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Cyclophilin from Leishmania donovani (LdCyp) is a ubiquitous peptidyl-prolyl cis-trans isomerase
involved in a host of important cellular activities, such as signaling, heat shock response, chaperone activ-
ity, mitochondrial pore maintenance and regulation of HIV-1 infectivity. It also acts as the prime cellular
target for the auto-immune drug cyclosporine A (CsA). LdCyp is composed of a beta barrel encompassing
the unique hydrophobic core of the molecule and is flanked by two helices (H1, H2) on either end of the
barrel. The protein contains a lone partially exposed tryptophan. In the present work the equilibrium
unfolding of LdCyp has been studied by fluorescence, circular dichroism and the non-coincidence of their
respective Cp,’s, indicates a non-two state transition. This fact was further corroborated by binding studies
of the protein with bis-ANS and the lack of an isochromatic point in far UV CD. The thermal stability of the
possible intermediates was characterized by differential scanning calorimetry. Further, MD simulations
performed at 310, 400 and 450K exhibited the tendency of both helices to partially unwind and adopt
non-native geometries with respect to the core, quite early in the unfolding process, in contrast to the
relatively stable beta barrel.
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1. Introduction

Leishmaniasis, a broad spectrum of diseases caused by Leish-
mania spp. is widely prevalent in third world countries, among the
poorer sections of the populace. The appearance of strains resis-
tant to drugs (pentavalent antimonials) [1], traditionally used as
the first line of defense against the pathogen, stress the need to con-
tinue the search for alternative drug targets, as second line drugs
are generally expensive and have reportedly severe side effects [2].
Cyclophilin from Leishmania donovani (LdCyp) belongs to the ubiqg-
uitous class of peptidyl-prolyl cis-trans isomerases (PPlases), also
known to be the intracellular receptor of the immunosuppress-
ive drug cyclosporine A (CsA), a cyclic undecapeptide constituted
of non-natural amino acids. CsA derivatives formed by specific
modification of its side chains have been shown to lack immuno-
suppressive activity though retaining its anti-trypanosomatid and
anti-parasitic character [3,4]. In addition, cyclophilins have also
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been implicated in signal transduction, cell division, cell surface
recognition, chaperone activity and heat shock response [5]. Other
studies show Cyp’s to be involved in the maintenance of mito-
chondrial transition pores [6] and regulation of HIV-1 infectivity
by functional association with HIV-1 virions in humans [7].

Several crystal and NMR structures of CyPs in both lig-
ated/unligated forms are currently available [8,9]. Cyclophilin
(LdCyp) has been used as the model system in the present study.
The three dimensional structure of LdCyp (2HAQ: 1.97 A) [10] con-
sists of an 8 stranded -barrel with two a helices located at either
end. The location of the helices with respect to the barrel effectively
blocks the solvent accessibility of the only hydrophobic core of the
molecule, located in the interior of the barrel. The single domain
molecule consists of a single cysteine residue and its enzymatic
activity is hindered by the binding of CsA as there is consider-
able overlap between the native active site of the enzyme and the
binding site for CsA, both being located on the face of the barrel.
LdCyp consists of a single tryptophan (Trp 143 also involved in its
active site) which is situated on a flexible 31 helix (141-145) and
is partially exposed to the solvent.

Given the intrinsic interest of Cyp’s in general and specifi-
cally in Leishmania, LdCyp has been selected for unfolding studies,
both thermally and with denaturant. There are reports of thermal


dx.doi.org/10.1016/j.ijbiomac.2014.05.063
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2014.05.063&domain=pdf
mailto:rahul.banerjee@saha.ac.in
mailto:dipak.dasgupta@saha.ac.in
dx.doi.org/10.1016/j.ijbiomac.2014.05.063

354 S. Roy et al. / International Journal of Biological Macromolecules 69 (2014) 353-360

denaturation studies on cyclophilin from mycobacterium tuber-
culosis both in the presence and absence of CsA. CsA binding did
not appear to impart any extra stabilization to the protein, though
facilitated the formation of secondary structural elements at lower
temperatures (25 °C). The PPiA (cyclophilin A from Mycobacterium
tuberculosis) tended to aggregate beyond 70°C and unfolding
induced via denaturant demonstrated that the loss in tertiary struc-
ture preceded the loss in secondary structure both in the presence
and absence of CsA [11].

