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Abstract
Despite remarkable advances in human genetics and other genetic model systems, the fruit fly,
Drosophila melanogaster, remains a powerful experimental tool to probe with ease the inner
workings of a myriad of biological and pathological processes, even when evolutionary forces
impart apparent divergences to some of such processes. The understanding of such evolutionary
differences provides mechanistic insights into genotype-phenotype correlations underpinning
biological processes across metazoans. The pioneering work developed by the William Pak
laboratory for the past four decades, and the work of others, epitomize the notion of how the
Drosophila system breaks new fertile ground or complements research fields of high scientific and
medical relevance. Among the three major genetic complementation groups produced by the Pak's
laboratory and impairing distinct facets of photoreceptor neuronal function, the nina group
(ninaA….J) selectively affects the biogenesis of G protein-coupled receptors (GPCR) mediating
the photoconversion and transduction of light-stimuli. Among the nina genes identified, ninaA
arguably assumes heightened significance for several reasons. First, it presents unique
physiological selectivity toward the biogenesis of a subset of GPCRs, a standalone biological
manifestation yet to be discerned for most mammalian homologues of NinaA. Second, NinaA
belongs to a family of proteins, immunophilins, which are the primary targets for
immunosuppressive drugs at the therapeutic forefront of a multitude of medical conditions. Third,
NinaA closest homologue, cyclophilin-B (CyPB/PPIB), is an immunophilin whose loss-of-
function was found recently to cause osteogenesis imperfecta in the human. This report highlights
advances made by studies on some members of immunophilins, the cyclophilins. Finally, it re-
examines critically data and dogmas derived from past and recent genetic, structural, biological
and pathological studies on NinaA and few other cyclophilins that support some of such
paradigms to be less than definite and advance our understanding of cyclophilins' roles in cell
function, disease and therapeutic interventions.
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Historical overview of ninaA gene
The application of forward genetics screens pioneered by the William Pak laboratory
identified three major genetic complementation groups affecting the function of
photoreceptor neurons. Each of these groups comprised genes affecting the
phototransduction (light-signaling cascade), the biogenesis of the G protein-coupled
receptors (GPCRs), opsins, which initiate visual transduction upon photoconversion of light-
stimuli, or synaptic transmission (Pak, 1995). The second group was designated nina (nor
inactivation nor afterpotential), because electroretinogram (ERG) recordings from the
compound eye presented reduced prolonged depolarization afterpotential (PDA) upon a light
stimulus (Larrivee et al., 1981; Pak, 1979; Stephenson et al., 1983). The amplitude of PDA
is closely proportional to the amount of rhodopsin available for photoconversion (Hamdorf
and Razmjoo, 1979; Minke, 1986). Hence, mutants with low rhodopsin content present
underdeveloped or absent PDAs. Analogous to the vertebrate visual system, the Drosophila
visual system is comprised of four classes of photoreceptors: R1–6, R7, R8 and ocelli
(simple eyes) (Zuker, 1996). Each of these classes of photoreceptors expresses evolutionary
conserved and homologous opsins, Rh1, Rh2, Rh3, Rh4 Rh5 and Rh6 (Papatsenko et al.,
1997). These homologous GPCRs impart distinct spectral tuning properties to rhodopsin
photoconversion and activation of the visual transduction cascade (Britt et al., 1993). A
member of the nina group, ninaA, was initially found to impair selectively R1–6, but not R7
photoreceptors of Drosophila (Larrivee et al., 1981; Stephenson et al., 1983). Subsequently,
work by Stamnes et al. showed that ninaA impairs also the production of functional Rh2
opsin expressed only in photoreceptors of the ocelli (simple eyes) (Stamnes et al., 1991).
Collectively, genetic, electrophysiological, molecular and cellular evidences prior and after
ninaA identification support that mutations in ninaA causes the selective impairment of the
production of Rh1 and Rh2 opsins, but not of other opsins, even though NinaA is expressed
across all photoreceptor neurons. Hence, NinaA presents physiological substrate specificity
toward a subset of opsins.

