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Abstract

Cyclophilins are ubiquitously expressed proteins that bind to prolines and can catalyse cis/trans
isomerization of proline residues. There are 17 annotated members of the cyclophilin family in
humans, ubiquitously expressed and localized variously to the cytoplasm, nucleus or
mitochondria. Surprisingly, all eight of the nuclear localized cyclophilins are found associated
with spliceosomal complexes. However, their particular functions within this context are
unknown. We have therefore adapted three established assays for in vitro pre-mRNA splicing to
probe the functional roles of nuclear cyclophilins in the context of the human spliceosome. We
find that four of the eight spliceosom-associated cyclophilins exert strong effects on splicing in
vitro. These effects are dose-dependent and, remarkably, uniquely characteristic of each
cyclophilin. Using both qualitative and quantitative means, we show that at least half of the
nuclear cyclophilins can act as regulatory factors of spliceosome function in vitro. The present
work provides the first quantifiable evidence that nuclear cyclophilins are splicing factors and
provides a novel approach for future work into small molecule-based modulation of pre-mRNA
splicing.
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INTRODUCTION

Splicing, the process by which introns are removed from pre-mRNA, is accomplished by the
complex macromolecular machinery called the spliceosome. The spliceosome promotes the
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two trans-esterification reactions necessary to release intron sequence from the pre-mRNA
substrate and join together flanking exons. The spliceosome is composed of five U-rich
small nuclear RNAs, each in complex with several protein partners (U snRNPS) that join
with an evolutionarily conserved set of core proteins to recognize splice sites and position
the pre-mRNA correctly for splicing [1-3]. The assembly of these components on a pre-
MRNA substrate proceeds through ordered addition and dissociation of unique sub-sets of
snRNPs and core proteins, which creates a series of intermediate splicing complexes.

Multiple proteomic studies of purified spliceosomal complexes from humans show that, in
addition to these core snRNPs and associated core proteins, there are additional ‘accessory’
protein components of the spliceosome that also dynamically rearrange during spliceosome
assembly and catalysis [2—4]. The definition of what is a “‘core’ compared with an
‘accessory’ protein is somewhat unclear, because both sets of proteins associate tightly with
spliceosomal complexes and associate with specific complexes at each stage of the splicing
complex. More importantly, most “‘core’ and “accessory’ proteins found associated with the
spliceosome have no annotated function within the context of pre-mRNA splicing and their
individual roles in cells have been difficult to characterize. A conservative accounting of the
proteins that tightly associate with isolated and purified spliceosomal complexes would
include approximately 30 U1 and U2 snRNP proteins and ~25 non-snRNP proteins that
associate stably with the mammalian spliceosome during the earliest A complex stage [5-7].
In the conversion from the A complex to the pre-catalytic B complex stage, many of these
early proteins leave or become much less stably associated, whereas 30 or so U4/U5/U6
snRNP-associated proteins join the spliceosome. Simultaneously, there is an influx of ~40
additional proteins, including those of the highly conserved hPRP19-Cdc5L (human pre-
mMRNA processing factor 19—cell division cycle 5-like complex) [5,8]. As the spliceosome is
activated to form catalytically competent Ba°t- and C-complexes, at least 50 proteins
dissociate or become much less-stably associated at the same time as the U1 and U4 snRNPs
leave, whereas a new cohort of more than 40 new proteins join or become more stably
associated with the complex [4,9-11]. In summary, each of the early, intermediate and
catalytic splicing complexes that can currently be purified from human cells have protein
components that numbers ~100 proteins; and there are ~170 unique proteins in total that are
reproducibly and stably associated at some stage of the splicing cycle. Of those 170, a little
more than 80 can be assigned an orthologue in Saccharomyces cerevisiae; many of the rest
are found in spliceosomes purified from plants and animals, implying roles in splicing
regulation [5]. The question now becomes one of functional characterization. Although
some spliceosomal proteins have DEAD/DEAH RNA-dependent ATPase or RNA-
recognition motif (RRM) domains that suggest direct interaction with RNA, it is not clear
what roles the many other proteins found tightly associated with the spliceosome may play
in spliceosome formation or catalytic function.

One intriguing class of proteins identified in human spliceosomes by proteomics is the
cyclophilins. These proteins are widely expressed in mammalian cells and highly conserved
members can be found in prokaryotes and eukaryotes and at least one virus [12,13].
Seventeen unique cyclophilins are expressed in human; eight localize to the cytoplasm or are
secreted, one associates with mitochondria and eight are found in the nucleus [13,14]. Most
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cyclophilins are peptidyl-prolyl isomerases (PPIs), with the characteristic enzymatic activity
of interconverting cis- and trans-isomers of proline on model peptide substrates in vitro [15-
17]. The proteins are well characterized in terms of the structure of their PPI domains, their
isomerase activity and high-affinity interaction with the drug cyclosporine, which directly
blocks proline binding to the active site [15,18-21]. Point mutations that abrogate both
cyclosporine binding and isomerase activity have been identified [15,22,23], but even with
this knowledge it has not been a straightforward process to identify endogenous targets or to
unambiguously identify their cellular functions.

