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Abstract

Cyclophilins are peptidyl cis-trans prolyl isomerases (PPIases), whose activity is typically 

inhibited by cyclosporine A (CsA), a potent immunosuppressor. Cyclophilins are also chaperones. 

Emerging evidence supports that cyclophilins present non-overlapping PPIase and chaperone 

activities. The proteostasis of the disease-relevant substrates, signal transducer and activator of 

transcription 3 and 5 (STAT3/STAT5), heterogeneous nuclear ribonucleoprotein A2B1 

(hnRNPA2B1) and M-opsin, are regulated by non-overlapping chaperone and PPIase activities of 

the cyclophilin domain (CY) of Ranbp2, a multifunctional and modular scaffold which controls 

nucleocytoplasmic shuttling and proteostasis of selective substrates. Although highly homologous, 

CY and the archetypal cyclophilin A (CyPA) present distinct catalytic and CsA-binding activities 

owing to unique structural features between these cylophilins. We explored structural 

idiosyncrasies between CY and CyPA to screen in silico nearly 9 million small molecules (SM) 

against the CY PPIase pocket and identify SMs with selective bioactivity toward STAT3, 

hnRNPA2B1 and/or M-opsin proteostasis. We found three classes of SMs that enhance the 

cytokine-stimulated transcriptional activity of STAT3 without changing latent and activated 

STAT3 levels, down-regulate hnRNPA2B1 or M-opsin proteostasis, or a combination of these. 

Further, a SM which suppresses hnRNPA2B1 proteostasis also inhibits strongly and selectively 

the PPIase activity of CY. This study unravels chemical probes for multimodal regulation of CY 

of Ranbp2 and its substrates and this regulation likely results in the allosterism stemming from the 

interconversion of conformational substates of cyclophilins. The results also demonstrate the 

feasibility of CY in drug discovery against disease-relevant substrates controlled by Ranbp2 and 

they open new opportunities for therapeutic interventions.
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INTRODUCTION

Cyclophilins are members of peptidyl cis-trans prolyl isomerases (PPIases),1–3 whose 

activity promotes protein folding or conformational switches in protein signaling.4–6 

Cyclophilins bind also the cyclic undecapeptide and potent immunosupressor drug, CsA.7–9 

Cyclophilin A (CyPA or PPIA), a prototypical member of cyclophilin family, mediates 

immunosuppression9,10 and non-immunosuppressor structural variants of CsA have been 

exploited in the treatment of diseases,9,11,12 such as infections caused by HIV-1 and 

HCV.13–18

Cyclophilins act also as chaperones. For example, the cyclophilin encoded by ninaA of 

Drosophila chaperones the biogenesis of selective opsins of photoreceptor neurons.19–21 

The molecular bases of the chaperone activity of NinaA and other cyclophilins remain 

unclear; however, mutational or structural studies of ninaA,5 CyPH/PPIL122–24 or CyPB 

(PPIB)25 support this activity arises from the stable association of substrates to binding sites 

in cyclophilin that do not overlap with its PPIase site and that are not affected by CsA 

binding. This notion of mutually exclusive sites in cyclophilins toward distinct substrates 

was strengthened by the findings that cyclophilin domain (CY) of Ranbp2 harbors selective 

physiological activities towards four disease-relevant substrates, STAT3/STAT5, 

hnRNPA2B1 and M-opsin.26 Ranbp2 is a large 358 kDa multimodular, pleiotropic and 

cytoplasmic peripheral nucleoporin, which is not exclusively localized at nuclear pores.26–31 

Selective domains of Ranbp2 control nucleocytoplasmic trafficking,28,31–37 

sumoylation,38–40 microtubule-based motor activity of kinesin-141–43 and proteostasis of 

selective proteins.26,44–47 In particular, M-opsin biogenesis is dependent on the C-terminal 

chaperone activity of CY, but not on CY PPIase activity.26 By contrast, loss of CY PPIase 

activity down-regulates the proteostasis of hnRNPA2B1, whereas impairments of CY 

PPIase and C-terminal chaperone activities lack apparently untoward effects of CY 

association with latent and stress-activated STAT3/STAT5.26 Regulation of proteostasis of 

substrates by CY activities is important, because STAT3/STAT5 misregulation is linked to 

