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ABSTRACT

Prolyl isomerases are defined by a catalytic domain
that facilitates the cis—trans interconversion of pro-
line residues. In most cases, additional domains in
these enzymes add important biological function, in-
cluding recruitment to a set of protein substrates.
Here, we report that the N-terminal basic tilted he-
lix bundle (BTHB) domain of the human prolyl iso-
merase FKBP25 confers specific binding to double-
stranded RNA (dsRNA). This binding is selective over
DNA as well as single-stranded oligonucleotides. We
find that FKBP25 RNA-association is required for its
nucleolar localization and for the vast majority of its
protein interactions, including those with 60S pre-
ribosome and early ribosome biogenesis factors. An
independent mobility of the BTHB and FKBP catalytic
domains supports a model by which the N-terminus
of FKBP25is anchored to regions of dsRNA, whereas
the FKBP domain is free to interact with neighboring
proteins. Apart from the identification of the BTHB as
a new dsRNA-binding module, this domain adds to
the growing list of auxiliary functions used by prolyl
isomerases to define their primary cellular targets.

INTRODUCTION

Proline is found in cis and trans peptide-bond conforma-
tions in proteins. These conformations differ by 180° in

the Q-angle of the peptide bond, and thus have a direct
effect on the protein backbone structure. Because cis and
trans conformers interconvert slowly on a second to minute
timescale, prolyl-isomerization can limit the rate of protein
folding (1). Three families of prolyl-isomerases catalyze the
interconversion of prolyl conformers: FK506 binding pro-
teins (FKBPs), cyclophilins and parvulins. These proteins
serve either as de novo protein folding chaperones (2), orin a
signalling context as regulators of folded proteins (3). Such
targets of prolyl-isomerases are located throughout the cell:
ion-channels (4,5); receptors (6); viral capsid proteins (7-9);
signalling molecules (10); transcription factors such as p53
(11), Notch (12), and YY1 (13,14), RNA Polymerase II (re-
viewed in (15)), and histones (16-18) are each regulated by
prolyl-isomerization. FKBP and cyclophilin family mem-
bers are also the targets of the immunosuppressive drugs
rapamycin and cyclosporine. While these molecules oper-
ate by forming FKBP-mTOR and Cyp-—calcineurin drug-
induced inhibitory complexes, respectively, their side effects
may be mediated by interaction and inhibition of other pro-
lyl isomerases. Knowledge of the proteins and processes reg-
ulated by each prolyl-isomerase is therefore critical in order
to understand their native function, and to determine direct
and off-target effects of therapeutic agents that target these
proteins.

The prolyl-isomerase—substrate information is unfortu-
nately lacking or incomplete for most family members, and
the molecular basis for their target selectivity is unclear.
It is assumed that protein-protein interactions, usually me-
diated by accessory domains, direct these enzymes to dis-
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crete subcellular locations and substrates (19). For example,
while FKBP12 is a 12 kDa single domain cytosolic protein,
the 25 kDa FKBP25 is predominantly found in the nucleus
(20,21) where it interacts with nucleolin (20,21), MDM2
(22), HDAC1/HDAC?2 (14), numerous ribosomal and ri-
bosome biogenesis factors (21), and a subset of chromatin
proteins (21). Recently, the N-terminal accessory domain
of FKBP25 was found to adopt a novel basic tilted helix
bundle (BTHB) domain fold (23) which mediates its inter-
action with YY'I. A combined interface made by the BTHB
and FKBP domains was also reported to bind to DNA, al-
beit with low affinity (24). Although the interaction with
YY1, and possibly DNA, can explain some of the targets
of FKBP25, what is missing is a defining property that ac-
counts for the remaining putative substrates and most no-
tably the proteins associated with the ribosome.

Here, we demonstrate that FK BP25 localization and pro-
tein interactions are each RNA-dependent and mediated
by a direct and specific interaction between the BTHB do-
main and double-stranded RNA (dsRNA). We show that
the dsRNA-binding domain functions independently of
the catalytic FKBP domain, establishing a tether model in
which the BTHB anchors FKBP25 to protein complexes
containing dsRNA. In support of this model, we show
that proteins near FKBP25 in vivo are enriched in RNA-
binding proteins, ribosome subunits and maturation fac-
tors, as well other chromatin proteins. The direct associa-
tion of the BTHB of FKBP25 with dsRNA thus brings this
FKBP to a discrete substrate clientele of proteins in ribonu-
cleoprotein complexes. The discovery of the BTHB domain
as a new dsRNA-binding domain also adds a new member
to the small number of domain folds known to recognize
dsRNA.

MATERIALS AND METHODS
Plasmids

Expression vectors for stable integration, and tetracycline
inducible expression, were generated by sub-cloning a syn-
thesized FKBP25-3xFLAG-Hiss gene (GenScript) into
a modified pcDNAS/FRT/TO vector (Thermo Fisher).
FKBP25-FLAG-NLS vectors were constructed by PCR
amplification of a FLAG-HA-NLS (FHN) tag from
pcDNA4-FHN-4ICD (kindly provided by N. Yamaguchi,
Chiba University) which was then subcloned into the
pcDNAS vector to replace the 3x-FLAG-6xHis tag (25).
To create BirA fusion products, FKBP25 was cloned into
pcDNA3.1 mycBiolD (Addgene #35700) and pcDNA3.1
MCS-BirA(R118G)-HA (Addgene #36047) vectors.(26)
Expression vectors for recombinant production of human
FKBP25 in Escherichia coli were made by inserting con-
structs into Ncol/Acc65I sites in a modified pET-9d plas-
mid containing an N-terminal Hise purification tag fol-
lowed by a tobacco etch virus (TEV) protease cleavage site.
Inserts include full-length FKBP25 (residues 1-224), as well
as the isolated BTHB domain (1-74) and FKBP domain
(108-224). The first two RRM domains from hamster nu-
cleolin (residues 299-459) was expressed from a pET-15b
plasmid (kindly provided by P. Bouvet, Ecole Normale Su-
perieure de Lyon). Mutant proteins were created by using

PCR amplification with a set of oligos overlapping the mu-
tation site. All constructs were validated by sequencing.

Cell culture, plasmid transfection, and generation of stable
cell lines

U20S (ATCC HTB-96) and Flp-In T-Rex HEK293
(Thermo Fisher) cells were grown in a 5% CO, humidi-
fied incubator at 37°C in DMEM media supplemented with
10% (v/v) fetal bovine serum and antibiotics (10 pg/ml
penicillin and 10 units/ml streptomycin). Transfection of
DNA for both transient and stable expression was per-
formed using Lipofectamine 3000 (Thermo Fisher) follow-
ing the manufacturer’s instructions. To generate stable cells
expressing tagged FKBP25, Flp-In T-Rex HEK293 cells
were transfected with a 9:1 ratio of pOG44 (Thermo Fisher)
to pcDNAS integration vector and allowed to recover for
24 h prior to selection with hygromycin (InvivoGen). Stable
clones were pooled and tested for expression with the addi-
tion of 1 pwg/ml tetracycline (Sigma) for 24 h. U20S stable
cell lines expressing BirA fusion proteins were created by
transfection and clonal isolation following G418 selection
(A.G. Scientific). Clones were screened by western blotting
with streptavidin—horse radish peroxidase (Thermo Fisher).

