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23 Abstract

24 Cyclophilin (Cyp), a peptidyl-prolyl cis-trans isomerase (PPlase), acts as a
25  virulence factor in many bacteria including Staphylococcus aureus. The enzymatic
26 activity of Cyp is inhibited by cyclosporin A (CsA), an immunosuppressive drug. To
27  precisely determine the unfolding mechanism and the domain structure of Cyp, we have
28 investigated a chimeric S. aureus Cyp (rCyp) using various probes. Our limited
29  proteolysis and the consequent analysis of the proteolytic fragments indicate that rCyp is
30 composed of one domain with a short flexible tail at the C-terminal end. We also show
31 that the urea-induced unfolding of both rCyp and rCyp-CsA is completely reversible and
32 proceeds via the synthesis of at least one stable intermediate. The secondary structure,
33 tertiary structure, and the hydrophobic surface area of no intermediate are fully identical
34  to those of other intermediate or the related native protein. Further analyses reveal no loss
35  of CsA binding activity in rCyp intermediate. The thermodynamic stability of rCyp was
36 also significantly increased in the presence of CsA, recommending that this protein could
37  be employed to screen new CsA derivatives in future.

38
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41 Introduction

42 The cyclophilins (EC: 5.2.1.8) represent a family of highly conserved peptidyl-
43  prolyl cis/trans isomerase (PPlase) enzymes those are expressed by most living
44  organisms, and some giant viruses [1-5]. These proteins control protein folding by
45  catalyzing the frans to cis isomerization of the peptidyl bonds those precede proline
46  residues. These enzymes also influence numerous other cellular processes including
47  protein trafficking, transcription, cell differentiation, apoptosis, protein secretion, T-cell
48  activation, and signal transduction. In addition, these folding catalysts play critical roles
49 in developing cardiovascular diseases, rheumatoid arthritis, viral infections, cancer,
50 diabetes, sepsis, asthma, aging, neurodegenerative diseases, and microbial infections [2,
51 3, 6-11]. The catalytic activities of the cyclophilins are typically inhibited by cyclosporin
52 A (CsA), a cyclic peptide harboring eleven amino acid residues [1]. A ternary complex,
53  formed by the association of CsA-cyclophilin complex with calcineurin, prevents the
54  dephosphorylation of the transcription factor NF-AT that, in turn, blocks the expression
55  of cytokines from T-lymphocytes [12-14]. The reduction of T-cell activity by CsA has
56 made it extremely useful in clinics, particularly for preventing the graft rejection after
57  organ and bone marrow transplantation [2]. However, the severe side effects of CsA have
58 restricted its use [15] and promoted to develop many CsA analogs with no
59  immunosuppressive activity [2, 10, 11, 16-18]. Some of these CsA analogs though
60 yielded promising results have not been approved yet.

61 Cyclophilins, located in the cytosol and membrane or cell organelles, are
62  composed of either single domain or multiple domains [1-3, 19]. The catalytic domains

63  of cyclophilins have a B-barrel conformation that is constituted with eight anti-parallel -
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64  strands, two-three a-helices, and several connecting loops [1, 20, 21]. Their hydrophobic
65  active sites are made using the side-chains of amino acid residues from most of the -
66  strands and loops. While thirteen residues are required for binding CsA [1, 20- 22],
67  eleven residues in the active site are involved in the binding of a tetrapeptide substrate [1,
68  23]. Of the residues, nine residues are used by both CsA and substrate for binding.

69 The linear polypeptide chains synthesized in the living cells become functional only
70  when these molecules are folded into proper three-dimensional forms. To experimentally
71 understand the mechanism of protein folding, native/denatured forms of proteins are
72 gradually unfolded/refolded followed by monitoring their conformational changes using a
73 suitable probe [24, 25]. The unfolding/refolding study usually indicates whether the
74  folding of a protein occurs by a two-state or by a multi-state mechanism through the
75  generation of no or multiple intermediates. Additionally, unfolding studies intimate about
76  the stability of proteins in the presence of ligands or mutations [26-32]. Furthermore,
77 such studies have greatly influenced many biotechnological fields including drug
78  discovery [33-39]. The three-dimensional structures of the cyclophilins are conserved but
79  their amino acid sequences are not identical [1-3], indicating that the unfolding
80  mechanism of these proteins may be different. Thus far, unfolding mechanisms of only a
81 few cyclophilins [40-43] were studied though these proteins were considered as the
82  promising drug targets [2, 3, 10, 11].

83 Staphylococcus aureus, a pathogenic bacterium, harbors a putative cyclophilin
84  (SaCyp)-encoding gene that is not induced by stress [44] or required for its growth [45].
85  The amino acid sequence of SaCyp shares adequate homology with those of cyclophilins