inflammation, cancer and neurodegeneration,48–55 aggregation-prone mutations in 

hnRNPA2B1 cause multisystem proteinopathies and amyotrophic lateral sclerosis (ALS)56 

and those in L/M-opsins (OPN1LW/OPN1MW) lead to cone photoreceptor neuron dystrophy 

and color blindness.57 Mounting evidence also support that HIV-1 usurps the PPIase activity 

of CY of Ranbp2. The binding and prolyl isomerization of the CyPA-binding loop of HIV-1 

capsid to CY of Ranbp2 uncoats and promotes nuclear entry of HIV-1.15,58

Recent data support that the archetypal CyPA undergoes conformational fluctuations leading 

to side-chain conformational heterogeneity in residues unrelated and related to 

catalysis.3, 59–61 For example, alternative side-chain rotamers, such as Phe113 at the base of 

the PPIase pocket, can cause long-range chemical shifts.59 These critical data establish a 

direct relationship between rates of conformational substates of CyPA and catalysis. The 

dynamic properties of CyPA are likely extended to other cyclophilin members, such as CY 

of Ranbp2. For example, CY can undergo phosphorylation of residues away from the PPIase 

site and this modification reduces the PPIase activity of CY.26 Collectively, these data 

support that cyclophilins interconvert between conformational substates and that distinct 

structural ensembles of cyclophilins are coupled directly to unique function(s). Importantly, 
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these mechanisms may be explored to modulate pharmacologically and selectively manifold 

activities of cyclophilins on their substrates.

Here, we explored the heterogeneity of structural ensembles between the PPIase pockets of 

CY of Ranbp2 and its closest homolog, CyPA, to screen nearly 9 million small molecules 

and discover unique chemical probes selective to CY and that modulate distinct features of 

proteostasis of CY substrates, STAT3, hnRNPA2B1 and M-opsin.

RESULTS AND DISCUSSION

Exploring the structural heterogeneity of CY and CyPA for in silico screening of chemical 
ligands of CY

The primary sequence of CY of Ranbp2 is 65% identical to CyPA (Figure 1a).29 

Comparison between the available PDB crystal structures of the PPIase pockets of CY and 

CyPA indicates that CY harbors an extended PPIase pocket with an area and volume of 

370Å2 and 357Å3 compared to 301 Å2 and 312Å3 of CyPA, respectively (Figure 1b). 

Further, several critical residues within or surrounding the PPIase pocket were unique to CY 

of Ranbp2. For example, A103 and W121 in CyPA are replaced by Q3163 and H3181 in 

CY of Ranbp2, respectively (Figure 1c). These highly conserved residues among 

cyclophilins29 are critical to CsA binding to CyPA. Q3163 is predicted to restrict binding of 

CsA to CY, whereas the mutations, W121F and W121A, in CyPA were shown to decrease 

75 and 200-fold their binding activities to CsA and 2- and 13-fold their catalytic efficiencies 

(kcat/Km), respectively.62 Conversely, replacement of the equivalent residue H141W of 

CyP40 increases its catalytic efficiency and binding to CsA.63 Hence, the non-conserved 

Q3163 and H3181 in CY of Ranbp2 are thought to contribute to its decreased catalytic 

efficiency on standard peptidyl-prolyl substrates and CsA-binding activity.26,29 In addition 

to other conservative and non-conservative substitutions in CY PPIase pocket (Figure 1c), 

CyPA and CY present also surface electrostatic changes owing to differences of orientation 

of side chains of conserved lysines towards or away the PPIase pocket (e.g. K3142 (K82 in 

CyPA) and K3185 (K125 in CyPA)) (Figures 1c and d) and whose acetylation in CyPA 

promotes surface electrostatic shifts and PPIase inhibition.64,65

We took advantage of the structure of CY determined at 1.75 Å (PDB 4I9Y)64 and unique 

structural ensembles between the PPIase pockets of CY and CyPA (PDB 2CPL)66 (Figure 

1c) to screen a library of nearly 9 million small molecules against the extended CY PPIase 

pocket with structure-based and virtual ligand screening (VLS) approaches (Figure 2). These 

approaches produced 679 potential ligands to the PPIase pocket of CY of Ranbp2 after 

counter-screening ligand candidates of CY against the PPIase pocket of CyPA (Figure 2). 