The cloning of ninaA showed that it encodes a cyclophilin, comprising an N-terminal
cleavable signal sequence, a cyclophilin domain, and a C-terminal transmembrane domain
followed by a short cytoplasmic tail (Schneuwly et al., 1989; Shieh et al., 1989). NinaA was
shown to be an integral membrane protein associated with the endoplasmic reticulum and
secretory vesicles, where it colocalizes and associates stably with Rh1 opsin (Baker et al.,
1994; Colley et al., 1991; Stamnes et al., 1991). Mutations in ninaA, such as those leading to
the truncation of its transmembrane domain, promote the prominent accumulation of Rh1
opsin in the ER lumen, thus supporting that its localization and anchoring to the ER
membrane is crucial to its function (Colley et al., 1991). Finally, NinaA exhibits strong
homology to other cyclophilins, which present peptidyl-prolyl cis-trans isomerase (PPIase)
activity (Fischer et al., 1984; Fischer et al., 1989; Takahashi et al., 1989), a non-covalent
conversion implicated in a rate-limiting step of protein folding (Jakob and Schmid, 2009).
All these observations provided strength to the notion that NinaA acts as a chaperone and/or
foldase (rotamase) during Rh1/Rh2 biogenesis (e.g. co-translational insertion into the ER,
chromophore binding, and/or during its vesicular sorting to the plasma membrane of fly
photoreceptors). However, direct evidence that NinaA exhibits PPIase activity is still
lacking. As later discussed, this is relevant to understand the mechanisms underpinning the
function of NinaA and its homologues, as it will allow determining whether PPIase and
chaperone activities are independent and discernible biological properties of NinaA and
other cyclophilins. In this regard, the enzymatic proficiency of cyclophilins compared to that
of other enzymes is arguably low (Radzicka and Wolfenden, 1995). Further, it was shown
recently with model substrates that there was no difference in the acceleration of refolding
of carbonic anhydrase II in vitro between wild-type (CyPA\PPIA) and a mutant without
PPIase activity, CyPA (R55A) (Moparthi et al., 2009). CyPA also acts as a chaperone in
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vitro by functioning as a hydrophobic basket toward misfolding-prone regions of model
substrates, such as carbonic anhydrase II, creatin kinase and citrate synthase (Moparthi et al.,
2010; Ou et al., 2001). This chaperone activity promotes productive folding routes by
preventing or delaying the trapping of misfolded conformers and/or unproductive
interactions with folding intermediates or unfolded proteins that can result in amyloid-fibril
formation (Smajlovic et al., 2009).

Immunophilins' role(s) and beyond
PPIases are grouped in three families of proteins: cyclophilins, FK506-binding proteins
(FKBPs) and parvulins (Schiene-Fischer et al., 2011). The primary and tertiary structures are
distinct among these families of proteins (Schiene-Fischer et al., 2011). Cyclophilins are
also designated as cyclosporin A (CsA)-binding proteins (Handschumacher et al., 1984;
Harding et al., 1986), even though not all cyclophilins bind the cyclic peptide, CsA,
typically due to subtle non-conservative changes in one or more key residue(s) (Galat and
Bua, 2010). Cyclophilins and FKBPs are often called immunophilins, because they are the
targets of chemically unrelated and immunosuppressive drugs, CsA and FK506 (a peptide
macrolide), which are at the forefront of pharmacological management of a wide variety of
clinical conditions, ranging from the suppression of graft rejection to the treatment of a
variety of immunological, oncogenic and neurological disorders (Friedman and Weissman,
1991; Liu et al., 1991; Medyouf et al., 2007; Medyouf and Ghysdael, 2008; Schreiber, 1991,
1992; Snyder et al., 1998). CyPA (PPIA) is the primary physiological and molecular target
of CsA, a physiological effect reflected by the resistance of Ppia−/− mice to CsA-mediated
immunosupression (Colgan et al., 2005). CsA and FK506 inhibit the PPIase activity of
cyclophilins and FKBPs, respectively, because the drug binding and PPIase active sites
overlap (Fischer et al., 1989; Harding et al., 1989; Kallen and Walkinshaw, 1992; Pflugl et
al., 1993). However, the loss of PPIase activity does not underlie immunosuppression by
these drugs for several reasons. Among these, CyPA/PPIA and CyPB/PPIB (and other
immunophilins) are extremely abundant in cells (up to μM), whereas the efficacy of the
immunosuppressants ranges from pico- to nano-molar concentrations (Colgan et al., 2005;
Fischer et al., 1989; Galat and Bouet, 1994; Handschumacher et al., 1984; Harding et al.,
1989). Immunosuppression is achieved instead by a gain-of-function mechanism, whereby
the immunophilin-immunosupressor drug complex associates with and inhibits calcineurin,
a protein phosphatase which is crucial for the dephosphorylation of the nuclear factor for
activation of T cells (NF-AT) (Liu et al., 1991). The inhibition of NF-AT dephosphorylation
prevents its nuclear translocation and the stimulation of cytokine and other genes critical for
T-cell proliferation (e.g. IL-2 production) (Rao et al., 1997). On the other hand, subsequent
structural analysis of other cyclophilins showed that some cyclophilins might present
polymorphic functions (i.e. multimodal structural ways of exerting multiple activities). For
example, the binding of CsA to CyPL1 (PPIL1) and SnuCyP-20 (PPIH) does not affect their
association to the substrates, SKIP and U4/U6 snRNP-60K, respectively, since they bind to
the opposite face of the PPIase active site (Reidt et al., 2003; Xu et al., 2006). A similar
scenario likely occurs also with CyP33 (PPIE), because its PPIase activity is stimulated
upon specific binding of mRNA (Wang et al., 2008). By contrast, the chaperone activity of
PPIase-deficient CyPA is inhibited by CsA in a model substrate (Moparthi et al., 2010;
Moparthi et al., 2009).