In the present study we probed the unfolding of LdCyp by
guanidium chloride (GdmCI) by means of fluorescence, circular
dichroism (CD), dynamic light scattering (DLS) spectroscopy and
differential scanning calorimetry (DSC). The results from the stud-
ies indicate that most probably the unfolding of LdCyp proceeds via
atleast one equilibrium intermediate. We have made an attempt to
structurally characterize this possible intermediate(s) using multi-
ple spectroscopic tools and molecular dynamics simulations.

2. Materials and methods
2.1. Reagents and chemicals

Guanidium  chloride  (GdmCl), bis-anilino-8-napthale-
nesulphonate (bis-ANS) were obtained from Sigma-Aldrich
(USA). Potassium dihydrogen orthophosphate (KH,PO4) and anhy-
drous dibasic potassium phosphate (K;HPO4) were purchased
from Sisco Research Laboratories (SRL) and Nickel-nitrilotriacetic
acid-agarose, superflow (Ni-NTA) from Qiagen (USA). All other
chemicals used were of analytical grade.

2.2. Protein purification

As reported previously, residues 22-187 of LdCyp has been
cloned into PQE32 (Qiagen) expression vector (with an additional
6x-His tag at the N-terminal), over expressed in M15 Escherichia coli
cells and purified to homogeneity using a Ni-NTA column. The
purified protein sample was dialyzed extensively against a buffer
containing 0.02 M Tris (pH 8.5) and 0.02% NaNs3 and stored at 4°C.
Prior to all spectroscopic and calorimetric experiments the protein
was extensively re-dialyzed in 25 mM potassium phosphate buffer
(pH 7.5).

2.3. Fluorescence measurements

Intrinsic tryptophan fluorescence of the protein was measured
at 25°C on a Perkin Elmer LS55 spectrofluorimeter (Perkin Elmer
Ltd., UK). LdCyp at 4 M in 25mM potassium phosphate buffer
(pH 7.5) was excited at 295 nm and the emission spectra recorded
in the range 310nm to 450 nm with both excitation and emis-
sion slit widths of 5nm. The spectra recorded at a scan speed of
200 nm/min were averaged over 4 scans. Appropriate controls for
the background emission were subtracted in each case.

Fluorescence quenching of the lone tryptophan residue by neu-
tral quenchers serves to indicate the degree of solvent exposure
of the tryptophan residues in a protein. Quenching experiments
with the neutral quencher acrylamide was performed for LdCyp
(4 M) pre-incubated with the denaturant. The acrylamide concen-
tration in the protein sample was varied from (10 to 50 mM) and
fluorescence spectra measured ranging from 310 to 450 nm, with
excitation at 295 nm. Stern-Volmer quenching constant was calcu-
lated as the slope of the plot of Fy/F values at 360 nm against the
input concentration of quencher, acrylamide in the Stern-Volmer
equation:

F

F =1+KsvlQ] (1)

where Ksy is the Stern-Volmer constant and [Q] is the concentra-
tion of the quencher. All quenching experiments were repeated
thrice.

Binding of hydrophobic fluorescent dye, bis-ANS (bis-anilino-8-
napthalenesulphonate), with LdCyp was carried out to probe the
intermediate conformational states of LdCyp (4 .M, 25 mM potas-
sium phosphate buffer, pH 7.5) in varying concentrations of the
denaturant (GdmCl, 0.0-3.0 M). The protein along with the denat-
urant was equilibrated with bis-ANS for 20 min before recording
the spectra. Ensuring complete saturation of the dye binding sites
in the native protein the concentration of bis-ANS in the samples
was kept fixed at 10 wM. Bis-ANS emission spectra was recorded
from 410 to 675 nm, with excitation at 395 nm and both emission
and excitation slit widths were kept at 5nm. Appropriate buffer
corrections were done.

