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ABSTRACT

Peptidyl-proline isomerases of the FK506-binding protein (FKBP) family belong to a class of enzymes that catalyze the cis–trans
isomerization of prolyl-peptide bonds in proteins. A handful of FKBPs are found in the nucleus, implying that the isomerization
of proline in nuclear proteins is enzymatically controlled. FKBP25 is a nuclear protein that has been shown to associate with
chromatin modifiers and transcription factors. In this study, we performed the first proteomic characterization of FKBP25 and
found that it interacts with numerous ribosomal proteins, ribosomal processing factors, and a small selection of chromatin
modifiers. In agreement with previous reports, we found that nucleolin is a major FKBP25-interacting protein and demonstrated
that this interaction is dependent on rRNA. FKBP25 interacts with the immature large ribosomal subunit in nuclear extract but
does not associate with mature ribosomes, implicating this FKBP’s action in ribosome biogenesis. Despite engaging nascent 60S
ribosomes, FKBP25 does not affect steady-state levels of rRNAs or its pre-rRNA intermediates. We conclude that FKBP25 is likely
recruited to preribosomes to chaperone one of the protein components of the ribosome large subunit.

Keywords: FK506 binding protein; ribosome biogenesis; nucleolin; nucleus

INTRODUCTION

Peptidyl-proline can exist in either a cis or trans conforma-
tion, in which the Ω-angle of the peptide bond differs by
180 degrees between the two states. Although proline isomer-
ization occurs spontaneously, the inter-conversion is slow,
and peptidyl-prolyl isomerases accelerate this process by or-
ders of magnitude. Altering the shape or dynamics of proteins
via cis–trans exchange is ameans to regulate their function. As
such, isomerases participate in the coordination of the cell cy-
cle (Lu et al. 1996; Yeh and Means 2007) and transcription
(Nelson et al. 2006; Wang et al. 2010; Dilworth et al. 2012),
which is presumably accomplished through the recruitment
to, and isomerization of, substrate proteins. However, there
are examples in which this is not the case, and prolyl iso-
merases function independent of catalytic activity (Arévalo-
Rodríguez et al. 2004; Riggs et al. 2007). Of the 18 annotated
FKBP prolyl isomerases in humans, few have been extensively
characterized, limiting the resolution of FKBP interactions,
substrates, and biological functions.

The human prolyl isomerase, FKBP25, is a nuclear en-
zyme comprised of an amino terminal basic tilted helix

bundle (Helander et al. 2014) and a carboxyl terminal ca-
nonical FKBP isomerase domain. Previous reports implicate
FKBP25 in chromatin biology and transcription: It regu-
lates the auto-ubiquitination and degradation of MDM2
(Ochocka et al. 2009) and inhibits the DNA binding of the
transcription factor YY1 (Yang et al. 2001). Additionally,
FKBP25 associates with two proteins that localize in the nu-
cleolus: casein kinase II (CK2) and nucleolin (Jin and Burak-
off 1993).
The nucleolus is the major site of ribosome biogenesis

within the eukaryotic cell, containing multiple tandem arrays
of ribosomal DNA (rDNA) repeats, as well as a variety of
factors involved in transcription and preribosomal RNA
(rRNA) processing. Nucleolin is integral to ribosomal bio-
genesis and has extensive roles in rDNA transcriptional reg-
ulation (Roger et al. 2003; Rickards et al. 2007), pre-rRNA
processing (Ginisty et al. 1998), and preribosome assembly
(Bouvet et al. 1998). Although it is established that FKBP25
and nucleolin associate, this interaction has not been further
characterized, and the biological consequence of this interac-
tion is not known.
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In this study, we perform the first unbiased proteomic
screen to define FKBP25’s interactome. We find that the ma-
jority of interacting proteins are nuclear and nucleolar, which
supports the predictions that this FKBP is dedicated to nucle-
ar substrates. Most FKBP25 interactors are either ribosomal
proteins or preribosomal processing factors, including nu-
cleolin, which binds to FKBP25 when engaged with rRNA.
Since FKBP25 only cofractionates with the 60S subunit in nu-
clear extract, our data support a model in which this FKBP
participates in biogenesis of the large ribosomal subunit.
To our knowledge, this is the first report to show an involve-
ment of a human nuclear FKBP in the process of ribosome
biogenesis.

RESULTS AND DISCUSSION

FKBP25 localizes to the nucleus and nucleolus and
associates with ribosomal proteins

To gain insight into the cellular functions of FKBP25, we per-
formed a proteomic characterization of FKBP25-interact-
ing proteins. To this end, we stably expressed 3×-flag-tagged
FKBP25 in HEK293 cells and purified FKBP25 and its associ-
ated proteins via Flag affinity chromatography (Fig. 1A).