Fourteen high-scoring compounds against the atomic structure of CY determined at 1.75 Å 

(PDB 4I9Y) were selected for experimental analysis upon visual inspection of various 

structural features, such as geometries, functional groups, and interactions with the receptor. 

Figure 3 shows the chemical structures of six of the fourteen candidate ligands of CY and 

that were found in this study to show pharmacological activity toward physiological 

substrates of CY of Ranbp2. Compounds without CY pharmacological activity likely 

represent false positives from the in silico screening owing to the lack of the incorporation 

of dynamics of CY and absence of multiple atomic structures of CY.
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Modulation of STAT3-transcriptional activity by chemical ligands of CY

Chemical compounds were assessed for their ability to modulate STAT3 transcriptional 

activity. We chose a STAT3 luciferase reporter HeLa stable cell line to screen the 

compounds, because this cell line lacks endogenous activated STAT3 in the absence of the 

cytokine, oncostatin-M (OncM), but robust STAT3 activation (STAT3(P)) ensues upon 

OncM stimulation (Figures 4a and b). By contrast, IL-6 had no effect on STAT3-

transcriptional activity (Figure 4b). Further, this line expresses endogenously hnRNPA2B1 

and Ranbp2, whose levels remain unchanged by the absence or presence of OncM (Figure 

4a).

We examined the dose-response of STAT3-transcriptional activation in the presence of 

increasing concentrations of chemical compounds. As shown in figure 4c, we found that 

four chemicals, compound 1, 2, 10 and 11, enhanced STAT3-transcriptional activity and 

among these, compound 10 had the strongest effect (> 2-fold increase). By contrast, 

compound 3 (Figure 4c) and other compounds had no effect (data not shown). Interestingly, 

compound 1 was extremely labile because its bioactivity was completely lost upon solvation 

and short-term storage. Conversely, compound 14 was cytotoxic and was not included for 

further analysis. Finally, the enhancement of STAT3-transcriptional activity was not caused 

by changes in the levels of latent and activated STAT3, because the levels of STAT3 and 

STAT3(P) were unchanged in the absence and presence of the compounds with and without 

effects on STAT3-transcriptional activity (Figure 4d).

CyPA and CyPB bind to CsA and this association promotes the down-regulation of STAT3-

transcriptional activity.67 To probe the selectivity of the mechanisms of regulation of 

STAT3-transcriptional activation, we treated cells with CsA in the absence and presence of 

OncM. In comparison to unchallenged HeLa cells, CsA had no effect on STAT3 activation. 

However, CsA reduced by ~50% the levels of STAT3-transcriptional activity upon 

treatment of cells with OncM (Figure 4e). Hence, CsA and compounds 1, 2, 10 and 11 elicit 

contrasting effects in STAT3-transcriptional activation.

Modulation of hnRNPA2B1 proteostasis by chemical ligands of CY

To assess the effect of the chemical compounds towards CY in hnRNPA2B1 proteostasis, 

the STAT3 luciferase reporter HeLa stable cell line was cultured without cytokine challenge 

in the absence and presence of the compounds. As shown in figure 5a (upper panel), 

compounds 11–13 elicited strong down-regulation of hnRNPA2B1 levels. Quantitative 

analyses of immunoblots showed that compounds 11–13 elicited a greater than 2-fold 

reduction of hnRNPA2B1 levels, whereas compounds 1 and 10, and all other compounds, 

had milder and no effects in hnRNPA2B1 proteostasis, respectively (Figure 5a, lower 

panel). Finally, there was also a dose-dependent response of hnRNPA2B1 down-regulation 

towards compound 11 (Figure 5b).

Modulation of M-opsin by chemical ligands of CY

We used a transformed cone photoreceptor line, which expresses endogenously M-

opsin,68,69 to ascertain the effect in M-opsin proteostasis of compounds without overlapping 

effects in STAT3-transcriptional activation and regulation of hnRNPA2B1 proteostasis, 
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such as compounds 2 and 13. As shown in figure 5c, compounds 2 and 13 exerted mild, but 

contrasting and significant effects, in M-opsin proteostasis. Compound 2 and 13 selectively 

decreased and increased M-opsin levels, respectively.