All eight of the human nuclear cyclophilins have consistently been found to be associated
with mammalian spliceosomes [4-6,8-11,24-29]. Various proteomics studies have shown
that the nuclear cyclophilins join spliceosomal complexes at different stages of assembly.
PPIH joins at B-complex with the tri-snRNP and leaves at the same time as U4 snRNP [5,8].
PPIE and PPIL1 join B-complex along with the PRP19 complex and remain through C-
complex [1,9,16]. PPIL2 and CWC27 are strongly detected in activated spliceosomes prior
to first step chemistry (B2t-complex) [1,3,9,16]. PPIL3, PPWD1 and PPIG are found in
spliceosomes following first step chemistry (C-complex) [1,15,16]. These results suggest
that the nuclear cyclophilins are distributed throughout the splicing cycle in order to play
some regulatory role, although the isomerase domain has never been implicated in RNA-
protein interactions. Furthermore, multiple experimental approaches, including yeast two-
hybrid screens, co-immunoprecipitations and pull-down assays and other studies with
purified proteins have shown that the nuclear cyclophilins interact directly with known
spliceosome-associated splicing factors including PRPF4 (pre-mRNA processing factor 4),
Aguarius, PCBP1 (poly-c binding protein 1) and Slu7 [19,30,31]. It is assumed that these
interactions may somehow be mediated through, or have an impact on, proline isomerization
activity of the cyclophilin involved in the interaction. It is not clear, however, what affect
prolyl-isomerase activity would have on pre-mRNA catalysis, although many spliceosome
components are unusually proline rich (e.g. U2 snRNP proteins SF3A1 (splicing factor 3A,
subunit 1) and SF3A2 (splicing factor 3A, subunit 2), which encode for 15% and 25%
proline respectively) [32,33]. Finally, several of the nuclear cyclophilins also have
additional domains, including RRM (PPIE), U-box (PPIL2) and WD40 (PPWD1) motifs,
which indicate other possible interaction mechanisms with components of the spliceosome.
Taken together, it seems that the nuclear cyclophilins are probably playing some regulatory
role within the spliceosome, perhaps mediated through the unique set of protein—protein
interactions with other splicing factors found throughout spliceosome assembly and
catalysis.

The association of nuclear cyclophilins with distinct stages of human spliceosome assembly
points to potential functions for these proteins in splicing regulation. To begin characterizing
their roles in splicing, we examined the influence of human nuclear cyclophilins on splicing
catalysis and spliceosome assembly in an in vitro assay system. We show that altering the
levels of several cyclophilin proteins inhibits splicing chemistry and interferes with
spliceosomal complex formation in vitro. These studies open the door to understanding the
cellular functions of nuclear cyclophilins and to identifying their biological substrates.
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EXPERIMENTAL

Cloning, expression and purification of cyclophilins

All of the cyclophilin expression constructs used in the current study have been previously
published, along with detailed expression and purification protocols [15,18]. To summarize,
expression constructs for all cyclophilins used in the current study were cloned using cDNA
from the Mammalian Gene Collection (accession numbers follow: PPIA — BC003026, PPIE
—BC008451, PPIG — BC001555, PPIH — BC003412, PPIL1 — BC003048, PPIL2 —
BC000022, PPIL3 - BC007693, PPWD1 - BC015385, CWC27 — BC012117). All clones
were generated using the In-Fusion ligation-independent-cloning system (BD Biosciences)
and with the exception of PPIH and PPIL3 the expression vector was a ligation independent
cloning (LI1C)-compatible version of pET28a which encodes an N-terminal Hisg-affinity tag
and a thrombin protease cleavage site. PPIH was cloned into a LIC-compatible version of
pET28a in which the solubility enhancer GST is expressed N-terminally to the Hisg-tag used
for purification. PPIL3 was cloned into pTYB2 (NEB), which encodes a self-cleaving intein
sequence upstream of a C-terminal chitin-binding protein-affinity tag. Expression constructs
were transformed into BL21(DE3) cells (Life Technologies). All cyclophilin proteins were
induced at a final concentration of 100 pM IPTG when at Dgpg = 0.8-1.0 and incubated at
37°C overnight. Purification protocols for all cyclophilins except PPIL3 were as in [15];
briefly, proteins were lysed by sonication in the base buffer containing 20 mM Tris, pH 7.5,
500 mM NaCl and a protease inhibitor cocktail (Sigma). Cyclophilins were initially purified
by nickel affinity (His-Link, Promega), except for PPIL3 which was purified using chitin
resin (NEB) and eluted with the base buffer plus 10 mM 2-mercaptoethanol. In all cases,
affinity chromatography was followed by size exclusion chromatography on a Superdex 200
column (GE Healthcare). Final protein buffer consisted of 20 mM Tris, pH 7.6-7.9, 10 mM
2-mercaptoethanol and potassium chloride at 125-250 mM depending on the solubility of
the individual cyclophilin. Point mutations were generated using primer mutagenesis and
verified by DNA sequencing; expression and purification protocols were as for wild-type in
all cases.