From this material, we performed two separate mass spec-
trometry methods: an in-gel trypsin digestion on 18 promi-
nent bands followed by MALDI-TOF-TOF, as well as an in-
solution trypsin digestion followed by LC/MS analysis.
These methods identified 18 and 104 proteins respectively,
which represents 113 FKBP25-interacting factors (Sup-
plemental Tables S2, S3). We next performed a functional
annotation and enrichment analysis using Database for An-
notation, Visualization and Integrated Discovery version 6.7
(DAVID) (Supplemental Table S1; Huang da et al. 2009a,b),
which is summarized in Figure 1B. From this analysis, we ob-
serve an abundance of ribosomal-related ontologies derived
from 59 ribosomal and RNA-processing proteins present in
our FKBP25 interactome. Nucleolin was the only protein
identified in this screen that has previously been shown to as-
sociate with FKBP25 (Jin and Burakoff 1993). The remaining
protein interactions identified are novel. These include 35
structural ribosomal proteins mostly of the large subunit
(26 RPLs and 9 RPSs) and multiple proteins that are involved
in rDNA transcriptional regulation or pre-rRNA processing.
The abundance of ribosomal factors suggests an involvement
of FKBP25 in ribosome biogenesis.
In addition to ribosomal factors, we find a collection of

chromatin-associated proteins in FKBP25 enriched material
from the in-gel analysis: poly ADP-ribose polymerase 1
(PARP1), replication protein A1 (RPA1), and KRAB-asso-
ciated protein 1 (KAP1). The remaining chromatin-asso-
ciated interactions identified by in-solution digestion will
be described in a separate publication. This link is notable in
light of previous findings that FKBP25 regulates p53 levels
via MDM2 (Ochocka et al. 2009), and KAP1, PARP1, and
RPA1 all have links to the regulation of p53 in DNA damage
(Valenzuela et al. 2002; Bochkareva et al. 2005; Wang et al.
2005). In support of a potential role for FKBP25 in chromatin
biology, histone deacetylaces (HDAC) 1 and 2 have been iden-
tified as FKBP25-associated proteins (Yang et al. 2001), and
Mybbp1a and KAP1 are found in complexes containing
HDAC1 and 2 (Schultz et al. 2001; Tan et al. 2012). Although
nucleolin was the only reported FKBP25-associated protein
identified in our screen, the lack of others being identified
may be explained by a cell type dependency. Although we
used HEK293 cells for this study, Ochocka et al. (2009)
used a combination of MCF-7, U2OS, H1299 and HTC116
cells, whereas Yang et al. (2001) used Jurkat and HeLa cells.
Thus, in addition to a possible role in ribosome biology,
FKBP25 may also regulate chromatin dynamics and the re-
sponse to DNA damage.
To validate the mass spectrometry results, we performed

FLAG IPs followed by Western blots on the most (nucleolin)
and least (KAP1) abundant proteins from the in-gel digestion
analysis based on the number of peptides detected. This bio-
logical replicate confirms nucleolin and KAP1 copurify with
FKBP25 in HEK293 cells (Fig. 1C). As we have not confirmed
all interactions by Western blot, there is the possibility that
some represent nonspecific interactions. However, the
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FIGURE 1. FKBP25 localizes to the nucleus and nucleolus and associ-
ates with proteins in these compartments. (A) Coomassie-stained SDS-
PAGE of FKBP25-FLAG immunoprecipitations performed from
HEK293 cells. (B) Functional annotation and enrichment analysis of
FKBP25-interacting proteins identified in twomass spectrometry exper-
iments. (C) Western blots of FKBP25-FLAG immunoprecipitations
fromHEK293 cells. (D)Cellular fractionationofHEK293 cells displaying
the localization of FKBP25 by Western blot. Tubulin is a cytoplasmic
marker,H4 is a nuclear/nucleolarmarker, andUBF is a nucleolarmarker.
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overlapping functional nature of the proteins serves as a vali-
dation of the approach taken. Additionally, we purified
FLAG-FKBP25 complexes from whole cell, cytoplasmic,
and nuclear extracts (Supplemental Fig. S1A). In support of
FKBP25’s interactions occurring mainly in the nucleus, we
observe very few interacting proteins with cytoplasmic
FKBP25, whereas the nuclear FKBP25 interactions are similar
to that occurring from whole cell extract. This is further sup-
ported by FKBP25 only interacting with nucleolin in the nu-
cleus and not the cytoplasmic fraction (Supplemental Fig.
S1B).

