinated activity of >150 biogenesis factors, including
a number of proteins with enzymatic activity (Fatica and
Tollervey 2002; Fromont-Racine et al. 2003; Tschochner
and Hurt 2003; Henras et al. 2008; Strunk and Karbstein
2009; Kressler et al. 2010, 2012; Rodríguez-Galán et al.
2013; Thomson et al. 2013; Woolford and Baserga 2013;
Fernandez-Pevida et al. 2015). A subset of these biogenesis
factors assembles cotranscriptionally (Osheim et al. 2004;
Lebaron et al. 2013) on the 35S pre-rRNA, forming the
small subunit (SSU) processome (Dragon et al. 2002) or
90S preribosome (Grandi et al. 2002). After the separating

cleavage in internal transcribed spacer 1 (ITS1), SSU and
large subunit (LSU) assembly proceed independently
(Liang and Fournier 1997).

LSU assembly is driven by a large, dynamic, ribonucleo-
protein complex, recently termed the LSU processome
(Woolford and Baserga 2013; Grob et al. 2014). Assembly
occurs in a number of successive steps as the LSU proces-
some travels from the nucleolus to the nucleoplasm and
through the nuclear pore to the cytoplasm (Harnpicharn-
chai et al. 2001; Milkereit et al. 2001; Kressler et al.
2010). Purification and comparison of the biogenesis fac-
tor composition of the LSU processome from different
stages of LSUmaturation has revealed the highly dynamic
nature of this process (Nissan et al. 2002; Saveanu et al.
2003; Lebreton et al. 2008; Merl et al. 2010). The earliest
steps in assembly occur in the nucleolus and require the
greatest number of biogenesis factors. As the LSU proces-
some exits the nucleolus and enters the nucleoplasm, it
undergoes significant compositional changes. A large
number of nucleolar factors are released, and a new com-
plement of nuclear biogenesis factors are acquired (Harn-
picharnchai et al. 2001; Saveanu et al. 2003; Kressler et al.
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2008; Ulbrich et al. 2009; Bassler et al. 2010). The last
steps of LSU assembly are completed in the cytoplasm
and require comparatively few biogenesis factors (Nissan
et al. 2002; Bradatsch et al. 2012; Kressler et al. 2012).
In the past decades,muchwork has been done to dissect

the steps of LSU assembly. The cleavage sites of the
pre-rRNAhave beenmapped, a large number of biogenesis
factors have been identified, and, in many cases, the bio-
genesis factors have been assigned to specific steps in as-
sembly. For example, seven biogenesis factors are
involved in processing the 27SA3 pre-rRNA (A3 factors)
(Sahasranaman et al. 2011), while processing of the 27SB
pre-rRNA requires the action of 14 biogenesis factors
(B factors) (Talkish et al. 2012). Furthermore, the utiliza-
tion of cross-linking and analysis of cDNA (CRAC) tech-
nology to identify the sequences of the pre-rRNA that
are bound by select assembly factors has provided addi-
tional insight into the spatial organization of the LSU
processome (Granneman et al. 2011).
Even so, the precise molecular details of LSU assembly

remain largely unknown. How the biogenesis proteins in-
teract with each other and how these interactions influ-
ence and coordinate LSU assembly has yet to be
systematically determined for all LSU processome pro-
teins. For example, while we know that the SSU proces-
some is comprised of several subcomplexes (Gallagher et
al. 2004; Krogan et al. 2004; Pérez-Fernández et al. 2007),
few complexes have been identified for the LSU proces-
some (Milkereit et al. 2001; Galani et al. 2004; Krogan
et al. 2004; Miles et al. 2005). Furthermore, even though
they copurify in a large ribonucleoprotein complex, it is
not clear whether the A3 factors, B factors, and other
LSU biogenesis proteins interact among themselves as
LSU processome building blocks or with one another
within the LSU processome. Even a recent proteome-scale
human interactome failed to yield information on the in-
teractions among the orthologous LSU biogenesis factors
(Rolland et al. 2014).
Todefine theLSUprocessome interactomeandprobe its

organization, we took a systems biology approach and car-
ried out a semi-high-throughput, array-based yeast two-
hybrid (Y2H) assay. We assayed 4800 individual bait–prey
pairs one by one and identified 232 binary, high-confi-
dence interactions. Coimmunoprecipitation experiments
independently validated 98% of the tested interactions.
Subsequent analysis of the resulting LSU processome
interactome by Markov clustering led to the prediction
of both novel and previously identified subcomplexes.
Additionally, the LSU processome interactome revealed
the presence of several important hubs, including Nop4.
Thus, the LSU processome interactomemap has provided
novel insight into the organization and function of the
biogenesis factors within the LSU processome.

Results

Generation of an LSU processome interactome map
by Y2H analysis

Our goal was to systematically map the protein–protein
interactions (PPIs) among the nucleolar LSU processome

components via an array-based Y2H screen. We chose to
test 70 LSU biogenesis factors (Table 1) that were selected
based on their presence in copurifications of nucleolar
LSU processome complexes as determined by affinity pu-
rification and mass spectrometry (AP/MS) (Bassler et al.
2001; Harnpicharnchai et al. 2001; Fatica et al. 2002; Nis-
san et al. 2002; Lebreton et al. 2008; Li et al. 2009). The 46
LSU r-proteins, while important for ribosome assembly
and function, were not included due to technical limita-
tions. We focused on the nucleolar LSU processome
because it contains the largest complement of biogenesis
factors and because its assembly and organization are not
well understood. Of the 70 selected proteins, 78% are es-
sential in yeast, and 90% are conserved to humans (Wool-
ford and Baserga 2013). Prior to this work, only 56 Y2H
interactions had been reported previously among the 70
proteins (Supplemental Table S1), representing only
22%–26% of the predicted LSU processome interactome
(Blow 2009; Lim et al. 2011).
To generate libraries for a directed, array-based Y2H

screen, all 70 full-length ORFs were cloned into Y2H
bait and prey vectors using Gateway cloning from either
the MORF collection (Gelperin et al. 2005) or through
PCR amplification and cloning into a Gateway Entry vec-
tor. We used a semi-high-throughput, array-based Y2H as-
say to individually screen each bait against each prey (Fig.
1A; de Folter and Immink 2011). An empty prey vector
was mated with each bait as a negative control. Pair-
wise interactions were assayed on two different selective
plates with increasing numbers of reporter genes (Fig.
1A,B). Growth on selective medium greater than that

Table 1. List of LSU processome proteins included in Y2H
screen

ATPase Rix7
Exosome Rrp43
Export factors Arx1, Rrp12
GTPases Nog1, Nog2, Nug1
Helicases Dbp10, Dbp3, Dbp6, Dbp7, Dbp9,