Affinity capture of biotinylated proteins

Purification of biotyinatled proteins was performed as out-
lined by (26). U20S cells stably expressing an FKBP25-
BirA-HA fusion protein or Myc-tagged BirA control were
incubated for 24 h in complete DMEM media supple-
mented with 50 wM biotin (Sigma) in 15 cm? dishes. Cells
were then washed three times in PBS and lysed directly on
the plate with 1 ml Lysis Buffer (50 mM Tris pH 7.4, 500
mM NacCl, 0.4% SDS, 5mM EDTA, 1 mM DTT, and pro-
tease inhibitors consisting of 1 wg/ml leupeptin, 1 pg/ml
aprotinin and 1 wg/ml pepstatin). Lysates were sonicated
on high for cycles of 30 s with a 30 s rest, for a total time of
5 min on ice using a BioRupter (Diogenode). Triton X-100
was added to a final volume of 2% and the lysates were again
sonicated as above. Lysates were then diluted in an equal
volume of chilled 50 mM Tris pH 7.4 and subjected to a final
round of sonication. Insoluble cellular debris was cleared by
centrifugation at 16 000 x g for 10 min at 4°C. Cleared ex-
tracts were normalized by Bradford assay prior to loading
on 125 ul slurry of washed Dynabeads MyOne Streptavidin
C1 (Thermo Fisher) and incubated overnight at 4°C. The
following morning, beads were washed two times with Wash
Buffer 1 (2% SDS), once with Wash Buffer 2 (0.1% sodium
deoxylcholate, 500 mM NaCl, ] mM EDTA, 50 mM Hepes
ph7.5, and 1% Triton X-100), once in Wash Buffer 3 (10
mM Tris pH 8.1, 250 mM LiCl, 0.5% NP-40, 0.5% sodium
deoxycholate, and 1 mM EDTA), and finally two times with
Wash Buffer 4 (50 mM Tris pH 7.4 and 50 mM NaCl), pel-
leting beads using a magnetic rack. For western blotting,
beads were resuspended in Laemmli sample buffer supple-
mented with 50 wM biotin and boiled for 10 minutes before
loading on an SDS-PAGE gel.
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Immunoprecipitation

Expression of stably-integrated or transiently-transfected
FKBP25 constructs was induced with 1 pg/ml tetracycline
for 24 h prior to harvesting. For immunopreciptation ex-
periments performed with nuclear extract, the extracts were
prepared by resuspending cell pellets (~3 x 107 cells) in 1
ml buffer A (16.7 mM Tris pH 8, 50 mM NacCl, 1.67 mM
MgCl,, 0.1% Triton X-100 and protease inhibitors), vor-
texed for 10 s and incubated on ice for 5 min. Nuclei were
centrifuged at 1000 x g for 5 min. Pellets were washed once
more in buffer A as above. To extract the nuclear material,
the pellet was sonicated using a BioRupter (Diagenode) on
high power for cycles of 30 s with a 30 s rest, for a total
time of 5 min on ice in 0.5 ml sonication buffer (25 mM
Tris pH 8, 100 mM KCI, 2 mM EDTA, 1 mM DTT, 0.05%
IGEPAL and protease inhibitors). Insoluble material was
pelleted by centrifugation at 12 000 x g for 15 min. Extracts
were normalized for total protein by Bradford assay. For im-
munopreciptations using whole cell extracts, cells were re-
suspended directly in immunoprecipitation wash buffer (50
mM Tris pH 8, 150 mM NacCl, 0.5% (w/v) NP-40, 0.5%
(w/v) Triton X-100, 2 mM EDTA and protease inhibitors)
and sonicated as above. Insoluble material was pelleted by
centrifugation at 12 000 x g for 15 min and normalized by
Bradford assay. For RNase A treatment, extracts (2-3 mg)
were incubated with 100 pg RNase A (Qiagen) for 5 min at
37°C, followed by 1 h at 4°C. Nuclear and whole cell extracts
were added to pre-washed EZ-view Red ANTIFLAG M2
Affinity gel beads (Sigma), and incubated at 4°C for 1.5-3 h
with nutation. After binding, beads were washed three times
in IP wash buffer. Bound FLAG-tagged FKBP25 and inter-
acting proteins were eluted by competition with 3xFLAG
peptide (Sigma), by nutating beads in 150 ng/.1 peptide in
Ix TBS for 20 min at 4°C. Eluted material was resolved
by NuPAGE Novex 4-12% Bis-Tris gradient gels at 150 V
for approximately 1.5 h and either silver stained, transferred
to nitrocellulose membrane for western blotting, or further
processed for mass spectrometry analysis.

Protein identification by mass spectrometry

BioID samples were processed for mass spectrometry as
outlined by (27). Briefly, streptavidin beads were washed
with 50 mM NH4HCO; and resuspended in 50 mM
NH4HCOj; containing 5 mM dithiothreitol and heated at
75°C for 10 min. Iodoacetamide was added to a final con-
centration of 10 mM to each sample followed by incuba-
tion in the dark at room temperature for 20 min. After-
ward, 1 mM CaCl, and fresh 5 mM dithiothreitol were
added and incubation continued overnight. The follow-
ing morning, trifluoroacetic acid (TFA) was added to a fi-
nal concentration of 0.5% (v/v). Beads were pelleted us-
ing a magnetic rack and the supernatant removed. A sec-
ond elution of digested peptides with 0.5% TFA was per-
formed and the supernatant pooled. To each sample, | g of
sequence-grade trypsin was added and incubated overnight
at 37°C. For 3x-FLAG peptide eluted material, in-solution
trypsin digests were performed by incubating samples with
1 pg of sequence-grade trypsin (Promega) at 37°C in 1x
TBS followed by lyophilization until dry. Digested peptides
were passed over ZipTips (Millipore) and eluted with 0.1%
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TFA/50% acetonitrile. Peptides were analyzed by an Orbi-
trap LTQ mass spectrometer (Thermo Scientific) with result
searches performed using the program MASCOT (Matrix
Science). To identify protein interactors, peptide counts for
sample versus control were submitted to the Crapome web
server (28). Proteins identified that had a fold change greater
than two, and at least two peptides detected, were consid-
ered to be enriched.

Gene ontology & network analysis

For gene ontology analysis, lists of interacting proteins
were submitted to the DAVID (Database for Annotation,
Visualization and Integrated Discovery version 6.8) web
server (29). Gene ontology terms with a P-value < 0.05
were then summarized using the REVIGO (reduce and vi-
sualize gene ontologies) (30) server using a similarity cut-
off of 0.46. Network visualizations were generated using
Cytoscape software with protein-interaction data from the
APID (Agile Protein Interactomes DataServer) database
(31,32).

Western blot

For western blotting, eluted proteins were resolved by SDS-
PAGE and transferred to a nitrocellulose membrane with
phosphate transfer buffer (50 mM sodium phosphate buffer
pH 6.8, 15% EtOH). Membranes were blocked in 10% skim
milk for 30 min and probed in primary antibody for ei-
ther 1 h at room temperature or overnight at 4°C. Fol-
lowed by three 10 min washes in TBS-T (1 x TBS containing
0.1% Tween 20). For development of western blots, either a
chemiluminescence or fluorescence based detection system
was used. For chemiluminescence, horseradish peroxidase
conjugated anti-mouse (GE) or anti-rabbit (GE) secondary
antibody was used at 1:5000 in 1% milk/TBS-T, incubat-
ing blots for 1 h at room temperature, followed by wash-
ing in TBS-T. Proteins were detected using chemilumines-
cence HRP substrate (Millipore) and exposed to film. For
fluorescence based detection, blots were incubated with ei-
ther IRdye 800CW anti-mouse (Mendel Scientific) or IRdye
680RD anti-rabbit (Mendel Scientific) at 1:5000 for 1 h at
room temperature in 1% milk TBS-T, followed by washing
in TBS-T and imaging on an Odyssey Clx imaging system
(Li-Cor).

Antibodies

The following antibodies were used in this study; FKBP25
(Genscript, epitope residues 201-224-1F 1:300, WB 1:2500),
alpha-Tubulin (Rockland 600-401-880—WB 1:10000),
Ku86 (Santa Cruz sc-9034—WB 1:5000), Ku70 (Millipore
Q2187163—WB 1:2500), Topol (AbCam ab109374—WB
1:10 000), Parpl (Santa Cruz sc-8007—WB 1:5000), Nu-
cleolin (AbCam ab22758—WB 1:5000), RPL3 (Santa Cruz
sc-86828 - WB 1:500), RPS6 (Santa Cruz sc74459—WB
1:500), FLAG (Sigma F3165—WB 1:50000), RPL23a
(Santa Cruz sc-135388—1:500) and UBF (Santa Cruz
sc13125 X—IF 1:500).
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Immunofluorescence

Cells were seeded on eight-well glass slides (Millipore) at
least 24 h before fixation. For pre-extraction, cells were
washed first with 1x PBS and then incubated twice for 3
min at room temperature with CSK+T (10 mM Pipes pH
7.0, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl, and
0.5% Triton X-100) or CSK+T+R (CSK+T with 0.3 mg/ml
RNase A) (33). CSK alone treated cells were washed with
1x PBS and CSK buffer without detergent or RNase A as
above. To fix cells, they were first washed in 1x PBS and
then incubated in a 3% paraformaldehyde solution in PBS,
followed by three washes in 1x PBS. Before staining, cells
were permeabilized for 10 min on ice using 0.5% Triton X-
100 in 1x PBS and then blocked for 30 min in PBS-T (0.1%
Tween 20 in PBS) containing 1% BSA at room temperature.
Slides were then incubated with primary antibody diluted
in PBS-T for 1 h at room temperature followed by three
5 min washes in PBS. After washing, the slides were then
incubated with secondary antibodies, AlexaFluor 488 goat
anti-mouse (Life Technologies) and goat anti-rabbit IgG-
CFL 555 (Santa Cruz), in PBS-T for one hour and washed
three times in 1 x PBS. Coverslips were mounted using Flu-
oroshield with DAPI (Sigma) and sealed with clear nail pol-
ish. Slides were imaged on a SP8 confocal microscope (Le-
ica) or BM IRE2 epifluorescence (Leica) and images pro-
cessed using the Fiji distribution of ImageJ (34). Assays
with actinomycin D included an incubation at 10 nM in
DMSO for 4 h prior to pre-extraction with CSK+T. Incu-
bation with DMSO was used as a control.