Given the abundance of nucleolar factors identified as
FKBP25-associated proteins, we wanted to confirm that
FKBP25 does indeed localize to the nucleolus. Therefore, we
performed a cellular fractionation, which revealed FKBP25
localizes to the cytoplasmic, nuclear, and nucleolar compart-
ments (Fig. 1D). Densitometric analysis of FKBP25 ratios
in the cytoplasm, nucleus, and nucleolus reveal FKBP25 is
mainly localized to the cytoplasm (62%), whereas 23%
is nuclear and 15% is nucleolar (Sup-
plemental Fig. S2). In support of this,
FKBP25 has an exposed nuclear localiza-
tion signal (NLS), accumulates in the nu-
cleus upon treatment with the nuclear
export inhibitor Leptomycin B (LMB)
(Ochocka et al. 2009), and its reported
functions are carried out in the nucleus.
Additionally, we performed chromatin
immunoprecipitation (ChIP) using anti-
sera raised against the N terminus of
FKBP25. Our data confirm the presence
of FKBP25 at rDNA and exhibits a similar
occupancy as observed for nucleolin
(Supplemental Fig. S3). The presence of
FKBP25 in the nucleolus is intriguing
because there are no reports of FKBP25
having nucleolar functions; and although
FKBP25 has been shown to associate with
nucleolin, it has only been speculated to
be involved in ribosome biogenesis.

The interaction between FKBP25 and
nucleolin is dependent on 28S rRNA

With the abundance of ribosome bio-
genesis factors associating with FKBP25,
we next set out to determine the na-
ture of the interaction between FKBP25
and the ribosomal protein complex. We
consistently observe a strong association
between FKBP25 and nucleolin as seen
by Western blot as well as the number
of peptides identified by mass spectrom-
etry, indicating the potential of a direct
interaction.

Nucleolin contains a highly acidic N terminus, four RNA
recognition motifs (RRMs), and a C-terminal Glycine-
Arginine rich region (RGG). In our assays, we used a nucleolin
construct containing RRM1-4 and the RGG motif (referred
to as nucleolin hereafter); we and others (Yang et al. 1994;
Haluska et al. 1998) were unable to express full-length nucle-
olin protein in bacteria. This is likely due to the highly acidicN
terminus and size of full-length nucleolin.
Pulldown assays with GST-FKBP25 and 6His-nucleolin

demonstrate that these two proteins interact directly, albeit
weakly (Fig. 2A). This interaction requires full-length
FKBP25 because GST-fusions to either the amino terminal
basic helical bundle (amino acids 1–107; NTD) or to the car-
boxyl terminal peptidyl prolyl isomerase FKBP domain (107–
224; PPI) do not interact with 6His-nucleolin. To identify the
minimal FKBP25-interaction domain on nucleolin, we per-
formed reciprocal GST pulldowns using aGST-deletion series
of nucleolin domains (Becherel et al. 2006) against full-length
FKBP25 (Supplemental Fig. S4B). This experiment identifies
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FIGURE 2. FKBP25 interacts with nucleolin RRMs 1 and 2 in the presence of rRNA. (A) GST
pulldown assays of GST, GST-FKBP25 N-terminal domain (NTD), GST-FKBP25 PPI and
GST-FKBP25 FL against 6-His nucleolin RRM1-4 + RGG. Pulldowns were performed with
and without rRNA. (B) GST pulldown assays using GST-NCL RRM1-2 (aa 290–480) (see
Supplemental Fig. S4) against full-length 6His-FKBP25 in the presence and absence of RNase
and supplemented with total RNA from HEK293 cells. (C) FLAG Immunoprecipitations from
HEK293 cellular extract with and without pretreatment of RNase A. (D) Trizol extracted RNA
from FLAG immunoprecipitations fromHEK293 nuclear material electrophoresed on a denatur-
ing formaldehyde-agarose gel. (E) Schematic of rDNA transcript. The position of primer sets used
for qPCR is indicated below the schematic. (F) qPCR analysis of reverse transcribed RNA extract-
ed from FLAG immunoprecipitations. GAPDH is used as an mRNA control.
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the RNA recognition motifs 1 and 2 (amino acids 290–480)
of nucleolin as the minimal FKBP25 binding surface.
A weak interaction between FKBP25 and nucleolin in vitro

