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Abstract: The peptidyl-prolyl isomerases of the cyclophilin type are distributed throughout human
cells, including eight found solely in the nucleus. Nuclear cyclophilins are involved in complexes
that regulate chromatin modification, transcription, and pre-mRNA splicing. This review collects
what is known about the eight human nuclear cyclophilins: PPIH, PPIE, PPIL1, PPIL2, PPIL3, PPIG,
CWC27, and PPWDL1. Each “spliceophilin” is evaluated in relation to the spliceosomal complex in
which it has been studied, and current work studying the biological roles of these cyclophilins in
the nucleus are discussed. The eight human splicing complexes available in the RCSB are analyzed
from the viewpoint of the human spliceophilins. Future directions in structural and cellular biology,
and the importance of developing spliceophilin-specific inhibitors, are considered.
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1. Introduction

Cyclophilins are members of the peptidyl prolyl isomerase (PPI) family, along with the
structurally unrelated FK506 binding proteins and the parvulins (EC 5.2.1) [1-3]. Cyclophilins are
evolutionally widespread, with paralog cyclophilins found in all kingdom:s of life, including viruses.
In many species there exist multiple cyclophilins encoded in the genome; depending on how strictly
one defines a sequence as cyclophilin-like, there are anywhere from 17-30 cyclophilins encoded in
humans [1,2,4]. In humans, as in other multicellular organisms, when multiple cyclophilin family
members are encoded, they are also often found targeted to multiple cellular compartments. This is
the case in humans, where cyclophilins are distributed throughout the cell. One family member, PPIF,
is targeted to mitochondria, where it participates in regulation of the mitochondrial permeability
transition pore [5-7]. The three cytoplasmic cyclophilins — the canonical family member PPIA, plus
PPIB and PPIC — have also been detected extracellularly in various reports. Most biological studies
have focused on the mechanisms by which these three cyclophilins facilitate host:viral interactions,
particularly for HIV and hepatitis A, B, and C [8-10]. Much less is known about the cytoplasmic
cyclophilins PPID, PPIL4, RANBP2, and the nuclear cyclophilins PPIL6 and NKTR, and these will
not be discussed further here. The purpose of this review is to highlight what is currently known
about the structure and biological function of the eight human nuclear-localized cyclophilins: PPIE,
PPIG, PPIH, PPIL1, PPIL2, PPIL3, PPWD1, and CWC27.
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45 Cyclophilin domains are characterized by a central closed-barrel type beta fold, with large
46  regions of ordered loops and two small helices packed against the loop region and sheets B7- B8 of
47  the central barrel (SCOP fold family 50892). See Figure 1 for the structure of the canonical family
48  member PPIA.
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52 Figure 1. Structure and annotation of the canonical cyclophilin peptidyl-prolyl isomerase A (PPIA).
53 Left panel, secondary structural elements are labeled for the PDB 2CPL. Right panel, residues that
54 comprise the S1 (proline-binding) and S2 (specificity) pockets are shown in stick representation and
55 labeled. S1 pocket labels are on the right, S2 pocket labels on the left, and in bold are residues
56 absolutely invariant across the nuclear cyclophilin family relative to PPIA. Residue numbering also
57 follows PPIA, by convention. (B) The residues that comprise the S1 pockets are largely invariant, while
58 (C) the residues that comprise the 52 pockets are more variable.
59 Additionally, many cyclophilin family members in more complex organisms encode for

60  additional motifs and domains (see Figure 2), discussed in further detail below for the human nuclear
61  cyclophilins PPIE, PPIG, PPIL2, PPWD1, and CWC27. Originally characterized as the protein
62  receptor for the natural product cyclosporine, cyclophilins have long been studied in vitro because of
63  their high solubility and attractive biophysical properties. Decades of structural work utilizing well-
64  behaved cyclophilins have led to nearly complete coverage of the human cyclophilin family, by both
65  x-ray crystallography and NMR [2,11-15]. These structures have been used to facilitate studies
66  focused on substrate specificity and selective pharmacophores, persistent issues in the field due to
67  the high degree of sequence identity within the S1 pocket (Figure 1B). It is likely that specificity in
68  this family, if focused on the active site, will depend on rational design focusing on the less conserved
69  S2 pocket, contiguous to S1 (Figure 1A, 1C) [10,16]. An opinion of the utility of design against the S2
70 pocket for the nuclear cyclophilins will be addressed at the end of this review. It is structural
71  information for complexes containing the nuclear cyclophilins, rather than structures of the
72 cyclophilins alone, that have been most informative in studying the regulation of transcription and
73 of pre-mRNA splicing [2,15-22]. There are multiple cryo-EM structures of spliceosomal complexes
74 that contain one or more of the nuclear cyclophilins; with some technical caveats, these structures can
75  also add crucial information to the ways in which this sub-set of the cyclophilin family may regulate
76 nuclear processes [23-28]. It seems clear that cyclophilins participate uniquely in nuclear function,
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77  despite their apparent structural similarity. We will present each cyclophilin individually to allow us

78  tohighlight their unique nature.
79

80 2. Background and Structures of the Nuclear Cyclophilins

81 The domain organization of the nuclear cyclophilins, along with the canonical family member
82  PPIA, and their association with splicing complexes and sub-complexes, is depicted in Figure 2.
83
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85 Figure 2. Figure 2. Domain organization of the nuclear cyclophilins. Colors are consistent throughout
86 all figures. Spliceosome association is modified from [34,35].
87 Bioinformatics from several sources are collated in Table 1 for the nuclear cyclophilins. Additional
88 information, including full amino acid sequences, can be found in Supplemental Table 1.
89 Table 1. Selected bioinformatics for the nuclear cyclophilins.
Gene UniProt 4 Domain q Domain q Cryo-EM
. aa Boundar Boundar
Name Accession 1 y 2 y structures
PPIA P62937 165 PPI 1-165
5MQF, 5YZG,
PPIE QIUNP9 301 RRM 7-80 PPI 143-299
5756, 5257
SR/RS
PPIG Q13427 754 PPI 11-176 540-639 5YZG
repeats
PPIH 043447 177 PPI 1-177 5097
5MQF, 5X]C,
PPIL1 QIY3C6 166 PPI 1-166 5YZG, 5256,
5757, 6FF4
PPIL2 Q13356 527 UBOX 42-101 PPI 281-433
PPIL3 Q9H2HS8 161 PPI 1-161
PPWD1 Q96BP3 646 WD40 80-453 PPI 490-645 5YZG
coiled- 5756, 5758,
CwC27  Q6UX04 472 PPI 14-166 306-351
coil 6FF4