Cyclophilins are widely conserved from Archea to humans and they occur as single domain
proteins or as part of modular proteins with high degree of complexities and functions
(Schiene-Fischer et al., 2011). The modular organization of cyclophilins varies greatly
between phyla and even classes of organisms. For example, the 358 kDa cyclophilin-related
protein, Ran-binding protein 2 (RanBP2)/nucleoporin 358 (Nup358), which was isolated
from a screen for transcripts encoding proteins homologous to NinaA as well as by
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independent approaches by others, comprises a C-terminal cyclophilin domain highly
homologous to CyPA among many other unrelated domains present in this protein (Ferreira
et al., 1995; Wu et al., 1995; Yokoyama et al., 1995). The functional implications of such
structural diversities in multi-modular cyclophilins remain largely elusive. Although none of
the eight yeast cyclophilins and four FKBPs are essential to the survival of budding yeast
(Dolinski et al., 1997), the knowledge about the roles of most of the 18 annotated single and
multi-domain human cyclophilins is still very limited. In fact, the native substrates for most
cyclophilins and their exact roles have yet to be discerned. Importantly, genetic evidence
support that a considerable degree of functional redundancy or complementarity may exist
even among unrelated PPIase or its targets. For example, the PPIase activity of the single
domain CyPA counteracts the function and suppresses the loss-of-function of the parvulin,
Ess1/Pin1 (Arevalo-Rodriguez et al., 2000), a PPIase with unique specificity toward
phosphoserine-prolyl peptides and important for cell cycle progression (Lu et al., 1996;
Ranganathan et al., 1997). On the other hand, Pin1 and CyPB (PPIB) share a similar
oncoprotein substrate, the signal transducer and activator of transcription 3 (Stat3),
apparently via distinct domains of Stat3, and promote its trans-activating potential (Bauer et
al., 2009). Regardless, the cyclophilin, NinaA, sets itself apart from all other cyclophilins,
because it remains most likely the only cyclophilin for which a physiological substrate (Rh1
and Rh2 opsin) has been ascertained and whose loss is not complemented by other
cyclophilins (Baker et al., 1994; Colley et al., 1991; Schneuwly et al., 1989; Shieh et al.,
1989; Stamnes et al., 1991).

Cyclophilin B (CyPB/PPIB): a NinaA orthologue, functional redundancy in
PPIases or substrates?

CyPB/PPIB and NinaA are the only known cyclophilins that are targeted to and reside in the
endoplasmic reticulum (ER) (Colley et al., 1991; Price et al., 1994; Price et al., 1991; Smith
et al., 1995; Stamnes et al., 1991). Further, the cyclophilin domain of NinaA exhibits the
highest sequence homology to its counterpart domain in human CyPB/PPIB (e.g. 49% vs
43% identity to CyPB and CyPA, respectively) (Figure 1A). The alignment between NinaA,
CyPB/PPIB and CyPA/PPIA, show that the known primary and secondary structures are
best conserved between NinaA and CyPB/PPIB than with CyPA/PPIA. Of the nine residues
implicated in forming the catalytic PPIase site of CyPB/PPIB and CyPA/PPIA (Kallen et al.,
1991; Kallen and Walkinshaw, 1992), seven are identical in NinaA, whereas the remaining
two, M61 and F113, are conservatively replaced by leucine and tyrosine, respectively
(Figure 1B). Similar residues are also replaced in the same exact positions in PPIL4 and
SDCCAG-10, or PPIL6 (Davis et al., 2010). We generated a homology model structure of
the cyclophilin domain of NinaA based on known structures of CyPB/PPIB and CyPA/PPIA
(Figure 1C) (Davis et al., 2010; Kallen et al., 1991; Ke et al., 1991) . The CyPB/PPIB and
CyPA/PPIA provide excellent template structures for modeling the homologous NinaA. The
structures have eight anti-parallel β-sheets with two sets of four β-sheets orthogonal to each
other. The β-sheets are connected by loops of varying sizes, α-helices separate the sheets, β-
sheet 2 – β-sheet 3 and β-sheet 7-β-sheet 8, and a short α-helical turn is located in the β6–
β7 loop.