86  from other organisms [42, 46]. A homology modeling study indicated the presence of a
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87  CsA binding site in SaCyp. Various experimental studies have collectively suggested that
88  SaCyp is a PPlase, exits as a monomer, binds CsA, and plays a role in the S. aureus-
89  mediated virulence [42, 46]. However, the catalytic activity of SaCyp later appears to be
90  not critical for its pathogenesis [47]. The appearance and dissemination of the multi-drug
91  resistant S. aureus strains across the globe today have necessitated the discovery of novel
92  antistaphylococcal agents [48-50]. The structural and unfolding data of SaCyp may
93  expedite the discovery of novel inhibitors (including new CsA derivatives) those would,
94  in turn, be useful not only for treating staphylococcal infections but also other diseases.
95 Recently, a study has indicated that the drug-bound or drug-unbound form of SaCyp
96  unfolds via the generation of one intermediate in the presence of guanidine hydrochloride
97  (GdnCl) [42]. In addition, there was a significant stabilization of SaCyp in the presence
98  of CsA [42]. Proteins are sometimes denatured by a different pathway in the presence of
99  different unfolding agent [51-54]. Thus far, the unfolding mechanism and stability of
100  SaCyp have not been verified using other denaturants. The structural and functional
101 properties of GdnCl-made SaCyp/SaCyp-CsA intermediate are also currently not known
102 with certainty. Moreover, the predicted domain structure of SaCyp [42] has not been
103  confirmed by any biochemical study. Herein, we have studied the domain structure and
104  urea-induced unfolding of a recombinant S. aureus Cyp (rCyP) [42] using various probes.
105  Our limited proteolysis data indicate that rCyp is a single-domain protein with a flexible
106 tail at its C-terminal end. The urea-induced equilibrium unfolding of both rCyp and rCyp-
107  CsA occurred via the synthesis of at least one stable intermediate. None of the
108 intermediates has the properties of a molten globule [55]. Of the intermediates, rCyp

109 intermediate has nearly full CsA binding activity.
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110 Materials and Methods

111 Materials

112 Many materials including acrylamide, anti-his antibody, alkaline phosphatase-
113 goat anti-mouse antibody, ANS (8-anilino-1-naphthalene sulfonate), bis-acrylamide,
114  chymotrypsin, CsA, Phenylmethane sulfonyl fluoride (PMSF), isopropyl B b-1-
115 thiogalactopyranoside (IPTG), proteinase K, protein marker, trypsin, and urea were used
116  in the present study. We bought these materials from different companies such as Sigma,

117 SRL, and Merck. rCyp was purified by a standard procedure as earlier reported [42].
118 Basic protein techniques

119 The basic protein methods, namely, protein estimation, Western blotting, SDS-
120 PAGE, and staining of polyacrylamide gel, were performed as reported [42, 56-58]. The
121 theoretical mass of monomeric rCyp was determined by analyzing its sequence with
122 ProtParam (web.expasy.org), a computational tool. The molar concentration of rCyp was
123 estimated using both its theoretical mass and content in buffer B [42]. To produce rCyp-
124 CsA, we incubated 10 uM rCyp in buffer B with 20 uM CsA for 30 min at 4°C [42].

125 Functional investigation

126 The PPlase activity of rCyp (120 nM) was evaluated by RNase T1 (ribonuclease

127 T1) refolding assay as reported [29, 42]. Previously, our modeling study indicated that

128 one S. aureus Cyp molecule binds to one molecule of CsA [42]. Considering similar
129 interaction between rCyp and CsA, the related equilibrium dissociation constant (Ky)
130 was estimated by a standard method [42] with minor modifications. Briefly, the intrinsic

131 Trp fluorescence spectra (Aex = 295 nm and A, =300-400 nm) of rCyp (2 uM) in the

132 presence of varying concentrations (0 - 4 pM) of CsA were recorded using a
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133 fluorescence spectrophotometer. The fluorescence intensity values (at Ay, =343 nm),
134 extracted from the spectra, were rectified by deducting the related buffer fluorescence
135 and by adjusting for volume changes. Lastly, the K4 value was estimated by fitting of
136 the fluorescence data to a standard equation from GraphPad Prism (GraphPas Software
137 Inc.).

138 Limited proteolysis

139 To know whether rCyp carries any domain, limited proteolysis of this protein was
140  separately executed by different proteolytic enzymes using standard methods [58, 59].
141  Briefly, a buffer B [42] solution carrying rCyp (10 uM) and an enzyme (0.025 - 0.1 uM)
142 was incubated at ambient temperature. At different time points, an aliquot (50 pl) was
143 pulled out and mixed with an SDS gel loading dye [56]. All of the aliquots were boiled
144  prior to their resolution by a Tris-glycine SDS-13.5% PAGE. After staining with
145  Coomassie brilliant blue, the photograph of acrylamide gel was captured as stated [58].

146 To determine the molecular masses of rCyp fragments, a MALDI-TOF analysis
147 (Bruker Daltonics, Germany) was performed mostly as stated earlier [59]. Briefly, rCyp
148  was exposed to a proteolytic enzyme for 10-20 min followed by the termination of
149  reaction using PMSF at a final concentration of 0.5 mM. To inactivate the enzyme, the
150  reaction mixture was incubated with benzamidine sepharose for 30 min. The supernatant
151 collected after centrifugation was dialyzed against a 20 mM NH4HCO; containing buffer
152 for 4 h at 4°C. Finally, the supernatant obtained after centrifugation of the dialyzed
153  sample was mixed with an equal volume of sinapinic acid. After drying the mixture on a

154  sample plate, it was analyzed by an MALDI-TOF mass spectrometry. The yielded m/z
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155  spectra were used to calculate the molecular masses of the rCyp fragments using a