(Fig. 2A) is not in agreement with the relatively strong enrich-
ment of nucleolin in FKBP25 immunoprecipitates (Fig. 1).
We speculated that either a nucleic acid or protein was nec-
essary to bridge the interaction. Given the number of RNA-
binding or modifying proteins associated with FKBP25, we
hypothesized that rRNA may promote the interaction be-
tween these proteins.
We first tested this hypothesis by supplementing in vitro

binding reactions with RNA. GST-pulldown assays were re-
peated, but they were supplemented with 18S and 28S
rRNA purified by sucrose gradient ultracentrifugation and
TRIzol extraction. We observe an increase in the amount
of nucleolin recovered with GST-FKBP25 (Fig. 2A, right).
Even in the presence of rRNA, only full-length FKBP25,
and not its composite domains in isolation, interact with
nucleolin. To address whether rRNA, and not any cellular
RNA, mediates the FKBP25/nucleolin interaction, we per-
formed the same assays in the presence of an equal molar
amount of tRNA. Since tRNA cannot promote the nucleo-
lin-FKBP25 interaction (Supplemental Fig. S4c), we conclude
that the nucleolin-FKBP25-RNA complex is RNA sequence
or structure dependent. We also performed reciprocal pull-
downs with GST-NCL290-480 (encompassing RRMs1-2),
FKBP25, and rRNA (Fig. 2B). rRNA also promotes this inter-
action, confirming that rRNA, the RRMs 1 and 2 of nucleo-
lin, and FKBP25 interact in a complex. It is noteworthy that
we do observe weak interactions in these GST-pulldown as-
says without supplemented rRNA. The fact that addition of
RNase ablates this weak association (Fig. 2B) implies that
recombinant nucleolin may copurify with low amounts of
bacterial RNAs, and this facilitates FKBP25 interaction.
To confirm that RNA contributes to the enrichment of

nucleolin in FKBP25 immunoprecipitations, we treated nu-
clear extracts with RNase A prior to immunoprecipitations
for FKBP25 (Fig. 2C). In support of our hypothesis, we ob-
serve a complete loss of the FKBP25/nucleolin interaction
in RNase treated conditions (Fig. 2C). Nucleolin protein lev-
els in the input control were unaffected by RNase treatment,
ruling out protein instability or degradation. Thus, RNA is
also required for the FKBP25/nucleolin interaction in vivo.
In order to map the RNA species that facilitates the

FKBP25-nucleolin interaction, RNA immunoprecipitations
were performed. 3×-FLAG FKBP25 was immunprecipitated,
and copurifying RNAwas separated on an agarose gel, reveal-
ing a band the same size as the 28S rRNA (Fig. 2D). The pres-
ence of 28S rRNA was not unexpected because we identified
26 ribosomal proteins of the large subunit by mass spectrom-
etry; however, the abundance of other processing factors in-
dicates this may be an immature 28S species. Additionally, we
observed a faint slower migrating species, which we suspect
represents a pre-28S rRNA transcript that has not been fully
processed. To address the possibility that FKBP25 is interact-

ing nonspecifically with 28S rRNA, we also performed im-
munoprecipitations with another nuclear prolyl isomerase,
PPWD1, with no known function in ribosome biogenesis.
PPWD1 does not interact with nucleolin or RNA (Supple-
mental Fig. S1B,C); thus, the interaction between FKBP25
and the preribosome is not an artifact of the system.
To confirm the RNA species we observe in Figure 2D is in

fact 28S rRNA and to directly test if preprocessed 28S rRNA
species is also bound FKBP25, the abundance of these rRNA
transcripts was evaluated by qPCR. We failed to detect any
enrichment with the 5′ETS and 18S regions and only a small
enrichment of ITS1. The lack of enrichment of 18S rRNA
is in agreement with our proteomic data that show FKBP25
interacts predominantly with proteins of the 60S preriboso-
mal subunit. In contrast, we detected enrichment of both
ITS2 and 28S, although the 28S was significantly more en-
riched than ITS2 (Fig. 2F). This relative distribution is ex-
pected as the amount of processed 28S in the nucleus
significantly outnumbers the amount of the ITS2/28S pre-
processed transcript. Thus, FKBP25 can be found on pre-
28S rRNA. Together with the data described above and
the fact that FKBP25 can be found on rDNA chromatin,
we speculate that FKBP25 is recruited to the 47S transcript
quite early, and possibly cotranscriptionally. Since the pro-
cessing machinery is present and potentially functional dur-
ing FKBP25 enrichment, it is possible that processing of
rRNA can still occur, resulting in the greater enrichment of
the processed 28S transcript.
These data show that FKBP25 is present at an early step in

ribosome biogenesis. They also independently support our
mass spectrometry-based prediction that FKBP25 performs
a role in ribosome biogenesis of the large 60S subunit.