90
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91 2.1. PPIH

92 Peptidyl-prolyl isomerase isoform H (PPIH) is a minimal cyclophilin, meaning that it encodes
93  for a single cyclophilin domain. In early publications, Cyp-H, USA-Cyp, or U4/U6-20K were used to
94 designate PPIH [29,30]. The apo structure of PPTH was initially published in 2000 and was then solved
95  in complex with a 30-mer peptide derived from its spliceosomal binding partner, pre-mRNA
96  processing factor 4 (PRPF4; not to be confused with PRP4, a nuclear kinase) (Figure 3) [31-33]. PPIH
97  can be considered the first cyclophilin that associates with the spliceosome; it is present within the
98  stand-alone tri-snRNP complex, and integrates into the splicing machinery as part of the transition
99  into the early intermediate B complex [34,35]. PPIH is short-lived within splicing complexes and is
100  not detectable within the spliceosome during later pre-catalytic Ba: or B* stages [35]. A structure of
101  complex B containing the first visualization of PPIH in a splicing complex, albeit with the aid of cross-
102  linking reagents, has been recently published [28].
103 The initial interaction between PPIH and PRPF4 was identified as a result of yeast two-hybrid
104 studies [29,30,31]. It was notable at the time that this interaction occurred distal to the active site of
105  PPIH, did not involve interaction with a target proline in PRPF4, and was unaffected by cyclosporine
106  (Figure 3A). More recently, our group has delved more deeply into the relationship between PPTH
107  and PRPF4 and have discovered that there is a second site of interaction that does involve the active
108  site of PPIH and the N-terminus of PRPF4 [17]. However, rather than being crucial for a
109  conformational change within PRPF4, we propose a model in which this interaction instead is
110  mutually beneficial in protecting PRPF4 from un-regulated PTMs in its intrinsically disordered N-
111  terminal region, while also blocking the active site of PPIH from un-regulated proline binding and
112 turnover (Figure 3B). This may well be a general phenomenon within the spliceosome-associated
113 cyclophilins - or, as we call them, the “spliceophilins” - considering the observation of other
114 cyclophilin-centric interactions within the spliceosome that clearly do not involve proline binding
115  outlined later within this review. Unfortunately for those interested in PPIH interactions within the
116  spliceosome, both purified tri-snRNP and B complexes from Schizomyces pombe and from human
117  tissue culture lines have been shown to contain PPIH in solution, but fail to visualize the protein in
118  the resulting structures. However, a recent structure of the pre-catalytic B complex captured PPTH
119  via crosslinking, and the authors were able to model the interaction between the critical
120  phenylalanine residue from PRPF4 and the a1-B3 loop of PPIH, thereby recapitulating what had
121  previously been seen in the binary structure (Figure 3C) [28]. The N-terminal region of PRPF4 was
122 not modeled, and so the second site characterized in Rajiv et. al. could not be confirmed. However,
123 PPIH is near three additional spliceosomal proteins not yet studied for PPIH interaction in vitro:
124  WBP4, PRPF6, and PRPFS8. These interactions might prove critical to understanding the function of
125  PPIH in regulation of splicing, and we await further characterization of these interactions with
126  purified proteins in vitro.

127
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PPIH protein  PRPF4 protein K d(micromolar)

wild-type wild-type, 1-169 0.38+0.03

wild-type wild-type, 107-169 0.08 £+0.01

wild-type F122,107-169 0.63+0.12

W133 (S1) F122,107-169 12021

wild-type F122,1-169 15622

W133 (1) F122, 1-169 not measurable

F122 q1-p3
loop

128
129 Figure 3. The interaction between PPIH and PRPF4 seen in solution is preserved in early
130 spliceosomes. (A) The complex between a small peptide from PRPF4 and the PPIH protein is shown
131 in cartoon representation (PDB 2MZW) [31]. Key catalytic site residues are highlighted, and in the
132 right panel the high-affinity interaction between Phe122 and the a1-B3 loop of PPI is shown. In (B), a
133 table summarizing the high- and low- affinity sites between PRPF4 and PPIH. Below, a model of the
134 proposed function of the high- and low- affinity sites. Both modified from [17]. (C) The neighborhood
135 around PPIH in the B complex human spliceosome (PDB 509Z). In addition to the previously known
136 interaction with PRPF4, potential interactions with WBP4, PRPF6, and PRPFS8 are highlighted. U4
137 snRNA is within 10A of PPIH and is labeled. Proteins in dark grey are further than 10A away from
138 PPIH and are not candidates for direct interaction, so are not labeled. The region of PRPF4 forming
139 the low-affinity interaction with PPIH (the extreme N-terminal 100 residues) is disordered in this
140 structure.
141  2.2. PPIE
142 Peptidyl-prolyl isomerase isoform E (PPIE) is a multi-domain cyclophilin, encoding for an N-

143 terminal RNA recognition motif (RRM) and a C-terminal cyclophilin domain (Figure 2). Initial studies
144 called PPIE Cyp33. The structure of the cyclophilin domain of PPIE was first solved and deposited as
145  part of a structural genomics initiative, the SGC (Structural Genomics Consortium) [36], later
146  described in Davis et. al. [2]. A slightly lower-resolution structure was independently deposited and
147  described in a publication by Wang et. al. [37], and a modest resolution structure of the same domain
148  was deposited once again in 2011 by the JCSG (Joint Center for Structural Genomics) [38]. Likewise,
149  a structure of the RRM motif of PPIE was originally solved as part of the RIKEN initiative [39], and
150  five years later independently published by three groups [40-42]. Finally, a chimeric structure of the
151 RRM motif of PPIE fused to the PHD motif of MLL1 has been published (Figure 4B) [40]. All PPIE
152 structures, whether of the PPI domain or of the RRM motif, are largely superimposable (Figure 4A).
153  PPIE is a moonlighting cyclophilin, participating in nuclear processes independent of mRNA
154 splicing. A series of studies in 2010 found that both the RRM and cyclophilin domain of PPIE
155  participated in chromatin remodeling complexes [37,40-42]. Using in vitro assays, structural analysis,
156  and cellular assays, the RRM motif was found to interact directly with the PHD3 domain in the
157  histone reader MLL1, while the cyclophilin domain interacts with a proline in MLL1 to allow for the
158 RRM:PHD complex to form. The RRM interaction surface was found to be extensive, including
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159  residues from all four central beta sheets in the RRM (Figure 4B) [40-42]. A separate study identified
160  PPIE as part of the XAB2 complex, a subset of spliceosomal proteins (XAB2 (SYF1), AQR, CCDC16,
161  1SY1, and PPIE) that binds RNA but also participates in transcription-coupled DNA repair in cells
162 [43]. The XAB2 complex was later termed the IBC (intron binding complex), and the RNA interaction
163  was characterized in much greater detail [44,45]. No specific interactions between AQR and PPIE, or
164  other proteins within the IBC, have been validated in vitro.

165 PPIE an early spliceophilin; it is part of the “PRP19 complex” and is first present with low
166  abundance in B complex. As with other PRPF19 complex members, PPIE is highly abundant in the
167 later intermediate complexes B* and Ba«, and is also abundant in the catalytic C complex [34,35].
168  Versions of all three of these complexes have been published out of S. pombe and human, but PPIE
169 has only been visualized in human complexes [23,24,27].

170 In human spliceosomes PPIE has been built into four structures: two representing pre-catalytic
171 B complexes, and two representing the catalytic C complex [23,24,27]. Both the RRM and cyclophilin
172 domains are modeled into density in all these structures, providing novel insight into the particular
173  interactions mediated by each domain. In the “mature Ba” structure, the region around proline 83 of
174  SF3B4 is pointed towards the active site of PPIE (Figure 4C). Other interactors include SF3B2, also
175  with the catalytic face of PPIE, and SF3A2, which interacts both with the PPI and RRM domain of
176  PPIE. In addition to extensive contact with SF3A2, the RRM motif is also potentially interacting with
177  SYF1. These interactions are largely with the alpha-helix and loop regions of RRM, as opposed to the
178  beta-sheet mediated interaction with MLL1 (Figure 4B). In the “late Ba”” spliceosome, this protein
179  network surrounding PPIE is largely unchanged.