156  standard method [60].
157 Spectroscopic observation

158 To know about the different structural elements of rCyp and rCyp-CsA in buffer
159 B [42], the ANS fluorescence (Aex / Aem = 360 / 400-600 nm), intrinsic tryptophan (Trp)
160  fluorescence (Aex /' Aem = 295 / 300-400 nm), near-UV circular dichroism (CD) (250-320
161  nm), and far-UV CD (200-260 nm) spectra of these proteins were recorded essentially as
162  described before [42, 51, 58]. We used 25 uM protein for the near-UV CD spectroscopy
163  and 10 pM protein for the far-UV CD or the fluorescence spectroscopy. The path length
164  of cuvette in the near-UV CD spectroscopy was 5 mm, whereas that in the far-UV CD
165  spectroscopy was 1 mm. The ANS concentration used in the study was 100 uM. The
166  fluorescence or CD intensity values were rectified by subtracting the reading of buffer

167  from the reading of buffer carrying protein.

168 Unfolding and refolding of proteins

169 To study the unfolding pathway of rCyp and rCyp-CsA, these proteins (10 uM
170 each) were exposed to varying concentrations (0-8 M) of urea for ~18 h at 4°C as stated
171 [51, 58]. Protein aliquots were always treated with the freshly prepared urea solution.
172 To understand the effects of denaturant on the different structures of proteins, the ANS
173 fluorescence, intrinsic Trp fluorescence, and the CD spectra of the urea-
174 treated/untreated proteins were recorded as described above. The spectroscopic signals
175 were corrected by deducting the reading of urea containing buffer from the reading of

176 the same buffer carrying protein.
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177 To check whether the proteins denatured by 7-8 M urea can refold upon removal
178 of urea, they were dialyzed against buffer B [42] prior to the recording of their Trp
179 fluorescence spectra as described [51]. The spectra of equal extent of both native and
180 unfolded proteins were also recorded for comparison. To see whether the refolded rCyp
181 is functional, we performed RNase T1 refolding as stated [42].

182 Transverse urea gradient gel electrophoresis

183 The unfolding of rCyp and rCyp-CsA were also monitored by a standard
184  transverse urea gradient gel electrophoresis (TUGE) with minor modifications [29, 51,
185  61]. Briefly, a gel having a 10 - 7% acrylamide gradient and a 0 - 8 M urea gradient was
186 made using a 10% acrylamide solution and a 7% acrylamide solution containing 8 M
187 urea. At 0 and 8 M urea, the concentrations of acrylamide were 10% and 7%,
188  respectively. After turning the solidified gel 90°, protein (60 pg) in an SDS-less loading
189  buffer [56] was loaded on its generated well. Electrophoresis and staining of the gel were

190  performed using standard procedures [57].
191 Analysis of unfolding data

192 To gather clues about the unfolding pathways and the stabilities of rCyp and
193 rCyp-CsA, the unfolding curves, produced using their spectroscopic and TUGE data,
194 were fit to either the two-state (N «» U) or the three-state (N «—>I<U) equation using

195 GraphPad Prism as described [24, 25, 29, 58]. Of the yielded thermodynamic

196 parameters, Cp,, urea concentration at the midpoint of unfolding transition (i.e. urea
197 concentration when AG = 0), AGY, free energy change in the absence of urea, m,
198 cooperativity parameter of unfolding, and AAG, the difference of free energy change

199 between rCyp-CsA and rCyp, were considered in the study. The fraction of unfolded


https://doi.org/10.1101/511048
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/511048; this version posted January 3, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

200 protein molecules was determined from the unfolding data using a standard method
201 [29].

202 Results

203 Domain structure of rCyp

204 A modeling study previously indicated that the cyclophilin, encoded by S. aureus,
205  could be a single domain protein [42]. To confirm this proposition, we have individually
206 performed limited proteolysis [51, 58-60, 62] of rCyp with trypsin, chymotrypsin, and
207  proteinase K. Each of these enzymes is computationally determined to have higher than
208  ten cleavage sites, which are distributed along the entire sequence of rCyp (Fig. 1A). This
209  protein will mostly remain insensitive to the above enzymes if it is really composed of
210  only one domain. We have noted the generation of primarily one proteolytic fragment
211 from rCyp at the initial stage of its cleavage with proteinase K (Fig. 1B). One major
212 fragment was also made at the early period of digestion of rCyp with trypsin (Fig. 1C) or
213 chymotrypsin (Fig. 1D). The proteinase K-, trypsin- and chymotrypsin-generated
214  fragments are designated as fragment I, fragment II and fragment III, respectively. All of
215  the fragments remained stable during the entire period of digestion. The intensities of the
216  fragments were gradually increased with the increase of time of digestion. Their
217  molecular masses are about ~2-3 kDa less than that of rCyp, indicating that the digestion
218  occurred at one end or both ends of this protein in the presence of proteinase K.
219  Conversely, fragment II was possibly originated due to the removal of any one end of
220  rCyp. On the other hand, fragment III might have been generated due to the cleavage of
221 the less chymotrypsin-sensitive peptide bonds formed by Leu, Met, and His residues

222 (web.expasy.org/peptide cutter) at the end(s) of rCyp. Our Western blot analyses show

10
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223 no interaction between the proteolytic fragments and anti-His antibody (Figs. 1E-1G),
224  indicating the loss of polyhistidine tag from the N-terminal end of rCyp in the presence of
225  the above enzymes.