FKBP25 transiently associates with the pre-60S
ribosomal subunit

Ribosome biogenesis and rRNA processing factors transient-
ly interact with structural ribosomal proteins and rRNA in
the nucleus during 40S and 60S subunit assembly. In con-
trast, structural ribosomal proteins remain integral to func-
tional ribosomes in the cytoplasm. To resolve whether
FKBP25 associates with the mature 60S ribosomal subunit
or a pre-60S ribosomal species, we used sucrose density gra-
dient ultracentrifugation to separate the large macromolecu-
lar complexes from the smaller protein complexes. First, we
subjected a cytoplasmic extract to sucrose gradient ultracen-
trifugation, followed by Western blotting of fractions for
FKBP25 and nucleolin. We were unable to identify an associ-
ation between FKBP25 and mature ribosomes in cytoplasmic
extract (Supplemental Fig. S5A). Similarly, no interaction
was observed for nucleolin and mature ribosomes, which
supports previous reports that nucleolin associates with pre-
ribosomes (Herrera and Olson 1986). To separate pre-40S
and pre-60S ribosomal subunits, the same experiment was
performed on nuclear extract to enrich for preribosomal

FKBP25 interacts with the pre-60S ribosome
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species before nuclear export. Nucleolin was broadly distrib-
uted and found in every sucrose gradient fraction collected
(Fig. 3A). This is in agreement with a previous report which
shows nucleolin can be UV cross-linked to both the 18S and
28S transcripts (Herrera and Olson 1986). Although nucleo-
lin evidently associates with the preribosomes, we were un-
able to identify FKBP25 in the fractions encompassing the
pre-40S or pre-60S particles (Fig. 3A).

We speculated that the interaction between the pre-60S
particles might be transient or disrupted by centrifugation,
which may explain the absence of FKBP25 entering the gra-
dient. To address this possibility, FKBP25-enriched material
was separated by sucrose gradient ultracentrifugation.
FKBP25 was mainly found at the top of the gradient (frac-
tions 1–3); however, a longer exposure reveals fractions
that contain FKBP25, nucleolin, and the 28S rRNA (fractions
9–11) (Fig. 3B). This confirms that under the conditions of
profiling in vitro, a fraction of FKBP25 associates with the
pre-60S ribosomal subunit, whereas the remainder sediments
with lower molecular weight material. We also performed
immunoprecipitations of FKBP25 from cytoplasmic extract
(Supplemental Fig. 5B). Although, we do observe a trace
amount of 28S rRNA associating with cytoplasmic FKBP25,

we speculate that FKBP25 may transit with the 60S subunit
to the cytoplasm and is displaced before the final maturation.
Regardless, the lack of 18S rRNA indicates that mature ribo-
somes do not interact with FKBP25. These data support a
model in which FKBP25 transiently associates with the pre-
60S subunit in the nucleus but not with mature translating
ribosomes in the cytoplasm.

FKBP25 does not affect steady-state levels
of ribosomal RNA

The presence of FKBP25 associating with a pre-60S ribosomal
species led us to hypothesize that FKBP25 may affect the pro-
cessing of rRNA. To explore this, we performed Northern
blots on total RNA isolated from cells depleted of FKBP25
(Fig. 4A).Wedetected nomajor change of any processed tran-
script level upon knockdown of FKBP25. Thus, the presence
of FKBP25 is not essential for the processing of rRNA.
Similarly, we observed no major differences in transcript lev-
els of any processed stage upon overexpression of FKBP25 in
comparison to the control (Fig. 4B). Thus, the overexpression
of FKBP25 does not affect processing of rRNA.
As a control to ensure that we could detect changes in

rRNA processing, we treated cells with rapamycin, which is
well documented to affect rRNA processing through
mTOR (Iadevaia et al. 2012). Consistent with previous re-
ports (Iadevaia et al. 2012), we observe a rapamycin-induced
accumulation of the 30S transcript control (Fig. 4C).

We conclude that FKBP25 does not have an effect on
steady-state levels of pre-rRNA. Neither the depletion or
overexpression of FKBP25 had any effect on processing;
thus, FKBP25’s role within the nucleolus remains elusive.