180 Finally, the two catalytic complexes that model PPIE do so in very different orientations. In the
181  “step1” catalytic C complex, the PPI domain of PPIE is interacting with ISY1, SNRNP A’, and SNRNP
182  B/B’, with SmD3 closely associated with SNRNP A’ and B/B’. The RRM interaction with SYF1 is
183  preserved. Visible in this structure is the position of the pre-mRNA substrate, which seems to interact
184  directly with the long B2-B3 loop in the RRM (Figure 4E). Also interacting with the RRM motif is AQR
185 and SNRNP A’. In the C* complex spliceosome published in Bertram et. al., the interaction with
186 SYF1 and AQR is mediated through the PPI domain of PPIE rather than the RRM motif, and the
187  model of U2snRNA is placed extremely close to PPIE. In this structure the orientation of PPIE seems
188  to be flipped, with the PPI domain interacting with AQR and SYF1, and the RRM motif close to
189  PRPF17. Perhaps future structures will resolve this seeming discrepancy.

190

191 Figure 4. Structures of PPIE in solution and in spliceosomes. In (A), the cyclophilin and RRM domains
192 of PPIE are shown in cartoon representation. The PPI domain is represented by an overlay of PDB
193 codes 2R99, 1ZMF, and 3UCH. Selected catalytic residues and protein:protein interaction regions are
194 labeled. The RRM domain is represented by an overlay of PDBs 2CQB, 2KU7, 2KYX, 3LPY, and 3SMDF
195 (chain A only). Secondary structure elements are labeled. (B) The RRM of PPIE was previously shown
196 to interact with the PHD domain of MLL through an extensive interface involving multiple B-strands.
197 (C) The neighborhood of the PPIE PPI (left) and RRM (right) domains in the “mature Bact”
198 spliceosome is shown (PDB 5Z56). The region around Pro83 of SF3B4 is pointed towards the active
199 site of PPIE (marked with an asterisk). Other interactors are in color and labeled. (D) The
200 neighborhood of the PPIE PPI (bottom center) and RRM (top center) domains in the “late Bact”
201 spliceosome is shown (PDB 5Z57). The protein network surrounding PPIE is unchanged relative to
202 those shown in (C), but in this view SF3A3 is visible, which is just within 10A of PPIE PPI domain. (E)
203 The neighborhood of the PPIE PPI (left) and RRM (right) domains in the C complex spliceosome (PDB
204 5YZG). Highlighted on the left panel are interactions between the PPI domain and SNRNP A’, B/B’,
205 and SmD3 along with ISY1. Visible in this structure is the position of the pre-mRNA substrate, which
206 is interacting with the RRM motif. In the right panel, other RRM interactors including SYF1, AQR,
207 and SNRPA'. The PPI domain is visible in the lower right corner for reference. (F) The neighborhood
208 of the PPIE PPI (left) and RRM (right) domains in the C* complex spliceosome (PDB 5MQF). In this
209 model, the interaction with SYF1 and AQR is mediated through the PPI domain of PPIE rather than

210 the RRM motif, and the model of U2 snRNA is placed extremely close to PPIE. In this structure the
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211 orientation of the PPIE seems to be flipped, with the PPI domain interacting with AQR and SYF1, and
212 the RRM motif close to PRPF17.
213
214
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215
216  2.3. PPIL1
217 Peptidyl-prolyl isomerase-like isoform 1 (PPIL1) is a minimal cyclophilin, encoding for a single

218  cyclophilin domain. The structure of PPIL1 was solved via NMR and initially described in [22]. Both
219  Xuet. al. and a later study of PPIL1 was focused upon its interaction with the spliceosomal binding
220  partner SNW1 (also known as SKIP, SKl-interacting protein) [21,22]. In these studies and others, the
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221  interaction between PPIL1 and SNW1 was found to involve residues from the p2-al, f4-p5, and p7-
222 o2 loop regions outside of the S1 proline-binding pocket [15,21,22]. All these structures overlay
223  nicely, considering they are derived from both crystallography and NMR (Figure 5A). PPIL1 has been
224 assumed to regulate pre-mRNA splicing, as it has not been isolated as part of any other nuclear
225  complex.

226 PPIL1 is an early spliceophilin; it is part of the PRP19 complex, along with SNW1. As with PPIE,
227  PPIL1 is highly abundant in complex B* and complex Ba and is also abundant in the catalytic C
228  complex [34,35]. Versions of complexes have been published out of S. pombe and human, but PPIE
229  has only been visualized in human structures. PPIL1 is modeled in six deposited spliceosomal
230  structures: the four outlined above that also contain PPIE, as well as an additional representative of
231  Bax and C* complexes [23-28]. In the mature Bat complex, we again see interaction between the S1
232 pocket and proline, this time with proline 95 of PRPF17 (Figure 5B). All other interactions with PPIL1
233  are outside of the active site and include not only SNW1, but also RBM22 and SPF27 (Figure 5C).
234  CDCS5L and CRNKLI are in the region, but not directly interacting with PPIL1. One novel finding
235  within this spliceosomal structure is the extensive ordering of the disordered region of SNW1 around
236  the B4-B5 and B7-a2 loop regions of PPIL1. All studies with isolated SNW1 polypeptides have been
237  disordered, and so this is the first direct visualization of this interaction. In the Ba:t complex from
238  Haselbach et. al, many proteins seen in the mature Ba: complex are missing from the model, and
239  SNWI1 is largely disordered (Figure 5D). However, the S1 interaction with PRPF17, and some of the
240  previously described interactions with SNW1 and RBM22, are preserved. Finally, all three structures
241  representing C complex are very similar, with PPIL1 interactions again with U5 snRNP40kDa,
242  PRPF17, CDC5L, RBM22, CRNKL1, and SNW1. However, SYF2 is now interacting with the back-face
243  of PPIL1 near o2 (Figure 5E).

244

245 Figure 5. Structures of PPIL1 in solution and in spliceosomes. In (A) PPIL1 is shown in cartoon
246 representation (overlay of PDBs 1XWN, 2K7N, and 2X7K). Selected catalytic residues and
247 protein:protein interaction regions are labeled, including the regions proposed to interact with SNW1
248 (SKIP) in solution. (B, C) PPIL1 in the “mature Ba” complex (PDB 5Z56). (B) The view from the
249 catalytic face of PPIL1. Proline 95 from PRPF17, which is centered in the S1 pocket, is highlighted. (C)
250 The view from the “back-face” of PPIL1. The interactions between PPIL1 and SNW1, RBM?22,
251 CRNKL1, and CDC5L are more clearly seen. Note the extensive ordering of the disordered region of
252 SNWT1 around the p4- B5 and 7-a:2 loop of PPIL1. The PPIL1 region in the “late Bact” complex (PDB
253 5757) is identical to that of 5256, and is not shown here. (D) The PPIL1 neighborhood in the Bact
254 complex (PDB 6FF4). While many of the interactions are similar to those shown in (B) and (C), many
255 of the proteins seen in that complex are missing from this model. Left panel, the view from the
256 catalytic face; right panel, the view from the back face. CRNKL1, CDC5L, and SPF27 are not modeled,
257 and the ordered region of SNW1 is decreased. (E) The PPIL1 neighborhood in the C complex (PDB
258 5YZG) centered on the catalytic face (left) and the back-face (right). The PPIL1 interaction
259 neighborhood is similar to that shown in (B) and (C) with the addition of the SYF2 protein to the
260 model, which interacts with the back-face of PPIL1 near a2. The models of the C* in (PDB 5X]JC) and
261 (PDB 5MQF) is not shown, as the interaction environment around PPIL1 is very similar to that in (E).