Drs1, Has1, Mak5, Prp43, Spb4
Kinase Grc3
Methyltransferases Nop2, Spb1
PPIases Fpr3, Fpr4
Proteins with no
known enzymatic
function

Brx1, Bud20, Cgr1, Ebp2, Erb1, Las1,
Loc1, Mak11, Mak16, Mak21, Mrt4,
Nip7, Noc2, Noc3, Nop12, Nop13,
Nop15, Nop16, Nop4, Nop53, Nop7,
Nop8, Nsa1, Nsa2, Nsa3, Nsr1, Puf6,
Pwp1a, Rlp24, Rlp7, Rpf1, Rpf2,
Rrb1, Rrp1, Rrp14, Rrp15, Rrp5,
Rrp8, Rrs1, Rsa3, Rsa4, Ssf1, Ssf2,
Tif6, Tma16, Urb1, Urb2, Ytm1

Yeast LSU biogenesis factors that copurify with a nucleolar
LSU processome complex are grouped according to their pub-
lished or proposed function. The standard identifiers, such as
the systemic name and the Uniprot accession number, can be
found in Supplemental Table S2. Bait constructs that failed to
interact in our screen are in italics.
aThe ORF self-activated and was not included in the screen as
a bait.
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observed for the negative control after 3 wk was scored as
a positive interacting pair. The screen was carried out
three times. One iteration was performed with the yeast
strains PJ69-4a/α (James et al. 1996), and two iterations
were performed with the yeast strains Y2H Gold/Y187
(Clontech). Of the 4800 assayed PPIs, 641 PPIs were de-
tected in at least one screen and 257 (40%) PPIs were de-
tected in multiple screens (Fig. 1C; Supplemental Table
S2). Interestingly, the number of PPIs observed when the
PJ69-4a/α strains were used was approximately twice
that observed when the Y2H Gold/Y187 strains were
used. Of the 641 observed PPIs, 171 were observed in all
three iterations of the screen (Fig. 1C).

Since we performed the array-based Y2H screen to
detect the physical interactions among yeast proteins
found in the same macromolecular complex, it is plausi-
ble that a subset of the observed PPIs are mediated by
bridging proteins of the LSU processome. However, only
641 PPIs were collectively observed among all three
screens, representing just ∼4% of the total interactions

tested. If the observed PPIs were bridged by other proteins
in the LSU processome, wewould expect there to be fewer
negatives and a greater proportion of interactions. There-
fore, while it is possible that bridging proteins mediate
some of the observed PPIs, the results of the screen sug-
gest that this phenomenon is not general.

To identify the PPIs that are most likely to be biologi-
cally relevant, a confidence score was calculated for each
observed interaction (Giot et al. 2003; Li et al. 2004; Stelzl
et al. 2005). The confidence score is a weighted average
that takes the following parameters into account: the
number of reporters activated by the PPI (HIS3, ADE2,
and MEL1, which encodes α-galactosidase), the reproduc-
ibility of the PPI, the observation of a reciprocal PPI, the
observation of the PPI in both Y2H strains, and the identi-
fication of the PPI in previous studies. Each PPI was evalu-
ated based on these criteria, ranked based on their
confidence score, and graphed on a scale of 10%–100%
(Fig. 1D). Of the 641 observed PPIs, 409 had a confidence
score between 0% and 49% and were classified as low-
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Transform baits into 
strains PJ69-4a or 
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Figure 1. An array basedY2H screen identifies novel interactions among LSUprocessome proteins. (A) Work flow of the array-based Y2H
screen. (B) Results fromY2H screen 2 performed in Y2HGold/Y187 for Rsa3, Mak21/Noc1, and Brx1 bait proteins. Each bait was assayed
against all 70 arrayed preys on two different selectivemedia: SD−Leu−Trp−His + 6mM3-amino-1,2,4-triazole (3-AT) + 40 μg/mL 5-bromo-
4-chloro-3-indolyl α-D-galactopyranoside (X-α-Gal) or SD−Leu−Trp−His−Ade + 6 mM 3-AT + 40 μg/mL X-α-Gal. Growth of a blue colony
on either selective medium is indicative of a positive Y2H interaction. (C ) A Venn diagram summarizing the PPIs that were identified in
each of the three iterations of the array-basedY2H screen. Screen 1was performed in the PJ69-4a/α yeast strains, while screens 2 and 3were
performed in the Y2HGold/Y187 yeast strains fromClontech. The number of interactions that were unique to each screen and the num-
ber of interactions that were identified in more than one screen are indicated. (D) Histogram of the confidence score distribution for the
641 PPIs identified in this study. The confidence score reflects the reproducibility of an observed interaction across all screens and selec-
tivemedia. Interactionswith a confidence score >50%were included in the high-confidence LSU processome interactome data set and are
listed in Supplemental Table S3.
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confidence interactions, and 232 PPIs had a confidence
score >50%andwere classified as high-confidence interac-
tions (Supplemental Tables S2, S3). The 232 high-confi-
dence PPIs represent a fourfold increase from the 56
previously identified PPIs among these LSU biogenesis
factors (Supplemental Table S1).

Validation of the high-confidence interactome

To assess the validity of the LSU processome interactome,
we used a coimmunoprecipitation method akin to the
cross and capture system to assay a subset of these PPIs
(Fig. 2A; Suter et al. 2007; Suter 2012). As each type of
PPI assay, including Y2H, has its own inherent false neg-
ative and false positive rates, the assays are complementa-
ry (Venkatesan et al. 2009; Hegele et al. 2012). Thus,
interactions that can be recapitulated with an orthogonal
method such as coimmunoprecipitations are less likely to
be false positives (Li et al. 2004). The cross and capture
systemwas specifically developed to identify and confirm
yeast PPIs detected by other methods, including Y2H
(Suter et al. 2007; Suter 2012), and has successfully reca-
pitulated interactions previously detected by Y2H (Suter
et al. 2007). Furthermore, similar coimmunoprecipitation
assays have been used to validate Y2H data sets (Wang
et al. 2011; Hegele et al. 2012).