Pre-mRNA substrates and in vitro transcription

For the reverse transcriptase (RT)-quantitative PCR (qPCR) assay and for some of the
denaturing gel splicing assays, the adenovirus major (AdML)-derived splicing substrate
HMS388 was utilized (containing 311 nucleotides; exonl-intron-exon2 sizes are 133, 123
and 56 respectively). For most of the denaturing gel splicing assays and for all of the native
gel assays, the related substrate HMS389 was used. Both HMS388 and 389 contain AdML
exons 1 and 2 with a truncated intron sequence and both have branch point/3’ splice site
sequences subcloned from the f-globin transcript. HMS389 has a longer polypyrimidine
tract and importantly has an AG-GG mutation at the 3’ splice site that allows for the first
step of splicing, but not the second step. Both templates have been described in detail
elsewhere [4,34,35]. In other experiments, both the fushi tarazu (ftz) and the S-globin
splicing substrates were used. The ftz splicing substrate is derived from the ftz gene from
Drosophila melanogaster, specifically the Sall/Bglll fragment (555 nucleotides; exon1-
intron-exon2 sizes are 271, 147 and 171 respectively) [35]. The S-globin substrate used in
the current studies contains the first and second exons of the human g-globin gene with a
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truncated exon (493 nucleotides; exonl-intron-exon2 sizes are 153, 130 and 210
respectively) [35]. For all splicing substrates, in vitro transcription was accomplished using
T7 runoff transcription and the 32P-labelled G(5")ppp(5))G capped pre-mRNA was gel
purified after synthesis.

In vitro splicing

Reactions consisted of 20%-40% HeLa cell nuclear extract, 2-6 mM magnesium acetate,
120 mM potassium glutamate, 3 mM ATP, 5 mM creatine phosphate, 0.05 mg/ml tRNA and
5-10 nM G(5)ppp(5)G capped pre-mRNA substrate. Protein was added to final
concentrations of 1-200 pM as described in the text prior to incubation at 30°C.

RT-qPCR-based analysis of in vitro splicing

Based on the protocol outlined in [36], aliquots of in vitro splicing reactions were
immediately diluted 1:65 in water, vortexed and kept on ice until all samples were ready for
analysis. Using the TagMan® One-Step RT-PCR kit (Applied Biosystems), 2 pl of the
diluted splicing reactions were added in triplicate samples as template to 10 pl of reactions
that included primers to ends of the exons of the pre-mRNA substrate and TagMan probe to
the exon junction of spliced mMRNA. Experiments were performed and analysed using an
iCycler iQ (BioRad). iCycler software (BioRad) was used to generate threshold cycles (Cy)
for each well; triplicate samples were averaged and samples with S.D. more than one cycle
were tagged for manual inspection. If an outlier was found, the average of duplicate samples
was used for downstream analysis. To determine AC;, triplicate-averaged C; for each
protein-added sample was compared with triplicate-averaged buffer-only splicing from the
same experiment. The S.D.s of triplicate measurements of C; were used for error
propagation. When a given protein concentration was measured in more than two
experiments, AC; was averaged across experiments and the average errors calculated.

Denaturing gel analysis

Aliquots of in vitro splicing reaction were incubated with splicing dilution buffer (100 mM
Tris, pH 7.5, 10 mM EDTA, 1% SDS, 150 mM NacCl, 0.3 M NaAc, pH 5.2) for 5 min at
room temperature. RNA was isolated by phenol-chloroform-isoamyl extraction and ethanol
precipitation. RNA pellets were resuspended in sample buffer (95% formamide, 20 mM
EDTA, Bromophenol Blue, Cyan Blue) and loaded on to 15% acrylamide gels. Gels were
run for 1.5 h at 35 W. Gels were immobilized and exposed to phosphorimaging screens,
which were digitized with a Typhoon Scanner (Molecular Dynamics) and quantified with
ImageQuant software (Molecular Dynamics).

Native gel analysis

Based on the protocol outlined in [37], before splicing, nuclear extract was pre-incubated at
30°C for 15 min to deplete endogenous ATP. Samples from different time points from in
vitro splicing reactions were kept on ice until all samples were ready for analysis. Ten
microlitres of splicing reaction samples were mixed with 5 pl of native gel loading buffer
(20 mM Trizma base, 20 mM glycine, 25% glycerol, 0.05% Cyan Blue, 0.05%
Bromophenol Blue, 2.5 mg/ml heparin sulfate) and incubated at room temperature for 5 min
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before loading on to a 2.1% agarose gel. Gels were run at 72 V for 3.5 h, dried on to

Whatman paper and exposed to phosphorimaging screens, which were digitized with a

Typhoon Scanner (Molecular Dynamics).