262
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264
265  2.4.PPIL2
266 Peptidyl-prolyl isomerase-like isoform 2 (PPIL2) is a multi-domain cyclophilin, encoding for an

267  N-terminal Ubox-motif and a C-terminal cyclophilin domain (Figure 2). Aliases for PPIL2 include
268  Cyp-60, RING-Type E3 Ubiquitin Transferase Isomerase-Like 2, or UBOX7. The structure of the
269  cyclophilin domain of PPIL2 was solved at the SGC and published (Figure 6A) [2]. There is no
270  structure of the PPIL2 Ubox publicly available, although it is very similar to other Ubox motifs of the
271  C2H2 type, including the spliceosomal protein PRPF19 (Figure 6A). The Ubox of PPIL2 is active in
272 vitro, and has been reproducibly shown to perform as a functional E3 ligase when coupled to
273  ubiquitin, the canonical E1 UBA1, and a specific nuclear E2 (Figure 6B) ([46], TLD unpublished data).
274  No full-length structure of PPIL2 is available, and the physiological relevance of PPIL2’s E3 ligase
275  activity remains unclear — although it is notable that splicing activity and the assembly of
276  spliceosomal complexes are likely regulated by ubiquitination [47-52]. PPIL2 is also part of a select
277  sub-set of spliceophilins with a naturally occurring substitution in the S1 pocket that renders it
278  incapable of prolyl isomerization, although still capable of binding proline. In PPIL2, the canonical
279 Sl residue Trp121 is replaced by a Tyr, resulting in a loss of both isomerase activity and affinity for
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280  the pan-inhibitor cyclosporine [2]. PPIL2 is an intermediate spliceophilin, part of a unique set of four
281  proteins that associate transiently with the spliceosome during the transition from Bac to catalytic C
282  complex [34,35]. As a consequence, PPIL2 is highly abundant only in Ba. Unsurprisingly, due to the
283  highly transient nature of this sub-complex of the spliceosome, PPIL2 is not modeled in the existing
284  structures of pre-catalytic spliceosomes.

285 PPIL2 has been proposed on the basis of pull-down and yeast two-hybrid data to interact with
286  the spliceosomal proteins Zinc Finger 830 (ZNF830) and Papillary Renal Cell Carcinoma (PRCC)
287  (available through the UniProtKB website) [53]. We have prepared soluble forms of full-length
288  versions of both PPIL2 and ZNF830 proteins (Figure 6B). We have also isolated soluble forms of the
289  two domains of ZNF830, along with the two domains of PPIL2. We then validated that full-length
290  PPIL2 directly interacts with reasonable affinity (~500 nM) to full-length ZNF830 (Figure 6C).
291  Interestingly, both the isolated Ubox motif and the cyclophilin domain of PPIL2 are able to mediate
292  the interaction with ZNF830 (C. Rajiv, unpublished thesis). Additionally, we have evidence that both
293  domains of PPIL2 simultaneously interact with ZNF830 (Figure 6D). Further work to delineate the
294  functional significance of these interactions is ongoing, but certainly this mode of binding is unique
295  among what we have seen for other spliceophilins.

296
297
298 Figure 6. Validation of interactions between PPIL2 and the spliceosomal protein ZNF830. In (A) PPIL2
299 is shown in cartoon representation (RCSB 1). Selected catalytic residues and protein:protein
300 interaction regions are labeled. (B) PPIL2 is a functional E3 ligase. Increasing concentrations of PPIL2
301 in an in vitro assay and in the presence of ubiquitin, E1, and E2 proteins lead to the production of
302 poly-Ub chains (TLD, unpublished data). (C) SPR of full-length PPIL2 (ligand) and ZNF830 (analyte)
303 indicates nanomolar-affinity binding between the two proteins (C. Rajiv, unpublished thesis). (D) left
304 panel, concentration dependence of isolated PPIL2 U-box binding to full-length ZNF830. Right panel,
305 sequential addition of PPIL2 U-box followed by a mix of PPIL2 U-box and PPIL2 PPI domain results
306 in increasing response upon ZNF830 ZnF. This is interpreted as an ability for both domains of PPIL2
307 to interact simultaneously with ZNF830 (C. Rajiv, unpublished thesis). Methods are summarized in
308 Appendix A.
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310  2.5.PPIL3
311 Peptidyl-prolyl isomerase-like isoform 3 (PPIL3) is a minimal cyclophilin. Initial studies called

312 PPIL3 Cyp]J [54]. The structure of the cyclophilin domain of PPIL3 was solved via crystallography
313  and initially described in [45]. A later structure of PPIL3 in apo form, and bound to cyclosporine, is
314  also available in the RCSB (Chen et. al., unpublished) (Figure 7A). PPIL3 is part of a group of
315  spliceophilins, including PPIL2 and CWC27, which are first found in Bat complex. However, unlike
316  PPIL2, PPIL3 is most abundant in C complex [34,35]. Although multiple cryo-EM structures of Bact
317  and C complex exist, PPIL3 has not been successfully modeled into density.

318

319

320 Figure 7. PPIL3 is shown in cartoon representation (RCSB 2XWN). Selected catalytic residues and
321 protein:protein interaction regions are labeled.

322

323  2.6. CWC(C27

324 Variously called NY-CO-10, SDCCAGI0, or SDCCAG-10, CWC27 is a complex cyclophilin,
325  encoding for an N-terminal cyclophilin domain and a large C-terminal repetitive low complexity
326  region of unknown function (Figure 2). The structure of the isolated cyclophilin domain of CWC27
327  was solved at the SGC, and was initially described in [2]. A later structural study of CWC27,
328  comparing the human CWC27 to that of a thermophilic organism, can be found in [55]. Similarly to
329  PPIL2, CWC27 is naturally substituted in the S1 pocket, with a glutamic acid substitution for
330  tryptophan. Additionally, CWC27, like PPIL2 and PPIL3, is highly abundant in Ba complex, and is
331  also found with moderate abundance in C complex [34,35].