2.4. Circular dichroism measurements

The CD spectra of LdCyp were recorded on a JASCO J715 (Jasco
Corporation, Tokyo, Japan) in a rectangular quartz cell of path
length 1 mm. Far UV measurements of LdCyp were recorded in
the wavelength range of 200-250 nm For all CD experiments in
200-250nm region, spectra were obtained by averaging over 4
scans, utilizing a slit width of 1 nm. For protein unfolding with
chemical denaturants far UV spectra were recorded from 210 to
250nm in case of GdmCl concentrations exceeding 1.0 M. Near
UV spectra were recorded in the region 250-300 nm to probe the
denaturant induced alteration of tertiary structure of the protein.
Buffer contributions alone or with denaturants were subtracted
from all protein spectra.

The observed values (after appropriate buffer corrections) were
converted to mean residue ellipticity (MRE) in degcm? dmol~!
defined as

M6,
10dcr
where M is the molecular weight of the protein (in Da), 6, is the
CD in millidegree, d is the path length in cm, c is the protein con-
centration in mg/ml and r the number of amino acid residues in the
protein polypeptide chain.

MRE = 2)

2.5. Differential scanning calorimetry

10 wM of LdCyp was scanned on a VP-DSC Microcalorimeter
(Microcal LLC, Northampton, MA, USA) from 10°C to 70°C with
a scan rate of 30°C/h and at approximately 28 psi pressure. All
samples were extensively degassed prior to loading. Initially, the
buffer (25 mM potassium phosphate, pH 7.5) or buffer combined
with denaturant (GdmCl, 0.2-1.4 M) were repeatedly scanned to
ensure a stable baseline. The buffer baseline was subtracted from
the protein thermogram using Microcal Origin version 7.0 provided
with the instrument, subsequent to normalization of the data by
the protein concentration a non-linear curve fitting algorithm was
employed to obtain the thermodynamic parameters of the transi-
tion. The reversibility of unfolding was checked at different scan
rates, buffer conditions and temperature ranges. All experiments
were repeated at least three times.

2.6. Guanidium chloride (GdmCl) mediated unfolding

Equilibrium unfolding of LdCyp was induced by 16 h of incuba-
tion with varying concentrations of GdmCI (0.025-3.0 M) at 25°C.
For refolding experiments, the unfolded protein with 3.0 M GdmCl
was extensively dialyzed for 3 h against separate buffers containing
2.0, 1.5, 1.0, 0.5, 0.2M GdmCl and was subsequently equili-
brated again for 2 h. Fluorescence and CD spectra under different
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Fig. 1. Native crystal structure of cyclophilin from Leishmania donovani (LdCyp) in
green (cartoon representation) with the partially solvent exposed lone tryptophan
residue Trp 143 (in yellow, ball and stick mode). Helix H1 is colored red and helix
H2 colored cyan. The figure is generated using Pymol.

conditions were then recorded as described above. The increase in
GdmCl concentration in the buffer caused a negligible change in
the pH of the solution.

