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Figure 1: Crystal structure of Human cyclophilin A (1CPL.pdb) with 8 anti-parallel p-
strands and two capping o-helices on either side of the barrel; drawn in the cartoon
representation using Pymol (Schrodinger LLC).

Figure2: The structure of the ternary complex between the drug cyclosporin A (CsA),
human cyclophilin A (CypA) and human calcineurin. The CsA-CypA binary complex lies
at the base of the helical arm (shown in ribbon representation in red with CsA shown in
green in stick mode) of the catalytic subunit of calcineurin (CnA) that binds the regulatory
subunit calcineurin (CnB); it nestles in a hydrophobic groove in intimate contact with both
subunits, at a region unique to calcineurin and not found in other phosphatases, and this
intimate contact gives the interaction high specificity.

Figure 3: The overall conservation of folds in human cyclophilin A (hCypA: 1CPL.pdb)
and human cyclophilin B (hCypB: 1ZXC.pdb).

Figure 4: Sequence alignments of cyclophilins from human (2CPL.pdb), L. donovani
(2ZHAQ.pdb), T. cruzi (1XO7.pdb), Yeast (1VDN.pdb), Plasmodium falciparum (1QNG.pdb)
and E. coli 2NUL.pdb).

FigureS: Crystal structures of cyclophilins from a a kinetoplastid leishmania donovani
(LdCyp: 2HAQ.pdb) and from a trypanosomatid #rypanosoma cruzi (1X07.pdb).

Figure6: Immunosuppressant drug Cyclosporin A derived from fungi tolypocladum
inflatum with unnatural and methylated amino acid side chains.

Figure7: Two of the non-immunosuppressive analogs of CsA (H-7-94 and F-7-62) that have
been found to exhibit potent anti-parasitic activity against 7. cruzi. The modifications are
addition of a benzene ring in H-7-94 and a 'double to single bond' in the residue Bmt 1 of
CsA in F-7-62.

Figure8: Trp fluorescence spectra of apomyoglobin at various urea concentrations (shown
by arrows and numbers near curves). Dashed lines indicate 335 nm wavelength and the
pseudoisosbestic points at 315 and 370 nm. (Inset) Dependence of protein Trp fluorescence
intensities at 335 nm (filled circles) and the spectrum maximum intensity (open triangles)
on urea concentration

Figure 9: A schematic diagram depicting a close packed native folded state of the protein
(left) and its reversible transition into a “molten globule” state (right) with disrupted
tertiary interactions with conservation in the secondary structural elements. The diagram
is adapted from http://:www.protein.bio.msu.ru.




Figure 10: Crystal structure of BPTI (pdb id: SPTIL.pdb) with two 2 -sheets, a a-helix and
a 3y helical turn. The figure is drawn using Pymol (LLC Schrodinger)
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Figure 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 (Schrodinger LLC).

Figure2. Fluorescence unfolding spectra of native cyclophilin at various GdmCl
concentrations ranging from (0-3) M a) (—) 4uM LdCyp b) (- ) 4uM LdCyp+0.8 M
GdmCl ¢) (=) 4uM LdCyp + 1.0 M GdmCl1 d) (=) 4uM LdCyp +1.4M GdmCl e) (—)
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Figure3. Unfolding curve of LdCyp induced by GdmCl as monitored by intrinsic
tryptophan fluorescence with emission maxima points at 360nm, 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 (==) is the fitted line to the
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concentrations a) (=) 4uM b) (==)4p M+ 1M GdmClI ¢) (=)4pM+ 1.2 M GdmCl d)(—) 4p
M+1.4 M GdmCl e) (— ) 4pM+ 3.0 M GdmCl.
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a function of the denaturant and fitted to a 3-state equation shown as a black (=) line.

Figure6. Far-UV CD unfolding curves of LdCyp monitored at MRE,;, (m) black squares,
MRE3;5 (®) red circle and at MRE;;5 (A).