226

227  Fig. 1. Characterization of rCyP by limited proteolysis. (A) The amino acid sequence
228  of rCyp with the cut sites of chymotrypsin (Ch), trypsin (Tr), and proteinase K (Pr). The
229  predicted cleavage sites, found out by a software tool [58], are shown at the top and
230  bottom of the sequence using vertical lines. The polyhistidine tag of rCyp is composed of
231 residues 1-23. The rCyp fragments, generated from the partial digestion of rCyp with the
232 either of Pr (B), Tr (C), and Ch (D), were separated by different SDS-13.5% PAGE.
233 Arrowhead and I-III represent the intact rCyp and the major rCyp fragments,
234 respectively. (E, F, G) Western blotting experiment. The Pr-, Tr-, and Ch-generated rCyp
235  fragments were analyzed using an anti-his antibody. We have mentioned the mass of each
236  marker protein at the right-hand sides of the blot and gel images.

237

238 To find out the cut sites in rCyp, the masses of the above proteolytic fragments (I-
239 III) were estimated using a MALDI-TOF mass spectrometry as described [59]. The m/z
240  spectrum shows that there was a generation of two major peaks from rCyp digested with
241  proteinase K (S1A Fig.). Conversely, trypsin (S1B Fig.)- or chymotrypsin (S1C Fig.)-
242 digested rCyp resulted in largely one major peak as expected. As the two peaks obtained
243 from the proteinase K-digested rCyp were fused with each other, the fragment I might be
244  composed of two proteolytic fragments (designated as la and Ib) having a little difference

245  in molecular mass. The single major peak originated from the trypsin-digested rCyp most

11
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246 possibly corresponds to fragment II. Similarly, the peak yielded from the chymotrypsin-
247  cleaved rCyp might be due to fragment III. The molecular masses of the above rCyp
248  fragments, calculated using the m/z spectral data (S1 Fig.), were found to vary from
249 21493.63 to 22050.73 Da (Table 1). Using the predicted cut site data of rCyp (Fig. 1A),
250  different proteolytic fragments were generated followed by the determination of their
251  masses using a computational tool (web.expasy.org/protparam). The rCyp fragments
252 whose theoretical masses nearly matched with the experimental masses of fragments Ia,
253 b, II, and III are composed of the amino acid residues Ser 23 to Val 218, Ser 23 to Glu
254 219, Gly 18 to Glu 220, and Ala 22 to Glu 220, respectively (Fig. 1A). Thus, five peptide
255  bonds, made by the rCyp residues Arg 17 and Gly 18, Met 21 and Ala 22, Ala 22 and Ser
256 23, Val 218 and Glu 219, and Glu 219 and Glu 220, showed sensitivity to the proteolytic
257  enzymes employed in the investigation. Of the susceptible peptide bonds, three bonds are
258  in the polyhistidine tag carrying region of rCyp and the rest bonds are in the extreme C-
259  terminal end of this enzyme (Fig. 1A). Collectively, both ends of rCyp might be exposed
260 to its surface.

261

262  Table 1. Mass and composition of the proteolytic fragments.

Enzyme rCyp fragments Mass of rCyp | Composion of rCyp
fragments” (Da) fragments®
Proteinase K la 21493.63 Ser23-Val218
Proteinase K Ib 21564.43 Ser23-Glu219
Trypsin 11 22050.73 Gly18-Glu220
Chymotrypsin 111 21973.69 Ala22-Glu220

263
264  AThe masses of the rCyp fragments were estimated using MALDI-TOF data (S1 Fig.).

265 BThe masses of fragments with the designated residue carrying regions, calculated by a

12
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266  computational tool (web.expasy.org/protparam), are very close to those determined using
267 MALDI-TOF data.

268
269 Unfolding of proteins

270 The unfolding pathways of many proteins appeared dissimilar in the presence of
271 different denaturants [49-51, 63]. Previously, both rCyp and rCyp-CsA in the presence of
272 GdnCl were unfolded via the production of one intermediate [42]. To check whether the
273 urea-induced unfolding of these proteins would follow the similar pathway, their far-UV
274 CD, intrinsic Trp fluorescence, and ANS fluorescence spectra were separately recorded
275  in the presence of 0 to 7/8 M urea (S2 Fig.) A monophasic curve is obtained for rCyp
276 when the ellipticity values at 222 nm were plotted against the matching urea
277  concentrations. Conversely, such a curve generated for rCyp-CsA was biphasic in nature
278  (Fig. 2A). A monophasic curve for rCyp and a biphasic curve for rCyp-CsA were also
279  obtained when we plotted their Trp fluorescence intensity (Fig. 2B) or the associated Ay
280  (Fig. 2C) values against the related urea concentrations. The A.,,x values of both proteins
281  were shifted to 350 nm when there was a saturation of fluorescence intensity. All of the
282 biphasic curves show the transitions at ~1.5/2 - 2.75/3 M and ~5/5.5 — 7/7.5 M urea,
283  respectively. Unlike the curves obtained using the CD and Trp fluorescence data, the
284  curves, prepared using the ANS fluorescence intensity values of rCyp and rCyp-CsA,
285  look very similar and possibly carry two transitions (Fig. 2D).