Spliceosome-associated cyclophilins exhibit differential effects on pre-mRNA splicing in

vitro

In order to investigate whether cyclophilins found associated with spliceosomal complexes
play a role in splicing, we examined their affect in an in vitro splicing system, which
consists of incubating a synthetic pre-mRNA substrate in the presence of nuclear extracts
prepared from HeLa cells. Nuclear extract contains the components of the spliceosome,
which recognize the intron in the substrate pre-mRNA, assemble into splicing complexes
and catalyse the two steps of splicing chemistry. We hypothesized that if cyclophilins have a
role in the spliceosome, addition of an excess of these proteins could affect normal
spliceosome function and result in a change in efficiency of the splicing of the pre-mRNA
substrate. In order to test this hypothesis, we expressed and purified the eight nuclear
cyclophilins to homogeneity and added increasing concentrations of the individual proteins
to in vitro splicing reactions. We also expressed, purified and tested the cytoplasmic
cyclophilin PPIA; this canonical family member is very similar in primary sequence and
atomic structure to the nuclear cyclophilins, but does not stably associate with the
spliceosome in cells and does not interact with spliceosomal proteins [5,15,38]. Table 1
illustrates the identity, sequence similarity to the control protein PPIA and the spliceosomal
association patterns of proteins used in the current study.

Figure 1 shows denaturing acrylamide gel analysis of radiolabelled RNA extracted from a
series of in vitro splicing reactions using a modified AdML intron [4,34,35]. The reactions
included different concentrations of individual cyclophilin proteins or protein buffer alone,
added to nuclear extract derived from HelLa cells. We quantified splicing efficiency as the
amount of mRNA product compared with the sum of pre-mRNA, first step intermediates
and mRNA product. With increasing amounts of protein, we found that PPIH and PPIL2
reduced splicing efficiency in a dose-dependent manner relative to adding buffer alone. As
expected, the addition of PPIA to the in vitro splicing reaction did not affect splicing
efficiency, even at concentrations double that of the nuclear cyclophilins tested.

To examine the dose dependence of protein concentration on the inhibitory splicing effect
and to more easily expand our analysis to the entire set of nuclear cyclophilins, we next
employed an RT-gPCR based assay. This assay is built on the use of a TagMan® probe to
the exon—exon junction that forms upon completion of splicing of our AdML-based
substrate [36]. As configured, the assay has much higher throughput than standard gel-based
splicing detection and allowed us to test multiple concentrations of all the nuclear
cyclophilins, along with the control PPIA protein. To analyse the RT-gqPCR results, we
determined the change in threshold cycle relative to a protein buffer control (AC;), which we
plotted against protein concentration (Figure 2A). A shift to higher AC; indicates less mMRNA
in the originating sample, which we attribute to lower splicing efficiency. We see variability
of less than one AC; between triplicate RT-PCR reactions within a given experiment and 1-2
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threshold cycle variation between replicate experiments. Our probe set provides 90% + PCR
efficiency upon our substrate. We are therefore confident that a significant amount of
inhibition has occurred when the AC; exceeds five cycles, which would correspond to more
than a 20-fold drop in mMRNA production, although under optimized splicing conditions we
can detect between 10 and 15 cycles difference between buffer plus splicing extract and
protein-added splicing reactions.

Our results segregate the nuclear cyclophilins into three classes: (1) cyclophilins that yield a
five-cycle increase over buffer control at low concentrations (10-50 puM); (2) cyclophilins
that reach AC; > 5 at concentrations higher than 50 uM; and (3) cyclophilins that require
higher concentrations to observe significant effects on AC;. As expected from the previous
assays analysed by denaturing gel, PPIL2 and PPIH fall into the more inhibitory class of
nuclear cyclophilins (Figures 2A and 2B). We also find that CWC27 and PPIG significantly
block mRNA production in the 10-50 uM range (Figures 2C and 2D). The remaining
cyclophilins tested, including PPWDL1 and the control PPIA (Figures 2E and 2F), only
exhibited inhibitory effects at much higher protein concentrations if at all (Supplementary
Figure S1).

We confirmed effects on AdML substrate splicing by CWC27 and PPIG and then quantified
the degree of inhibition by the nuclear cyclophilins, using denaturing gels to measure
splicing efficiency. Those results confirmed a similar trend to the RT-qPCR data (Figure 3).
In summary, four of the eight nuclear cyclophilins have an inhibitory effect on in vitro
splicing of AdML substrate, indicating that they are regulating splicing in vitro.