To benchmark the coimmunoprecipitation assay, we
examined four known PPIs: Brx1–Ebp2, Erb1–Ytm1,
Grc3–Las1, and Ssf2–Rrp15 (Miles et al. 2005; Yu et al.
2008; Shimoji et al. 2012; Castle et al. 2013). These
ORFs were cloned into either Gateway-converted
p415GPD-3xHA or Gateway-converted p414GPD-3xFlag
(Mumberg et al. 1995) and cotransformed into yeast.
Immunoprecipitations were performed with anti-Flag
resin, and the copurifying proteins were visualized by
Western blotting with an antibody to the 3xHA tag
(Fig. 2A). As expected, all four of the known PPIs were
positive by coimmunoprecipitation (Fig. 2B). In contrast,
no signal was observed in the absence of a Flag-tagged
protein.
Using the coimmunoprecipitation method, we tested

∼25% (58 of 232) of the high-confidence PPIs (Fig. 2C,D;
Supplemental Table S4). Of the 58 assayed PPIs, 57 PPIs
were recapitulated, giving a validation rate of ∼98%. We
also tested nine PPIs that had not been identified in our
Y2H screen and were not previously reported. Only one
of the nine negative control PPIs was positive by coimmu-
noprecipitation.Wewould have expectedmore of the neg-
ative controls to have been positive if the interactions
detected by coimmunoprecipitation were mediated by
bridging proteins of the LSU processome. Our results sup-
port the idea that the validation method is largely

Figure 2. Validation of the high-confi-
dence LSU processome interactome by
coimmunoprecipitation. (A) Work flow de-
picting the coimmunoprecipitation ap-
proach used to validate novel PPIs. (B)
Validation of known interacting proteins
as proof of principle. Yeast extractwas incu-
bated with α-Flag resin. Coimmunoprecipi-
tations were assessed by α-HA Western
blot. (C ) Validation of a subset of the novel
high-confidence PPIs by coimmunoprecipi-
tation. Yeast extract was incubated with α-
Flag resin. Coimmunoprecipitations were
assessed by α-HA Western blot. (D) Table
summarizing the results of the validation
coimmunoprecipitations. Approximately
25% of the high-confidence interactions
were assayed by coimmunoprecipitations.
Several interactions that were not observed
by Y2H were also assayed as negative
controls.
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detecting direct interactions between two proteins rather
than interactions mediated by bridging proteins. Thus,
thismethod successfully validates the observed LSU proc-
essome Y2H interactions.

Comparison of the high-confidence interactions
with published data sets

The quality of the high-confidence interactome is also
supported by the degree of overlap with previously pub-
lished Y2H interactions. Published Y2H interactions
were identified through two databases: the Saccharomy-
ces Genome Database (http://www.yeastgenome.org)
and Uniprot (http://www.uniprot.org). Prior to this work,
only 56 Y2H interactions had been reported among
the 70 proteins included in this screen (Supplemental
Table S1). Of the 56 previously reported interactions, 21
(37.5%) were recapitulated in our high-confidence data
set, including those among the Ytm1–Erb1–Nop7 com-
plex members and between Brx1–Ebp2 and Rpf2–Rrs1
(Fig. 3A; Supplemental Table S5; Morita et al. 2002; Miles
et al. 2005; Shimoji et al. 2012).While the high-confidence
data set does not contain all of the previously reported in-
teractions, we did recapitulate 75% of the interactions
that were identified using similar or identical screening
conditions (Supplemental Table S5), indicating a low false
negative rate for ourY2Hscreen (Brückneret al. 2009;Ven-
katesan et al. 2009; Hegele et al. 2012). In total, we identi-
fied 21 PPIs that were previously identified and 211 novel
PPIs, which represent an approximately fourfold increase
in our knowledge of the PPIs among the LSU processome
proteins.

Also identified with high confidence by the LSU proces-
some interactome screen were interactions among com-
ponents of known subcomplexes or modules. Previously,
coaffinity purification had been used to interrogate the
underlying organization of the LSU processome (Bassler
et al. 2001; Harnpicharnchai et al. 2001; Fatica et al.
2002; Nissan et al. 2002; Saveanu et al. 2003; Miles et al.
2005; Lebreton et al. 2006, 2008; Rosado et al. 2007;
Merl et al. 2010; Hierlmeier et al. 2013). While coaffinity
purification does not solely detect direct, physical PPIs, it
can sometimes allow for the detection of protein modules
or subcomplexes. For example, the proteinmodules Rrp5–
Mak21/Noc1–Noc2 and Noc2–Noc3 were previously de-
tected by coaffinity purification (Milkereit et al. 2001;
Hierlmeier et al. 2013). The direct PPIs underlying the
Rrp5–Mak21/Noc1–Noc2 module were then mapped
through affinity purifications of recombinant proteins
(Hierlmeier et al. 2013). Importantly, we identified all of
the direct interactions within this module for the first
time by Y2H in the high-confidence LSU processome
interactome data set (Fig. 3B).

Similarly, in the LSU processome interactome map, we
identified the physical interactions of a subcomplex that
so far has been only described by genetic interaction map-
ping. Genetic interactions among DBP6, DBP7, DBP9,
NOP8, RSA3, URB1 (NPA1), and URB2 (NPA2) were
identified in several genetic screens, suggesting that
they function together (Rosado and de la Cruz 2004;

Rosado et al. 2007). These genes encode proteins that cop-
urify with Urb2 in a discrete subcomplex, as seen by gel
filtration chromatography, yet the direct, physical inter-
actions among the proteins in this subcomplex had not
yet been determined (Rosado et al. 2007). Significantly,
we identified interactions among the subcomplex mem-
bers in the high-confidence LSU processome interactome
data set, allowing the direct, physical interactions to be
mapped for the first time (Fig. 3C).

Analysis of the high-confidence LSU processome
interactome map

We focused on the 232 high-confidence interactions
for further investigation. We constructed an interac-
tome map of the observed high-confidence PPIs using
Cytoscape (Supplemental Fig. S1; Shannon et al. 2003).
Of the 70 bait proteins assayed in the Y2H, 55 interacted
with at least one prey with high confidence. The number
of interacting partners of each bait ranged from one to 24,
with a mean of 6.2. This mean is slightly higher than the
conservative estimate of three to 3.5 interactions per pro-
tein (Blow 2009; Lim et al. 2011), which could be due to
the presence of several hub proteins, each of which has a
large number of interacting partners. Interestingly, 29
baits interacted reciprocally with high confidence with
at least one prey (Fig. 3D). These high-confidence, recipro-
cal interactions are highly likely to be biologically rele-
vant and important for proper assembly of the LSU.