Figure7. The fraction unfolded versus GdmCI curve with independent probes of intrinsic
tryptophan fluorescence monitored at 360nm, shown in filled red circles(e) , far UV CD
monitored at 222nm in black squares (w) and near UV CD monitored at a maxima of
260nm shown in blue triangles( A).

Figure8. Fluorescence unfolding curve of LdCyp monitored at 360 nm and fitted to a) two
state model in Panell and b) three state model in Panel 2.

Figure9. Far UV CD unfolding curve of LdCyp monitored at 222nm being fitted to a) 2-
state process in panel 1 b) and 3-state process in panel 2.



Figure 10: Near UV CD spectra of LdCyp for a) native protein LdCyp (—) 40 pM b)
LdCyp + 0.2M GdmCl (=) maintaining a characteristic broad shoulder which
considerably flattens out for ¢) LdCyp+ 1.0M GdmCl (=) d) LdCyp + 1.2M GdmCl (=) e)
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increasing denaturant concentrations.
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various GdmCI concentrations, Panel 1 : a) (=) 4 uM LdCyp+0.2M GdmCl b) ¢) ( ) 4
pM LdCyp + 0.7M GdmCl d) (=) 4 pM LdCyp + 1.0 M GdmCl e) (—) 4 pM LdCyp + 1.2
M GdmCl f) (=) 4 pM LdCyp + 1.4 M GdmCl g) (—) 4 pM LdCyp + 1.5 M GdmCl h)
(=) 4 pM LdCyp + 1.9 M GdmCl i) (=) 4 pM LdCyp + 3.0M GdmClL The native spectra
(=) 4 pM of LdCyp is shown in Panel 2.

Figurel2. Plot of Bis —~ANS fluorescence (10 pM) intensity maximum in black circles (e) at
maximum blue shifted wavelength of 488nm plotted as a function of GdmCI concentration,
with maximum peak intensity obtained for protein sample (4 pM) incubated with 1.2 M
GdmClL

Figurel3. Fy/F values plotted for both LdCyp at 25°C shown in inverted triangles in black
(V) and at 45°C, shown in filled black circles (o) as a function of acrylamide concentration.

Figurel4. Thermal characterization of the intermediate states of LdCyp through DSC a)
10pM LdCyp b) 10uM LdCyp+0.2MGdmCl ¢) 10uM LdCyp+0.6M GdmCl d) 10pM
LdCyp+1.0M GdmCl, two step ( two Ty, values) to a single step ( one Ty, yvae ) transition.
The black solid line (==) corresponds to the experimental data points while the solid red
line (=) are the fitted lines.
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Figure 1: Crystal structure of cyclophilin from Leishmania donovani (LdCyp). The helices
H1 and H2 are indicated in red and orange respectively (figure generated using Pymol [40])

Figure 2: Ca RMSD between snapshots and the native crystal structure (2HAQ) plotted as
a function of simulation time at different simulation temperatures indicated by the colors
(=) 310K_SIM1 (=) 400K_SIM1 (=) 450K_SIM1 and (=) S00K_SIM]1.

Figure 3: C* RMSD between native simulation snapshots (=) 310K SIM1, (=)
310K_SIM2 and the native crystal structure of LACyP(2HAQ).

Figure 4: C* RMSD between native simulation snapshots (=) 400K SIM1, (=)
400K _SIM2 and the native crystal structure of LdACyP (2HAQ).



Figure 5: C* RMSDs of snapshots for simulations at 450K a) 450K SIM1 (=) b)
450K _SIM2 (=) ¢) 450K SIM3 (=) and d) 450K SIM4 (==).
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Figure 8: Disnet values between the Surface Contact Networks (SCNs) of the snapshots and
the SCN derived from the crystal structure (2HAQ) plotted as a function of simulation time
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Residues constituting the hydrophobic core of LdCyp alone were considered in the
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Fig 9: Disnet values for the hydrophobic core of LdACyp at a) 450K _SIM1 b) 450K SIM2
and c) 450K_SIM3 with the native crystal structure of cyclophilin (2HAQ) as a baseline

Figurel0: a) Persf values for 2ns epochs indicated by filled circles considering the
hydrophobic core of LdCyp as a function of simulation time with simulation sets of
(310K_SIM1,400K_SIM1,450K SIM1and500K SIM1). The simulations at different
temperatures are indicated by the colors : (=) 310K (=)400K (==)450K ( —) S00K.

b) DIf values for 2ns epoch indicated by filled circles considering the hydrophobic core
of LdCyp ; plotted as a function of simulation time with simulation sets of
(310K_SIM1,400K_SIM1,450K SIM1 and 500K SIM1). The simulations at different
temperatures are indicated by the colors : (=) 310K (=)400K (==)450K ( =) S00K.