In vitro protein expression and purification

Full-length human FKBP25 (residues 1-224), along with
truncation mutants corresponding to the isolated BTHB
domain (1-74) or FKBP domain (108-224), were expressed
in Escherichia coli BL21 LysY (New England Biolabs) using
LB medium or M9 minimum medium supplemented with
ISNH,4CI1 (1 g/1), and for 13C-labelled protein supplemented
also with 3C-glucose (2 g/1). Protein expression was initi-
ated at a OD (600 nm) of 0.6 with 0.5 mM IPTG (final con-
centration), and was followed by overnight incubation at
25°C. Bacteria were collected by centrifugation and resus-
pended in 20 ml per litre culture media with 50 mM Tris (pH
7.5), 500 mM NacCl, 5% (v/v) glycerol and 5 mM imidazole.
Cell lysate preparation used a combination of lysozyme and
sonication followed by centrifugation at 20 000 x g for 30
min. Protein purification from cell lysate was achieved by
using Ni’*-affinity chromatography with buffers composed
of 50 mM Tris (pH 7.5), 500 mM NaCl, 5% (v/v) glyc-
erol, and 5, 25 and 500 mM imidazole for the loading, wash
and elution, respectively. Pooled fractions containing pro-
tein were exchanged to the low imidazole buffer by using a
PD-10 column (GE Healthcare Life Sciences) and the Hisg
tag was removed by addition of TEV protease and overnight
incubation at 4°C. followed by a second Ni>*-affinity chro-
matography step. The purified samples were concentrated
by filter centrifugation, and the buffer exchanged by NAP-5
columns (GE Healthcare Life Sciences) into 20 mM sodium
phosphate, pH 6.5 and 150 mM NaCl. Protein concentra-
tion was quantified by measuring the absorbance at 280 nm.

Oligonucleotide synthesis

The RNA was synthesized by using an Expedite 8909
(PerSeptive Biosystems). The DNA oligonucleotides
were commercially produced (Eurogentec). Concentra-
tions were determined by measuring absorbance at 260
nm with extinction coefficients from OligoAnalyzer 3.1
(eu.idtdna.com/calc/analyzer).

NMR spectroscopy and chemical shift assignment

NMR spectra were recorded at 298 K using a Bruker
Avance IIT 700 MHz or 800 MHz spectrometers equipped
with a triple resonance gradient standard probe or cry-
oprobe, respectively. Topspin versions 2.1, 3.2 and 3.5
(Bruker BioSpin) were used for data collection. Spectra
processing used NMRPipe (35) followed by analysis with
Sparky 3 (T.D. Goddard and D.G. Kneller, University of
California) or NMRview] 8.0 (One Moon Scientific). Spec-
tra for the assignment of backbone 'HN, 'H, 13C’, 13C,
13CP and NH nuclei of full-length FKBP25 were collected
on a 200 uM '3C,’N-labeled sample in 20 mM sodium
phosphate (pH 6.5) with 150 mM NaCl, and 10% D,O
added for the lock. NMR spectra include 2D "N-HSQC,
3D HNCO, 3D HNCACO, 3D HNCA. 3D HNCOCA, 3D
CBCACONH, and 3D HNCACB. 'HN and ""NH assign-
ments for the full-length protein were used to assign '*N-
HSQC spectra recorded for isolated BTHB and FKBP do-
mains in the same buffer (20 mM sodium phosphate, pH
6.5, with 150 mM NaCl). For the BTHB domain, the assign-
ments were confirmed by measuring additional 3D HNCO
and 3D HNCACB spectra on a 310 wM sample of '*C,'>N-
labeled protein. Assignments of asparagine and glutamine
sidechain amides were confirmed by using a 3D '’N-HSQC-
NOESY spectrum (150 ms mixing time).

Titration experiments

Binding of FKBP25 constructs to oligonucleotide ligands
was monitored by NMR spectroscopy on a Bruker Avance
I11 700 MHz spectrometer equipped with a triple resonance
gradient standard probe at 298 K. The buffer was the same
as for the chemical shift assignment experiments: 20 mM
sodium phosphate (pH 6.5), with 150 mM NacCl, and 10%
D,O added for the lock. At the start of each titration the
ISN-labeled protein had a concentration of 100 wM in 20
mM sodium phosphate (pH 6.5), with 150 mM NaCl, and
10% D,0 added for the lock. Following reference 1D 'H
and 2D ""N-HSQC spectra, the ligand was added from a
concentrated stock to final concentrations of 25, 50, 75 and
100 wM, and at each point 1D 'H and 2D "'N-HSQC spec-
tra were collected. The only exception was for the sample
titrated with nucleolin-bound b2NRE stemloop. In this case
a final titration point (100 wM ligand) was first assembled
stepwise with confirmation of nucleolin binding to b2NRE
stemloop by 1D 'H NMR, prior to adding 100 uM fi-
nal concentration of '’ N-labeled FKBP25(; 7. This sample
was then serially diluted with free YN-FKBP25(; 74) (which
was also used as the reference) in order to obtain all titration
points.
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Electrophoretic mobility shift assays

Observation of oligonucleotide binding to full-length
FKBP25 and the K22M/K23M mutant used a Tris-glycine
gel system (36). Samples were prepared in 20 mM Tris
(pH 7.5), 150 mM potassium acetate, ] mM EDTA and
10% glycerol, with bromophenol blue added to aid in gel
loading. Cy3 labeling was incorporated into the forward
strands of the 23 nt DNA and RNA during chemical
synthesis. Double-stranded oligonucleotides were prepared
with unlabelled reverse strands. For each assay, 100 nM of
the Cy3-labelled single- or double-stranded oligonucleotide
was used with increasing protein concentrations of 0.5, 1,
2,5, 10, 20, 40, 60, 80, 100, 160, 300 and 500 wM. Protein
was freshly prepared since extended storage or freezing re-
sults in undefined changes to protein fidelity. Polycrylamide
gels were prepared with final concentrations of 10% acry-
lamide:bisacrylamide (37.5:1), 300 mM Tris—HCI (pH 8.8),
0.1% (w/v) ammonium persulfate and 0.1% (v/v) TEMED.
After 10 min gel polymerization, the wells were cleaned and
the gel pre-run at room temperature for 30 min at 100 V in
running buffer containing 27 mM Tris, 192 mM glycine, 1
mM EDTA and pH 8.3. Following a second cleaning of the
wells, 2 w1 of each sample was loaded and the gel was run at
100 V for an additional 30 min at room temperature. Visu-
alization of Cy3 fluorescence used a Typhoon Trio+ imager
(GE Healthcare) with a 580 nm filter, 532 nm laser, normal
sensitivity, photo multiplier tube setting of 500 V and 100
micron resolution. Preparation of images used ImageQuant
TL v8.1.0.0 with default visualization parameters. Appar-
ent Kp was obtained with the equation: b +((m — b)/(1 +
(Kq/x)")) in the program QtiPlot (Ion Vasilief), by fitting
the curve of bound fractions determined by densitometric
averages of three experiments to protein concentration (x),
baseline value (b), maximum (m) and the Hill coefficient (n).