2.7. Molecular dynamics simulations

Unfolding molecular dynamics simulations were performed on
cyclophilin (coordinates obtained from: 2HAQ) at temperatures
310,400 and 450 K. Each simulation run was for a duration of 50 ns.
The simulation at 310K could be considered to be ‘native’. Initially,
the protein was solvated in a cuboidal box of dimensions 78.683,
68.897 and 78.137 A by the addition of 11,088 waters following the
TIP3P model and charge neutralization of the system was accom-
plished by the addition of Na* ion utilizing the xleap module of
AMBER [12]. The structure was then energy minimized (AMBER
2002 force field) for 200 steps of steepest descent followed by
19,800 steps of ABNR incorporated in the SANDER module. All sim-
ulations were performed using NAMD 2.0 [13]. For each 50 ns run
the targeted temperature was attained in increments of 10 K/ps for
a NPT ensemble with the Langevin piston set to the targeted tem-
perature (310, 400, 450K, etc.) and the pressure fixed at 1.032 bar.
The bond lengths were constrained at a tolerance level of 0.005 A
by the SHAKE [14] algorithm. Visual molecular dynamics program
(VMD 1.9.1) [15] was used to view the trajectories obtained from
NAMD. The time step (8t) for the velocity-verlet algorithm was
kept fixed at 1 fs. Snapshots were sampled at intervals of 10 ps. Sec-
ondary structural content for the snapshots were calculated using
STRIDE [16].

3. Results and discussion
3.1. Unfolding of LdCyp with GdmCl

As mentioned previously, LdCyp contains a single tryptophan
residue (Fig. 1). The maximum intensity of intrinsic fluorescence,
Amax, Was observed at 348 nm for the native protein suggestive of
the partial solvent exposure of the lone tryptophan. The emission
spectrum changed with the variation of denaturant concentra-
tion till 1.4 M GdmCl. Further increase in the concentration of the
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Fig. 2. Fluorescence unfolding spectra of native cyclophilin at various GdmCl con-
centrations ranging from (0 to 3)M. (a) (mm== ) 4 M LdCyp, (b) ( ) 4pM
LdCyp +0.8M GAmCl, (C) (mmmm ) 4 M LdCyp+1.0M GAmCl, (d) (s ) 4 M
LdCyp+1.4M GdmCl, (e) (s== ) 4 M LdCyp +3.0 M GdmCl.

denaturant led to a slight decrease in the intensity (Fig. 2). We plot-
ted the intensity at 360 nm as a function of GdmCl concentration
(Fig. 3). With increase in GdmCl concentration unfolding was initi-
ated around 1.0 M and completed by 2.0 M, as clearly indicated by
the saturation in fluorescence intensity.

The unfolding curve of LdCyp fitted best to a three state equation
originating from the following equilibrium: N=1=U

S _ SN +51€(—AGN1/RT)+SUe(—AGNu/RT)
°bs = T e(— AGwi/RT) + e(— AGnu/RT)

(3)

where S, is the signal at any denaturant concentration, Sy is the
signal due to the native state, S; the signal due to the intermediate
state and Sy the signal due to the unfolded state. AGy; and AGny
are the corresponding free energies of the transitions from N=1
and N = U states [17] where AGy; and AGyy are assumed to have
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Fig. 3. Unfolding curve of LdCyp induced by GdmCI as monitored by intrinsic tryp-
tophan fluorescence with emission maxima points at 360 nm, fitted to a 3-state
equation. The black circles (o) indicate the fluorescence intensity in arbitrary units
at the corresponding denaturant concentrations (in mM) and (wsm ) is the fitted line
to the data points.
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Table 1

Equilibrium thermodynamic parameters of unfolding for LdCyp mediated by GdmCl.

Spectroscopic tools Thermodynamic parameters

employed
AGni(H20) my; AGnuy(H20) MmNy Cn(N 1) (M) Cm(N < U) (M)
(kcalmol-1) (kcalmol-1M~1) (kcalmol-1) (kcalmol-1M~1)
Intrinsic tryptophan 12.13(+0.38) —8.17 (+£0.92) 6.72 (+£0.54) —5.89 (+0.65) 1.47 £0.06 1.16+£0.04
fluorescence
Far UV circular 2.12 (£0.13) ~2.18(+£0.29) 5.24 (£0.45) _3.47 (+£0.43) 0.99+0.02 1.51+0.04
dichroism