332 The cyclophilin domain of CWC27 has been modeled into three spliceosomal complexes [23,25].
333  In the mature Ba complex, U5snRNP200kDa interacts with the a2-B8 region of CWC27; BUD31 is
334 found near the B4- B5 loop; PRPFS interacts with both the B4- B5 loop and B7-02 region; and RNF113
335  interacts with the C-terminal linker region between the PPI and the low complexity region of CWC27,
336  which is apparently disordered (Figure 8B). In the late Bat complex the CWC27 interaction
337  environment is quite similar, save for the absence of BUD31 and slight movement of PRPF8 (Figure
338  8Q). Finally, in the Bat complex of Haselbach et. al., the modeled interactions are comparable. In this
339 structure, more of RNF113 can be modeled in, including an additional, extensive interaction with p1-
340 B2 of CWC(C27. BUD31 is included in the model, but U5 snRNP200kDa is not. Note that in all
341  structures, only the cyclophilin domain of CWC27 can be modeled, leaving roughly 200 residues
342  uncharacterized.
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344 Figure 8. Structures of CWC27 in and out of the spliceosome. In (A) the cyclophilin domain of CWC27
345 is shown in cartoon representation (overlay of PDB 2HQ6 and 4R3E). Selected catalytic residues and
346 protein:protein interaction regions are labeled. The substitution of Glul22 in the active site renders
347 CWC27 inactive, although it still binds proline-containing pepetides. In (B) the neighborhood around
348 the cyclophilin domain of CWC27 in the “mature” Bact complex (PDB 5Z56). Modeled interactions
349 with U5 snRNP200kDa, BUD31, PRPF8, and RNF113 are highlighted. In (C), the neighborhood
350 around CWC27 in the “late” Bact complex (PDB 5Z58). The view is very similar to that in PDB 5756,
351 save for the absence of BUD31 and slight movement of PRPFS8. In (D), the neighborhood around
352 CWC27 in the Bact complex (PDB 6FF4) is shown. Again, the modeled interactions are very similar to
353 those in (B) and (C), with more of RNF113 modeled in 6FF4, including an additional, extensive
354 interaction with B1- p2 of CWC27. BUD31 is included in the model, but U5 snRNP200kDa is not. All
355 models have only the cyclophilin domain of CWC27, with ~200 additional residues uncharacterized.
356  2.7. PPWD1
357 WD40-domain containing peptidyl-prolyl isomerase 1 (PPWD1) is a multi-domain cyclophilin,

358  encoding for an N-terminal 7-bladed WD-40 domain and a C-terminal cyclophilin domain (Figure 2).
359  Anearly alias of PPWD], still found in some databases, is KIAA0073.The structure of the cyclophilin
360  domain of PPWD1 was initially solved by the SGC, described in [2,19]. Interestingly, the crystal
361  structure of the PPWD1 cyclophilin captured an interaction between molecules in the asymmetric
362  unit that was proline-mediated; however, in vitro this isolated peptide was found to interact with
363  PPWDI, but not to be a substrate for turnover (Figure 9B) [19]. We note that it is common in
364  cyclophilin structures to find proline-containing peptides from symmetry-related cyclophilins
365 interacting in the S1 pocket, and is perhaps one of the keys to both the crystallizability of these
366  proteins, and their potential for higher-order aggregation in NMR studies (TLD, personal
367  communication). PPWDL is highly abundant only in C complex [34,35]. PPWD1 has been modeled in
368  one structure of C complex [24]. In this complex, only PRPFS is close enough to form contacts with
369  the PPI domain of PPWDI, centered on the p7-a2 region. Over 90A away, PRPF8 along with U5
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370  snRNP200kDa form the neighborhood around the WD40 domain of PPWD1. This represents the first,
371  and as of yet only, model of the WD40 domain of PPWD1.

372
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373
374 Figure 9. PPWDI structures in and out of the spliceosome. In (A), one of the three molecules of the
375 PPI domain of PPWD1 from the asymmetric unit of PDB 2A2N is shown in cartoon representation.
376 Selected active site residues are labeled, along with the a1-pB3 loop and the B7- a2 region. In (B), the
377 view is expanded to include all three PPWD1 molecules in the asymmetric unit. The proline from a
378 neighboring molecule is shown in the active site. Modified from []. In (C), the PPWD1 neighborhood
379 is shown in the C complex (PDB 5YZG). Only PRPFS is close enough to form contacts with the PPI
380 domain of PPWDI1. (D) Over 90A away, PRPF8 along with U5 snRNP200kDa are modeled near the
381 WD40 domain of PPWD1. For reference, the region of PRPFS that interacts with the cyclophilin
382 domain of PPWDI is visible in the upper-right corner of the figure, in color. This represents the first,
383 and as of yet only, model of the WD40 domain of PPWDI.

384  2.8.PPIG

385 Peptidyl-prolyl isomerase isoform G (PPIG) is a multi-domain cyclophilin. Much like NKTR,
386  PPIG encodes for an N-terminal cyclophilin domain and a C-terminal SR-repeat region (Figure 2).
387  Alias of PPIG include SR-Cyp or Clk-Associating RS-Cyclophilin (CARS-Cyp) [53].The structure of
388  the cyclophilin domain of PPIG was solved at the SGC and was published (Davis, 2010). Later
389  structures of the apo cyclophilin domain and bound to the pan-inhibitor cyclosporine were also
390  published [56]. These structures are practically indistinguishable (Figure 10A). PPIG is not highly
391  abundant in the spliceosome, but a small number of peptides were identified in C complex [34,35].
392 In spite of this, PPIG has been successfully modeled into one C complex structure [24]. In this
393  structure, only the cyclophilin domain of PPIG is modeled, and it interacts with SNW1, modeled as
394  analpha helix and interacting in the a2-88 loop region. PPIG is also seen to interact with CWC15 (B3-
395  B4loop), and PRPFS (310 helix). No model exists for the residues outside the PPIG cyclophilin domain,
396  meaning roughly 600 residues of PPIG are unaccounted for in the structure.

397
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398
399 Figure 10. PPIG structures in and out of the spliceosomal context. In (A), the PPI domain of PPIG is
400 shown in cartoon representation (overlay of PDB 2GW2, 2WFI, and 2WFJ). Selected residues in the
401 catalytic site, along with regions of protein:protein interactions, are labeled. In (B), the neighborhood
402 around the cyclophilin domain of PPIG in the catalytic C spliccosome (PDB 5YZG). Potential
403 interactions between PPIG and SNW1, CWC15, and PRPF8 are highlighted. No model exists for the
404 roughly 600 residues outside of the PPIG cyclophilin domain.
405 3. Structural Analysis of the Spliceophilins
406 Due to their soluble nature and ease of crystallization, the spliceophilins have been the targets