286

287  Fig. 2. Unfolding studied by spectroscopic tools. (A) The ellipticity values of rCyp and

288  rCyp-CsA at 222 nm, extracted from their far-UV CD spectra (S2 Fig.), were normalized

13
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289  and plotted against the corresponding urea concentrations as described [51]. (B) The
290 intrinsic Trp fluorescence intensity values of rCyp (at 343 nm) and rCyp-CsA (at 341
291 nm), obtained from the respective spectra (S2 Fig.), were normalized and plotted as
292 above. (C) The Ay.x values of rCyp and rCyp-CsA, derived from the Trp fluorescence
293 spectra (S2 Fig.), were similarly plotted. (D) The ANS fluorescence intensity values of
294  1Cyp, and rCyp-CsA at 480 nm, collected from the related spectra (S2 Fig.), were
295  identically normalized and plotted. All lines through the spectroscopic signals denote the
296  best-fit lines.

297

298 To verify the above unfolding data, we have also investigated the unfolding of
299 rCyp and rCyp-CsA using transverse urea gradient gel electrophoresis [51], a
300 biochemical probe. The migration of rCyp or rCyp-CsA across the urea gradient gel
301 yielded an S-shaped protein band having nearly a clear transition region (Fig. 3). The
302  rCyp-specific protein band shows a transition at ~3.25-4.25 M urea, whereas, that of
303  rCyp-CsA results in a transition region at ~4.75-5.75 M urea, indicating that the initiation
304  of the unfolding of drug-bound rCyp occurred at higher urea concentration. The faded
305 transition region also suggests a slow unfolding reaction [59, 61].

306

307 Fig. 3. Transverse urea gradient polyacrylamide gel electrophoresis of proteins.
308 Both rCyp and rCyp-CsA were separately analyzed by the Transverse urea gradient
309  polyacrylamide gel electrophoresis as described [51, 59].

310

14
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311 The reversibility of the unfolding reaction was checked by recording the Trp
312 fluorescence spectra of the native, denatured, and the probable refolded forms of rCyp
313  and rCyp-CsA as described [42]. We have observed that the Trp fluorescence spectra of
314  the native protein and the related refolded protein have completely coincided with each
315  other (Fig. 4A). Additional RNase T1 refolding assay reveals that there is nearly a
316  complete restoration of the PPlase activity in the renatured rCyp (Fig. 4B). In sum, both
317 rCyp and rCyp-CsA were unfolded by a reversible pathway in the presence of urea.

318

319 Fig. 4. Refolding of the urea-exposed proteins. (A) The intrinsic Trp fluorescence
320 spectra of the unfolded, native, and refolded rCyp or rCyp-CsA. (B) RNase T1 activity of
321  refolded and native rCyp.

322

323  Unfolding mechanism of the protein

324 To accurately determine the mechanism of the urea-induced unfolding of rCyp
325  and rCyp-CsA, all of the unfolding curves were examined using different models [24, 25,
326 58]. Each rCyp-specific curve, generated using CD or Trp fluorescence signals, exhibited
327  the best fitting with a two-state model [24]. The Cy, values, obtained from the fitted CD
328  (Fig. 2A), Trp fluorescence intensity (Fig. 2B) and the A, (Fig. 2C) data of rCyp, are
329 3.82+0.04 M, 2.91 £0.07 M, and 3.30+£0.06 M urea, respectively. Conversely, the rCyp-
330  specific curve, produced using ANS fluorescence signals, fit best to the three-state model
331 [25] with the resulted C,, values of ~1.18 M and ~3.68 M urea (Table 2). Thus, the ANS
332 fluorescence data suggest the formation of a rCyp intermediate at ~3 M urea (Fig. 5).

333  Two additional pieces of evidence have supported the above proposal. The fractions of
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334  denatured rCyp molecules, estimated from both the CD (Fig. 2A) and Trp fluorescence
335  data (Fig. 2B), were plotted against 0-7 M urea and the resulted curves did not coincide
336 with each other (S3A Fig.). The non-overlapping of such curves indicates the formation
337  of unfolding intermediate [25]. Secondly, the phase diagram [29, 64], used to know about
338  the formation of the hidden unfolding intermediate of proteins, was developed by plotting
339  the Trp fluorescence intensities of rCyp at 320 nm against its fluorescence intensities at
340 365 nm (S3B Fig.). The yielded non-linear plot again suggests the formation of rCyp
341  intermediate(s) at 0-7 M urea.
342
343  Table 2. Thermodynamic parameters of protein unfolding.
Protein Assay Fitted Cn (M) m  (kcal | AGV (kcal | AAG (kcal
method equation mol'M1) | M) M)
rCyp ANS Three- 1.18+0.03 | 1.69+0.01 | 1.99+0.03
fluorescence | state 3.68+0.19 | 0.74+0.02 | 2.74+0.07
TUGE Two- 3.79+£0.36 | 1.81+0.21 | 6.83+0.15
state
rCyp-CsA | ANS Three- 1.51£0.02 | 1.33£0.03 | 2.01+0.12 | 0.55+0.10
fluorescence | state 4.61+0.21 [ 1.70+£0.19 | 7.82+0.53 | 1.12+0.08
TUGE Two- 5.53£0.56 | 1.44+0.19 | 7.92+0.27 | 2.81+£0.02
state
344  The thermodynamic parameters were estimated from ANS fluorescence (Fig. 2D) and
345  TUGE (Fig. 3) data using standard equations [24, 25].
346
347  Fig. 5. A graphic presentation of the urea-induced unfolding of rCyp and rCyp-CsA.
348  The unfolding intermediates are denoted by rCyp’ and rCyp-CsA’.
349
350 All of the unfolding data of rCyp-CsA (Fig. 2), accumulated from our
351  spectroscopic studies, fit best to a three-state model, clearly suggesting the formation of a
352 rCyp-CsA intermediate in the presence of urea. While the C,, values yielded from the
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353  CD data of rCyp-CsA are 2.09+0.22 M and 6.37+0.09 M, those from its Trp fluorescence
354  data are 2.58+0.17 and 6.5+0.05 M urea. Conversely, the C,, values estimated from the
355  ANS fluorescence signals of rCyp-CsA are ~1.51 M and ~4.61 M urea, respectively.
356  Jointly, a rCyp-CsA intermediate might have been generated at ~3-5 M urea (Fig. 5).