The thermodynamic parameters in this table were obtained from the 3-state equation, Eq. (3) by employing a non-linear least square algorithm. AGn(H20) and AGny(H20)
refers to the free energy of transition from the native to the intermediate state and native to the unfolded state, respectively, at zero denaturant concentration with AGy;
and AGyy going to zero. my; and myy are the corresponding slopes of the transition from the native to the intermediate and native to the unfolded states, Cin(N < 1) and
Cm(N < U) are the midpoints of transition (denaturant concentration) obtained from Eqs. (4) and (5), where AGy; and AGny goes to zero.

linear dependence with the denaturant concentration [D], resulting
in the following equations,

AGn; = AGNi(H20) + mi[D] (4)
AGny = AGny(H20) 4 myy(D] (5)

where my; and myy are the corresponding slopes of transitions
from the native to the intermediate and native to the unfolded
states respectively. Cy, for any unfolding curve is defined as the
midpoint of the transition from the native to the unfolded state
(Cm(N < U): for a 2-state transition) or between the native to inter-
mediate and native to the unfolded state, respectively (that is
Cm(N < 1), Cm(N <« U) for a three state transition) obtained from
Egs. (4) and (5) when the corresponding free energies of transition
from the native to the intermediate state AGy; and from the native
to the unfolded state AGyy becomes zero. The above fit yielded
AGni(H0) of 12.13 kcal mol~! with my; of —8.166 kcal mol~! M~!
and AGny(H,0) of 6.72 kcal mol~! and myy of 5.89 kcal mol—1 M~1
(Table 1) which suggests that the unfolding of N to I exposes more
solvent accessible surface area than the unfolding of N to U which is
also clear from other experiments like (acrylamide quenching and
bis-ANS fluorescence studies).

The far UV CD of the native protein exhibited a pronounced
minimum at 225 nm characteristic of a protein with prevalently
[3-sheets. With the addition of GAmCl, MRE value at 222 nm pro-
gressively reduced from 0.8 to 2.0 M, saturating thereafter. This was
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Fig. 4. Far-UV CD spectra of LdCyp (native) along with different denaturant con-
centrations. (a) (= ) 4 WM LdCyp (b) (wemm ) 4 M LdCyp+1M GdmCl, (C) ()
4uM LdCyp+1.2M GdmCl, (d) (== ) 4 wM LdCyp +1.4M GdmCl, (€) (s ) 4 LM
LdCyp +3.0 M GdmCl.

also accompanied by a gradual and concomitant reduction in the
overall secondary structural content till 1.2 M GdmCl, after which
there was an abrupt loss of all secondary structural features in the
protein (Fig. 4). Thus the CD signature of secondary structural fea-
ture was observed till 1.2 M GdmCl. Similar to the feature obtained
from fluorescence titration profile (Fig. 3), the unfolding curve from
CDvalue at 222 nm was best fitted to the above three state equation
yielding AGy; (H20) and Cip1 of 2.12 (+0.13) kcal mol~! and 0.97
(£0.11)M and AGpy (H20) of 5.24 (+£0.16) kcalmol~! and Cp,2 of
1.51(4£0.2) M, respectively (Fig. 5). In addition, CD unfolding curves
at MRE;,5 and MRE;;5 (Supplementary Information, Fig. S1 and
Table S1a, S1b, S1c) gave similar Cy, values though some deviation
in the curves were observed between MRE;5,, MRE,;5 on one hand
and MRE515 on the other.