CONCLUSIONS

Although we did not identify a function for FKBP25 in rRNA
processing, the presence of a prolyl isomerase in ribosome
biogenesis is intriguing. Fpr4, the S. cerevisiae ortholog of
FKBP25, also associates with a number of ribosomal proteins
and regulators (Ho et al. 2002; Saveanu et al. 2003; Krogan
et al. 2006); however, the role of Fpr4 in ribosome biogenesis
has yet to be explored. Moreover, S. pombe FKBP39, a related
prolyl isomerase to FKBP25 and Fpr4, acts as a histone chap-
erone for ribosomal DNA silencing (Kuzuhara andHorikoshi
2004). The involvement of FKBP25 orthologs in ribosome
biogenesis, combined with the data presented in this report,
strongly suggests a function of FKBP25 in the maturation of
ribosomes.
Interestingly, bacteria contain a ribosome-associated chap-

erone, trigger factor, which is a member of the FKBP family.
Although FKBP25 and trigger factor do share a canonical
FKBP fold, they have low sequence identity (13.7%) outside
the isomerase domain. The N-terminal domain of trigger fac-
tor, which engages the translating ribosome (Ferbitz et al.
2004), is not structurally similar to the N-terminal domain

FIGURE 3. FKBP25 interacts with the pre-60S ribosome in the pres-
ence of nucleolin. (A) Sucrose density gradient ultracentrifugation of
HEK293 nuclear extract. RNA and protein were extracted from each
fraction and were resolved by denaturing-formaldehyde gel electropho-
resis or SDS-PAGE andWestern blot. (B) Sucrose density gradient ultra-
centrifugation of FLAG-FKBP25 immunoprecipitate from HEK293
cells. RNA and protein were extracted from each fraction and were re-
solved by denaturing formaldehyde gel electrophoresis or SDS-PAGE
and Western blot.
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of FKBP25 (PDB code 2KFV). Domain I of trigger factor is
composed of a four-stranded anti-parallel β-sheet and two
α-helices, whereas the N-terminal domain of FKBP25 is com-
posed of five α-helices.
In this study, we have provided evidence that FKBP25 in-

teracts with the pre-60S ribosome. Although we confirmed
the presence of FKBP25, nucleolin, and the pre-60S ribosom-
al subunit in the same fractions by sucrose gradient, only a
small proportion of total cellular FKBP25 is stably associated
with this ribosome complex under these experimental condi-
tions. This may be a consequence of a weak/transient interac-
tion that is affected by centrifugation. Alternatively, this may
reflect the in vivo conditions, and only a small portion of nu-
clear FKBP25 may be engaged with preribosomes in asyn-
chronous cells.
The catalytic action of prolyl-isomerases is important for

the proper folding and function of proteins. Although we
cannot fully rule out that FKBP25 may regulate the kinetics
of rRNA processing, given the “foldase” action of FKBPs,
we speculate that FKBP25 likely functions to chaperone pro-

teins, or the numerous protein–rRNA in-
teractions within the nascent pre-60S
ribosomal subunit. Identifying the pro-
line targets within this large nucleo–pro-
tein complex is now an important
question to address in order to under-
stand the biological function of FKBP25
in ribosome biogenesis.

MATERIALS AND METHODS

Cell lines and transfections

HEK293 Flp-In T-Rex cells (Life Technolo-
gies) were maintained in DMEM containing
10% FBS and Pen/Strep at 37°C in 5% CO2.
For tetracycline inducible cells, FKBP25 and
PPWD1 were cloned into pcDNA5/FRT/
TO (Life Technologies) containing a tetracy-
cline-regulated, hybrid CMV/TetO2 promot-
er, and a triple FLAG epitope tag. Stable
cell lines were constructed as per manufac-
turer’s recommendations. Cells were trans-
fected overnight using Lipofectamine 2000
(Life Technologies) in six-well dishes as per
manufacturer’s recommendations with either
60 nM siRNA or pcDNA5/FRT/TO 3×-FLAG
FKBP25 vector. Cells were split in the morn-
ing 1:4 and incubated for 48 h. In the case of
cells transfected with pcDNA5/FRT/TO 3×-
FLAG-FKBP25, 0.1 μg/mL tetracycline was
added to the media to induce expression of
the transgene.

Cellular fractionation

Cellular fractionation to isolate cytoplasmic,
nuclear, and nucleolar components was performed as described pre-
viously (Andersen et al. 2005) (http://www.lamondlab.com/pdf/
CellFractionation.pdf). Briefly, cells were lysed in a hypotonic buffer
with dounce homogenization yielding the cytoplasmic fraction. The
nuclear fraction was isolated using a series of centrifugations over
sucrose cushions and sonication. Finally, nucleoli were isolated by
centrifugation of the nuclear fraction. Extracts were normalized for
total protein and resolved by SDS-PAGE and Western blotted as de-
scribed below.