Nuclear cyclophilins affect in vitro splicing efficiency on a variety of pre-mRNA substrates

We do not know what cellular pre-mRNA substrates are the actual targets of nuclear
cyclophilin regulation in vivo. It is possible that the AdML splicing substrate used in our in
vitro experiments does not reflect a general function of these proteins in pre-mRNA
splicing. In an effort to examine this possibility and to see if the effects on splicing that we
observe are substrate specific, we examined the effect of cyclophilins on splicing of
substrates derived from the human f-globin and ftz sequences [35]. Based on denaturing gel
analysis of in vitro splicing, we quantified the effects of PPIL2 and PPIA on splicing
efficiency using AdML, f-globin and ftz substrates (Figure 4A). We find that PPIL2 is
strongly inhibitory on all three substrates and that PPIA is not (and may even stimulate
splicing at higher concentrations of protein, perhaps via mass action). We note that other
modulators of in vitro splicing using the #-globin substrate show a range of behaviours. For
instance, lower concentrations of added protein may actually improve splicing efficiency;
this is seen, for instance, for serine-rich (SR) proteins, although at higher concentrations
squelching mechanisms cause inhibition (Melissa Jurica, personal communication). By
contrast, we did not see statistically significant enhancement of splicing efficiency upon the
F-globin substrate by our nuclear cyclophilins. On the other hand, we observe appreciable
inhibition of the splicing efficiency on the fglobin substrate even for cyclophilins that do
not effect splicing on AdML (PPWD1, PPIL1 and PPIE; Figure 4B). From these data, we
can say that modulation of splicing efficiency by nuclear cyclophilins is not isolated to one
substrate and that pre-mRNA sequence can influence sensitivity to different cyclophilins.
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The in vitro effect of the nuclear cyclophilins, while mediated through the isomerase
domain, is largely unaffected by isomerization activity

For the multi-domain nuclear cyclophilins PPIE and PPIL2 we used the RT-qPCR assay to
compare the activity of full-length protein with isolated domains. For PPIL2, we found that
both the isolated PPI and the U-box motifs had a smaller effect than full-length PPIL2,
although both isolated domains altered splicing efficiency (Supplementary Figure S2A). In
contrast, the isolated PPI domain of PPIE had slightly stronger effects than either full-length
or isolated RRM motif (Supplementary Figure S2B). For all other nuclear cyclophilins, the
results we measure in our assays are tied to the presence of only the isomerase domain,
either because that is the only domain present in the gene (PPIH, PPIL1, PPIL3) or because
the isomerase domain is the only soluble version of the cyclophilin we have expressed in
vitro (PPWD1, PPIG, CWC27). The simplest explanation of the function of the nuclear
cyclophilins in splicing would invoke their ability to isomerize proline. To test this, we
altered a subset of cyclophilin proteins by mutating the isomerase active site and examined
the impact of these changes on in vitro splicing. Six of the eight nuclear cyclophilins are
capable of catalysing the cis/trans isomerization of proline residues on any number of
synthetic peptide sequences; the exceptions being PPIL2 and CWC27, both of which have
naturally-occurring substitutions in their proline-binding pockets that abrogate this activity
[15-17]. For isomerase-active cyclophilins, mutation of any one of several residues in the
proline-binding pocket inactivates the enzyme [23,39]. The two cyclophilins that most
potently inhibit splicing efficiency in our experiments, PPIL2 and CWC27, cannot be tested
with these mutations. For the remaining five spliceosomal cyclophilins (PPIG, PPIL3, PPIE,
PPIL1 and PPWD1) we mutated a key active site residue (a tryptophan or histidine
analogous to Trp!2L in PPIA) and tested its effect on AdML splicing, using RT-qPCR to
measure splicing efficiency. Mutation of the active site of PPIG, which was the most potent
wild-type protein we could test in this way, increased the inhibitory effect on AdML
substrate (Figure 5A). Mutation of the previously non-inhibitory PPWD1 also significantly
decreases splicing catalytic efficiency (Figure 5B). Mutation of PPIL1 led to a modest
decrease in splicing efficiency (Figure 5C). For PPIE and PPIL3 we see no gain of function
by mutation of the active site residue (Figures 5C-5E). These results suggest a limited role
for proline isomerization in in vitro splicing, although once again we see a variety of
phenotypes indicating that the role of isomerization in the context of each nuclear
cyclophilin may be different.

Spliceosome-associated cyclophilins differentially affect spliceosome assembly in vitro

We have focused thus far only on the effect of adding exogenous protein on splicing
catalysis in vitro. It is possible that the proteins are not directly affecting catalysis, but
instead interfere with spliceosome complex assembly on the pre-mRNA substrate. To
investigate this possibility, we carried out native gel analysis of in vitro splicing reactions in
the presence or absence of PPIH, PPIL2, PPIG or CWC27 (Figure 6). We also examined
higher concentrations of PPIE or PPIA as controls.