The lack of superposition of the unfolding curves obtained by
two independent probes CD and fluorescence and the consequent
non-equivalence of their respective Cy, values (Table 1) appears
to be supportive of a non-two state transition and thereby indi-
cates the presence of a possible intermediate in the unfolding of
LdCyp: N=1=U (see Supplementary Information, Fig. S2). There
are numerous instances in the literature where non-coincidence
of Cypy values in equilibrium unfolding experiments [17-20] via
two independent probes has been cited as evidence for the pres-
ence of an equilibrium intermediate. The adoption of a three state
model improved the fitting in the protein unfolding curve mon-
itored by fluorescence, when compared to a 2 state model (see
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Fig. 5. MREj;; [in black circles (e)] values obtained from far-UV CD spectra plotted
as a function of the denaturant and fitted to a 3-state equation.
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Supplementary Information, Fig. S3). However, for unfolding curves
monitored by CD (MREy,,) the improvement was only marginal
(3-state compared to 2-state) (see Supplementary Information, Fig.
S4). Notably, a 2-state transition could also be considered adequate
in protein unfolding probed by CD. In any case for both fluores-
cence, CD the improved fitting (3-state versus 2-state) was only
mildly reflected in their respective R? values. However, three state
fittings were retained for both fluorescence and CD for consistency
with bis-ANS fluorescence intensity (recorded at 488 nm) curves
as function of GdmCI concentration and also because of the lack of
an isochromatic point in the far UV CD data (ranging from 210 to
250 nm), generally indicative of a non-two state transition. Near UV
CD (250-300 nm) spectra of native LdCyp show a broad shoulder
in the region of 260-285 nm. CD spectra of LdCyp incubated with
low concentration of GdAmCI (0.2 M) indicate that the native tertiary
interactions are relatively preserved. In contrast LdCyp incubated
with 1.0M and 1.2 M of GdmCl shows considerable perturbation
in the native tertiary contacts as manifested by the reduced inten-
sity of the broad shoulders (Fig. 6). Absence of tertiary interaction
at high GdmCl concentration is evident from the featureless spec-
tra with a significant reduction in band intensity. Summing up,
the results from CD studies suggest that LdCyp thus incubated
with 1.0 and 1.2M of GdmCl shows considerable disruption in
the original tertiary interactions whilst conserving their secondary
structure.

To further characterize the intermediate hydrophobic dye bind-
ing studies with bis-ANS were performed.

3.2. Bis-ANS fluorescence experiment

Bis-ANS fluorescence studies have been widely used to identify
intermediate states in protein unfolding [21,22]. Natively folded
or completely unfolded proteins are unable to bind to bis-ANS,
as their hydrophobic cores are effectively shielded in the former,
whereas in the latter dissolution of the core negates any dye bind-
ing even though the hydrophobic residues are solvent exposed.
Thus the partial exposure of erstwhile buried hydrophobic residues
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Fig. 6. Near UV CD spectra of LdCyp for (a) native protein LdCyp (mms= ) 40 uM, (b)
LdCyp +0.2 M GdmCI (=== ) maintaining a characteristic broad shoulder which con-
siderably flattens out for (c) LdCyp+1.0M GdmC] (memm ), (d) LdCyp+1.2M GdmCl
(), (€) LdCyp +3.0 M GAmCI (=== ), thereby depicting the loss of tertiary inter-
actions with increasing denaturant concentrations.

characteristic of “molten globules” are ideal for bis-ANS interaction.
For LdCyp, bis-ANS fluorescence intensity (recorded at 488 nm)
initially rose with GdmCl concentration upto 1.2 M and declined
thereafter with a minima at 3.0 M (Figs. 7 and 8).

Both of these observations are indicative of a molten globule like
intermediate in the equilibrium unfolding of LdCyp.