357  Stability of the protein

358 A protein is usually stabilized when it binds a ligand [28, 29, 33, 36, 37, 39, 42].
359  To see whether the stability of rCyp is increased in the presence of CsA, the Cp,, m, AGV,
360 and AAG values (Table 2), obtained from the ANS fluorescence data of rCyp and rCyp-
361  CsA (Fig. 2D), were further analyzed as state above. The data show that the Cy, values of
362  rCyp-CsA are significantly higher than those of rCyp (all p values <0.05). The difference
363  of free energy change between rCyp and rCyp-CsA (i.e. AAG) is more than ~0.5 kcal M-!
364  (Table 2). The thermodynamic parameters, determined by fitting the TUGE data (Fig. 3)
365  with the two-state equation [24], are also presented in Table 2. The yielded AGY and C,,
366  values of rCyp-CsA were noted to be significantly higher than those of rCyp (all p values
367 =~ 0.03). The free energy change AAG between rCyp and rCyp-CsA is about 2.8 kcal M-!
368  (Table 2). Taken together, we suggest that the stability of rCyp is increased in the

369  presence of CsA.
370  Properties of unfolding intermediates

371 To confirm the generation of unfolding intermediates, the urea-exposed rCyp and
372 1Cyp-CsA were separately digested with trypsin as stated [58]. The yielded proteolytic
373 patterns of proteins at ~0-1 M urea look different from those in the presence ~2-6 M urea
374  (Fig. 6A). While new proteolytic fragments from rCyp appeared at ~3-6 M urea, those

375  from rCyp-CsA are generated at ~2-6 M urea. The emergence of the additional
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376  proteolytic fragments might be due to the change of protein structure at the above urea
377  concentrations. Thus, the data prove the production of unfolding intermediates from both
378  proteins at moderately higher urea concentrations.

379

380  Fig. 6. Properties of urea-made intermediates. (A) Analyses of the trypsin-generated
381  fragments from rCyp and rCyp-CsA. Proteins were exposed to 0-7 M urea followed by
382 their digestion with (+)/without (-) trypsin for 10 min at 25°C. All of the proteolytic
383  fragments are resolved by SDS-13.5% PAGE. Arrowheads denote new protein
384  fragments. (B) The near-UV CD spectra of rCyp and rCyp-CsA at the denoted
385  concentrations of urea. The spectra were recorded using same concentrations of proteins.
386  (C) Drug binding assay. The curves show the change of Trp fluorescence intensity of 0 M
387  and 3 M urea-exposed rCyp (2 uM) in the presence of 0-3.5 uM Cyclosporin A (CsA).
388

389 The ellipticity value of rCyp at 222 nm was reduced about 4% when we enhanced
390 the urea concentration from 0 M to 3 M urea (S4A Fig.), whereas, that of rCyp-CsA was
391  dropped about 17% upon increasing the urea concentration from 0 M to 4 M urea.
392 Therefore, both rCyp and rCyp-CsA intermediates are composed of sufficient extents of
393  secondary structures.

394 The Trp fluorescence intensity of rCyp was decreased about 40% upon
395  augmenting the urea concentrations from 0 M to 3 M (S4B Fig.). Conversely, there was a
396  ~13% reduction of the Trp fluorescence intensity of rCyp-CsA when the urea
397  concentration was enhanced from 0 M to 4 M. At the intermediate forming urea

398  concentrations, the spectra of rCyp and rCyp-CsA are associated with the 4 nm and 2 nm
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399  red-shifted emission maxima, respectively. In sum, the tertiary structures of rCyp and
400 rCyp-CsA intermediates are different from those of the native forms of these proteins.

401 The ANS fluorescence intensities of rCyp at 3 M and rCyp-CsA at 4 M urea,
402  unlike their far-UV CD and Trp fluorescence intensities, are more than 70% less in
403  comparison with those of the related proteins at 0 M urea (S4C Fig.). Therefore, the
404  extent of the hydrophobic surface area in either intermediate is significantly less than that
405 in the related native protein.

406 The near-UV CD values of rCyp at ~280-285 nm were slightly decreased when
407  urea concentrations were augmented from 0 M to 3 M urea (Fig. 6B). On the contrary,
408  the near-UV CD values of rCyp-CsA at ~280-285 nm were marginally reduced upon
409  raising the urea concentrations from 0 M to 4 M. Collectively, both intermediates are not
410  molten globules [55] as they retained sufficient extent of tertiary structures.