As shown in figure 1C, the main structural differences between the model structure of
NinaA and the known structures of CyPB/PPIB and CyPA/PPIA are in three loop regions
connecting β-sheet 1 to β-sheet 2, β-sheet 4 to β-sheet 5, and α-helix 2 to β-sheet 8. The
loop turn between β-sheet 1 to β-sheet 2 is conserved between the NinaA and the PPIB
template and this turn differs from the turn seen in PPIA structures. A two residue insertion
in the loop between β-sheet 4 to β-sheet 5 in NinaA gives rise to a different loop structure in
this region compared to CyPA/PPIA and CyPB/PPIB. Notably, the β-sheet 4 to β-sheet 5
loop is implicated in CyPA/PPIA oligomerization upon CsA binding and hence, it may be
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important to mediate the interaction of NinaA with other proteins (Pflugl et al., 1993).
Finally, the loop between α-helix 2 to β-sheet 8 is one residue shorter in CyPA/PPIA and
therefore differs from the loops seen in NinaA and CyPB/PPIB. Among these loops, the β-
sheet 1 to β-sheet 2 and α-helix 2 to β-sheet 8 loops are located away from and toward the
back of the active site and may contribute to substrate selectivity independently or together
with the active site. Further, the modeling indicates that there may be an additional anti-
parallel β-sheet in this loop in NinaA compared to CyPA/PPIA and CyPB/PPIB. Hence,
NinaA and the ubiquitously expressed CyPB/PPIB share the highest sequence homology,
subcellular compartmentalization and topology in the ER, and overall structure, even though
two out of three loops are unique to NinaA. These features are not shared by any other
known cyclophilins of metazoans.

In light of the strong sequence conservation and subcellular compartmentalization between
NinaA and CyPB/PPIB, a prediction would be that loss-of-function of CyPB/PPIB will
cause phenotypes of similar etiologies to those observed in ninaADrosophila mutants, such
as a deficit(s) in the production of one or more members of the opsin family, a deficit that
would manifest clinically by an impairment of night or color vision or both. However, lack
of expression of CyPB/PPIB in the human caused by mutations in CyPB/PPIB were found
to cause osteogenesis imperfecta (OMIM 166200, 166210, 259420, 166220]) in the human,
a genetically heterogeneous disease that is manifested by an impairment of the biogenesis of
α1 chains of collagen type 1 and clinically by bone fragility (Barnes et al., 2010; Pyott et al.,
2011; van Dijk et al., 2009). Loss-of-function of CyPB/PPIB in the human appears to cause
the accumulation of pro-collagen in the ER and delay of the assembly of trimer formation
(Pyott et al., 2011), however other reports have shown normal or near normal collagen
folding and levels of prolyl 3-hydroxylation (Barnes et al., 2010; van Dijk et al., 2009). A
mouse model lacking CyPB/PPIB expression was also generated (Choi et al., 2009).
Although the mouse model recapitulates clinical features of the human disease, the
phenotypes observed seem not to provide additional insights into the disease pathogenesis
from what is already known of the disease affecting the human yet. Further, a missense
G31R mutation in CyPB/PPIB was found in the horse to cause the degenerative skin
disorder, HERDA, without changes in skeletal or collagen being reported (Tryon et al.,
2005). Hence, additional studies are needed to understand what physiological substrate(s)
are directly impaired by the loss of CyPB/PPIB function and promote disease pathogenesis.
For example, CyPB was implicated also in the ER-associated degradation (ERAD) of
misfolded glycopolypeptides and triggering the cell adhesion of T-lymphocytes to the
extracellular matrix (Allain et al., 2002; Bernasconi et al., 2010a; Bernasconi et al., 2010b).
Regardless, the human genetic findings on CyPB/PPIB came as a surprise, because of the
properties shared between NinaA and CyPB/PPIB and no visual impairments of the retina
are reported to be associated with osteogenesis imperfecta. Collectively, these data raise
several important questions. Among these, it will be important to address: i) What is the
degree of functional redundancy between the NinaA, CyPB/PPIB and other unrelated
PPIases known to reside also in the ER and to associate with collagen [e.g. FKBP65
(Ishikawa et al., 2008)]? ii) What is the nature and degree of conservation of the prolyl and/
or chaperone substrates between the NinaA and CyPB/PPIB? iii) In light of the findings that
CyPB/PPIB can be secreted to the extracellular milieu upon various inflammatory stimuli,
up-taken by cells and translocate into the nuclear compartment, where it modulates
transcriptional activity in mammalian cells, are there new and non-conserved biological
roles acquired by CypB/PPIB in that may underlie unique pathological outcomes? iv) what
is/are the molecular bases of the substrate specificity of NinaA toward a subset of GPCRs
and how has the requirement for such PPIase/chaperone activity evolved toward other
homologous substrates?
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Re-examination of mutations in ninaA: new insights into function(s) of
cyclophilins