407  of extensive biochemical and biophysical characterization. It is somewhat surprising how long it has
408  taken to begin to visualize the protein and RNA neighbors of these proteins in the context of the
409  spliceosome. Now that spliceosomal models exist that contain spliceophilins, what can we learn from
410  these studies? First, it is useful to compare the numerous, publicly available results of proteomic
411  studies to the protein neighbors of the spliceophilins depicted in Figures 3-10 above. PPIH, of course,
412  was known to interact with PRPF4, and this interaction is preserved (Figure 3) [17,29,31,32]. On the
413  other hand, PPIH is also found to interact with a whole host of other proteins, both spliceosomal and
414  nuclear, along with cytosolic proteins, in major publicly available databases (BioGrid, IntAct, and
415  STRING, all accessible through UniprotKB) [53]. In addition to PRPF4, which is represented in all
416 three databases, there are interactions reported with other tri-SNRP components (PRPF3, PRPFS,
417  PRPF18, PRPF31); with other spliceosome-associated proteins (hnRNPD, LSM4, LSM6, LSM8, BAG2);
418 and with many other proteins that are seemingly unrelated to splicing complexes (USPs,
419  Finbronectin-1, E3 ligases including HUWEL, etc.) [53]. How do we interpret these results, in the
420  context of both extensive biochemical and structural work done on PPIH outside of the spliceosomal
421  context, and also in the context of spliceosome structure? Firstly, many sub-complexes of the
422 spliceosome, including the tri-sNRP, the PRP19 complex, and the IBC, are stable outside the context
423  of the large spliceosome complex and may be isolated using pull-down or two-hybrid approaches
424 [57-59]. Therefore, we must always keep in mind that the proteomics data in public databases are
425  sensing not only single protein interactors but are detecting larger sub-complexes as well.
426  Additionally, cyclophilins are very likely to provide both false positive and false negatives in
427  proteomics studies, unless experimental conditions are optimized. This is because on the one hand,
428  proline-mediated interactions and even native substrates of the cyclophilins tend to bind in the low-
429  micromolar range of affinities. These are likely to go undetected in most proteomics screens, as
430  evidenced by the PRPF4 interaction delineated in Rajiv et. al., or the lack of any prior data indicating
431  both PRPF17 and SF3A2 as a proline-mediated interactor of spliceophilins. On the other hand,
432  interactions mediated by the a:1-B3, f4-B5, and a2 region of spliceophilins seem, based on the limited
433  amount of work reported, to provide much higher affinity binding sites for splicing complex proteins
434 [17,21]. Generally, it seems like the cyclophilin fold can provide a productive set of surfaces centered
435  on the extensive loop structures surrounding the beta-sandwich core, and these interactions may well
436  be promiscuous. This is likely the reason why cytoplasmic proteins are seen to interact with nuclear
437  spliceophilins, when they are unlikely to ever see these proteins in the cellular milieu. Even though
438  several of these types of interactions may now been seen for the spliceophilins in splicing complexes,
439  itis by no means sure that these interactions occur outside the scaffold of the full spliceosome, and it
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440  is also unlikely that the current spliceosomal structures contain all the potential interactions between
441  spliceophilins and nuclear proteins that are possible. Without this full list of interactions, a consensus
442  binding sequence to loop regions has to date been elusive, and not enough of these interactions have
443  been biochemically characterized outside of the spliceosomal complex to allow for any predictive
444 power to be applied as a filter to proteomics lists. Finally, a large degree of the diversity within
445  spliceophilins is contained within modules outside of the cyclophilin domain. However, the relative
446  challenges of expressing and purifying some of these domains (intrinsically disordered SR motifs and
447  regions of low homology to other proteins, WD-40 domains) and the lack of domain-specific
448  proteomic studies again slows progress along these lines. When they have been studied, either in the
449  RRM domain of PPIE or the Ubox motif of PPIL2, these domains contribute additional functionality
450  to the isomerase they are encoded with. Although recent structures of splicing complexes show us
451  intriguing glimpses into the roles of the WD40 domain or the RRM motif in mediating spliceophilins
452  interactions, the proteomics data does not discriminate between domain-specific interactions. Further
453  work onisolated, purified proteins will be needed to truly understand the roles of the extra-isomerase
454 domains on protein:protein interaction and/or function.

455 As an example of the limitations that all these concerns place upon the researcher studying
456  protein:protein interactions with the spliceophilins, consider the case of PPIL2. PPIL2 is predicted to
457  bind to proteins that we see binding to other spliceophilins, including CRNKL1, along with ZNF830
458  and PRCC, in multiple proteomics studies. Additionally, by constructing a family of constructs to
459  parse out domain and full-length protein:protein interactions, we have shown in vitro that PPIL2
460  interacts at a minimum with ZNF830, yielding both a quantitative validation of proteomics data, and
461  an interesting and complex study of two multi-domain proteins in solution. However, without
462  visualization of PPIL2 and ZNF830 within the spliceosomal sub-complex they both participate in, we
463  cannot say with certainty that the data being generated from these other experimental sources are
464  indeed relevant to spliceosome biology. Similarly, proteomics-derived data for PPIL3 will not be
465  described here, as it has not yet been validated by either in vitro approaches, nor visualized in
466  spliceosome structure.

467 On the other hand, there are several cases presented in this review in which splicing complexes
468  are providing the firstindependent validation of predicted interactions with spliceophilins. For PPIE,
469  SF3B4 isindicated for the first time to be a proline-mediated interactor through the S1 pocket. SF3B2,
470  SF3A2,SNRNP A’, B/B’, and SmD3 all interact with the PPI domain of PPIE. These structures are also
471  able toisolate PPl interactions form those of RRM, with the RRM interacting with SF3A2, SYF1, AQR,
472  and pre-mRNA substrate can be added to the list of PPIE interactions. All of these interactions are
473  found within BIOGRID, along with many others (CDC5L, SNW1, PRPF8, XAB2, etc.). As both the
474  RRM and PPI domains of PPIE are quite soluble and well-behaved in solution, perhaps the
475  spliceosome structures will provide the impetus needed to drive further research into validation of
476  these interactions individually in vitro. As this is the only spliceophilin seen interacting directly with
477  pre-mRNA substrate, it is hoped that further work to identify the potential role of PPIE in regulating
478  alternative or constitutive splicing in vivo will be inspired by this structure. PPIL1 is seen to interact
479  with PRPF17 through S1. SNW1, CRNKL1, RBM22, CDC5L, U5 snRNP40kDa, and SYF2 are all seen
480  to be interactors with PPIL1, vastly expanding the potential interaction repertoire of this minimal
481  spliceophilin. Save for SNW1, most of these interactions are not contained within BIOGRID or
482  STRING, except for CDC5L. This highlights the importance of complementary approaches to obtain
483  information about these protein:protein interactions within subcomplexes, such as the PRP19
484  complex. CWC27 interacts with U5 snRNP200kDa, BUD31, PRPF8, and RNF113. It is interesting that
485  CWC27, which is not an active isomerase like PPIE and PPIL1, is not seen interacting with protein in
486  the S1 pocket (although, as noted above, negative results cannot be conclusive due to the poor affinity
487  proline-containing substrates have for both active isomerases, and even more so for substituted S1
488  sites). None of these interactions were pulled out from STRING or BIOGRID, at least not as direct
489  interactions with CWC27. It is unfortunate that the low-complexity regions of CWC27 could not be
490  modeled in structure, but many new hypotheses can be derived and tested from the current structural
491  data, which is quite exciting. We find PPWD1 interacting with PRPF8 through both its PPI and WD40
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492  domains, which also interacts with U5 snRNP200kDa. These interactions have not been captured in
493  BIOGRID or STRING, again generating new possibilities for functional and/or structural work. We
494  note especially the power of visualizing the WD40 domain of PPWD1 in the spliceosome, as this
495  isolated domain is historically extremely difficult to express and purify in vitro. Finally, PPIG
496 interacts with SNW1, CWC15, and PRPEFS, all through the PPI domain. None of these interactions are
497  in BIOGRID or STING. The SR region of PPIG is not modeled, unfortunately; this region, which
498  should be a hotspot for regulation of alternative splicing through SRPKs, would have been extremely
499  interesting to visualize, and is not likely to be ordered or properly post-translationally modified using
500  in vitro purified protein.