Immunoprecipitation and Western blot

For whole cell extraction, HEK293 cells (∼3 × 107 cells) were lysed in
0.75 mL immunoprecipitation (IP) buffer (50 mM Tris pH8, 150
mM NaCl, 0.5% IGEPAL, 0.5% Triton X100, 2 mM EDTA, 1 μg/
mL leupeptin, 1 μg/mL aprotinin, and 1 μg/mL pepstatin), vortexed
for 3 sec, and incubated on ice for 10min. Insolublematerial was pel-
leted at 10,000 rpm for 10 min. Cytoplasmic and nuclear extractions
are described below for sucrose density ultracentrifugation. Extract
were normalized for total protein, and buffers were compensated
to wash buffer conditions prior to immunoprecipitation. Soluble
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extracts were added to prewashed EZ-view Red ANTI-FLAG M2
Affinity gel beads (Sigma F2426). For RNase A-treated extracts,
100 μg RNase A (Qiagen) was added to extracts and incubated for
5 min at 37°C prior to addition of FLAG beads. IPs were incubated
for 1.5 h at 4°C with nutating. After binding, beads were washed
three times in IP buffer (0.75 mL IP buffer was added to beads
and nutated for 5 min, then centrifuged at 1000 rpm for 1 min).
FLAG-complexes were eluted with 1.25 μg/μL 3×-FLAG peptide
(Sigma F4799) by nutating for 15 min at 4°C. For Western blotting,
eluted proteins were resolved by SDS-PAGE and transferred to a ni-
trocellulose membrane. Membranes were blocked in 10% skimmilk
for 30 min and probed in primary antibody overnight at 4°C.
Antibodies and dilutions used were the following: 1/50,000 anti-
FLAG M2 antibody (Sigma F1804); 1/5,000 anti-Nucleolin
(Abcam ab22758); 1/1000 anti-TIF1β (KAP1) (Santa Cruz sc-
33186); 1/1000 anti-His probe (Santa Cruz sc-803) anti-UBF
(Santa Cruz sc-13125X); anti-H3 (Abcam ab1791), anti-αTubulin
(Rockland 600-401-880), and anti-FKBP25 (raised against amino
acids 3–18). Blots were washed three times for 10 min in TBST
(TBS + 0.1% Tween-20) and incubated in secondary antibody at
room temperature for 1–2 h. Horseradish peroxidase conjugated
anti-mouse (GENXA931) or anti-rabbit (GENA934) secondary an-
tibody was used at 1:5000. Proteins were detected by chemilumines-
cence (Millipore WBLUF0500) and exposed to film.

Protein expression and GST pulldown assays

Escherichia coli BL21 RIL strains containing pGEX5 × 1 encoding:
GST; GST-FKBP25 FL (1-224); GST-FKBP25 NTD (1-107); GST-
FKBP25 PPI (108-224); GST-NCL 1-55, GST-NCL 1-140, GST-
NCL 130-300; GST-NCL 290-480; GST-NCL 470-650; GST-NCL
640-707 (NCL series a gift from O. Becherel), pET 6-His FKBP25
(1-224), and pET15b encoding 6-His nucleolin RRM-RGG (308-
710) were diluted 1:20 from overnight cultures into LB broth.
Cells were grown to an OD600 of approximately 0.8. Protein expres-
sion was induced with 1 mM IPTG for 4 h at 37°C. Cells were pel-
leted and resuspended in binding buffer (50 mMTris pH 8, 150 mM
NaCl, 0.5% IGEPAL, 5 mM EDTA, 1 μg/mL leupeptin, 1 μg/mL
aprotinin, and 1 μg/mL pepstatin). Cells were sonicated with five
30-sec bursts on high using a Bioruptor (Diagenode). Extracts
were subjected to centrifugation at 10,000 rpm for 10 min, and pro-
teins were normalized for loading by SDS-PAGE. For each pulldown
reaction, 500 μL binding buffer, 100 μg BSA, RNase inhibitors,
and GST/6-His protein extracts were added. Equal molar amounts
of tRNA or rRNA containing 18S and 28S transcripts purified
from sucrose gradient ultracentrifugation or 100 ng RNase A were
added to the corresponding samples. Samples were nutated for 1.5
h at 4°C, then added to prewashed Glutathione-Agarose beads
(Qiagen) and allowed to bind for another hour. Protein-bound
beads were washed three times and resuspended in SDS loading
buffer. Proteins were separated by SDS-PAGE and immunoblotted
as described above.