3.3. Acrylamide quenching

Stern-Volmer coefficients estimated for different denaturant
concentrations (see Section 2.3) yielded a Ksy value of 7.64 M~!
for the native protein indicating partial solvent exposure of its lone
tryptophan. Ksy increased to 13.18 M~! at 1.4 M concentration of
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Fig. 7. Panel 1: Bis-ANS fluorescence (10 wM) spectra for LdCyp (4 wM) incubated with various GdmCl concentrations, panel 1: (a) (= ) 4 M LdCyp + 0.2 M GdmCl (b) (
)4 M LdCyp +0.7M GdmCl (C) (s ) 4 M LdCyp +1.0M GdmCl (d) (s ) 4 oM LdCyp +1.2M GdmCl (€) (s ) 4 WM LdCyp + 1.4 M GdmCl, (f) (s ) 4 WM LdCyp+1.5M
GAmCl (g) (memm ) 4 M LdCyp +1.9M GdmCl (h) (s ) 4 wM LdCyp +3.0 M GdmCl. Panel 2: The native spectra (mss= ) 4 WM LdCyp is shown in Panel 2.
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Fig. 8. Plot of Bis—ANS fluorescence (10 wM) intensity maximum in black circles
() at maximum blue shifted wavelength of 488 nm plotted as a function of GdmCl
concentration, with maximum peak intensity obtained for protein sample (4 uM)
incubated with 1.2 M GdmCl.

GdmCl after which the change is not significant (see Table 2) at
higher denaturant concentrations suggesting maximum exposure
of the said tryptophan to occur by 1.4 M. The dynamic character of
the quenching was also confirmed by repeating the experiment at a
higher temperature at 45 °C, which gave Stern-Volmer coefficients
different from those at 25°C (Supplementary Information, Fig. S5
and Table S2).
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Table 2

Dependence of Ksy values on denaturant concentrations.

Denaturant concentration in M

Ksy values in M~!

7.64 £ 0.23
8.84 + 0.87
11.65 + 0.94
13.18 + 1.05
12.87 £ 1.11

The Ksy values in this table were calculated using the Stern-Volmer equation, Eq.

(1) by linear least square fitting.

3.4. Differential scanning calorimetry

In order to thermally characterize the intermediate states, dif-
ferential scanning calorimetry was performed with the native
protein and also in the presence of different denaturant concen-
trations. For the native protein reversibility was observed only
till 54.6°C, despite being tested on a wide range of buffering
conditions and scan rates. The DSC thermogram of native LdCyp
could be best fitted to a non-two state process with two Ty's
at 49.6°C and 54.6°C. ‘Different scan rates (at 20 and 60°C/h)
did not significantly alter the position of the peak in Cp(T), the
shape of the curve in the thermogram or the value of the two
Tm's (Supplementary information. Figs. S6, S7 and Table S3), con-
firming that the shoulder observed in the theremograms were
unlikely due to kinetic effects.’ The apparent AH of the transitions
were 100 kcalmol~! and 117 kcal mol~!, respectively. DSC mea-
surements under identical conditions with the addition of 0.2 M
GdmCl gave a similar thermogram, but with reduction in both
Tm's by about 5°C (44.9 and 50.6 °C) and a concomitant decrease
in their AH (75.2 and 104.7 kcalmol-1), respectively. Although

2 b)

Temperature (°C)

1 T T T T T T
10 20 30 40 50 60

Temperature (°C)

Fig.9. Thermal characterization of the intermediate states of LdCyp through DSC (a) 10 wM LdCyp, (b) 10 wM LdCyp +0.2 M GdmCl, (c) 10 uM LdCyp +0.6 M Gdm(l, (d) 10 uM

LdCyp +1.0 M GdmCl, two step (two Ty, values) to a single step (one Ty, value) transition. The black solid line (mmsm ) corresponds to the experimental data points while the

solid red line (=== ) are the fitted lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Table 3

The fraction of native contacts conserved between the residues constituting the helices (H1, H2) and the remaining residues in the core, averaged over 50 ns for each MD
simulation run at 310, 400 and 450K, respectively. The standard deviation is given in parentheses. The fractional conservation of secondary structural content with respect

to the native crystal structure is also given.