Inhibition of CY PPIase activity by chemical compounds

CY of Ranbp2 harbors non-overlapping PPIase and chaperone activities towards STAT3/

STAT5, hnRNPA2B1 and M-opsin, and CY likely undergoes conformational substates with 

inherent effects on CY functions and PPIase activity.26 To discern further the mechanisms 

of compounds 1–13 in CY functions, we measured the direct effects of these compounds on 

CY PPIase activity. Among these compounds, only compound 13 had a potent and selective 

inhibitory effect on CY PPIase activity. As shown in figure 6a, the IC50 of compound 13 for 

CY of Ranbp2 was ≃ 4×10−13 M. In addition, we evaluated the selectivity of compound 13 

and CsA toward the PPIase activities of CyPA and CY at known saturating PPIase 

inhibitory concentrations of compound 13 (this study, Figure 6a) and CsA for CY and 

CyPA, respectively.62,65 As shown in figure 6b, 100 nM of CsA inhibited strongly the 

PPIase activity of CyPA but had no effect on CY PPIase activity. By contrast, compound 13 

did not inhibit the PPIase activity of CyPA. Hence, compound 13 is a novel, potent and 

highly selective orthosteric inhibitor of the PPIase activity of CY of Ranbp2.

Distinctive features of CY-ligand complexes

To gain insights to the structural bases for the pharmacological and biochemical effects 

between the compounds described in this study, we examined the poses of the ligands 

docked in the extended PPIase pocket of Ranbp2. We modeled and calculated all the contact 

areas between the residues of CY and functional groups of ligands and compared these to 

the crystal structure of CyPA-CsA complex (PBD 1CWA).70 As shown in figure 7a, 

compound 11, which presents dual activities for STAT3 and hnRNPA2B1, is predicted to 

interact with highest number of residues (seven) which do not interact with CsA in CyPA. 

Compounds 10 and 11 share pharmacological properties and sixteen interacting residues. 

Among these residues, five do not interact with CsA in CyPA and three (D3131, Q3163 and 

N3169) are not conserved in CyPA. Strikingly, compound 13, which suppresses CY PPIase 

activity, is the only compound that is predicted to establish hydrogen bonds with the highly 

conserved residues, R3115 (R55 in CyPA) and H3186, whereas a single hydrogen bond is 

established between all other compounds and R3115 (Figure 7b). Finally, compound 11 has 

an extended configuration compared to all other compounds by protruding out of the PPIase 

pocket toward D3141, K3142 and N3169 (Figure 7c).

Conclusions

This study identified the first known chemical ligands with relative potency and selectivity 

toward CY of Ranbp2 and with idiosyncratic activities toward the modulation of the 

proteostasis of physiological substrates of CY, such as STAT3, hnRNPA2B1 and M-opsin. 

Specifically, this study found compound 2 enhances STAT3-transcriptional activation 

without affecting hnRNPA2B1 proteostasis, whereas compounds 12 and 13 down-regulate 

hnRNPA2B1 proteostasis without affecting STAT3-transcriptional activation. Further, 

compound 2 and 13 promote also mild down-regulation and up-regulation of M-opsin 

proteostasis, respectively. No chemical enhancers of STAT3 activity are known to this 
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date.48 Likewise, chemical regulators of hnRNPA2B1 and M-opsin proteostasis are elusive. 

Regulation of STAT3 activity is important in clinical conditions, such as cancer and 

neurodegeneration promoted by intrinsic and extrinsic pathological stressors and in which 

activated STAT3 is thought to act as an early prosurvival factor.48–54,71 A potential concern 

is whether an enhancement of prosurvival responses caused by activated STAT3 alone 

promotes oncogenesis in neurodegenerative therapies. However, this concern is mitigated by 

recent data supporting that therapeutic augmentation by activated STAT3 promotes 

photoreceptor survival and delays degeneration of photoreceptors across various inherited 

models of photoreceptor dystrophies and without apparent transformation of retinal 

neurons.55 Hence, pharmacological enhancers of STAT3 activity may boost the prosurvival 

potential of STAT3 across multiple neurodegenerative conditions. On the other hand, human 

mutations in prion-like domains of hnRNPA2B1 cause MSP and ALS,56 whereas mutations 

in M-opsin compromise cone photoreceptor neural function and promote color blindness.57 

These mutations are thought to promote the misfolding and/or aggregation of cytotoxic 

hnRNPA2B1 and opsin conformers.56,72 In this regard, this study opens new venues for the 

pharmacological down-regulation of disease-relevant substrates when pathological 

accumulations or aggregation of conformational and kinetically trapped folded substrates 

compromise neural survival. Finally, emerging data also support that hnRNPA2B1 is a 

driving oncogene in glioblastoma and that hnRNPA2B1 knockdown is accompanied by a 

reduction of activated STAT3 and transformation potential.73,74 Hence, the chemical 

compounds herein uncovered may have therapeutic applications in other diseases, such as 

glioblastomas with over-expression of hnRNPA2B1.