UV cross-linking and immunoprecipitation (CLIP)

FKBP25 RNA CLIP experiments were performed as de-
scribed previously (37). Briefly, 80% confluent HEK293-
TRex cells were transfected in six-well dishes and incubated
overnight before being split to 10 cm? dishes. Cells were
then induced with 0.1 pg/ml tetracycline and incubated for
an additional 24 h to induce expression. Cells were washed
once with 1x ice cold PBS and then irradiated with 150
mJ/cm? UV at 254 nm using a Stratalinker 2400 (Strata-
Gene). Irradiated cells were then harvested by cell scrap-
ing, aliquoted into three equal volumes, and snap-frozen in
liquid nitrogen and stored at -80°C until use. Thawed cell
pellets were lysed in 1 ml lysis buffer (50 mM Tris-HCI pH
7.4, 100 mM NacCl, 1% NP-40, 0.1% SDS and protease in-
hibitors). To remove DNA, 2 wl of Turbo DNase (Ambion)
was added to each sample. To digest unprotected RNA, ei-
ther a high (1:500), medium (1:10 000) or low (1:50 000) con-
centration of 100 mg/mL RNaseA was added and samples
were incubated for 3 min at 37°C followed by centrifugation
at 22 000 x g for 20 min to pellet any insoluble material.
Protein A/G agarose beads (Thermo Fisher) were prepared
by washing three times in lysis buffer, followed by incuba-
tion for 1 h at 4°C with 5 wg mouse anti-FLAG antibody
(Sigma). Unbound antibody was washed away with two ad-
ditional washes in lysis buffer. Cleared nuclease treated cell
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lysates were added to prepared beads and rotated at 4°C for
2 h. Beads were then washed twice with high-salt buffer (50
mM Tris-HCI pH 7.4, 1 M NaCl, 1 mM EDTA, 1% NP-
20, 0.1% SDS and 0.5% sodium deoxycholate) followed by
two washes with wash buffer (20 mM Tris—-HCI pH 7.4, 10
mM MgCl,, and 0.2% Tween-20). The beads were then sub-
jected to an additional three washes in high-salt wash buffer
and three in wash buffer. The supernatant was removed and
beads were then resuspended in 8 pl of 1x PNK buffer (70
mM Tris-HCI pH 7.6, 10 mM MgCl,, 5mM DTT) contain-
ing 0.4 wl PNK (NEB) and 0.8 wl of 5 mCi/ml ?>P-y-ATP
(Perkin Elmer). The reaction was incubated at 37°C for 5
min. The 3>P-labeled PNK mix was removed and beads were
boiled in 1 x Laemmli loading buffer and resolved on a 10%
SDS-PAGE gel. Gels were dried and exposed to a Phospho-
rscreen (Molecular Dynamics) overnight and imaged with
a Storm 820 scanner (Molecular Dynamics).

I5N relaxation

Amide PN T1 and T2 relaxation data were acquired at 700
MHz and 298 K by measuring a series of 2D N-HSQC
spectra on 300 wM full-length "'N-FKBP25 with variable
delays (38). The relaxation delays for T1 spectra were 10,
40, 80, 140,250, 400, 600, 800, 100, 1200 and 1500 ms, with
repeat measurements at 10, 140, 250, 600 and 1000 ms for er-
ror estimation. Resulting delays for the T2 spectra were 12,
24, 36, 49, 61, 73, 85 and 97 ms, with repeat measurements
at 12 and 73 ms for error estimation. T2 measurements were
also performed on 100 wM "N-FKBP25 bound to 100 u.M
dsRNA-23bp using the same parameters. Steady-state het-
eronuclear {'H}'>N-NOE spectra were recorded with and
without 3 s of 'H saturation and represents an average of
two separate samples. Relaxation rates and error calcula-
tions were determined using NMRView] (39).

Paramagnetic relaxation enhancement

In order to attach the paramagnetic compound, three mu-
tants of FKBP25 were generated to introduce surface acces-
sible cysteine residues (Q14C, T69C and T151C). The loca-
tion of the introduced cysteines were also based on anal-
ysis of a previous structure of full-length FKBP25 (24).
To prepare the samples, protein expression and purifica-
tion was as described above, followed by 16 h incuba-
tion of the mutant proteins in 2 mM dithiothrietol. The
buffer was then changed to 50 mM Tris (pH 8.0) with 150
mM NaCl by using a PD10 column (GE Healthcare Life
Sciences). Five molar equivalents of 4-(2-iodoacetamido)-
2,2,6,6,tetramethyl-1-piperidinyloxy (TEMPO) free radical
dissolved in methanol was then added. After incubation in
the dark for two hours, the samples were dialyzed for 16 h
into 20 mM sodium phosphate (pH 6.5) with 150 mM NaCl
by using 3.5 kDa MWCO dialysis tubing. After acquiring a
reference ’N-HSQC spectrum for each sample in the para-
magnetic state, five molar equivalents of pH 6.5 ascorbic
acid was added and left for 2 h, after which a second dia-
magnetic state "N-HSQC was collected. The paramagnetic
relaxation enhancement (PRE) was calculated as the ratio
of the backbone amide data heights for the paramagnetic
over diamagnetic spectra.
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RESULTS

RNA mediates the majority of FKBP25 protein—protein in-
teractions

In order to better understand the function of FKBP25,
we decided to first obtain information on proteins that
come into close physical contact to FKBP2S5 in the cell.
To this end, we used a proximity-dependent biotin iden-
tification (BioID) strategy to provide an historical snap-
shot of neighboring proteins. BiolD utilizes a protein fu-
sion to the promiscuous biotin ligase BirA to enable biotiny-
lation of exposed primary amines, predominately lysines,
on closely associated proteins in the presence of exogenous
biotin (Figure 1A) (26). The biotin-tagged protein neigh-
bors are then selectively purified via streptavidin capture
and the digested peptides subsequently identified by mass
spectrometry. We generated U20S cell lines stably express-
ing either a FKBP25-BirA fusion protein or BirA alone.
Cells were incubated for 24 h with biotin to allow labelling
of proximal interactors and biotinylated proteins were pu-
rified by streptavidin capture under denaturing conditions
(Figure 1B). Unbiased mass spectrometry protein identifi-
cation revealed 73 proteins enriched in the FKBP25-BirA
sample relative to the BirA control (Figure 1C). Gene ontol-
ogy (GO) analysis of proximal interactors with the DAVID
webserver (30) showed a strong enrichment for RNA bind-
ing and ribosome biogenesis factors, including 22 ribo-
somal proteins and several proteins involved in the early
maturation events of ribosome production (Supplementary
Table S1). We had previously identified a similar enrich-
ment of ribosome biogenesis factors in an orthoganol pro-
teomic screen based on immunoprecipitation of flag-tagged
FKBP25 from HEK?293 cells (21). We now show that many
of these proteins are not merely found in large multiprotein
complexes that contain FKBP25; rather, their biotinylation
shows that they must be in close proximity to FKBP25 in
vivo. Apart from proteins related to the ribosome, there
is additional enrichment of other RNA-binding functions
including proteins implicated in binding to polyA RNA,
double-stranded RNA and mRNA 5 UTRs (Figure 1D).
The common aspect of RNA-binding behavior to most
of the identified FKBP25 interactors suggests that RNA
molecules may be a key mediator of these FKBP25 protein
associations.

To test this hypothesis, we performed co-
immunoprecipitation of FLAG-tagged FKBP25 from
HEK293 nuclear extract without and with pre-treatment
with RNase A. Silver staining of the immunoprecipitated
material showed a clear reduction in co-purifying proteins
to near background levels with RNase A pre-treatment
(Figure 1E). These samples were then analyzed by mass
spectrometry to precisely identify the RNA-dependent
interactome of FKBP25 (Figure 1F and Supplementary
Table S2). We found that RNaseA treatment disrupted the
majority of protein interactions detected in our previous
mass spectrometry screen (21), including those associated
with early rRNA biogenesis and RNA metabolism (Figure
1G).