Recently, the structures of a number of additional cyclophilins were characterized by Davis
et al. (Davis et al., 2010) from which the authors propose the existence of two pockets in
cyclophilins that contribute to specificity toward substrate binding and turnover (Figure 2A).
The first pocket, S1, mediates proline binding to cyclophilin and it is defined by a subset of
residues delineating the active PPIase site of cyclophilins (Figures 1 and 2A). These residues
are highly conserved between all cyclophilins. The second pocket, S2, mediates the
interaction with the two residues (P2 and P3) preceding the proline residue (P1). The base of
the S2 pocket is defined by the β5–β6 loop and it forms a deep pocket, which is
promiscuous toward binding of a variety of residues. The authors propose that access to the
S2 pocket is determined by gatekeeper residues at its surface (Figure 2A) that preferentially
discriminate among a diversity of P2 and P3 of peptidyl-prolyl substrates (Davis et al.,
2010). However, there are important limitations in these analyses. First, the effect(s) of non-
conservative changes in the gatekeeper residues are not tested for the proposed functions.
Second, the analyses do not take into account the role of substrate residues further away
from the P2 and P3 prolyl peptide that may contribute to significant long-range interactions
between the primary structures of native substrates and one or more cyclophilin-interacting
domains and conceivable important for the docking of substrates to cyclophilins.

Hence, we examined a large number of mutations generated in ninaA by saturation
mutagenesis screens previously reported (Table 1), because the resulting residue changes in
NinaA were found to affect physiologically and significantly the biogenesis of Rh1 opsin in
photoreceptors of Drosophila (Ondek et al., 1992). Up-to-date predictions of the effects of
such mutations are noted and based on the current structural knowledge of multiple
cyclophilins (Table 1). The mapping of the residue substitutions to the NinaA structural
model generated (Figure 1C) and comparison of these changes to the PPIase active site, S1
and S2 sites, of other cyclophilins (e.g. CyPA/PPIA), will help to validate or repeal the
significance of such sites and likely delineate novel domains of physiological relevance to
the function and interaction of NinaA and other cyclophilins with native substrates. As
shown in figure 2B, the mutations in NinaA affect residues that are clustered in five major
domains: a region nearby the S1/PPIase sites (e.g. Del [129–132]), the S2 region, an
expanded region encompassing the S2 domain (hereafter named S2e), a region opposite to
the PPIase region and likely facing the inner membrane of the ER (hereafter named Pm), and
other domains of interest. The majority of the mutations fall in S2e region. This region
comprises residues, such as G88, G89, M126, N128 and G135. All residues, but N128, are
buried in a shell next to the periphery of S2 binding pocket, and they may have a “knock-
on” effect on the packing of the residues of the S2 pocket. Another significant group of
mutations (missense and deletions) are clustered in the Pm region, which is made-up of
unstructured loops located away from the expanded S2 and canonical PPIase domains (e.g.
R120K). Further, since most of the residues forming the previously designated S1/PPIase
and S2 pockets are located along one face of the cyclophilin structure, we also examined
whether any of the residues affected by mutations were exposed to the surface of NinaA. For
example, changes in residues on the surface of NinaA would support that they may impair
the docking or recognition of substrate(s) by cyclophilin. Indeed, we found that a significant
number of residues were located in the Pm region away from the S1/PPIase and S2 pockets
(Figure 2C). It is possible that this region (Pm) defines a novel domain mediating protein-
membrane interaction(s) with other ER membrane proteins and ER lipids for the correct
positioning of the S1/PPIase and S2/S2e pockets (Figure 2D). Alternatively, the novel Pm
region may play an active role on capturing emerging unstructured and elongated
polypeptide chains upon co-translation into the ER, where they first interact with and are
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chaperoned by cyclophilin. This Pm domain may perform similar functions in other
cyclophilins, many of which are commonly regarded as being cytosolic (e.g. CyPA/PPIA).
However, the subcellular compartmentation of CyPA/PPIA, like CyPB/PPIB, is modulated
upon inflammatory stimuli upon which they are secreted to the extracellular by mechanisms
not yet understood (Billich et al., 1997; De Ceuninck et al., 2003; Nigro et al., 2011; Satoh
et al., 2009; Sherry et al., 1992; Yang et al., 2008). Finally, mutations in the exposed
cytoplasmic tail or transmembrane domains of NinaA are very intriguing in the context of
their role in opsin biogenesis (Table 1). It is possible that either of these domains cross-talk
with the cyclophilin domain via conformational changes with other neighboring proteins
cooperating also in opsin biogenesis.