When buffer alone is added to the reactions, we see the characteristic appearance of higher
mobility bands over time, which have been previously annotated as A, B and C intermediate
splicing complexes [40]. We find that adding cyclophilin protein to assembling
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spliceosomes has an effect consistent with their impact on splicing chemistry. PPIL2, PPIG,
PPIH and CWC27 all appear to interfere with spliceosome assembly at concentrations where
they inhibit splicing chemistry (Figures 6A-6D) and neither PPIA nor PPIE significantly
affected high-order complex formation (Figures 6E and 6F). These effects are dose-
dependent, since adding lower amounts of inhibitory protein allow for higher-order complex
formation to occur over time. The effects on assembly appear different for the different
cyclophilins. For instance, PPIG addition seems to exert stronger effects on C complex,
which does not form in any of our test cases as compared with buffer control. By
comparison, PPIH and PPIL2 results could be interpreted as slowing assembly at an earlier
step, as the formation of both A and B complexes are strongly inhibited at all concentrations
tested. However, as this is a strictly qualitative measure of spliceosomal assembly in vitro,
caution must be used in interpreting these gels with regard to mechanism. However, we do
conclude that there is a correlation between inhibition of splicing catalytic efficiency in vitro
and the ability of the spliceosome to assemble efficiently upon the ADML pre-mRNA
substrate.

DISCUSSION

In the present study, we provide the first comprehensive picture of the eight nuclear
cyclophilins and their impact on spliceosome assembly and function in vitro. Until recently,
the roles of cyclophilins in the cell have been largely uncharacterized. For the nuclear
cyclophilins (PPIE, PPIG, PPIH, PPIL1, PPIL2, PPIL3, PPWD1 and CWC27) almost
nothing has been reported as to their cellular functions beyond their association with
mammalian spliceosomes in multiple proteomics studies [4,5,8-11,24,26-29,41,42]. Our
data indicate that cyclophilins can differentially affect the ability of spliceosomes to
assemble and function properly in vitro, indicating that they are capable of affecting these
processes in vivo as well.

For the eight nuclear cyclophilins, we found that four had significant effects on splicing
chemistry and assembly in multiple assay systems. Addition of PPIL2, CWC27, PPIG and
PPIH all clearly blocked splicing chemistry in a concentration-dependent manner, especially
in comparison with the other four nuclear cyclophilins and the cytoplasmic cyclophilin PPIA
(Figures 1-3). These effects were dependent on the concentration of protein used, indicating
a specific effect for each cyclophilin within the context of the spliceosomal machinery.
Inhibitory effects were seen on multiple splicing substrates, implying a general mechanism
of action (Figure 4). We note that, as in the case of other splicing factors, the inhibition of
splicing in vitro does not imply a particular mechanism in vivo. It is quite possible that the
nuclear cyclophilins are acting to enhance splicing efficiency in cells and experiments are
underway in our laboratory to investigate that possibility. However, the fact that we see
effects on splicing efficiency, whether positive or negative in vitro, indicate a role for these
proteins in regulating splicing efficiency in vivo. Four of the nuclear cyclophilins also
exerted specific effects on spliceosomal assembly in a native gel experiment, linking their
inhibition of catalytic efficiency to the ability of the assembling spliceosome to form higher-
order complexes (Figure 6).
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It is interesting that our most potent regulators are so dissimilar in their domain structure and
in their presumed functional role within the spliceosome. For instance, their integration into
the spliceosome follows unique patterns. PPIH joins spliceosomes as part of tri-snRNP and
is the earliest cyclophilin to integrate into the complex. PPIL2 and CWC27 integrate into
complexes later in the splicing cycle and are most highly detected in the late intermediate
Bat-complex [5]. PPIL2 is strongly detected only in B2t and is not appreciably present in
C-complex, a very specific pattern that implies a particular role in the transition from
intermediate to catalytically-active complex. Finally, PPIG is found only as part of catalytic
spliceosome complexes. These integration patterns are replicated to some degree by the
results of our native gel analysis, which indicate that adding purified PPIH or PPIL2 seems
to affect spliceosomal assembly at an earlier stage than PPIG (Figure 6).