To identify novel subcomplexes among the LSU proces-
some interactome, we used the Markov cluster algorithm
(MCL) option in the clusterMaker plug-in for Cytoscape
(Shannonet al. 2003;Morris et al. 2011).TheMCL is anun-
supervised, agglomerative algorithm designed to reveal
natural groups within a highly connected graph (Enright
et al. 2002). TheMCLpredictsmore subcomplexes andhas
ahigheraccuracy rate forprediction thanmanyof theother
algorithms (Brohee and van Helden 2006; Moschopoulos
et al. 2011). MCL clustering has been used previously to
successfully predict subcomplexes from both AP/MS and
Y2H data sets (Pereira-Leal et al. 2004; Krogan et al.
2006; Hart et al. 2007; Pu et al. 2007; Nastou et al. 2014).
We applied the MCL to our high-confidence LSU proces-
some interactome data set and found that it clustered 56
of the 59 LSU biogenesis factors in the high-confidence
LSU processome interactome into seven clusters or sub-
complexes (Fig. 3E,F). Of the seven clusters, four represent
subcomplexes or interactions that have been described
previously (Fig. 3E; Krogan et al. 2004; Miles et al. 2005;
Rosado et al. 2007; Tang et al. 2008; Castle et al. 2013;
Hierlmeier et al. 2013).

MCL clustering predicted the existence of three novel
subcomplexes within the LSU processome interactome.
The smallest predicted novel subcomplex contains the
biogenesis factors Mak11 and Rrp15 and the functionally
redundant proteins Ssf1 and Ssf2 (Fig. 3F). Previously, it
had been shown that genetic depletion of each of Rrp15,
Ssf1, and Ssf2 inhibits processing of ITS1 (Fatica et al.
2002; De Marchis et al. 2005). In contrast, depletion of
Mak11inhibits processing of ITS2 (Saveanu et al. 2007;
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Talkish et al. 2012). Therefore, not all components of this
predicted subcomplex function at the same pre-rRNApro-
cessing step. However, Ssf1 and Rrp15 both coaffinity-pu-
rify withMak11 (Saveanu et al. 2007). Thus, the predicted
Mak11–Rrp15–Ssf1–Ssf2 subcomplex may exist in vivo.
The other two novel, predicted subcomplexes aremuch

larger. The largest putative subcomplex is comprised of 23
biogenesis factors and contains the hub proteins Loc1,
Ebp2, and Nop4 (Fig. 3F). Interestingly, the other compo-
nents of this complex have been shown to function at var-
ious diverse stages of assembly (Nissan et al. 2002;
Sahasranaman et al. 2011; Talkish et al. 2012). As Y2H
analysis does not provide temporal information, it is plau-
sible that, as hubs, Loc1, Ebp2, andNop4 act as central co-
ordinators and that the interactions depicted in this
cluster are not all occurring at once but are an integration
of the activity of the hubs over time. The second large, pu-

tative subcomplex contains 17 biogenesis factors, seven of
which are B factors (Talkish et al. 2012). Interestingly, this
complex contains six DExD/H-box RNA helicases, two
GTPases, and a putative methyltransferase, suggesting
that these biogenesis factors may function together to
drive or regulate LSU assembly.

Biochemical analysis of the subcomplexes
of the LSU processome

Several subcomplexes of the LSU processome that had
been proposed previously were also predicted by MCL
clustering of the high-confidence LSU processome inter-
actome (Fig. 3E; Milkereit et al. 2001; Miles et al. 2005;
Rosado et al. 2007; Tang et al. 2008; Merl et al. 2010; Cas-
tle et al. 2013; Hierlmeier et al. 2013). The majority of the
published evidence supporting the existence of these

Figure 3. Analysis of the high-confidence LSU processome interactome. (A) Network of high-confidence interactions identified in this
study that have been previously identified by Y2H. The previously identified interactions are listed in Supplemental Table S1. (B) The
interactions among the Rrp5–Mak21/Noc1–Noc2 andNoc2–Noc3modules were recapitulated in the high-confidence data set (Milkereit
et al. 2001; Hierlmeier et al. 2013). (C ) The direct, physical interactions of the Urb1/Npa1 subcomplex were identified with high confi-
dence in the LSU processome interactome screen. The Urb1/Npa1 subcomplex was originally identified using genetic screening (Rosado
and de la Cruz 2004; Rosado et al. 2007). The dotted lines indicate high-confidence Y2H interactions that were also observed by genetic
screening. The solid line indicates an interaction that was only observed in the Y2H screen. (D) Network of high-confidence, reciprocal
interactions identified in this study. Dotted lines indicate that the interaction was observed previously by Y2H. (E) Markov cluster algo-
rithm (MCL) clustering of the high-confidence LSU processome interactome predicted subcomplexes that have been described previously.
(F ) MCL clustering of the high-confidence LSU processome interactome predicted three novel subcomplexes. Circles represent proteins
with no known enzymatic activity, diamonds represent helicases, squares representmethyltransferases, parallelograms represent PPIases,
hexagons represent GTPases, and octagons represent kinases. The interaction networks were created using Cytoscape. MCL clustering
was performed using the clusterMaker plug-in for Cytoscape.
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subcomplexes in vivo is the presence of the predicted
components in a complex that can be affinity-purified af-
ter disruption of the LSU processome (Milkereit et al.
2001; Krogan et al. 2004; Miles et al. 2005; Castle et al.
2013; Hierlmeier et al. 2013). These subcomplexes have
not yet been examined by glycerol gradient sedimenta-
tion, a technique that would separate the subcomplexes
from the larger LSU processome without genetic or bio-
chemical disruption of ribosome assembly.

To determine whether the putative LSU processome
subcomplexes predicted by MCL clustering exist under
normal cellular conditions, we used glycerol gradient sed-
imentation analysis, which separates complexes on the
basis of buoyant density. To this end, we created a series
of endogenously tagged yeast strains and subjected extract
from these strains to glycerol gradient sedimentation. The
resulting fractions were analyzed for the presence of the
tagged protein by Western blot. Subcomplexes would be
less dense than the LSU processome and would differen-
tially sediment on the gradient, thereby enabling their
detection under native conditions.

We analyzed the subcomplexes that have been shown
previously to copurify after disruption of the LSU proces-
some and were predicted by MCL clustering of the high-
confidence LSU processome interactome: Grc3–Las1,
Rrp5–Mak21/Noc1, and Erb1–Nop7–Ytm1 (Fig. 3E; Mil-
kereit et al. 2001; Miles et al. 2005; Castle et al. 2013;
Hierlmeier et al. 2013). All three complexes were found
to sediment in the less dense fractions, which supports
their existence as discrete complexes outside of the LSU
processome (Fig. 4). For example, endogenously tagged
Grc3 and Las1 comigrate in peak fractions 5 and 6 (Fig.
4A). Comparison of the sedimentation profile of Grc3
and Las1 withmolecular weight (MW)markers of indicat-
ed S-values shows that the putative Grc3–Las1 complex
migrates at ∼11S (predicted MW, 210 kDa).