This study also shows that the regulation of chaperone and PPIase activities of cyclophilins 

may undergo a higher level of complexity than hitherto appreciated. Our prior work showed 

that the mutation, R3115A (R55 in CyPA), which causes the loss of PPIase activity of CY, 

led to the selective post-transcriptional down-regulation of hnRNPA2B1, without apparently 

affecting STAT3 proteostasis.26 By contrast, this study shows that compound 13, which 

selectively inhibits also the PPIase of CY and down-regulates hnRNPA2B1, shares similar 

pharmacological properties with compounds 10–12 which have no inhibitory effect on CY 

PPIase activity. Assuming that these compounds maintain similar bioactive conformations in 

vitro and in vivo, the data indicate that loss of PPIase activity alone may not account for the 

down-regulation of hnRNPA2B1. Further, compound 13 is predicted to be anchored by 

hydrogen bonding to highly conserved residues among cyclophilins, such as H3186 (H126 

in CyPA) and the catalytic residue R3115A (R55 in CyPA). Hence, it is likely that unique 

interactions of shared and unique residues of CY with compounds 10–13, but not CsA, may 

contribute significantly to their unique pharmacological properties and that CY presents 

allosteric coupling of PPIase and chaperone activities. This ligand-elicited allosterism at the 

PPIase pocket may promote long-range chemical shifts in CY and the generation of CY 

conformers with distinct chaperone propensities toward STAT3, hnRNPA2B1 and M-opsin. 

Ultimately, X-ray crystal structures of chemical ligand-CY complexes, ligand structure-

activity relationships and chemical-genetic complementation studies are needed to gain 

additional insights into the mechanisms underpinning the pharmacological regulation of CY 

by the novel aforementioned compounds.
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Another surprising observation was that we did not observe changes in latent and activated 

STAT3 levels by compounds that enhance STAT3-transcriptional activation and that 

compound 13 with CY PPIase inhibitory activity had no effect on STAT3-transcriptional 

activation. Although these pharmacological and prior results support a lack of physiological 

effects of cis-trans prolyl isomerization in STAT3 proteostasis and STAT3 association to 

Ranbp2,26 they suggest a model whereby CY chaperones and boosts the trans-activation 

potential of STAT3 by sampling dynamic conformational substates of activated STAT3 and 

shifting the equilibrium between these substates to favor the formation of STAT3 

conformer(s) with high trans-activation potential or nuclear translocation efficiencies.

Pharmacological regulation of protein-protein interactions are often viewed as difficult to 

target owing to large and flat interfaces between interacting partners.75 However, small 

molecule-mediated allosteric (induced-fit) regulation of protein interacting interfaces may 

produce dynamic shifts in pre-existing and nearly isoenergetic ground conformational 

substates that are linked to distinct functional properties of a protein. This concept was 

introduced first by Linderstrøm-Lang and Schellman76 and extended by Monod et al to 

multisubunit proteins77 and more recently to “single-domain” proteins,78–80 including 

cyclophilins.59,61 We suggest that the dynamic interconversion of functionally and 

structurally distinct ensembles may not only underlie chaperone activity through the 

adaptive recognition of client proteins, but have also critical implications to the allosteric 

regulation of bidirectional transport of substrates through the nuclear pore. Oscillations in 

conformational substates of CY (and other domains)43 of Ranbp2 and exclusive association 

of selective conformers to import (e.g. STAT3) or export substrates (e.g. hnRNPA2B1) may 

contribute to the directionality of nucleocytoplasmic trafficking and protestasis of client 

proteins. In this regard, the chemical probes here discovered will help to explore 

pharmacologically the dynamic roles of protein conformational substates in the regulation of 

nucleocytoplasmic trafficking, recognition and proteostasis of client proteins which likely 

extend beyond those examined in this study, such as the capsid of HIV-1.15,58

METHODS

Virtual Ligand Screening (VLS) of MolCart database

The 1.75 Å resolution crystal structure of human CY of RANBP2 (PDB code 4I9Y) was 

used in the virtual screen.64 The structure was prepared for virtual screening by using 

standard protocols in Internal Coordinate Mechanics (ICM-Pro) software v3.8 (MolSoft’s 