PPIH is a minimal cyclophilin, coding only for the core PPl domain [15,20,43,44]. On the
other hand, PPIL2, CWC27 and PPIG are all multi-domain cyclophilins, with an additional
U-box motif, region of low complexity and SR-motif respectively [44-46]. The roles of
these additional sequences is not known; we find for PPIL2 that the inhibitory effect we see
is due both to the isolated U-box and to the PPI domains, suggesting a role for both domains
in the function of PPIL2 in splicing and certainly the SR-motif is well known as a modulator
of splicing efficiency. For CWC27 and PPIG we have soluble expression constructs only for
the isomerase domain, so we can say that the isomerase domain is minimally capable of
interfering with splicing in vitro. PPIL2 and CWC27 have substitutions in the isomerase
domain that render them incapable of isomerizing proline residues; and we find that
mutation of the PP1G-active site actually makes the isomerase domain a slightly more
effective inhibitor in our in vitro assays (Figure 5). The inhibitory activity of wild-type PPIH
and the modest effects of active-site mutation on the inhibition measured using PPIG,
PPWD1 and PPIL1, imply that the function of the isomerase-active site is neither necessary
nor sufficient for regulating in vitro splicing catalysis. Indeed, previously published data and
unpublished results from our own laboratory indicate that the binding of several nuclear
cyclophilins to their specific protein-binding partners within the spliceosome is due to
residues outside the isomerase active site (Tara L. Davis and S. RaElle Jackson, unpublished
data) [19,47]. Previously it has been shown that addition of the macrocyclic inhibitor
cyclosporine A to in vitro reactions has a surprisingly limited effect on splicing activity,
considering that six spliceosome-associated cyclophilins ligate this inhibitor with nanomolar
affinity [48]. Cyclosporine A binds to the nuclear cyclophilins precisely within the proline-
binding pocket of the active site, so it is a reasonable assumption that if isomerase activity
were the main functional role of the nuclear cyclophilins, stronger effects on splicing would
have been observed when adding this inhibitor to cells. Taken together, these data imply that
many members of the nuclear cyclophilin family play cyclophilin-specific roles and/or have
regulatory functions that minimally involve the proline-binding surface of the protein.

It is interesting, based on these data, to speculate on the potential mode of action of the
cyclophilins within the spliceosome. There are structures of complexes between PPIH and a
peptide derived from the spliceosomal factor PRPF4 and between PPIL1 and the
spliceosomal protein SNW1 [19,21,47]; in both cases, surfaces outside the cyclophilin-
active site are engaged in the interaction. Tight interaction between spliceosomal proteins
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and nuclear cyclophilins may help to anchor proteins to each other in the midst of the
dynamic conformational rearrangements that occur at the RNA and protein level during the
splice cycle, in order to keep them oriented productively within the ever-changing splicing
machinery. Alternatively, changing the relative amounts of proteins available to form
spliceosomal complexes can effect catalytic efficiency (and, indirectly, alternative splice
choice); perhaps cyclophilins and other highly-ordered protein—protein interaction domains
within the spliceosome act to ensure proper stoichiometry and/or prevent off-target
interactions of the large numbers of disordered proteins of the spliceosome [33]. Either
model could explain why proline isomerase activity does not affect splicing assembly and
catalytic efficiency in vitro. It is also possible that the regulation of protein conformation by
proline isomerization regulates splicing outside of the processes of spliceosome assembly
and catalysis, but that this involves transient interactions with proteins not intimately
associated with the spliceosome. For instance, it is possible that isomerization of an SR-
containing protein or their regulatory kinases (SRPKSs), might greatly affect splicing
efficiency. These effects would be subtle at best in vitro and would perhaps not be seen at all
in our isomerase inactive assays. Efforts are underway in our laboratory to characterize
physiologically-relevant splicing phenotypes induced by cyclophilin knockdown in human
cells, in order to capture potential isomerase-dependent effects of the nuclear cyclophilins on
splicing.

In summary, we see in the current study that effects of the cyclophilins on splicing and
spliceosome assembly are not general, but vary significantly depending upon the identity of
the cyclophilin examined. These data support the hypothesis that the nuclear cyclophilins
perform important and unique functions in the spliceosome. The next steps will be to specify
those functions and their molecular mechanisms and ultimately place them into a cellular
context. Given the complexity of multi-intron pre-mRNAs and alternative splicing in higher
eukaryotes, this will not be an easy task. One path for experimentation may be found by
exploiting small molecule inhibitors for the cyclophilins. Six of the nuclear cyclophilins
bind cyclosporine A with nanomolar affinity and there are additional tight-binding inhibitors
with alternate scaffolds available [15,22,49]. Furthermore, the availability of high-quality
crystal structures for the majority of spliceosomal cyclophilins allows for structural-based
screening of new ligands. Such molecules may serve to specifically modulate the function of
the cyclophilins and thereby the spliceosome. Our work in the present study indicates that
this conserved enzyme family plays an intriguing role in the regulation of pre-mRNA
splicing.
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Figure 1. PPIH and PPIL 2 inhibit splicing in vitro as measur ed by denaturing gel electrophoresis
The panels show denaturing gel analysis of radiolabelled HMS388 splicing substrate,

isolated from in vitro splicing reactions supplemented with increasing concentrations of the
indicated cyclophilin proteins or with buffer alone. RNA species are schematized at the left
as (from top to bottom) lariat intron intermediate, pre-mRNA, mRNA, free 5’-exon.
Percentage splicing efficiency (amount of mRNA compared with total RNA species) is
indicated at the bottom of each gel image. As indicated, relatively low concentrations of
PPIH (A) or PPIL2 (B) efficiently inhibit the splicing reaction; in contrast, high
concentrations of PPIA (C) do not block splicing activity. Note that unless indicated by a
black line, lanes are contiguous and from a single gel, although experiments were performed
at least three times. Also note that identical splicing substrate (HMS388) is loaded in each
lane; slight differences in mobility are probably due to effects from overloading samples in
order to detect low populations of splicing intermediates.
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Figure2. PPIL2, PPIH, CWC27 and PPIG inhibit splicing as measured by an exon-junction
specific probe