411 To verity whether rCyp intermediate is biologically active, we estimated the Trp
412 fluorescence change of both 0 M and 3 M urea-equilibrated rCyp in the presence of
413  different concentrations of CsA (Fig. 6C). The yielded Ky values for the rCyp and CsA
414  interaction at 0 M and 3 M urea are 1.25 £0.02 uM and 1.16+0.07 uM, respectively.
415  Further analysis reveals no significant change of Ky value (p=0.16) upon changing the
416  urea concentrations from 0 M to 3 M, indicating that rCyp intermediate did not lose any
417  drug binding activity.

418 Discussion

419 The present study has provided some seminal clues about the folding-unfolding
420 mechanism and the domain structure of rCyp, a chimeric SaCyp harboring 220 amino

421 acid residues [42]. Our limited proteolysis (Fig. 1) and the subsequent analyses (Table 1)
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422 have revealed that two rCyp ends carrying residues 1 to 22 and 218 to 220 are only
423 susceptible to three proteolytic enzymes employed in the study. The rCyp region having
424  residues 23 to 218 carries most of the cleavage sites of these enzymes (Fig. 1A). The
425  absence of digestion in the internal rCyp region indicates the formation of a domain by
426  the residues 23 to 218. Thus, the single domain structure of SaCyp proposed before on
427  the basis of a modeling study data [42] was confirmed by our proteolysis results.
428  However, such single domain structure is not unprecedented as the cyclophilins those
429  have masses nearly similar to that of SaCyp are also shown to carry single domain
430  capable of binding both the substrate and inhibitor [2, 3, 11, 19].

431 The proteolysis of Val 218 - Glu 219, and Glu 219 - Glu 220 peptide bonds (Fig.
432 1) indicates that the rCyp residues Val 218, Glu 219, and Glu 220, corresponding to
433  SaCyp residues Val 195, Glu 196, and Glu 197, might be exposed to its surface. Our
434  computational examination of the model SaCyp structure [42] reveals that four C-
435  terminal end residues, Asp 194, Val 195, Glu 196 and Glu 197, are not involved in the
436  formation of any secondary structure and more than 20% exposed to its surface (data not
437  shown). We have noted that the extreme C-terminal end of some SaCyp homologs,
438  formed by three to four residues, are also not structured but adequately surface-exposed.
439  The above data not only support our proteolysis data but also indicate that a short flexible
440 region is attached to the C-terminal end of SaCyp domain. Thus far, no other single
441  domain cyclophilin was reported to carry a short tail at the C-terminal end.

442 Our spectroscopic data have indicated that unfolding of rCyp or rCyp-CsA at 0-
443  7/8 M urea proceeds via the synthesis of one stable intermediate (Fig. 5). The unfolding

444  pathway of either protein in the presence of urea was fully reversible though there was
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445  the production of an intermediate (Fig. 4). The surface hydrophobicity, secondary
446  structure, and the tertiary structure rCyp intermediate are not fully identical to those of
447  1Cyp-CsA intermediate (Fig. 6 and S4 Fig.). The structural properties of the intermediates
448  also do not match with those of native proteins. Of the intermediates, the rCyp
449  intermediate is formed at comparatively less concentration of urea (Fig. 5). Collectively,
450 the number and type of non-covalent interactions responsible for stabilization of a protein
451  structure [68, 69] are possibly not identical in the two intermediates.

452 The unfolding mechanism of rCyp and rCyp-CsA in the presence of urea (Fig. 5)
453  matches with that of these proteins in the presence of GdnCl [42]. However, the GdnCl
454  concentration needed to make the rCyp intermediate was higher than that required to
455  synthesize rCyp-CsA intermediate. The structural properties of the urea-made
456  intermediates are also not completely identical to those of the GdnCl-generated
457  intermediates (Fig. 6). The GdnCl-made rCyp intermediate, unlike the urea-produced
458  rCyp intermediate (Fig. 6B), has a little extent of tertiary structure (S5A Fig.). On the
459  other hand, the GdnCl-made rCyp-CsA intermediate, like the urea-created rCyp-CsA
460 intermediate, has retained some tertiary structure (SSA Fig.) but lost most of the
461  hydrophobic surface area (S5B Fig.). In sum, neither the GdnCl-generated nor the urea-
462  made intermediates have the properties of a molten globule [55].

463 The unfolding mechanism of drug-bound/unbound rCyp shows some similarity
464  and dissimilarity with those of other drug-bound/unbound cyclophilins [40, 41, 43]. A
465  yeast-encoded cyclophilin (CPR3) in the presence of urea was unfolded by means of the
466  creation of two structurally different intermediates [43]. Of the CPR3 intermediates, the

467  intermediate formed at relatively less urea concentration has the characteristics of a
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468  molten globule [55]. Like rCyp, LdCyp, a cyclophilin synthesized by Leishmania
469  donovani [41], was unfolded by a three-state mechanism in the presence of GdnCl.
470  However, the LdCyp intermediate, unlike rCyp intermediate, has the properties of a
471 molten globule [55]. On the other hand, the urea-induced unfolding of a mycobacterial
472 cyclophilin (PpiA) or its drug-bound form occurred via the formation of an intermediate
473  [40]. Currently, little is known about the biological activities of CPR3, LdCyp, and PpiA
474  intermediates. Conversely, our studies for the first time have indicated that the drug
475  binding activities of the urea-made rCyp intermediate and native rCyp are nearly similar
476  (Fig. 6C). The GdnCl-made rCyp intermediate also retained about 25% of the total drug
477  binding activity of native rCyp (S5 Fig.).