LLC, San Diego, CA).81–83

The MolCart Compounds database (http://www.molsoft.com/molcart-compounds.html) 

containing 8,932,994 commercially available chemicals was filtered using a relaxed set of 

“Lipinski-like” chemical drug-like property rules.84 The database was then screened against 

the extended orthosteric PPIase pocket of CY of RanBP2. VLS was performed with Internal 

Coordinate Mechanics-Pro (ICM-Pro VLS software v3.8) and dockScan v.4.41 (MolSoft’s 

LLC, San Diego, CA). The ICM program performs global optimization of the entire flexible 

ligand in the receptor field and combines large-scale random moves of several types with 

gradient local minimization and a search history mechanism using the ICM biased 

probability Monte Carlo procedure.81 Docking poses were evaluated according to the 
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weighted components of the ICM-VLS scoring function,85 which gives a good 

approximation of the binding free energy between a ligand and a receptor and is a function 

of different energy terms based on a force-field. The side-chains of CY were not explicitly 

flexible during the screening. A soft van der Waals potential was used to allow partial 

flexibility between the ligand and receptor but no large side-chain or backbone movements 

were incorporated. Based on the distribution of scores a scoring threshold of −37 was 

employed to differentiate potential binders from non-binders. The ranked hit list was 

checked for compounds with unusual chemical properties (e.g. reactive or potentially PAIN 

compounds86) and high strain (e.g. cis amides) and these chemicals were removed. The hit 

list was then clustered using MolSoft’s Atomic Property Field (APF) method87 to select a 

diverse set of 735 chemicals for experimental testing.

The hit list was then counter-screened against the active site of CyPA\PPIA (PDB 2CPL).66 

Fifty six of the chemicals in the final ranked hit list of CY of Ranbp2 were predicted to bind 

to CY of RanBP2 and CyPA and they were removed from the final hit list. Top scoring 

compounds were visually inspected and 14 compounds were selected for experimental 

evaluation.

Reagents and antibodies

Oncostatin-M (OncM) and interleukin 6 (IL6) (R&D Systems); monoclonal mouse mAb414 

against Nup358/Ranbp2, Nup153 and Nup 62 (Convance, Emeryville, CA); rabbit anti L/M 

opsin no. 21069;42 rabbit polyclonal anti-hnRNPA2B1 (Proteintech, Chicago, IL); rabbit 

monoclonal anti-STAT3 (Cell Signaling, Boston, MA); rabbit anti-pSTAT3 (Cell 

Signaling); mouse rabbit anti-glyceraldehyde 3-phosphate dehydrogenase (Gapdh) (Santa 

Cruz Biotechnology), rabbit anti-hsc70 (Enzo Life Science, Farmingdale, NY); bovine 

thymus cyclophilin A (Sigma); Suc-ALPF-pNA (Bachem Bioscience); cyclosporine A 

(CsA, Sigma); bovine pancreas α-chymotrypsin type 1-S (Sigma). Purity of chemical 

compounds no. 1, 2, 10, 11, 12 and 13 were 93, 100, 94, 98, 92 and 96%, respectively, as 

provided by the manufacturers.

Cell culture

The STAT3 luciferase reporter HeLa stable cell line (Signosis, Santa Clara, CA) was 

maintained in DMEM (Invitrogen) supplemented with serum inactivated fetal bovine serum 

(Hyclone), penicillin and streptomycin. HeLa cells were seeded in 96-well plates (8,000 

cells per well) and cultured overnight at 37°C in the presence of 5% CO2 and 100% 

humidity. For STAT3 activation and small compound screenings, HeLA cells were then 

challenged for 16 hours with OncM or IL-6 in 0.1% FBS and in the presence or absence of 

various concentrations of small compounds or CsA dissolved in anhydrous DMSO. DMSO 

concentration between treatments with and without compounds was kept constant. Then, 

luciferase assays were carried out as recommended by the manufacturer (Luciferase reporter 

system, Promega). Luminescence was measured with a SpectraMax M5 spectrometer plate 

reader (Molecular Devices). For analysis of hnRNPA2B1 and M-opsin proteostasis, HeLa 

cells and the murine photoreceptor cell line, 661W,68,69 underwent the same procedures 

with the exception that they were grown to confluency (~1.2 million cells) in 6-well plates 

without cytokine stimulation and in the absence or presence of small compounds. Viability 
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and cytotoxicity were assessed with ApoTox-Glo Triplex Assay (Promega), microscopic 

examination, and comparisons between small molecules at 250 μM and staurosporin at 5 

μM. Cells were harvested and lysed in RIPA buffer.