501 Finally, two useful analyses to perform across all spliceosome structures are to look at the
502 interactors seen to bind to spliceophilins over all structures. We see interactions through the S1 pocket
503 by SF3B4 and PRPF17, and many interactions with the loop structures of the various spliceophilins.
504  However, there are a few spliceosomal proteins that occur in multiple structures, interacting with
505  multiple spliceophilins. Of particular note is the central splicing regulator PRPF8, which is in close
506  proximity to four spliceophilin PPI domains: PPWD1, CWC27, PPIG, and PPIH. This speaks
507  indirectly to the central importance of the spliceophilins family in proper spliceosome function, and
508  merits further research. Another interesting note is to compare the spliceophilins themselves. The
509  structural similarity of the cyclophilin domain confounds researchers attempting to predict potential
510  unique binding partners within the nucleus — across the eight nuclear cyclophilins, structural
511  alignments result in an overall RMSD of less than 2A [2]. More importantly, it has become clear over
512  the last 10 years in this field that the active site for prolyl isomerization is not the only, nor perhaps
513 the major, site of protein:protein interactions with the spliceophilins [15,17,21,33,53]. One obvious
514  outcome from the splicing complexes released to date is that we still do not understand how S1
515  interactions with proline-containing substrates are driven, at least in any way that could be
516  predictive. There is no other corroborating evidence linking PRPF17 or SF3B4 as substrates for proline
517  turnover, and yet the data from the spliceosome structures of mature Bac is quite convincing. Other
518  than for PPIL2 or CWC27, in which the active site is substituted in such a way as to lose affinity for
519  proline, we cannot see any differences between the S1 sites of spliceophilins that would preclude
520  interactions with prolines, and there are thousands of proline-containing peptides in spliceosomal
521  proteins [47]. It remains to be seen what the consequences of these interactions are, or under what
522  conditions they can be studied in vitro. However, the mere presence of these interactions within Bact
523  represent a wealth of information for cyclophilin researchers. Likewise, based on this collection of
524 structures it seems that some spliceophilins are more promiscuous in their loop region interactions
525  than others. In particular the early spliceophilins PPIE and PPIL1 participate in a complicated and
526  large protein network within pre-catalytic and catalytic complexes, while others (PPIG, PPIH, and
527  PPWDI) are interacting with only one or two other proteins. As mentioned previously, one must be
528  careful over-analyzing negative results in these structures, as disorder or dynamic heterogeneity may
529 result in the inability to model protein or RNA into structure; however, from what we currently
530  know, it seems that certain spliceophilins may be more “connected” in structure than others. What
531  effect this may have on their biological function within splicing complexes is an exciting and largely
532  un-addressed question which these structures may help to inspire.

533 4. Spliceophilin Function

534 It is important to consider what is known (or supposed) about the cellular role of the cyclophilins
535  in biological function before considering rational drug design against this family of enzymes. With
536  at least 18 family members in human cells, most ubiquitously expressed across tissues and
537  throughout development and into adult, finding unambiguous biological effects due to a specific
538  cyclophilin is difficult. The high degree of conservation in the active site of these proteins does not
539  often allow for substrate proline prediction, and in the cases where biologically relevant substrates
540  have been identified, it is often due to specific localization of a single or sub-set of cyclophilins away
541  from the rest. For instance, in the identification of the secreted cyclophilins (PPIA, PPIB, PPIC) as
542  interacting viral proteins, a critical determinant of specificity was the fact that these cyclophilins were
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543 the only ones that could reasonably be expected to be found outside of the cell. Likewise, the wealth
544 of research identifying PPIF as a mediator of mitochondrial function, and therefore a viable drug
545  target to modulate same, benefitted from the fact that there is only one possible cyclophilin candidate
546  in mitochondria. The identification of specific nuclear cyclophilins as spliceophilins, and later
947  assignment to specific cyclophilins to specific sub-complexes throughout the splice cycle, may well
548  provide another opportunity to assign specific effects to individual cyclophilins. A spliceosome-wide
549  approach using siRNA pools found that the spliceophilins, and specifically the early spliceophilin
550  PPIH, was actively participating in regulating the splicing of targets in apoptosis and inflammation
951  [60,61]. We wished to see transcriptome-wide effects on splicing, and created stably transfected
552 knockdown human cell lines, validated for significant knockdown of each of the eight spliceophilins.
553  We have completed splicing microarrays for each knockdown, and can say that removing individual
554 spliceophilins from cells results in large changes in thousands of splicing events (Figure 11A and 11B;
555  see Accession Codes section for deposited GEO accession codes). We see, as in Papasaikas, et. al., that
556  when a sub-set of regulated splicing events are selected for analysis, there are certain spliceophilins
557  that seem to exert greater regulatory control for others. In both our hands, we find that PPIH is a
558  “master regulator” of alternative splicing; we also find that PPIL2 is in the same class, at least for the
559  sub-set of splicing events and spliceophilins we studied (Figure 11C) [61]. By transiently
560  transfecting expression constructs of cyclophilin domains into these stable lines, we can identify
561  which splicing events are regulated more directly, over shorter timeframes; and by transfecting in
562  PPI domains with null mutations, we can assign events to isomerase activity (Figure 11B). Generally,
563  what we see for the spliceophilins corroborates the models that we have generated from our in vitro
564  studies; it is interactions outside the active site of the spliceophilins that largely dictate their ability
565  to modulate splicing, not their isomerase activity per se (Figure 11B). On the other hand, we have
566  seen several cases in which the isomerase activity of the spliceophilin is indeed dictating function;
567  surprisingly, all of these effects to date have been on transcriptional targets (TLD, data not shown).
568  This was supported recently by an elegant study delineating the role of a sub-set of nuclear
569  cyclophilins in directly interacting with the transcription factor BMAL and regulating circadian
570  rhythm in cells [18]. We feel this is likely to be a more general mechanism; taken together, the effect
571  of cyclophilins in the nucleus is to directly (through interaction with transcription factors) or
572  indirectly (through chromatin) regulate transcription, and to indirectly modify alternative splicing
573  through participation in splicing complexes mainly through interactions outside of the S1 pocket.
574 Much work remains to be done on the biological function of spliceophilins within alternative splicing;
575  this work will only benefit by the insights provided by spliceosomal structures and could also greatly
576  benefit from increased effort to design splicing modulators that target spliceophilins.
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579 Figure 11. Spliceophilins impact alternative splicing patterns in human cells. (A) Knockdown of PPIH
580 using RNAi results in changes in cassette exon, 5 and 5’ splice sites, and intron retention, as measured
581 by the HTA2.0 Affymatrix array. (B) Compared to control cells (SCR), PPIH knockdown cells (KD)
582 exhibit altered alternative splicing of multiple genes (labeled at top of gels). Methods are summarized
583 in Appendix B. When full-length PPIH is transiently expressed in knockdown cells (REV), the splicing
584 changes are reversed. When the W133A mutant of PPIH (MUT) is transiently expressed, the KD
585 phenotype is seen, indicating that isomerase activity is dispensable for this function. (C) PPIL2 KD
586 exhibits splicing patterns identical to that of PPIH knockdown, while PPIG only regulates a sub-set
587 of genes, and PPIL3 does not regulate any of the common targets tested. Not shown, PPIH KD
588 regulates all splicing events tested to date. All panels from (Nii Martey, unpublished data). Methods
589 are summarized in Appendix B.
590
591 5. Spliceophilins: Highly Druggable Modulators of Nuclear Function?
592 It is worthwhile to discuss the state of the field as regards rational drug design to obtain isoform-