Similarly, Rrp5 and Mak21/Noc1 comigrate in two
smaller complexes. Both Rrp5 and Mak21/Noc1 comi-
grate in peak fractions 8–10 at ∼18S (predicted MW, 500
kDa) and in peak fractions 13–14 at ∼24S (predicted
MW, 1400 kDa) (Fig. 4B), which suggests that Rrp5 and
Mak21/Noc1 are found in two distinct complexes. As
these complexes are predicted to be much larger than a
heterodimeric complex of Rrp5 and Mak21/Noc1 (MW,
209 kDa), it is likely that these complexes contain other
LSUbiogenesis factors ormore than one copyof either pro-
tein. Unlike the Grc3–Las1 complex, Rrp5 and Mak21/
Noc1also comigrate in peak fractions 17–19as part of a pu-
tative complex that is larger than the 26S proteasome (Fig.
4A,B). Given the size, this larger complex is likely to be at
least in part constituted by the LSU processome.

Likewise, Erb1, Nop7, and Ytm1 comigrate both in a
discrete, smaller complex and as part of the LSU proces-
some (Fig. 4C). All three proteins comigrate in peak frac-
tions 4–6. Comparison of the sedimentation profiles of
Erb1, Nop7, and Ytm1 with MWmarkers of the indicated
S-values shows that the putative Erb1–Nop7–Ytm1 com-
plex migrates at ∼10S with a predicted MW of 185 kDa.
The predicted MW suggests that no more than one copy
of each protein is present in this subcomplex. Thus,

glycerol gradient sedimentation analysis reveals that the
complexes previously identified by copurification and
subsequently predicted by MCL clustering of the LSU
processome interactome form complexes separate from
the LSUprocessome, suggesting that theymay be building
blocks for LSU processome assembly.

The LSU processome interactome map uncovers several
hub proteins that coordinate LSU assembly

The presence of one or more highly connected pro-
teins, termed hub proteins, is a common, conserved prop-
erty of interactome maps (Jeong et al. 2001; Yu et al.
2008; Ivanic et al. 2009). In addition to having many
more interacting partners than the average protein, hub
proteins are also more likely to be essential and more
abundant and cause more pleiotropic phenotypes when
deleted or mutated. As hub proteins are often found
in the center of interactome networks and hold the net-
work together, it has been speculated that hub proteins
are more likely to be involved in human disease (Vidal
et al. 2011).

Figure 4. Glycerol gradient sedimentation analysis supports the
existence of LSU processome subcomplexes. (A) Grc3 and Las1
comigrate independently of the LSU processome. Yeast extract
made from either YPH500 Grc3-MYC or NOY504 Las1-Flag
was layered onto a 10%–40% glycerol gradient. The gradients
were spun at 150,000g for 18 h, and fractions were harvested
from the top of the gradient. All fractions were analyzed by either
α-MYC or α-Flag Western blot. (B) Rrp5 and Mak21/Noc1 comi-
grate in multiple complexes. Yeast extract made from either
YPH499 Rrp5-TAP or YPH499 Mak21/Noc1-Flag was layered
onto a 10%–40% glycerol gradient. The gradients were spun at
150,000g for 18 h, and fractions were harvested from the top of
the gradient. All fractions were analyzed by either PAP or α-Flag
Western blot. (C ) Erb1,Nop7, andYtm1 comigrate independently
of the LSU processome. Yeast extract made from either NOY504
Erb1-Flag, NOY504 Nop7-Flag, or NOY504 Ytm1-TAP was lay-
ered onto a 10%–40% glycerol gradient. The gradients were
spun at 150,000g for 18 h, and fractions were harvested from
the top of the gradient. All fractions were analyzed by either
α-Flag or PAP Western blot.
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The LSU processome interactome map uncovered a
number of highly connected hub proteins, including
Loc1, Nop4, Ebp2, Mak21/Noc1, and Noc2. These pro-
teins have three to four times as many interacting part-
ners as the average protein (6.2) in the high-confidence
data set. For example, Loc1 has 25 interacting partners,
and Nop4 has 23 interacting partners (Fig. 5A,C; Supple-
mental Fig. S1). Using the coimmunoprecipitation valida-
tion method (Fig. 2A), we assayed 16 of the 25 Loc1 PPIs
and found that all 16 were positive by coimmunoprecipi-
tation (Fig. 5B; Supplemental Table S4). Additionally, as
controls, we performed three coimmunoprecipitations
with proteins that did not interact with Loc1 in the Y2H
screen, none of which was positive. Thus, Loc1 is a hub
within the LSU processome.
Similarly, we found that Nop4 is also a hub protein

within the LSU processome. Nop4 is the yeast ortholog
of RBM28, which is mutated in alopecia, neurological de-
fects, and endocrinopathy (ANE) syndrome (Nousbeck
et al. 2008). In the LSU interactome map, Nop4 interacts
with 23 LSU processome proteins with high confidence.
We assayed 14 of the 23 Nop4 PPIs using the coimmuno-
precipitation validation method and found that all 14
were positive (Fig. 5D). Like Loc1, Nop4 functions as a
hub protein within the LSU processome.
As hubs, Loc1 and Nop4 may interact with their part-

ners as part of multiple subcomplexes or in the context
of the LSU processome. To ascertain whether Loc1 or

Nop4 form subcomplexes, we created endogenously
tagged Loc1 and Nop4 yeast strains and subjected extract
from these strains to glycerol gradient sedimentation.
While we were unable to extract endogenous Loc1 under
native conditions, we were able to analyze endogenously
tagged Nop4 on a glycerol gradient. Since the tag on
Nop4 does not confer a growth defect (Supplemental Fig.
S2), it is not likely to interfere with Nop4 function or sed-
imentation on a glycerol gradient. We found that Nop4
sediments broadly over all of the gradient fractions and
therefore is likely present in multiple protein complexes,
consistent with a hub function (Fig. 5E).