PPIase assays

Recombinant CY of Ranbp2 was purified as described elsewhere.26,88 PPIase assays for the 

cis-trans prolyl isomerization of Suc-ALPF-pNA by recombinant CY of Ranbp2 (50 nM) or 

thymus-purified CyPA (5 nM) were performed using the chymotrypsin-coupled assay 

exactly as described previously, but in the absence or presence of small compounds or 

CsA.26,29 The first-order rate constants, k, and catalytic efficiency, kcat/Km, were determined 

with Origin software v8.5. (Northampton, MA) and exactly as described previously.26,29 

IC50 value for CY PPIase inhibitor(s) (small compound) was ascertained using the 

chymotrypsin-coupled assay described above.

Quantitative immunoblots analyses

RIPA-solubilized cell homogenates were resolved in standard Hoefer (Holliston, MA) or 

premade 4–14% Criterion (BioRad) SDS-polyacrylamide gels. Changes in protein levels 

caused by compound treatments were ascertained by immunoblots and densitometric 

analyses as described previously.26 Blots were reprobed for housekeeping proteins. Band 

intensities were quantified Metamorph v 7.0 (Molecular Devices) and integrated density 

values (idv) of representative bands were normalized to the background and idv of Gapdh or 

hsc70. Data were analyzed by the two-tail t-test and a p value of ≤0.05 was considered 

significant.
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FIGURE 1. Heterogeneity of structural ensembles between the PPIase pockets of CY of Ranbp2 
and CyPA
(a) Amino acid sequence alignment of CY of Ranbp2 and cyclophilin A (CyPA). CY and 

CyPA are 65% identical. Residues within 7Å of the PPIase pocket are noted within red line 

boxes. (b) Ribbon representation of superposition of CY of Ranbp2 (gray) and CyPA (red). 

Mesh represents extended PPIase pocket of CY (gray) and that of CyPA (red). (c) Non-

conserved residues of the PPIase/CsA-binding pockets of CyPA (listed first) and CY of 

Ranbp2 (listed second). Extended CY PPIase pocket is in pink. Numbering refers CyPA 

residues. (d) Surface representations of CY of Ranbp2 and CyPA colored by qualitative 

electrostatic potential calculated by ICM using a color scale from red to blue and values of 

+/−5 kcal/electron units (+5=blue, −5=red). The conserved K3142 and K3185 (circles) and 

the nonconserved Q3163 residues of CY (arrow) and its PPIase pocket (white mesh) are 

shown. Variable orientations of side chains of K3142 and K3185 of CY of Ranbp2 and 

equivalent residues in CyPA cause surface electrostatic shifts.
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FIGURE 2. 
Diagram of strategy for structure-based ligand screening in silico of candidate small 

molecules against the PPIase pocket of CY of Ranbp2.
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FIGURE 3. Chemical structures of bioactive ligands of CY PPIase pocket identified by in silico 
screening and examined by this study experimentally
Compound 1, 4-(2,5-Dioxo-imidazolidin-1-yl)-N-[4-(5-methoxy-1H-indol-3-yl)-thiazol-2-

yl]-butyramide; compound 2, 1-(2,5-difluorobenzoyl)-N-[2-(3-pyridinyloxy)phenyl]-3-

piperidinecarboxamide; compound 10, N-(2H-1,3-benzodioxol-5-yl)-2-[4-(5-methyl-1,3-

dioxo-2,3-dihydro-1H-isoindol-2-yl)butanamido]benzamide; compound 11, (S)-N-(3-

methyl-1-oxo-1-((pyridin-2-ylmethyl)amino)butan-2-yl)-2-(1H-pyrrol-1-

yl)benzodthiazole-6-carboxamide; compound 12, N-(3-chloro-4-methoxyphenyl)-2-{[5-