Sucrose density gradient ultracentrifugation

Sucrose density gradient ultracentrifugation was performed as previ-
ously described (Yoshikawa et al. 2011). Cell pellets were resuspend-
ed in 1 mL buffer A (16.7 mM Tris pH 8, 50 mM NaCl, 1.67 mM
MgCl2, 0.1% Triton X-100, 1 μg/mL leupeptin, 1 μg/mL aprotinin,

and 1 μg/mL pepstatin), vortexed 10 sec, and incubated on ice for
5 min. Extracts were centrifuged at 1000g for 5 min. The pellet was
washed once more in buffer A as above. To extract the nuclear ma-
terial, the pellet was sonicated 3 × 20 sec in 0.5 mL sonication buffer
containing 25 mM Tris pH 8, 100 mM KCl, 2 mM EDTA, 1 mM
DTT, 0.05% IGEPAL, 1 μg/mL leupeptin, 1 μg/mL aprotinin, 1 μg/
mL pepstatin, and 10 units RNase inhibitor. Nuclear material was
overlaid on 10%–30% sucrose gradients containing 25 mM Tris
pH 8, 100 mM KCl, 2 mM EDTA, and 1 mM DTT. Gradients were
centrifuged at 36,000 rpm for 3 h at 4°C. Immunoprecipitated
FLAG-FKBP25 complexes were prepared as above and overlaid on
a 10%–30% sucrose gradient with buffer conditions the same as IP
buffer minus detergents. Following centrifugation, sucrose gradients
were fractioned into 0.5 mL volumes. Absorbance at 260 nm was
measured by Nano-Drop spectrophotometry for each fraction and
graphed in Excel. Half of each fraction was used to analyze protein
and RNA. Proteins from each fraction were precipitated by the addi-
tion of one-fourth volume of 100%TCA and incubated for 10min at
4°C. Precipitated proteinswere pelleted at 15,000g for 5min, and pel-
lets were washed two times with cold acetone. Proteins were subject-
ed to SDS-PAGE and transferred to nitrocellulose membranes as
described above. RNA was extracted from each fraction with
TRIzol (Life Technologies) as per standard protocols. RNAwas visu-
alized by a 1% denaturing agarose-formaldehyde gel electrophoresis
and stained with ethidium bromide.

RNA immunoprecipitation and qPCR

FLAG immunoprecipitations were performed as described above.
RNA was extracted from eluates with TRIzol as per manufacturer’s
recommendations. Purified RNA was reverse transcribed using a
cDNA kit (Applied Biosystems) with random hexamers as per man-
ufacturer’s recommendations. qPCR reactions (20 μL per reaction)
contained 10 μL 2X Maxima SYBR Green qPCR Master Mix
(Thermo Scientific K0253), 1.25 μM ROX (Thermo Scientific
R1371), 0.5 μM oligos, 7.5 μL dsH2O, and 2 μL diluted template
cDNA. qPCR reactions were run on a Stratagene MX3000p real-
time qPCR system (Agilent Technologies). The thermocycle pro-
gram included an initial activation step at 95°C (10min) and40 cycles
of 95°Cdenaturation (15 sec) and 60°C annealing (30 sec). Specificity
of target amplification was analyzed by no DNA template controls
and subjecting completed runs to melting curve analysis. Data were
analyzed by normalizing IP samples to 10% input samples and
then calculating the fold change over the FLAG (-) control sample.
Oligonucleotides used for qPCR are described in Table 1.

Northern blot

Total RNAwas extracted with TRIzol. Northern blot analysis (adapt-
ed from PerkinElmer protocols) was performed by separation on a
1% agarose-formaldehyde gel, run at 200V for 1.5 h, and transferred
overnight by capillary transfer to a Nylon membrane (Whatman,
Inc., 10416230). The blot was rinsed in 2× SSPE and UV cross-
linked (auto crosslink setting, 254 nm, Stratgene, Stratalinker).
Membranes were prehybridized for 4–6 h at 42°C in prehybridiza-
tion solution (5× SSPE, 50% deionized formamide, 5× Denhardt’s
Solution, 1% SDS, 10% dextran sulfate, and 100 μg/mL sheared
salmon sperm DNA). Oligonucleotides were end-labeled with γ
32P (PerkinElmer) and T4 polynucleotide kinase (NEB M0201) for
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1 h at 37°C and heat inactivated. Membranes were then incubated
overnight with labeled probe. The blots were washed twice with 2×
SSPE, 0.1% SDS for 10 min at room temperature and then with
0.2× SSPE, 0.1% SDS until background signal was minimal. Blots
were then exposed to a phosphor screen (Molecular Dynamics)
and imaged using a Phosphorimager (STORM, GE Healthcare).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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