The overlap of proteins identified by the BiolD and
RNA-dependent Co-IP reveals a list of 12 common tar-

gets (Figure 1G and Supplementary Table S3) with a notice-
able cluster of nine subunits of the 60S ribosome (RPL13,
RPL15, RPL24, RPL27, RPL27A, RPL28, RPL3, RPL36,
RPLS8) and two subunits of the 40S ribosome (RPS23,
RPS3A). An analysis of the complete FKBP25 interactome
utilizing protein—protein interaction data from the Agile
Protein Interactomes Dataserver (APID) (32) highlights the
biological process clusters related to ribosome biogenesis
and RNA metabolism (Supplementary Figure S1). We in-
dependently validated several of these interactions by west-
ern blot (Supplementary Figure S2), confirming that all in-
teractions tested require intact RNA. A second observation
from these studies is that inclusion of a canonical nuclear lo-
calization signal improves the capture of proteins from the
BioID and proteomic screens. In keeping with previous re-
sults (21), this finding shows that the majority of FKBP25
protein-protein interactions occur within the nucleus, and
that RNA-dependent interactions mainly derive from this
nuclear pool of FKBP25.

Nucleolar localization requires RNA

To investigate a cellular link between RNA and nuclear
FKBP25, we first performed in situ subcellular fraction-
ations by treating cells with a mixture of detergent and
buffered sucrose known as cytoskeleton buffer (Figure 2A;
CSK); a technique commonly used to release soluble pro-
teins prior to immunofluorescence to facilitate the visualiza-
tion of proteins associated with large macromolecular com-
plexes in the nucleus (26,40,41). A subset of FKBP25 from
the CSK treatment is also found in this Triton-treated frac-
tion (Figure 2A; CSK+T) which retains pre-ribosomes and
chromatin-associated factors. Additional treatment with
RNase A eliminates all remaining FKBP25 (Figure 2A;
CSK+T/R), whereas proteins such as the core histones are
retained. The inclusion of FKBP25 in the Triton-treated
fraction is therefore dependent on RNA.

We then visualized the same treatments by confocal im-
munofluorescence microscopy in U20S cells. CSK treat-
ment alone, leaving cellular membranes intact, shows that
FKBP2S5 is distributed throughout the cell (Figure 2B) in
keeping with previous reports of FKBP25 shuttling between
the nucleus and cytoplasm (22). In contrast, the addition of
Triton, which permeabilizes cell membranes, eliminates sol-
uble cytoplasmic and nuclear FKBP25 signal, leaving only
the chromatin-associated fraction. We observe a distinctive
pattern of FKBP25 clusters within the nucleus that are rem-
iniscent of nucleoli, the nuclear substructures where early
events in ribosome production take place (42,43). Indeed,
co-localization with the rRNA transcription factor UBF
confirms a nucleolar enrichment of FKBP25 (Figure 2B).
This localization is efficiently disrupted with treatment by
RNase A, whereas UBF, which is incorporated into nucle-
olar chromatin, remains intact. Furthermore, treatment of
cells with actinomycin D, which blocks RNA polymerase
I transcription of rRNA, reduces FKBP25 retention in the
nucleolus (Figure 2C). Together, these results strongly in-
dicate that FKBP25 is recruited to sites of nascent rRNA
transcription through direct interaction with RNA. Given
the importance of RNA in mediating protein-protein inter-
actions and the dependence of RNA in nucleolar localiza-
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Figure 1. FKBP25 associates with ribosome biogenesis factors and other proteins in an RNA-dependent manner. (A) Schematic of BiolD-based identifi-
cation of cellular proteins proximal to FKBP25. (B) Streptavidin-HRP western blot of whole cell extracts and streptavidin capture from U20OS cells stably
expressing an FKBP25 biotin ligase fusion or biotin ligase control, incubated for 24 hours in media containing 50 .M biotin. (C) Mass spectrometry identi-
fication of biotinylated proteins enriched in FKBP25-BirA streptavidin purifications relative to BirA control. The number of significant peptides identified
relative to fold change is shown. (D) Enriched gene ontologies by molecular function. (E) FKBP25 3xFLAG-tagged co-immunoprecipitated material with
and without pre-treatment with RNaseA analyzed by SDS-PAGE and visualized by silver stain. Empty vector cell lines are shown as a control. (F) Mass
spectrometry analysis of proteins enriched in the FKBP25-FLAG sample relative to control, for samples either untreated or pre-treated with RNaseA.
(G) Summarized gene ontology analysis by biological process. (H) Overlap in identified proteins between the BioID and FLAG co-immunoprecipitation

experiments.

tion, we wondered if FKBP25 could in fact directly asso-
ciate with RNA.

FKBP2S directly binds to RNA

Past studies have described direct binding of FKBP25 to
DNA using a variety of techniques (13,24,44,45), and we
first decided to replicate these findings by NMR spec-
troscopy. Using the 23 bp double-stranded DNA (dsDNA)
ligand based on the transcription factor YY1 binding site
(24), we observed movement of several amide crosspeaks in
a series of 2D "'N-HSQC spectra collected with increasing
amounts of DNA (Figure 3A and Supplementary Figure

S3) indicating residue-specific proximity to the ligand. This
is in agreement with the recent report on DNA binding by
FKBP25 (24). The modest shift for a subset of amide cross-
peaks demonstrated weak but specific binding to residues in
both the N-terminal (e.g. K22, K23, K48) and C-terminal
(e.g. K154) domains. Given the importance of RNA in the
function of FKBP25, we decided to repeat this experiment
but with a double-stranded RNA (dsRNA) version of the
23 bp ligand (Figure 3A and Supplementary Figure S3).
Strikingly, we saw a strong and specific association of the
N-terminal region of FKBP25 to this ligand. Amide cross-
peaks corresponding to the N-terminal domain of FKBP25
are broadened and undetected upon binding to the large
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Figure 2. FKBP25 requires RNA for nucleolar localization. (A) Western blot analysis of U20S cells following CSK treatment, with an additional Triton
wash or a combination of Triton and RNaseA treatment. (B) Confocal microscopy of FKBP25 and the nucleolar-specific upstream binding factor (UBF).
Cells were either untreated (CSK), pre-extracted with Triton (CSK + T), or pre-extracted with Triton and treated with RNaseA (CSK + T + R) prior to
fixation. Scale bar is 10 wm. (C) Epi-fluorescence microscopy of FKBP2S5 in cells treated with DMSO or the RNA polymerase I inhibitor actinomycin D

(10 nM for 4 h) and pre-extracted with CSK-T. Scale bar is 5 pm.

dsRNA ligand, whereas the linker and C-terminal domain
remain visible with the same weak interaction to dsRNA as
with dsDNA.

Using a complementary approach, we performed an elec-
trophorectic gel mobility shift assay with the full-length
FKBP25 and again find that a defined complex is made be-
tween FKBP25 and dsRNA-23bp (Figure 4A), with an ap-
parent Kp of 12248 M. In agreement with the NMR data,
the interaction with dsDNA is significantly weaker (Figure
4B). Further assays to define ligand preferences show no
detectable binding to single-stranded RNA or DNA (Fig-
ure 4C and D), whereas FKBP25 is able to bind to an
RNA/DNA duplex (Figure 4E).

In the NMR experiments, there is also an indication that
the recognition of dsSRNA may be limited to a specific re-
gion of FKBP25. To confirm a domain-specific interaction
with dsRNA, we repeated the titrations with the isolated
N-terminal basic tilted helix bundle (BTHB) domain from
FKBP25 (residues 1-74). A strong chemical shift perturba-
tion with dsRNA is maintained for the isolated BTHB do-
main (Figure 3B). Due to the smaller size of the isolated
domain, more peaks are visible during the titration. Nev-
ertheless, the same residues display ligand-specific chemi-
cal shift perturbation with magnitudes comparable to the
full-length protein (Figure 3D). The isolated BTHB domain
also maintains a weak interaction to dsDNA (Figure 3B)
similar in magnitude and clustered to the same residues as
for the full-length protein (Figure 3E). Titrations with the
isolated C-terminal FKBP peptidyl prolyl isomerase do-
main from FKBP25 (residues 108-224) also recapitulated
the findings from the full-length protein with weak inter-
action with both dsDNA and dsRNA (Figure 3C-E). Fi-
nally, co-immunoprecipitation experiments with separated
N- and C-terminal regions of FKBP25 show that only the
BTHB-containing construct retains association with the
FKBP25 interaction partners nucleolin and RPL3 (Sup-
plementary Figure S4). Together, these results point to a

selective recognition of dsRNA by the BTHB domain of
FKBP25. This specific binding is in contrast to the mod-
est interaction to dSDNA by both domains. Also evident is
a clear independence of the two domains with respect to nu-
cleic acid binding, with similar binding behaviour displayed
by the isolated domains and the full-length protein.