As previously noted, NinaA shows substrate selectivity for Rh1 and Rh2 opsins, but not any
other opsins expressed in other photoreceptor cell types, even though NinaA is expressed in
all classes of photoreceptor neurons. This observation is highly significant, because it is
contrarian to the notion that cyclophilins present low specificity toward model peptidyl-
prolyl substrates (REF). Further, the mutation of the conserved proline residue to histidine
(P23H) at the N-terminal region of human rhodopsin causes the degeneration of
photoreceptors that is clinically manifested as retinitis pigmentosa (Dryja et al., 1991;
Hartong et al., 2006). P23 of rhodopsin is targeted to the ER lumen upon its translation,
whereas it is localized in the extracellular domain upon rhodopsin targeting to the plasma
membrane. In Drosophila, a mutation of such equivalent and conserved proline residue
(P37H) in Rh1 opsin was also shown to cause the accumulation of Rh1 opsin in the ER and
the degeneration of photoreceptors (Galy et al., 2005). Hence, the N-terminal region of Rh1
opsin comprising P37, and possibly of other opsins subtypes, is a strong candidate to be a
direct substrate of NinaA. To test this possibility, we used an in silico docking method to
calculate the energetic binding properties of cis- and trans-prolyl peptides comprising the N-
terminal P37 and equivalent proline residues of Rh1, Rh2, Rh3 and Rh4 opsins of
Drosophila (Figure 3A) to the NinaA structural 3D-model. There was optimal fitting of cis-
prolyl peptides of Rh1 (Figure 3B) and Rh2 (Figure 3C) to the PPIase pocket of NinaA,
whereas the counterpart trans-prolyl peptides were poorer substrates. By contrast, the cis-
prolyl peptides of Rh3 and Rh4 were non-binders to NinaA. In addition to the PPIase
pocket, the S2 gatekeepers accommodated well P5 and P4 residues of the Rh1 and Rh2 in
the S2 pocket. Finally, Rh1 had a significantly better docking score than Rh2 as a docking
substrate of NinaA. Hence, it will be important to probe further by mutagenesis the N-
terminal region of Rh1 and Rh2 to validate these in silico structural studies between NinaA
and Rh1, Rh2 and other opsins. The outcomes of such studies are likely to provide novel
insights into fundamental biological and pathological processes and mechanisms underlying
the biogenesis of GPCRs and the role of cyclophilins and other PPIases in mediating such
processes. One of such mechanisms may involve unidirectional and long-range effects
caused by the cis-trans prolyl isomerization of the N-terminal region of opsin. The cis-trans
isomerization causes the rotation of the C-terminal end of the polypeptide chain and thus the
propagation of the rotational effects to C-terminal regions of the polypeptide remote from
the isomerized peptidyl-prolyl bond (Jakob and Schmid, 2009; Reimer and Fischer, 2002;
Wang et al., 2010; Weininger et al., 2009). Such mechanism could act effectively as a prolyl
molecular switch with important implications in the modulation of protein-protein
interactions, such as those reported first for the interconversion of M-opsin by the
cyclophilin and Ran-binding domain-4 of the modular and multifunctional cyclophilin-
related protein, RanBP2 (Ferreira et al., 1996; Ferreira et al., 1997). RanBP2 is expressed
strongly in cone photoreceptors and associates directly with M-opsin and thus, it is another
cyclophilin-related protein candidate to mediate M-opsin biogenesis and/or the survival of
cone photoreceptors.
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Concluding remarks
The pioneering work spearheaded by the Pak laboratory and continued by colleagues,
culminates with the genetic identification of numerous components and biological processes
with crucial ramifications in the understanding of biological and disease pathways of
complex physiological systems, such as the human. The identification and studies of NinaA
are a prime example of how genetic model systems, such as Drosophila, open new ground to
test hypothesis about fundamental biological processes and mechanisms mediating protein
biogenesis. Further, the outcome of studies like these can be employed to probe
pharmacologically the role of a variety of processes in health and disease of the human
(Vidal et al., 2005). Cyclophilins are immunophilins and primary targets with a crucial role
in the pharmacological modulation of a variety of immune, inflammatory and other
responses (Allen et al., 2004; Bauer et al., 2009; Galat and Bua, 2010; Medyouf et al., 2007;
Medyouf and Ghysdael, 2008; Nigro et al., 2011). Importantly, cyclophilins present a high
degree of pharmacological versatility as reflected by the large number of new and
chemically re-designed pharmacological ligands for cyclophilins (and other immunophilins)
with novel therapeutic properties (Allen et al., 2004; Galat and Bua, 2010). This is reflected
by well over 40,000 PubMed references on CsA and its derivatives (Galat and Bua, 2010). It
is likely that Drosophila and other tractable genetic model systems will serve as
advantageous experimental tools to explore the vast therapeutic potential of such cyclophilin
ligands in a variety of human conditions.