Discussion

Advances in AP/MS in the past decade have enabled the
identification of >200 ribosome biogenesis factors. A ma-
jor challenge has been to determine how these proteins in-
teractwith one another to facilitate ribosome assembly, as
AP/MS techniques largely report indirect interactions
(Vidal et al. 2011). To define the binary PPIs among these
proteins, we took a systems biology approach and per-
formed a semi-high-throughput, array-based Y2H screen
of 70 nucleolar LSU processome components to define
the LSU processome interactome. The resulting inter-
actome is comprised of 232 high-confidence interac-
tions. Of the 232 high-confidence interactions, 211 have
not been reported previously. We used an orthogonal,

Figure 5. Loc1 and Nop4 are hub proteins within the
LSU processome interactome. (A) Network of novel,
high-confidence Y2H interactions identified for Loc1.
Circles represent proteins with no known enzymatic ac-
tivity, diamonds represent helicases, squares represent
methyltransferases, hexagons represent GTPases, and
parallelograms represent PPIases. The interaction net-
work was created using Cytoscape. (B) Validation of the
novel Loc1 interactions by coimmunoprecipitation.
Yeast extract was incubated with α-Flag resin. Coimmu-
noprecipitationswere assessed by α-HAWestern blot. (C )
Network of novel, high-confidence Y2H interactions
identified for Nop4. Circles represent proteins with no
known enzymatic activity, diamonds represent heli-
cases, and hexagons represent GTPases. The interaction
network was created using Cytoscape. (D) Validation of
the novel Nop4 interactions by coimmunoprecipitation.
Yeast extract was incubated with α-Flag resin. Coimmu-
noprecipitations were assessed by α-HAWestern blot. (E)
Glycerol gradient sedimentation analysis of Nop4. Yeast
extractmade fromYPH499Nop4-Flagwas layered onto a
10%–40% glycerol gradient. The gradients were spun at
150,000g for 18 h, and fractions were harvested from
the top of the gradient. All fractions were analyzed by
α-Flag Western blot.
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coimmunoprecipitation method to independently vali-
date ∼25% of the high-confidence interactions with a
98% validation rate. Data set analysis viaMarkov cluster-
ing has provided novel insight into the organization, func-
tion, and regulation of the LSU processome, as it has led to
the prediction of both previously identified and novel sub-
complexes. The LSU processome interactome has also re-
vealed the presence of five highly connected hub proteins.

This work has increased the number of PPIs among
LSU processome components by fourfold. Despite the
completion of three genome-wide, high-throughput Y2H
studies and one genome-wide protein fragment comple-
mentation assay (PCA) to examine PPIs in S. cerevisiae
(Uetz et al. 2000; Ito et al. 2001; Tarassov et al. 2008; Yu
et al. 2008), only 56 Y2H interactions had previously
been identified among the 70 nucleolar LSU processome
components (Supplemental Table S1). It has been con-
servatively estimated that most proteins interact with
approximately three or four other proteins (Blow 2009;
Lim et al. 2011). Thus, the 56 previously identified Y2H
interactions represent only ∼22%–26% of the predicted
interactions, indicating that the LSU processome inter-
actome had been far from complete. The lack of coverage
in the published high-throughput, genome-wide screens
in yeast is likely due to the use of pooled prey clones, an ap-
proach thatmay be less sensitive and confer a higher num-
berof false negative interactions thandirected, array-based
screens (Koegl and Uetz 2007; Rajagopala and Uetz 2008;
Lim et al. 2011). Directed, array-based Y2H screens such
as this one allow for the generation of more complete in-
teractomes because they assay each bait–prey pair in-
dividually. Similar directed, array-based Y2H approaches
have been used successfully to map the interactomes
of yeast cell polarity development, the yeast mitotic spin-
dle, and the human spliceosome (Drees et al. 2001; Wong
et al. 2007; Hegele et al. 2012). Additionally, a directed, ar-
ray-based Y2H screen was conducted on a proteome-wide
scale to map the PPIs of the human interactome (Rolland
et al. 2014).

The principle goal of mapping the LSU processome
interactome was to systematically interrogate the under-
lying organization of the LSU biogenesis factors within
the LSU processome. Thus, to maximize the utility and
information content of the LSU processome interactome,
we integrated the high-confidence LSU processome inter-
actome with the data from previously published studies
(Supplemental Fig. S3). Previously, two functional clus-
ters of LSU biogenesis factors had been defined by their
common pre-rRNA processing defect observed upon mu-
tational perturbation or genetic depletion (Sahasranaman
et al. 2011; Talkish et al. 2012). Upon depletion or muta-
tion of the sevenA3 factors, the 27SA3 pre-rRNA interme-
diate accumulates, suggesting that these proteins are
important for subsequent 27SA3 processing (Sahasrana-
man et al. 2011). Similarly, depletion or mutational per-
turbation of the 14 B factors results in the accumulation
of the 27SB pre-rRNA intermediates, indicating that these
proteins are important for 27SB processing (Talkish et al.
2012). However, with the exception of the subcomplex
containing the A3 factors Erb1, Ytm1, and Nop7, these

two functional clusters do not appear to form discrete sub-
complexes in the LSU processome interactome, as both
the A3 factors and the B factors have many more interac-
tions with proteins outside their functional clusters than
within their functional clusters (Supplemental Fig. S3). In-
terestingly, there are a number of interactions between
the A3 factors and B factors that would physically link
the two functional clusters and could potentially facilitate
the advancement of assembly.

Markov clustering analysis of the high-confidence LSU
processome interactome revealed novel insight into the
organization of the LSU processome, as it predicted the
existence of seven putative subcomplexes (Fig. 3E,F). Of
the seven predicted subcomplexes, four are subcomplexes
that have been described previously (Fig. 3E; Krogan et al.
2004; Miles et al. 2005; Rosado et al. 2007; Tang et al.
2008; Castle et al. 2013; Hierlmeier et al. 2013). Using
glycerol gradient sedimentation analysis, we demonstrat-
ed that the Erb1–Nop7–Ytm1 subcomplex, the Grc3–Las1
subcomplex, and the Rrp5–Mak21/Noc1 subcomplex
exist outside the LSU processome (Fig. 4), thereby validat-
ing their identification as subcomplexes. However, MCL
analysis also predicted three novel subcomplexes (Fig.
3F) that warrant further investigation. Through the pow-
erful combination of glycerol gradient sedimentation
analysis and AP/MS, the existence of these putative sub-
complexes outside the LSU processome and the complex
members could be tested.

The LSU processome interactome has also revealed the
presence of five hub proteins: Loc1, Nop4, Ebp2, Mak21/
Noc1, and Noc2. Hub proteins have been classified as ei-
ther date or party hubs based on how they interact with
their partners (Han et al. 2004). Date hubs are thought to
have multiple, sequential interactions separated in time
or space, while party hubs are thought to have multiple
simultaneous interactions (Han et al. 2004). As Y2H
does not provide temporal information and assays only
one PPI at a time, the assignation of date versus party
hub cannot be confidently determined from the interac-
tome alone. However, it is tempting to speculate that
Loc1,Nop4, and Ebp2 are date hubs, as some of their inter-
action partners have been shown to function at different
stages of LSU assembly (Figs. 3F, 5A,C; Supplemental Ta-
ble S3; Sahasranaman et al. 2011; Talkish et al. 2012). As
date hubs, Loc1,Nop4, and Ebp2would coordinate and po-
tentially drive assembly by sequentially interacting with
different biogenesis factors.