Temperature (K) Fraction of native contacts conserved

Fraction of secondary structural content

Helix H1 - core Helix H2 - core Helix H1 Helix H2 Beta strands
310 0.73(0.16) 0.65(0.23) 0.92(0.02) 0.89(0.01) 0.97(0.02)
400 0.65(0.18) 0.47(0.29) 0.92(0.03) 0.60(0.27) 0.86(0.05)
450 0.48(0.21) 0.37(0.30) 0.70(0.28) 0.51(0.29) 0.81(0.12)

the non-two state character (with two Ty,’s) of the thermogram
was still maintained at 0.6 M GdmCl, yet there was a signifi-
cant reduction in the apparent enthalpy AH of the first transition
(Tm =41.0°C, AH=7.7 kcal mol~1) relative to the second (T, = 46.3,
AH=98 kcal mol~1), with further decrease in the two Tpy’s. At
1.0M GdmCl a single transition was observed at T, =37.9°C and
AH=49.5kcalmol~! (Fig. 9). At still higher concentrations (1.4 M
and above) no statistically significant peak was observed in the DSC
measurement most probably indicating the initiation of the molten
globule like intermediate, mentioned previously.

3.5. Molecular dynamics simulations

LdCyp consists of a single extended hydrophobic core, whose
constituent residues are primarily contributed by the beta strands
composing the barrel (see Fig. 1), the two helices (H1, H2) and a
few from surrounding loops. Initially, three sets of residues were
constructed; S1: residues constituting helix H1; S2: residues consti-
tuting helix H2 and S3: residues of the hydrophobic core excluding
those from helices H1, H2 contributed by beta strands and loops
(Supplementary Information, Table S4). To study the disposition
of the helices with respect to the barrel (upon raising temper-
ature in an MD simulation; see Section 2.7), the contacts (see
Supplementary Table S5) between S1-S3 and S2-S3 were first cal-
culated from the crystal structure (2HAQ). 4.0A was considered
to be the distance cutoff for two atoms to be in contact. The frac-
tional conservation of these native contacts (between the helices
and the remaining residues of the core) were then estimated for
all snapshots and averaged over 50ns for each simulation run
at temperatures 310, 400 and 450K (Table 3). In addition (aver-
age) fractional conservation of secondary structural content (with
respect to the native crystal structure) was also calculated for each
simulation (50 ns).

On an average, about 0.65-0.75 of the native contacts between
helices and core, were conserved in the simulation at 310 K. How-
ever, helix H2 appeared to be relatively loosely bound to the core
compared to H1, with a sharper decline in the conserved frac-
tion upon elevation of temperature to 400K (H1 - 0.65(0.18);
H2 - 0.47(0.29)). At 450K, 0.48, 0.37 of the native contacts were
conserved for H1, H2 respectively. Again, H2 also exhibited an
increased tendency to unwind as only 40% of its constituent
residues (as found in the crystal structure) retained their helical
conformation even by 400K. In general, the strands constituting
the barrel appear to have greater stability (0.81 secondary struc-
tural content conserved, Table 3), in contrast to both the helices.
Thus, the simulations appeared to indicate the tendency of both
helices to gradually unwind and adopt non-native geometries with
respect to the core, quite early in the unfolding process.

4. Conclusion

The work reported in this paper characterizes the equilibrium
unfolding of cyclophilin mediated by the denaturant GdmCl. Ini-
tial evidence for the existence of intermediate states appears with
regard to the non-superposition of the unfolding curves monitored

by fluorescence and CD. Analysis of the near and far UV CD spectra
indicates the pronounced disruption of the native tertiary contacts
at 1.2 M GdmCl while conserving significant fraction of the native
secondary structural content, characteristic of a molten globule
[23-35]. This was further confirmed by hydrophobic dye-binding
studies utilizing bis-ANS where a prominent peak was observed
at 1.2 M GdmCl. Thermal characterization of the protein incubated
with 0.2, 0.6 and 1.0 M of GdmCI by DSC exhibited a gradual shift
from a two (involving two T,’s) to a single step transition (with a
unique Tpy).

Examination of the native crystal structure and data from MD
simulations leads us to hypothesize that the possible equilibrium
intermediate could involve disjuncture of the helices from their
native geometry with respect to the barrel/core during initial stages
of the unfolding process.
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