478 The complete retention of drug binding activity in the rCyp intermediate (Fig. 6C)
479  implies no significant alteration of the three-dimensional structure of the cyclosporin A
480  binding site in the presence of 3 M urea. Our previous studies showed that the putative
481  cyclosporin A binding site in SaCyp is primarily located in the regions harboring residues
482  ~Arg 59 to Phe 116 and ~Trp 152 to His 157 [42]. Therefore, the structural change noted
483  in rCyp intermediate (Fig. 2) possibly have occurred at regions carrying residues ~Ala 2
484  to His 58, ~Ile 117 to Pro 151, and ~Thr 158 to Glu 197. Besides Trp 152, SaCyp carries
485  another Trp residue at position 136 [42]. The former Trp residue is relatively more
486  exposed on the surface of SaCyp (data not shown). As Trp 152 is conserved and
487  indispensable for binding CsA [1], there might be little change of the structure around
488 this residue in the rCyp intermediate. The altered Trp fluorescence intensity and emission

489 maxima of the rCyp intermediate (Figs. 2B and 2C), therefore, suggests a structural
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490  change around Trp 136. Additional studies are needed to prove the urea-induced
491  structural alteration around Trp 136 with certainty.

492 Many promising CsA analogs with no immunosuppressive activity were
493  discovered and suggested to be useful in treating various diseases [2, 16-18, 70]. As these
494  analogs did not yield encouraging results in the clinical trials [10, 11], screening or
495  synthesis of additional CsA analogs should be continued on a priority basis. An inhibitor
496 can be easily screened against a drug target if the binding of the former increases the
497  midpoint of unfolding transition (or the stability) of the latter [33-39]. Several chemical
498  denaturation-based assay systems were reported to screen the drug molecules against
499  various drug targets including PPlase enzymes [28, 34, 35, 37, 39]. Our present (Table 2)
500 and previous [42] unfolding results demonstrated the significant increment of the stability
501 of rCyp in the presence of CsA. The urea-induced unfolding of a mycobacterial
502  cyclophilin also reported its stabilization by CsA [40]. Collectively, an unfolding-based
503  assay system could be developed using SaCyp or rCyp for screening new CsA analogs in
504 the future.

s0s  Conclusions

506 Our investigations have provided invaluable clues about the basic structure and
507  the folding-unfolding mechanism of SaCyp, an S. aureus-encoded cyclophilin involved in
508  pathogenesis. We noted that rCyp, a recombinant SaCyp, is a single-domain protein with
509 a short tail at its C-terminal end. Additionally, rCyp unfolds via the formation of an
510 intermediate in the presence of urea. The rCyp intermediate lacks the characteristics of a

511  molten globule and also shows little loss of CsA binding activity. The unfolding of the
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CsA-bound rCyp also similarly occurred in the presence of urea. The stability data of

rCyp seems to be applicable in the discovery of new CsA derivatives in the future.
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717  chymotrypsin (C) were processed (as mentioned in Materials and methods) followed by
718  the recording of their spectra using a MALDI-TOF equipment. The ‘m’ and ‘z’ indicate
719  mass and charge number of ions, respectively.

720 S22 Fig. Unfolding of proteins. Far UV CD (A and B), intrinsic Trp fluorescence (C and
721 D), ANS fluorescence (E and F) of rCyp (A, C, and E) and rCyp-CsA (B, D, and F) in the
722 presence of denoted concentrations of urea.

723 S3 Fig. Proof of unfolding rCyp intermediate. (A) The fraction of unfolded rCyp
724  molecules, calculated using the 0,5, (Fig. 2A) or Trp fluorescence intensity (Fig. 2B)
725  values and a standard equation [24], were plotted against 0-7 M urea. (B) Phase diagram
726  shows the unfolding of rCyp at 0-7 M urea. I35y and /3¢5 indicate the Trp fluorescence
727  intensity values (extracted from S2C Fig.) of rCyp at 320 nm and at 365 nm, respectively.
728  S4 Fig. Structure of urea-made intermediates. The far-UV CD (A), intrinsic Trp
729  fluorescence (B), and ANS fluorescence (C) spectra of rCyp and rCyp-CsA at the
730  denoted concentrations of urea. The spectra at the indicated urea concentrations were
731 collected from S2 Fig.

732 S5 Fig. Characteristics of intermediates made by GdnCl. The near-UV CD (A) and
733 the ANS fluorescence (B) spectra of rCyp and rCyp-CsA at the shown GdnCl
734  concentrations. The spectra were recorded using equimolar concentrations of proteins.
735  The rCyp and rCyp-CsA intermediates were formed at 1.5 M and 0.6 M GdnCl,
736  respectively [42]. (C) CsA binding assay. The curve represents the alteration of Trp
737  fluorescence intensity of 1.5 M GdnCl-treated rCyp (2 uM) in the presence of 0-3.5 uM

738 CsA.
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