The BTHB domain is selective for dsSRNA

The apparent selectivity of the BTHB for dsSRNA over ds-
DNA prompted us to further probe the binding prefer-
ences of this domain with a variety of RNA and DNA
oligonucleotides. Using the same approach as in Figure
3B we added increasing amounts of oligonucleotide to
SN-labelled FKBP25(; 74y and monitored binding-induced
changes in residue-specific NMR crosspeak positions or sig-
nal disappearance due to broadening (ligand sequences and
selected spectra regions shown in Figure 5; full spectra in
Supplementary Figure S5).

Given our previous data on FKBP25 interactions (21),
as well as the results presented in Figures 1 and 2,
we speculated that regions of double-stranded ribosomal
RNA (rRNA) represent likely physiological ligands for
the BTHB. In particular, we noted the previous link of
FKBP25 to binding of the 28S rRNA in the pre-60S ri-
bosomes (21). The 28S rRNA has numerous dsRNA seg-
ments within stemloop structures, and we selected two ex-
amples for which NMR spectroscopy data are already avail-
able (46). Titration of the BTHB domain with the bl nucle-
olin recognition element (bl NRE) stemloop indeed resulted
in chemical shift perturbation for similar residues as for the
dsRNA-23bp ligand, and a comparable interaction was also
observed with the b2NRE stemloop (Figure 5 and Supple-
mentary Figure S5). Both stemloops were originally studied
due to their interaction with nucleolin, and nucleolin was
previously found in FKBP25-containing complexes (20,21).
We therefore prepared a second b2NRE ligand pre-bound
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Figure 3. The BTHB domain displays binding preference for dsSRNA over
dsDNA. (A) N-HSQC spectra regions corresponding to 100 pM SN-
labeled full-length FKBP25 (in black) superimposed by the spectra with
100 M added 23-bp dsDNA (left, in red) or 100 wM added 23-bp dsRNA
(right, in red). Crosspeaks corresponding to three lysine residues from the
BTHB domain (K22, K23, K48) and one from the FKBP domain (K 154)
have been annotated. Most crosspeaks corresponding to the BTHB do-
main broaden below detection upon addition of dSRNA-23bp. Full spectra
in Supplementary Figure S3. (B and C) Similar analysis with the isolated
BTHB domain (residues 1-74) and the isolated FKBP domain (residues
108-224). Full spectra in Supplementary Figure S3. (D and E) Combined
THN and SN chemical shift perturbation for backbone amides in 100 WM
samples of full-length FKBP25, BTHB domain or FKBP domain con-
structs upon addition of (D) 100 puM dsRNA-23bp or (E) dsDNA-23bp.
Residue crosspeaks that are not observed in the ligand-bound complexes
due to line-broadening are indicated with a grey bar. The secondary struc-
ture of FKBP2S5 is illustrated at the top.
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to the first and second RNA recognition motif (RRM) do-
mains of hamster nucleolin (residues 299-459). The pres-
ence of nucleolin on the b2NRE stemloop did not appear to
affect the ability to bind to FKBP25. Detailed study of the
stepwise assembly of the BTHB:b2NRE:nucleolin ternary
complex reveals that there is little change in the NMR spec-
tra of the RNA-bound BTHB without or with the addi-
tion of nucleolin, and likewise no significant perturbation
of the RNA-bound nucleolin spectra following BTHB ad-
dition (Supplementary Figure S6). The BTHB domain thus
appears to bind the dsRNA region of the b2NRE inde-
pendent of nucleolin RRM1-RRM?2 domains bound to the
loop region. We conclude that dsRNA within the context
of nucleolin-related stemloops provides one possible cellu-
lar target of the FKBP25 BTHB domain.

We next designed a short 8 bp oligonucleitde sequence
to further characterize the binding specificity of the BTHB
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Figure 5. Binding preference for the isolated BTHB domain. Regions of
NMR spectra following titration of various ligands into 100 pM SN-
labelled FKBP25(;_74). The unbound spectrum is shown in blue, and the
spectra following addition of 25, 50, 75 and 100 wM ligand are coloured
light blue, light green, orange and red, respectively. The location of residues
from the BTHB with annotated crosspeaks are indicated (top panel; atomic
coordinates from PDB ID 2KFV) (23). Annotations with a small letter n
correspond to the asparagine sidechain amide crosspeaks. Dotted boxes
indicate peaks that broaden below detection upon addition of ligand. Full
spectra are in Supplementary Figure S4.

domain. We based this ligand on the stem portion of
the b2NRE ligand, and replaced the loop with two G-C
basepairs. This ligand (dsRNA-8) was bound by the same
residues sensitive to addition of the parent b2NRE stem-
loop, as well as the longer dSRNA-23 bp (Figure 5 and Sup-
plementary Figure S5). Specificity is also retained in the 8
bp ligand since the DNA version, dsDNA-8, did not result
in any noticeable interaction. We then tested BTHB bind-
ing with the single-stranded oligonucleotides ssRINA-8 and
ssDNA-8§, neither of which showed signs of interaction. Fi-
nally, we found that an RNA-DNA duplex, RNA/DNA-
8, was recognized by FKBP25 with similar but reduced
changes in the NMR spectra as for dSSRNA-8 (Supplemen-
tary Figure S7A). Collectively, these results show that the
isolated BTHB domain recapitulates the binding preference
of full-length FKBP25 to dsRNA and to an RNA-DNA
duplex. The isolated BTHB domain does not bind ssRNA,
ssDNA or dsDNA.

The ability of FKBP25 to interact with dsSRNA-23bp,
bIRNE, b2NRE and dsRNA-§ already suggests that the
BTHB domain lacks sequence specificity for dsSRNA bind-
ing. To further address this aspect, we designed two new
8 bp ligands with varying palindromic sequences. Both
dsRNA-8b and dsRNA-8c were bound by the BTHB, with
dsRNA-8b resulting in chemical shift perturbation of a
similar magnitude to dsSRNA-8 whereas dsRNA-8c results
in reduced spectral changes (Figure 5 and Supplementary
Figure S7A). There is also indication of some ligand- and
residue-specific effects (Supplementary Figure S7B), such as
the large perturbation of the Asn46 side chain amide only
for dsSRNA-8b. Therefore, although there is a general lack
of sequence specificity, the BTHB may still possess a degree
of uncharacterized sequence or shape preference that could
target a distinct set of RINA targets.

Finally, we asked if BTHB-dsRNA affinity is influenced
primarily by the length of the dSRNA. From the NMR
spectroscopy titrations, it was already shown that the 8 bp
dsRNA ligand results in less perturbation as compared to
the original dsRNA-23 bp. We therefore tested an addi-
tional series of four palindromic ligands from 6 bp to 18
bp (Figure 5 and Supplementary Figure S5). A compar-
ison of amide crosspeak positions reveal highest changes
for dSRNA-18 and dsRNA-14, with reduced changes for
dsRNA-10 and only minimal perturbation by dsRNA-6
(Supplementary Figure S7C). Competition mobility shift
assays confirm a diminishing affinity with decreasing lig-
and size (Supplementary Figure S7D). It therefore appears
that binding affinity is sensitive to the length of the dsSRNA,
which is consistent with an affinity driven by multivalent
and non-specific interactions (47,48) that increase with the
length of dsSRNA. The results also demonstrate that associ-
ation with FKBP25 requires a dsSRNA ligand longer than 6
bp.

RNA-binding ability is required for in vivo interactions of
FKBP25

Our NMR studies provide information of the surface
residues on the BTHB domain that are in close proxim-
ity to the dsRNA (Figure 6A and Supplementary Figure
S8A). These include two pairs of lysine residues: K22/K23
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and K48/K52. With an aim to design mutants for in vivo
studies, we constructed two variants of FKBP25 targeting
these lysine residues implicated in RNA binding. The dou-
ble mutations K22M/K23M or K48A /K 52A do not affect
the folding of the BTHB domain as evident by their NMR
spectra (Supplementary Figure S§B). Using the dsRNA-
10 ligand we titrated each of the mutants and followed the
binding using NMR spectroscopy. Both the K22M/K23M
and K48A/K52A mutations greatly inhibited association
with dsRNA (Figure 6B and Supplementary Figure S8C).
We further tested the K22M /K23M mutant within the con-
text of full-length FKBP25 and find that this mutation ef-
fectively eliminates the specificity for dsSRNA (Figure 6C).
The affinity to dsSRNA is greatly reduced from the wildtype
(Figure 4A) and is now similar in magnitude to a weak in-
teraction with dsDNA (Figure 6D). The residual affinity to
dsRNA and dsDNA is likely due to non-selective binding
by the FKBP domain, as observed in the NMR titrations
(Figure 3).