Interestingly, hub proteins are predicted to preferential-
ly encode disease-related genes (Vidal et al. 2011; De Las
Rivas and Fontanillo 2012). Consistent with this,
RBM28, the human ortholog of the hub protein Nop4, is
mutated in the ribosomopathy ANE syndrome (Nousbeck
et al. 2008). We propose that disruption of hub function
may underlie the pathogenesis of this disease.

AP/MS studies have provided significant advances in
our understanding of the composition and dynamic nature
of the LSU processome, as they are designed to identify
the members of protein complexes. Our understanding
of the organization and function of the biogenesis factors
within the LSU processome, though, has been stymied by

McCann et al.

870 GENES & DEVELOPMENT



the lack of knowledge of how these factors interact within
the LSU processome. A Y2H approach such as the one de-
scribed here is different from AP/MS in that it is more
likely to map direct, binary interactions. Indeed, our
Y2H analysis of the nucleolar LSU processome compo-
nents has uncovered >200 novel, high-confidence interac-
tions; identified key hub proteins, including one with a
connection to human disease; and provided a blueprint
for LSU processome organization. The LSU processome
interactome will serve as a guide for future experiments
designed to further probe the function of the 70 ribosome
biogenesis factors dedicated to LSU assembly.

Materials and methods

Y2H analysis

ORFs encoding factors involved in the nucleolar steps in LSU as-
semblywere either obtained in a Gateway Entry vector (pBG1805
or pDONR221) from the MORF library (Gelperin et al. 2005) or
amplified using PCR and cloned into a Gateway Entry vector
(pDONR221) (Supplemental Table S6). All ORFs were subse-
quently shuttled into both bait (pAS2-1) and prey (pACT2) Y2H
destination vectors adapted for Gateway cloning (Life Technolo-
gies), as in Charette and Baserga (2010). All clones were fully se-
quenced by the DNA Analysis Facility at Yale University or
Genewiz, Inc. ORFs cloned into the Gateway Entry vector have
been deposited in AddGene.
All bait vectors were individually transformed into either PJ69-

4α (MATα trp1-901 leu2-3 112 ura3-52 his3-200 gal4Δ gal80Δ
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ) (James et al.
1996) or Y2H Gold (MATa trp1-901 leu2-3 112 ura3-52 his3-
200 gal4Δ gal80Δ LYS2::GAL1UAS-Gal1TATA-His3 GAL2UAS-
Gal2TATA-Ade2 URA3::MEL1UAS-Mel1TATA AUR1-C MEL1)
(Clontech). All prey vectors were individually transformed into
either PJ69-4a (MATa trp1-901 leu2-3 112 ura3-52 his3-200
gal4Δ gal80Δ LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ)
(James et al. 1996) or Y187 (MATα trp1-901 leu2-3 112 ura3-52
his3-200 gal4Δ gal80Δ met-, URA3::GAL1-LacZ, MEL1) (Clon-
tech) in a 96-well array format. All baits were screened for autoac-
tivation on SD−Trp−His plates containing concentrations of
3-amino-1,2,4-triazole (3-AT) ranging from 0 mM to 100 mM.
The optimal concentration of 3-AT was 6 mM, which is the con-
centration used for screening. An empty prey vector was included
in the prey array as a negative control, and previously identified
Y2H interactions served as positive controls. All baitsweremated
against all preys in a semi-high-throughput Y2Hmatrix screen (de
Folter and Immink 2011). The mated yeast were transferred to
SD−Leu−Trp plates to select for diploids. Diploids were then
transferred to the selective medium SD−Leu−Trp−His + 6 mM
3-AT + 40 μg/mL 5-bromo-4-chloro-3-indolyl α-D-galactopyrano-
side (X-α-Gal) and SD−Leu−Trp−His−Ade + 6 mM 3-AT + 40 μg/
mL X-α-Gal. Growth on the selective medium greater than that
of the negative control after 3 wk was indicative of an interacting
bait–prey pair.
PPIs were assayed three times. All observed interactions were

assigned a confidence score. The confidence score represents
the likelihood that the interaction is biologically relevant and
was calculated using the following formula:

�x =
∑n

i=1
wixi,

where x1 is growth in screen 1 (PJ69-4a/α), x2 is growth in screen 2
(Y2HGold/Y187), x3 is growth in screen 3 (Y2HGold/Y187), x4 is
growth on SD−Leu−Trp−His + X-α-Gal + 6 mM 3-AT in screen 1,

x5 is growth on SD−Leu−Trp−His−Ade + X-α-Gal + 6 mM 3-AT
in screen 1, x6 is growth on SD−Leu−Trp−His + X-α-Gal + 6 mM
3-AT in screen 2, x7 is growth on SD−Leu−Trp−His−Ade + X-α-
Gal + 6 mM 3-AT in screen 2, x8 is growth on SD−Leu−Trp−His
+ X-α-Gal + 6 mM 3-AT in screen 3, x9 is growth on SD−Leu−

Trp−His−Ade + X-α-Gal + 6 mM 3-AT in screen 3, x10 represents
observed in multiple strains, x11 is reciprocal interaction ob-
served, x12 is known interaction, w1 is 0.12, w2 is 0.12, w3 is
0.12, w4 is 0.05, w5 is 0.07, w6 is 0.05, w7 is 0.07, w8 is 0.05, w9

is 0.07, w10 is 0.12, w11 is 0.15, and w12 is 0.01. When x is true,
it has a value of 1. When x is not true, it has a value of 0. The
complete set of observed interactions and the corresponding
confidence scores are in Supplemental Table S2. The high-confi-
dence interactions from this study have been submitted to the In-
ternationalMolecular Exchange (IMEx) Consortium (http://www
.imexconsortium.org) through IntAct (Orchard et al. 2014) and as-
signed the identifier IM-23972.