oxo-4-(prop-2-en-1-yl)-4H,5H-[1,2,4]triazolo[4,3-a]quinazolin-1-yl]sulfanyl}-2-

phenylacetamide; compound 13, 1-(2-chlorophenyl)-5-cyclopropyl-N-[3-(2,5-

dioxopyrrolidin-1-yl)propyl]-1H-1,2,4-triazole-3-carboxamide.
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FIGURE 4. Pharmacological properties of CY chemical ligands in STAT3 transcriptional 
activation potential
(a) Immunoblots of STAT3(P) (activated STAT3) from homogenates of STAT3 luciferase 

reporter HeLa stable cell line treated or untreated with oncostatin M (OncM). Levels of 

hnRNPA2B1 and Ranbp2 levels remain unchanged between OncM untreated and treated 

cells. (b) Luciferase activity induced by STAT3-transcriptional activation in the absence or 

presence of OncM and IL-6. (c) Dose-dependent responses of STAT3-transcriptional 

activity of STAT3 luciferase reporter HeLa stable cells treated with OncM in the absence 

and presence of small molecules (Cmp). (d) Levels of latent STAT3 and activated 

STAT3(P) remain unchanged in the absence or presence of small molecules with (e.g. Cmp 

10) and without effect (e.g. Cmp 13) on OncM-stimulated STAT3 activity. (e) CsA 

suppresses the STAT3-transcriptional activity stimulated by OncM. Data shown represent 

the mean ± s.d., n =3 (b, c, d, e); n.s., non-significant. Legend: V, vehicle; Cmp, compound 

(small molecule).
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FIGURE 5. Pharmacological effects of CY chemical ligands in hnRNPA2B1 and M-opsin 
proteostasis
(a) Immunoblot (top panel) and quantitative analyses (lower panel) of hnRNPA2B1 levels in 

homogenates of STAT3 luciferase reporter HeLa stable cells untreated and treated with 

small molecules (100 μM). Compounds 11–13 reduce strongly hnRNPA2B1 levels. 

Compound 14 is cytotoxic. (b) Quantitative analyses (upper graph) by immunoblot of 

hnRNPA2B1 levels (lower panel) in homogenates of HeLa cells untreated and treated with 

increasing concentrations of compound 11. (c) Immunoblot (upper panel) and quantitative 

analyses (lower panel) of M-opsin levels in homogenates of 661W cells untreated and 

treated with small molecules. Compounds 2 and 13 reduce and increase M-opsin levels, 

respectively. Data shown represent the mean ± s.d., n = 4 (a–c). Legend: V, vehicle 

(compound solvent) only; Cmp, compound (small molecule); Gapdh, Glyceraldehyde 3-

phosphate dehydrogenase; hsc70, cytosolic heat shock cognate protein 70.
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FIGURE 6. Inhibitory effects of compound 13 and CsA on CY and CyPA PPIase activities
(a) Direct inhibition of PPIase activity of CY by compound 13. Compound 13 has an IC50 of 

≃4×10−13 M on the catalytic efficiency (kcat/Km) of CY. (b) Inhibitory effects of CsA and 

compound 13 on the catalytic efficiencies of CyPA and CY of Ranbp2. Data shown 

represent the mean ± s.d., n =4–6 (b). Legend: V, vehicle; Cmp, compound (small 

molecule).
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FIGURE 7. Structural poses of CY-ligand complexes
(a) Surface contact areas (Å2) between docked ligands of CY and residues of PPIase pocket 

of CY determined by molecular modeling with ICM. Counterpart residues in CyPA are also 

shown (2nd column). Non-conserved residues in CY are shown in bold. Contact areas (Å2) 

between docked CsA and residues of PPIase pocket of CyPA as determined by X-ray 

crystallography are shown (last column). Numbers in red denote residues establishing 

interactions with chemical probes identified by this study and that are known not to 

participate in interactions between CyPA and CsA. Residues in bold are unique to CY of 

Ranbp2. Residues in green establish hydrogen bonds with compound 13. (b) Hydrogen 

bonding between compound 13 and the conserved residues, R3115 and H3186, of the PPIase 

pocket of CY. Numbers in parenthesis are counterpart residues in CyPA. (c) Superposition 

of ligands of PPIase pocket of CY; compound 11 (purple) protrudes out the PPIase pocket of 

CY.
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