MATERIALS AND METHODS
NinaA modeling

The NinaA model was built using a stochastic global energy optimization procedure in
Internal Coordinate Mechanics (ICM) in the ICM-Pro desktop modeling package version 3.7
(MolSoft LLC, San Diego) (Abagyan et al., 2010; Abagyan et al., 1994). A Blast search was
performed to identify the cyclophilin structure in the Protein Data Bank (PDB) with the best
sequence similarity and coverage compared to the NinaA primary sequence. Based on this
analysis the PPIB structure with PDB code 3ici was chosen as the template for modeling. An
alignment was generated between NinaA and the template sequence using an adaptation of
the Needleman and Wunsch algorithm(Abagyan and Batalov, 1997; Needleman and
Wunsch, 1970). The model was refined by globally optimizing the side-chains and
annealing the backbone. The iterative refinement procedure contains three major steps: (i)
random sampling of the dihedral angles according to the biased probability Monte Carlo
method (Abagyan and Totrov, 1994), (ii) a local minimization step, (iii) the Metropolis
criterion (Metropolis et al., 1953) is then used to accept or reject a conformation. The lowest
energy structure was selected as the final NinaA model.

In silico docking of peptidyl-prolyl substrates of Rh1, Rh2, Rh3 and Rh4 to NinaA structure
Models of four peptidyl-prolyl substrates shown in figure 3A were built and docked to the
NinaA model using ICM-Pro 3.7 (MolSoft LLC, San Diego) (Abagyan et al., 2010;
Abagyan et al., 1994). During docking, the P1 peptide residue was tethered to the active site
in the cis or trans conformations and the ICM biased probability Monte Carlo method
(Schapira et al., 1999) was used to sample the energy of the complex. The non-tethered
regions of the peptide and the side-chains of the gatekeeper residues in the S2 site were
flexible during docking. The docked ligands were then ranked by energy and scored
according to their fit in the pocket (Abagyan and Totrov, 1994).
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FIGURE 1.
Molecular modeling of NinaA to CyPB/PPIB and CyPA/PPIA. (A) Sequence alignment of
NinaA, CyPB/PPIB, CyPA/PPIA. Identical and conserved residues are highlighted in green
and yellow, respectively. NinaA exhibits 49% and 43% identity to CyPB/PPIB and CyPA/
PPIA, respectively. Consensus sequence is noted above the alignment. Consensus of
secondary-structure elements are shown below the primary sequence alignment. The
secondary structure assignment is taken from the PDB files 2rma and 3ici for CyPA/PPIA
and CyPB/PPIB, respectively, and the model of NinaA. Legend: Green arrows and solid
green triangles, β-sheet; red cylinders and spheres, α-helices; purple cylinders, non-
canonical helices. (B) Conservation of residues comprising the PPIase active site of NinaA,
CyPB/PPIB and CyPA/PPIA. Identical residues are highlighted in green. (C) Structural
superposition of the NinaA model (green ribbon), the CyPB/PPIB template crystal structure
(red ribbon), and the CyPA/PPIA crystal structure (grey ribbon). The residues of the PPIase
active site are shown in stick representation and the carbon atoms are colored red and
orange, respectively. The main structural differences between the three structures are in
three loop regions: β1 to β2 (circled in purple), β4 to β5 (circled in light blue), and β2 to β8
(circled in red). The β1 to β2 loop turn is conserved between the NinaA model and the PPIB
template and this turn differs from the turn seen in PPIA structures. A two residue insertion
in the β4 to β5 loop in NinaA gives rise to a different loop structure in this region compared
to PPIA and PPIB. The α2 to β8 loop is one residue shorter in PPIA and therefore differs to
the loops seen in NinaA and PPIB. The modeling indicates that there may be an additional
β-sheet in this loop in NinaA compared to PPIA and PPIB.
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Figure 2.
Assignment of physiological relevant residues of NinaA to new cylophilin domains. (A)
Location of residues comprising S1 and S2 pockets as defined by Davis et al, 2010, in
NinaA 3D-structure. Conservation of residues comprising the S1 and S2 pockets of NinaA,
CyPB/PPIB and CyPA/PPIA are shown in the tables below the 3D-structure. The
conservation of gatekeeper residues is also depicted. Identical residues are highlighted in
green. (B) Mapping of residues caused by mutations in ninaA (Ondek et al., 1992; Table 1)
to the 3D-model structure of NinaA. The mutations were grouped in five groups based on
their location. Residues nearby the S1 pocket are in yellow, residues in the S2 pocket are in
orange, residues in the S2 extended (S2e) region are in red, residues comprising Pm domain
facing the membrane surface are in green, all other residues are in magenta. Note F198
points away from the surface. The S2e region comprises the residues, G88, G89, M126,
N128 and G135. All residues, but N128, are buried in a shell next to the periphery of S2
binding pocket. (C) Surface representation of residues of Pm domain of NinaA and their
relative location to S1 and S2 pockets. (D) Ribbon representation of the relative orientation
of the PPIase active site of NinaA to its Pm domain. Active site residues are represented in
the purple ribbons by sticks in yellow.
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Figure 3.
Docking of Rh1, Rh2, Rh3 and Rh4 prolyl-peptide substrates of opsins of Drosophila and
equivalent to P23 of human rhodopsin to S1 and S2 pockets of NinaA. (A) Alignment of
Rh1, Rh2, Rh3 and Rh4 prolyl-peptide sequences of opsins of Drosophila comprising the
equivalent P23 (in bold) of human rhodopsin. Only Rh1 and Rh2 scored as binders
according to their fit in the S1 and S2 pockets of NinaA and with the Rh1 being a better
binder. (B, C) are surface representations of NinaA upon docking of Rh1 (B) and Rh2 (C)
prolyl substrates shown in (A) to its S1 and S2 pockets.
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Table 1