Y2H result validation

Select ORFs were shuttled into the Gateway-modified yeast ex-
pression vectors p415GPD-3xHA-GW (LEU2 marker) and
p414GPD-3xFlag-GW (TRP1 marker) (Mumberg et al. 1995).
TheGateway-modified yeast expression vectors have been depos-
ited in AddGene. The yeast expression vectors were cotrans-
formed into YPH499 (MATa ura3-52 lys2-801 ade2-101 trp1-
Δ63 his3-Δ200 leu2-Δ1) (Sikorski and Hieter 1989). The resulting
transformed strains were grown in medium containing 2% dex-
trose and lacking leucine and tryptophan (SD−Leu−Trp) at 30°C.
Negative control strains were only transformed with p415GPD-
3xHA-GWclones andwere grown inmedium containing 2%dex-
trose and lacking leucine (SD−Leu) at 30°C. For each coimmuno-
precipitation, 20 mL of cells at an OD600 of ∼0.5 was collected,
washed with water, and resuspended in NET2 (20 mM Tris-HCl
at pH 7.5, 150 mM NaCl, 0.01% Nonidet P-40) with protease in-
hibitors (Roche mix). Cells were lysed with 0.5-mm glass beads.
The lysate was cleared by centrifugation at 15,000g for 10 min
at 4°C. Aliquots of 500 μL of lysate or ultracentrifuged lysate
were incubatedwith α-Flag beads (Sigma) for 1 h at 4°C. The beads
were washed a total of five times with NET2 to remove unbound
protein and then resuspended in 20 μL of SDS loading dye. Immu-
noprecipitates were separated by 10% SDS-PAGE and transferred
to a PVDFmembrane. Western blot analysis was carried out with
a 1:20,000 dilution of α-HA HRP (Roche).

Markov clustering analysis

The high-confidence LSU processome interactome was imported
intoCytoscape (Shannon et al. 2003) and clustered using theMCL
option in the Cytoscape plug-in clusterMaker (Morris et al. 2011)
with the following settings: granularity parameter = 2.5 and array
sources = confidence score. The MCL advanced settings were
weak edge weight pruning threshold = 1 × 10−15, maximum resid-
ual value = 0.001, and iterations = 16.

Yeast strains

Strains carrying chromosomally integrated C-terminal TAP tag
fusions were constructed in the parental strains YPH499 (MATa
ura3-52 lys2-801 ade2-101 trp1Δ63 his3-Δ200 leu2-Δ1) or
NOY504 (MATα rpa12::LEU2 leu2-3, 112 ura3-1 trp-1 his3-11
CAN1-100) (Nogi et al. 1992) using primers complementary to
Ytm1 and Rrp5 and the plasmid pBS1479 (Puig et al. 2001). A
strain carrying a chromosomally integrated C-terminal 13xMYC
tag fusion was constructed in the parental strain YPH500
(MATα ura3-52 lys2-801 ade2-101 trp1Δ63 his3-Δ200 leu2-Δ1) (Si-
korski and Hieter 1989) using primers complementary to Grc3
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and the plasmid pFA6a-13Myc-His3MX6 (Longtine et al. 1998).
Strains carrying chromosomally integrated C-terminal 3xFlag
tag fusions were constructed in the parental strains YPH499 or
NOY504 using primers complementary to Nop7, Erb1, Las1,
Mak21/Noc1, andNop4 and the plasmid p3Flag-KanMX (Gelbart
et al. 2001). All strains carrying chromosomal integrations were
verified by Western blot.

Glycerol gradient sedimentation analysis

For sedimentation analysis of YPH499 Nop4-Flag, Mak21/Noc1-
Flag, and Rrp5-TAP, 60 mL of cells grown at 30°C to an OD600 of
∼0.5 was collected, washed with water, and resuspended in 1 mL
of NET2. Cells were lysed with 0.5-mm glass beads. Aliquots of
800 μL of cleared lysate were run on 10%–40% glycerol gradients
in NET2. Glycerol gradients were centrifuged in an SW41 rotor at
35,000 rpm for 18 h at 4°C and harvested in 600-μL fractions start-
ing from the top of the gradient. Fractions were evaluated for the
presence of the tagged protein by Western blot analysis with α-
Flag HRP (1:20,000 dilution; Sigma) or PAP (1:6000 dilution;
Sigma).
For glycerol gradient sedimentation analysis of Las1-Flag, Erb1-

Flag, Nop7-Flag, and Ytm1-TAP, 60 mL of cells grown at 23°C to
an OD600 of ∼0.5 was collected, washed with water, and resus-
pended in 10% glycerol RNPB (20 mM HEPES at pH 7.5 110
mM KOAc, 0.5% Triton, 0.1% Tween, 4 μg/mL pepstatin A, 180
μg/mLPMSF, 1:5000 anti-foamB [Sigma], 1:5000 protector RNase
inhibitor [Roche]) (Oeffinger et al. 2007). For glycerol gradient sed-
imentation analysis ofGrc3-MYC, 60mLof cells grownat 30°C to
an OD600 of ∼0.5 was collected, washed with water, and resus-
pended in10%glycerolRNPB.Cellswere lysedwith0.5-mmglass
beads. Aliquots of 800 μL of cleared lysate were run on 10%–40%
glycerol gradients in 20mMHEPES (pH7.5), 110mMKOAc, 0.5%
Triton, and 0.1% Tween. Glycerol gradients were centrifuged in
an SW41 rotor at 35,000 rpm for 18 h at 4°C and harvested in
600-μL fractions starting from the top of the gradient. Fractions
were evaluated for the presence of the tagged protein by Western
blot analysis with α-MYC (1:5000 dilution; 9E10), α-Flag HRP
(1:20,000 dilution; Sigma), or PAP (1:6000 dilution; Sigma).
The sedimentation of the endogenously tagged proteins in

10%–40% glycerol gradients was compared with sedimentation
of proteinmarkers of known S coefficient andMW, as in Bleichert
and Baserga (2007). The 26S proteasome was the fourth protein
marker. The yeast strain MHY6952 (Sa-Moura et al. 2013) was
grown to mid-log phase (OD600 = 0.5) in YPD (1% yeast extract,
2% peptone, 2% dextrose) at 30°C and harvested. The cell pellet
was washed once with water, frozen in liquid nitrogen, and
ground in a Retsch mill according to Wälde and King (2014). Ap-
proximately 100 μL of cryolysate of the yeast strain MHY6952
was rapidly thawed in 900 μL of 10% glycerol RNPB. Cell debris
was removed by centrifugation at 15,000g for 10 min. An aliquot
of 800 μL of cleared lysate was run on a 10%–40% glycerol gradi-
ent in 20 mM HEPES (pH 7.5), 110 mM KOAc, 0.5% Triton, and
0.1% Tween. The glycerol gradient was centrifuged in an SW41
rotor at 35,000 rpm for 18 h at 4°C and harvested in 600-μL frac-
tions from the top of the gradient. Fractions were evaluated for
the presence of the tagged protein by Western blot analysis
with α-Flag HRP (1:20,000 dilution; Sigma).
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