To confirm that FKBP25 does indeed interact directly
with RNA in cells, we performed UV cross-linking im-
munoprecipitation (CLIP) experiments using both wild-
type FKBP25 and the K22M/K23M mutant. UV cross-
linking of cells results in irreversible covalent bonds be-
tween RNA binding proteins and their bound RNA, al-
lowing stringent purification (49,50). We utilized FLAG-
tagged Tet-inducible constructs to temper over-expression
of the FKBP25 transgenes in order to limit the potential
of a false positive interaction with RNA (Figure 6E). By
treating extracts with either RNase or DNase, and radio-
lablelling any residual nucleic acids present in FKBP25 im-
munoprecipitates, we confirm that FKBP25 associates with
RNA in vivo (Figure 6G). Further, the K22M/K23M mu-
tant shows a significant reduction in the amount of directly
bound RNA, highlighting the importance of these residues
in mediating dsRNA-binding activity. Finally, we utilized
this construct in Co-IP experiments and show a reduction in
several FKBP25 binding partners relative to the wild-type
sequence (Figure 6F). We therefore demonstrate that the
mutation of two key lysine residues in the BTHB reduces

moderately affected by titration with dsRNA-10 are coloured in orange
and light orange, respectively. Orientations of the domain in the image are
the same as in Figure 5. Chemical shift perturbation details are in Sup-
plementary Figure S8A. (B) NMR spectra following titration of dsSRNA-
10 into 100 uM 'SN-labeled FKBP25(; 74y with the K22M/K23M or
K48/K52A mutations. Colours as in Figure 5. (C and D) Electrophoretic
mobility shift assays with varying concentrations of full-length FKBP25
(K22M/K23M) asin Figure 4A and B. (E) Western blot analysis of FLAG-
tagged FKBP25 constructs (wild-type and the K22M/K23M mutant) rel-
ative to endogenous FKBP25 (empty vector control) in HEK 293 cells.
Antibodies against a-tubulin, FLAG-tag and FKBP25 correspond to the
loading control, detection of FKBP25 constructs, and detection of both
endogenous and FKBP25 constructs, respectively. (F) FLAG-affinity cap-
ture of cells expressing an empty vector control, wild-type FKBP25, or
the K22M/K23M mutant with analysis by western blot using antibod-
ies against the FKBP25-interacting proteins Parpl, nucleolin and RPS6.
FKBP25 construct expression verified by antibodies against the FLAG
tag. (G) RNA cross-linking IP (CLIP) experiment with wild-type FKBP25
or the K22M/K23M mutant in HEK?293 cells, with DNAse pre-treatment
coupled with variable amounts of RNase A.
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RNA binding in vitro and in cells, with a confirmed reduc-
tion in RNA-dependent protein interactions.

The BTHB and FKBP domains are structurally independent

The various in vitro and cellular experiments illustrate an
independent behaviour of the two folded domains regard-
ing nucleic-acid binding. However, this independence is in-
consistent with a previous NMR spectroscopy study of
FKBP25 in which intermolecular contacts bind these do-
mains into a single structural unit (24). We have used NMR
spectroscopy to study the nature of FKBP25, starting with
the use of °N relaxation to identify regions of conforma-
tional disorder in the protein backbone. In the measure-
ment of heteronuclear {'H}'>N relaxation, residues with a
value greater or less than 0.5 correspond to rigid or flex-
ible regions of the protein, respectively (Figure 7A). The
data confirm the rigid nature of the two domains, with flex-
ible regions limited to the N-terminus (residues 1-8), the
central linker (between residues 75 and 111) and a basic
loop in the FKBP domain (residues 156-162). By focus-
ing on the conformationally rigid amides, we next deter-
mined the apparent size of the folded domains by measuring
the ratio of >N T1 relaxation to >N T2 relaxation (Fig-
ure 7A). The results indicate different values for the BTHB
(9+£1) and the FKBP (1543) domains. The relative magni-
tude of these values (1:1.7) are the same as their relative sizes
(1:1.6; 70 residues versus 115 residues) which is consistent
with motionally independent domains. If the two domains
were structurally coupled they would instead share the same
value. We also confirmed that the domains remain motion-
ally independent upon association with the dsRNA-23 bp
ligand (Supplementary Figure S9). To rule out more subtle
and transient domain-domain contacts, we introduced cys-
teine mutants at various positions of full-length FKBP25
with the aim to attach a paramagnetic nitroxide spin-label
to various locations guided by the previous model (Supple-
mentary Figure S10A). In this technique, distances of up to
15-20 A can be observed including those that are weak or
transient in nature. Placement of the nitroxide to amino acid
14 and 69 resulted only in local effects within the BTHB do-
main (Figure 7B and Supplementary Figure S10B). In ad-
dition, placement of the nitroxide at amino acid 151 only
affected spatially proximal residues within the PPIase do-
main. Taken together we find that the BTHB and FKBP
domains are not fixed together, but are instead independent
and connected only by the flexible linker (Figure 7C). This
property will ensure that upon BTHB domain binding to
dsRNA, the FKBP domain will retain motional freedom to
interact with a range of nearby protein substrates.

DISCUSSION

We have used a variety of techniques to demonstrate an
RNA-dependent interaction of FKBP25 with several pro-
teins involved in RNA metabolism; these include ribosome
biogenesis and chromatin regulatory factors. We observe
RNA-dependent nucleolar localization of FKBP25, which
is consistent with a function of this protein in pre-ribosome
assembly. Using a collection of NMR techniques, we show
that this novel property of a prolyl isomerase is conferred
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Figure 7. The BTHB and FKBP domains of FKBP25 are structurally in-
dependent. (A) >N relaxation measurements of !>N-labelled FKBP25 at
298K using a 700 MHz NMR spectrometer. Heteronuclear {'H}'>N NOE
measurements for backbone amide nitrogen identify residues that are con-
formationally rigid (values greater than 0.5) or flexible (less than 0.5) at
the ps-ns timescale. The ratio of T1 over T2 values results with differing
values of 9 & 1 and 15 =+ 3 for the BTHB and FKBP domains, respectively.
The secondary structure of FKBP2S5 is illustrated at the top. (B) Incorpo-
ration of the nitroxide compound TEMPO to the FKBP25 mutant Q14C,
T69C and T151C. Distance-dependent attenuation of crosspeak intensi-
ties caused by the paramagnetic nitroxide are shown, and are restricted to
intra-domain effects. Full analysis in Supplementary Figure S6. (C) The
two domains of FKBP25 do not form a single structural unit in solution,
but are only connected by the flexible linker.

by its N-terminal BTHB domain which is able to directly
and selectively bind to dsRNA. These results thus identify
FKBP25 as a peptidyl-prolyl isomerase recruited to ribonu-
cleoprotein complexes.

Protein domains that specifically bind to dsRNA are not
common. The most prominent example is the family of
dsRNA-binding domain (dsRBD) proteins. The dsRBD
is a small domain (usually 65-70 amino acids) contain-
ing both a-helices and B-strands in an a-B-B-B-« architec-
ture (51). This domain is found in proteins that edit and
process rRNA, tRNA, siRNA and miRNAs. In addition,
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Figure 8. Model of FKBP25 interacting with dSRNA. (A) Surface rep-
resentation of 23-bp dsDNA and dsRNA with main-chain phosphates
coloured black and the major and minor grooves labeled. (B) Compari-
son of 6, 8 and 10 bp dsDNA ligands. Phosphates on opposing sides of
the major groove require a minimum length of § bp. In longer ligands the
BTHB domain is able to bind in multiple registers or slide along the major
groove. (C) Docking model of BTHB bound to an A-form conformation of
dsRNA-10. Further details in Supplementary Figure S7A. (D) Schematic
model of FKBP25 bound to dsRNA.

dsRBD-containing proteins play a role in the protein ki-
nase RNA-activated (PKR) response and mRNA localiza-
tion, and dsRBDs are also found in bacterial endoribonu-
cleases. In general, recognition of dsSRNA by dsRBD is
guided by the shape features unique to dsRNA. Compared
to the canonical B-form dsDNA, dsRNA is typically found
in the A-form with a narrower and deeper major groove and
a wider and shallower minor groove (Figure 8A) (52). The
dsRBD straddles contiguous minor-major-minor grooves,
with shape recognition predominating the interaction but
with some dsRBD members displaying sequence specificity
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with base pairs in the minor grooves. A central region of
the dsSRBD-dsRNA interface involves residues that contact
phosphate groups on opposing sides of the major groove.