The amount of ADML mRNA produced in the splicing reaction is detected via RT-gPCR by
a TagMan probe to the spliced exon junction sequence. Plotted is the average difference in
cycles required to reach threshold (ACy) between reactions supplemented with cyclophilins
compared with buffer alone. The five-cycle AC; threshold, as mentioned in the text,
corresponds to significant inhibition in the production of mMRNA and is shown in all RT-
gPCR plots as a solid black line. We find that PPIL2 (A) and PPIH (B) are strong inhibitors
of our AdML splicing substrate; CWC27 (C) and PPIG (D) slightly less so; and the other
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four nuclear cyclophilins are not inhibitory in this experimental setup [see PPWDL1 in panel
(E) and also Supplementary Figure S1]. The control PPIA (F), as in Figure 1, shows only
slight inhibition of splicing at high protein concentrations.
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Figure 3. Inhibition of splicing as seen in the RT-qPCR assay isreplicated using denaturing gel

analysis

(A) PPIG is shown to inhibit splicing of HMS388 splicing substrate. (B) CWC27 is also
shown to be inhibitory. Panels are labelled as in Figure 1. Panel (C) shows quantification of
splicing efficiency for PPIA, PPIE, PPIG, CWC27, PPIL2 and PPIH using denaturing gel
analysis. Values and associated error are calculated by averaging the data from multiple

lanes on acrylamide gels.
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Figure4. The nuclear cyclophilinsinhibit splicing of multiple pree-mRNA substrates
(A) A low and a high concentration of PPIA and PPIL2 are tested against the AAML, /-

globin and ftz substrates. Results are quantified from denaturing gel analysis and error
calculated as the S.D. between lanes on the gel. (B) Results for six nuclear cyclophilins and
the control PPIA are quantified for the f~globin substrate. In general, the nuclear
cyclophilins characterized as inhibitory using the AAML substrate are also inhibitory against
Fglobin. PPIL3 and PPIA are slightly stimulatory and PPWD1 and PPIL1 are inhibitory
against #-globin.
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_Figpbr_e_S. Theisomerase activity of nuclear cyclophilinsisnot necessary to detect splicing
Inhibition

For cyclophilins that are active isomerases against proline-containing substrates, point
mutations were made at the position corresponding to Trp2 in PPIA. This mutation should
abrogate proline turnover and cyclosporine binding [39]. In panels (A) and (B), it can be
seen that mutation of PPIG or PPWD1 increases splicing inhibition. In panel (C), the modest
effect of mutating PPIL1 is seen. In (D and E), mutation of the inhibitory PPIE PPl domain
or of PPIL3 has no effect on splicing inhibition.
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Figure 6. The effect of cyclophilins on spliceosome assembly visualized by native agar ose gel
analysis of in vitro splicing reactions

In each panel, the first four lanes show a time course of splicing reactions with buffer and
nuclear extract, along with the radiolabelled AdML substrate. The relative positions of E/H,
A, B and C complexes are indicated to the left of each gel. Subsequent lanes show 30 and 60
min time-points of splicing reactions containing the indicated concentrations of PPIH (A),

PPIL2 (B), PPIG (C), CWC27 (D), PPIE (E) or PPIA (F).
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Table 1

Cyclophilins used in the current study and their association with spliceosome complexes

GeneName Domain Organization  Identity/Similarity to PPIA  Spliceosome Association

PPIH 54/69 A, B, Bt
1= PPl -177

PPIE 68/81 B, B, C
1RRM—— PRI 301
1RRM-90
131-JNPRI- 301
PPIL1 51/67 B, B, C
1= PPl -166
PPIL2 49/61 B, Ba C
1R 472
1-RRIN-176
cwcezr 43/61 B, B3, C
1ubox- PPIT—527
1ubox—216

269 {INPPINI- 457

PPIL3 39/54 B*t, C
1PRIN- 161
PPIG 52/63 C
754
HEPPIN- 179
PPWD1 49/59 C
* WD-40 -EPRI-646
473-NPRINNE-646
PPIA 100/100 none
1- PPl 165

Cyclophilin constructs and their domain organization are schematized. As described in the text, expression constructs of PPl domains alone or of
RRM or U-box motifs were also used in splicing reactions; these domain boundaries are also noted where applicable. The third column notes the
amino acid identity and similarity for the PPI domain of each nuclear cyclophilin to that of the control cyclophilin PPIA as calculated by BLAST.
Cyclophilin association with splicing complexes is indicated in the fourth column with highest abundance noted in bold as per [5].

Biochem J. Author manuscript; available in PMC 2015 August 15.