Structure-function effects of changes in residues caused by mutations in ninaA and affecting Rh1opsin
production (Ondek et al., 1992).

Mutation Location Predicted Functional Effect

M1I/L No template structure

DEL [44–45] Not included in analysis

G46R/E Beta 2

T55M Alpha 1

N58K Alpha 1 Possible structure stabilization. Makes 2 H-bonds to backbone G135 and I102

R60P Alpha 1 Possible structure stabilization. Salt bridge with E190

G88D Beta 4 Proximity to S2 pocket; residue located in S2e region

G89D/S Beta 4 to Beta 5 Loop Proximity to S2 pocket; residue located in S2e region

DPL [94–109] Beta 4 to Beta 5 Loop Potential oligomerization site (mediates oligomerization of cyclophilin A upon CsA binding)

G96E Beta 4 to Beta 5 Loop Potential oligomerization site (mediates oligomerization of cyclophilin A upon CsA binding)

G98S/D Beta 4 to Beta 5 Loop Potential oligomerization site (mediates oligomerization of cyclophilin A upon CsA binding)

E110K/V Beta 4 to Beta 5 Loop Possible structure stabilization makes two H-bonds with the backbone of T54 and K54 at the N-
terminal of alpha 1.

R120K Beta 4 to Beta 5 Loop Predicted protein or membrane interaction site.

G125D Beta 5 Proximity to S1 pocket

M126I Beta 5 Proximity to S2 pocket; residue located in S2e region

N128Y Beta 5 to Beta 6 Loop Proximity to S2 pocket; residue located in S2e region

DEL [129–132] Beta 5 to Beta 6 Loop Partial deletion of the Beta 5 to Beta 6 Loop

G135D Beta 5 to Beta 6 Loop Proximity to S2 pocket; residue located in S2e region

C136G Beta 5 to Beta 6 Loop S2 Pocket

Q137L/H Beta 5 to Beta 6 Loop S2 Pocket

V140E Beta 6 Proximiity to S1 pocket

G156D Beta 7 Structural instability; Residue is buried without counter-charges in the vicinity

P179L Alpha 1 to Beta 8 Loop Maybe important for loop conformation

C188Y Beta 8 Possible disulfide bond with C63

Q195STOP C-terminal Predicted protein or membrane interaction site.

DEL [197–201] C-terminal Predicted protein or membrane interaction site. (Not residue 198 it is buried)

P200L C-terminal Predicted protein or membrane interaction site.

W208STOP No template structure (truncates ER transmembrane domain)

G213D No template structure (within ER transmembrane domain)

S219F No template structure (within ER transmembrane domain)

H227L No template structure (next to the ER transmembrane domain facing the cytosol)

Q232STOP No template structure (truncates exposed cytoplasmictail by 5 residues)
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