In our study of dsRNA binding by FKBP25, we show
that a minimum length of 8 bp is required for association
with the BTHB domain (Figure 5). A comparison of A-
form dsRNNA models explains this preference: it is evident
that 8 and 10 bp ligands are sufficient in length to display
phosphates on opposite sides of the major groove, whereas a
dsRNA ligand of 6 bp is too short (Figure 8B). As a result,
it is likely that the BTHB domain uses this feature of the
major groove to specifically recognize dsSRNA. Indeed, by
using the dSRNA-10 ligand sequence and binding contribu-
tion by the key lysines K22, K23, K48 and K52, a docking-
based (HADDOCKZ2.2) (53-55) model illustrates that the
BTHB can efficiently interact with phosphates on both sides
of the major groove (Figure 8C and Supplementary Figure
S11A). This model of recognition is reminiscent of the cen-
tral dsRBD interaction to the dsSRNA major-groove (Sup-
plementary Figure S11B).

The discovery of direct RNA-binding by FKBP25 pro-
vides an explanation for the dependence of RNA on
protein—protein association and cellular localization. In ad-
dition, we show that the BTHB and FKBP are structurally
independent. Together, these data support a model in which
the BTHB domain recognizes dsSRNA while retaining mo-
bility of the FKBP domain to search out and interact with
proximal proteins (Figure 8D).

A significant fraction of FKBP25 co-localizes with UBF
and therefore with sites of active rRNA synthesis. This lo-
calization supports a role of FKBP25 in ribosome biogen-
esis in the nucleolus. As rRNA is processed, it is loaded
with a variety of proteins in a highly-coordinated fash-
ion (56). Because newly synthesized rRNA contains nu-
merous stretches of accessible double-stranded RNA, in-
cluding stemloop structures that interact with nucleolin
(46,57,58), these nascent complexes are likely targets of
this FKBP. Indeed, FKBP25 co-purifies with processed and
semi-processed forms of 28S rRNA, but not mature ribo-
somes (21). The moderate affinity of FKBP25 for dSRNA
would favour a high local concentration of FKBP25 to the
regions of TRNA synthesis, but otherwise allow for move-
ment within this compartment. In this scenario, a likely role
for FKBP25 is to ensure proper folding or dynamics of ri-
bosomal subunit proteins as they are assembling on the ma-
turing 60S ribosome, by maintaining rapid isomerization of
proline residues within their flexible loops and linkers. The
ribosomal proteins identified in our BiolD experiments are
prime candidates for this regulation. In keeping with this
function, FKBP25 is upregulated in regions of rapid cellu-
lar proliferation (59). This condition requires high levels of
ribosome biogenesis and a mechanism by which to facili-
tate their assembly would be increasingly important. Con-
versely, growth arrest mediated by p53 activation is followed
by downregulation of FKBP25 and decreased mRNA levels
(60,61). Importantly, the high concentration of ribosomes
may make FKBP25 interactions with the ribosomal (RPL)
proteins the most detectable in the proximity labelling and
co-immunoprecipitation methods that we have used. How-
ever, it is likely that other processes and protein complexes
are also regulated by FKBP25. It will therefore be impor-
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tant to determine if FKBP25 regulates other ribonuclepro-
tein complexes and cellular processes where dsRNA is in-
volved. The GO enrichments categories of chromatin regu-
lation, DNA repair and some cytoskeletal processes in our
Bio-1D data provide some direction for these future investi-
gations.

While there are several reports of cyclophilin and
parvulin isomerases being linked to mRNA splicing (62),
FKBP2S5 is so far the only FKBP family member that has
demonstrated direct binding to RNA, and is the only pro-
lyl isomerase shown to bind dsRNA. Interestingly, two cy-
clophilin prolyl isomerases are able to bind ssRNA due to
an auxiliary RNA recognition motif (RRM) domain. The
RRM domain of the nuclear human CYP33/PPIE directly
binds to single-stranded AU-rich RNA sequences (63,64),
such as mRNA, but does not bind to rRNA or tRNA
(65). An overlapping interaction surface on the RRM do-
main also recognizes the third plant homeodomain (PHD3)
of mixed lineage leukemia (MLL) protein, and the bind-
ing of MLL is thought to displace RNA (63). The sec-
ond RNA-binding cyclophilin is CYP59/PPIL4 from Ara-
bidopsis thaliana, which functions in pre-mRNA process-
ing (66) and has both an RRM and zinc-knuckle domain.
A binding preference for a G-U/C-N-G/A-C-C-A/G mo-
tif was determined, a sequence found in 70% of Arabidopsis
protein-coding genes (67). There are no parvulin proteins
that display RNA-binding behaviour. However, similar to
FKBP25, human Par14/PIN4 has been implicated in ri-
bosome biogenesis (68,69). Knockdown of cellular Par14
levels results in a decrease in the ribosome processing rate
(68). In this case, the localization of Parl4 appears to be
due to association with nuclophosmin B23 or direct bind-
ing to DNA (68,70). Collectively, it appears that several pro-
lyl isomerases are recruited to RNA-containing complexes,
and this suggests that cis-trans prolyl isomerization of RNA
proximal proteins is critical for their dynamic functions.

In terms of cellular localization, we note that most of
the identified FKBP25 interactions (Figure 1) are in keep-
ing with a predominantly nucleolar presence. However, it
is also evident that FKBP25 is present within other re-
gions of the cell. In the cytoplasm, FKBP25 may inter-
act with a separate cohort of protein factors and perform
different roles. Nevertheless, the ability to bind to regions
of dsRNA could still represent a major factor in target
recognition by FKBP25. For example, the identification of
FKBP25 asa mRNA-binding protein (71) may represent in-
teraction with regions of dsSRNA such as stem-loop struc-
tures in cytosolic mRNA. Finally, it appears from the co-
immunoprecipitation data that FKBP25 can also interact
with a small number of proteins in an RNA-independent
manner (Figure 1F). In this regard, other protein-protein
interactions, or indeed the lower affinity of FKBP25 to
DNA, may serve a more important role.

Although each FKBP family member likely has a re-
stricted target repertoire, a clear preference for amino acids
around the proline substrate has so far not been identified.
This property is generally true for all three prolyl isomerase
families (72,73), except for the protein Pinl which recog-
nizes a phosphorylated serine or threonine before the pro-
line residue (74). Instead, cellular targets appear to be de-
fined by domains such as the BTHB that limit the protein to

a specific location or biomolecular complex. In this report,
we reveal that FKBP25 is directed to ribonucleoprotein
complexes via a novel dSSRNA-binding domain. The contin-
ued characterization of these auxiliary domains will there-
fore help to identify the cellular targets of each proline iso-
merase, and enable a clearer understanding of their biologi-
cal roles. This information will also provide a more detailed
appreciation of the cellular processes and protein complexes
that may be affected by immunosuppressive drugs of the cy-
closporin and FK506/rapamycin families. A potential limi-
tation of these drugs is that they target the catalytic domain,
the part of the prolyl isomerase that displays reduced vari-
ation within each family. For example, given that FKBP12
and FKBP25 have a relatively similar affinity for rapamycin
(75), our data suggest that ribosome biogenesis and other ri-
bonucleoprotein complexes may be affected by the admin-
istration of rapamycin. Such additional, and possibly un-
desired, targets of these drugs could help explain unwanted
side-effects. Instead of just targeting the shared isomerase
domains, it is possible that auxiliary domains such as the
BTHB may serve as effective and more precise targets of
regulation.
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