593  selective cyclophilin inhibitors. For many years, the pan-inhibitor cyclosporine was the only available
594 option to researchers to study cyclophilin activity in vitro or function in vivo; solubility issues and
595 broad, potent inhibition of most cyclophilin family members presented many barriers to insight. The
596  alternative scaffold of sanghliferin and later scaffolds have presented similar issues, often without
597  impressive increase in selectivity. Most drug development has focused on the connection between
598 secreted cyclophilins and infectious disease, or to the identification of PPIF as a modulator of the
599  mitochondrial permeability transition pore complex [5,6,62]. The majority of this work continues to
600 target the S1 pocket; highly conserved and extremely accessible to solvent, this approach is nearly
601 guaranteed to generate pan-inhibitors with significant off-target activity [10,63,64]. In 2010, we
602  published a study in which we identified and characterized a site contiguous to S1. This site, the S2
603  region, is much less well conserved across the cyclophilin family, and importantly there is often little
604  or no conservation in S2 for cyclophilins localized to the same compartment of the cell [2]. A study
605  published in 2016 was the first to use this analysis of S2 as a basis for the rational design of drug-like
606  compounds, targeting PPIF [10]. The S2 approach seems primed to provide cyclophilin researchers
607  with valuable pharmacophores to tease out the functional roles of individual cyclophilins in cells.
608  The exponential growth of available spliceosomal complex structures, along with the incremental
609  work helping to define spliceophilins as regulators of both splicing and transcription, presents a
610  novel opportunity for research. Developing S2-selective pharmacophores to modulate alternative
611  splicing, chromatin regulation, and transcriptional activity by spliceophilins could benefit both basic
612  and translational research. If S2 targeting continues to be successful and is implemented in a systemic
613  way to the spliceophilins sub-family, we may well be on the cusp of a new era of research into this
614  complex, intriguing, and important class of human proteins.

615 6. Conclusions and Final Thoughts

616 The advent and proliferation of published cryo-EM structures of the spliceosome might have
617  been expected to yield great structure-based insight into the spliceophilins. Indeed, a whole host of
618  novel, hypothesis-generating observations can be made based on the models released to the public.
619  Itis interesting at this stage of spliceosomal research to review the unforeseen reasons these studies
620  have not yet delivered completely on their great promise for those in the cyclophilin field. In all
621  structures reported to date, a majority of the appropriate spliceophilins are retained during
622  purification, as evidenced by mass spectroscopy; however, even when binding partners are partially
623  visible, no clear density for the spliceophilin is seen. ~Although the cyclophilins are highly structured
624  with very little conformational dynamics on long timescales, they participate in highly dynamic
625  interactions within the spliceosome. Whether these conformational dynamics are imparted by
626  cyclophilins interacting directly with intrinsically disordered proteins (in the cases of PPIL1 and
627  SNWI1, or PPIH and PRPF4); because the nature of peptidyl-prolyl isomerase activity is to impart
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628  greater conformational heterogeneity in the region surrounding the target proline; or whether it is
629  because spliceophilins tend to be found on the more dynamic periphery of the spliceosome, the effect
630  is to make regions of the spliceosome containing cyclophilins more difficult to capture and visualize
631  using structural methods. When these regions can be accurately modeled, they are providing great
632  insight into the nature of the interactions between spliceophilins and their physiologically relevant
633  binding partners; we await with great excitement future structures, which we expect will provide
634  only more fruitful data for hypothesis generation in this field. Structural biologists have always led
635  the way in studying the family of human cyclophilins and have consistently driven the conversation
636  about cyclophilin function into new and interesting areas of research. Smaller studies on individual
637  spliceophilins complexed with one or two binding partners remains the most tractable system for
638  studying both orthosteric and allosteric interactions in higher resolution and on shorter timescales,
639  but larger-scale structural work on spliceosomes and other nuclear complexes can also provide
640  important insights. Working together with cell biologists to find the direct and indirect molecular
641 targets of spliceophilin function in the nucleus, and chemists to design effective small molecules
642  targeting the spliceophilins, will drive forward research into this intriguing, challenging, and
643  rewarding field.

644
645 7. Accession Codes

646  Accession Codes for the cyclophilins described in this manuscript (UniProt AC): PPIA (P62937),
647  PPIH (043447), PPIE (Q9UNPY), PPIL1 (Q9Y3C6), PPIL2 (Q13356), PPIL3 (Q9H2H8), CWC27

648  (Q6UX04), PPWD1 (Q96BP3), and PPIG (Q13427). GEO accession numbers for splicing microarray
649  data resulting from knockdown of nuclear cyclophilins compared to scramble controls are: PPTH
650  (GSE103648), PPIE (GSE117178), PPIL1 (GSE117381), PPIL2 (GSE117373), PPIL3 (GSE117302),

651 CWC27 (GSE117144), PPWD1 (GSE117376), and PPIG (GSE117234).

652

653 Supplementary Materials: The following are available online, Supplemental Table S1: bioinformatics,
654 Supplemental Table S2: spliceosome data.
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665

666  Appendix A

667 Three constructs of ZNF830 were purified: full-length protein (aa 1-372), ZNF domain (1-90),
668 and DUF domain (299-372) were cloned into petl5-MHL, an N-terminal cleavable (His)s tag
669  (EF456738). The same vector was used to express full-length, U-box, and PPI domain of PPIL2. PPIL2
670  constructs were a generous gift from the SGC. Proteins were expressed in E.coli and purified using

671 IMAC and SEC as described in [2] and [17]. Proteins were dialyzed into SPR buffer (20 mM Tris pH
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672 8 150 mM NaCl, 1 mM EDTAs, and 5mM B-ME) before use. SPR was performed using the

673  ProteONXPR system and GLC chips, both from Bio-Rad.
674

675 AppendixB

676 Clones from the MISSION® TRC-Hs Human libraries were used to create stable knockdown
677  lines in human cells (HEK293T except for PPIH, in HeLa). 2-5 sequences of shRNA were tested to
678  ensure acceptable knockdown of mRNA and protein (60% KD or greater). cDNA from triplicate
679  samples of PPIH knockdown were submitted for microarray analysis using the GeneChip® Human
680  Transcriptome Array 2.0 (HTA 2.0), along with triplicate samples of scramble shRNA-containing cell
681 lines. Microarray data were processed using TAC (Transcriptome Analysis Console) software to find
682  significant splicing-level events. Validation was performed by designing primers for PCR that
683  flanked each event as indicated in the microarray. Primers were designed to amplify the potential
684  splicing event in as many annotated splicing isoforms in BLAST as possible. Standard PCR was
685  performed, and resulting amplicons assayed in a 3% agarose gel. GAPDH was used as a loading
686  control, to ensure that approximately equal amounts of cDNA had been loaded in each PCR reaction.
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