Figure 11 Persf values for 450K simulation temperatures plotted as a function of
simulation time a) (==) 450K _SIM2 b) (=) 450K _SIM3 and c) (=) 450K SIM4.

Figure 12 DIf values for simulations at 450K plotted versus simulation epochs, a) (=)
450K _SIM2 b) (=) 450K _SIM3 and c) (=) 450K _SIM4.

Figure 13: a) Bur,yocn values for every 2ns epoch indicated by filled circles plotted versus
simulation time at different simulation temperatures (=) 310K _SIM1, (=) 400K SIMI1,
(=)450K SIM1, (=)S500K_ SIMI1.

b) Fractional secondary content or SSCyoch Values for every 2 ns epochs indicated
by filled circles plotted as a function of simulation time at different simulation
temperatures , the color coding following the same convention given above.



Figure 14: Coordinates derived by MDS, based on the metric Disnet at simulation
temperatures of a) 310K_SIM1 and b) 400K_SIM1.The color bar for the plotted points
denoting snapshots at indicated time intervals during the course of the simulation.

Figure 15: Coordinates derived by MDS, based on the metric Disnet at simulation
temperatures of a) 450K _SIM1 and b) S00K_SIM1.The color bar for the plotted points
denoting snapshots at indicated time intervals during the course of the simulation

Chapter 4

Figure 1: Spatial positions of the residues which have been mutated are colored in red,
located within the hydrophobic core of the molecule. The figure has been generated from
the crystal structure of LdCyp (Pdb: 2HAQ) using Pymol (Schrodinger LLC).

Figure 2: Crystals of cyclophilin mutants L120A and V33A grown with PEG 3350 as a
precipitant utilizing hanging drop vapor diffusion method. The crystals grew in
temperature of 293K in about two weeks time.

Figure 3: DSC thermograms of the cyclophilin mutants a) V33A b) T55A ¢) L62A d) I85A
e) L120A and f) F151V

Figure 4: Fluorescence unfolding curves for LdCyp (=) and mutants a) (—) V33A b) (=)
T55A ¢) (=) L62A d) (=) I85A e) (=) L120A and f) (=) F151V in terms of fraction
unfolded at various GdmCI concentrations

Figure 5: A 2Fo-Fc electron density map for mutants V33A and L120A with cutoff of 1o
with side chains for alanine in place of valine in a) V33A and leucine in b) L120A marked
with arrows. Figures generated using Coot v0.7.2.1.
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Table 4: Primer and template sequences for point mutants procured from Genscript Inc.
with the region of nucleotide sequences (sense and anti-sense template) aimed for mutations
highlighted in yellow and the desired change in nucleotide sequence for mutation
highlighted in green in the forward and reverse primers.

Table 5: Data collection summary of cyclophilin mutants of V33A and L120A, the values
in the parentheses indicate values in the last resolution shell. The values in the parentheses
indicate values in the last resolution shell.

Table 6: Relative thermodynamic parameters of cyclophilin mutants V33A, TS55A, L62A,
I85A, L120A and F151V

Table 7: Equilibrium thermodynamic parameters for native LdACyp and mutants V33A,
L120A, T55A, L62A, I85A and F151V

Table 8: Summary of refinement statistics for V33A and L120A

Table 9: Side chain torsion angles of residues in surface contact with Val 33 and Leu 120
calculated from native crystal structure of LACyp (2HAQ). In case of V33A and
L120Avalues of y1,%2 in the top row corresponds to values in chain A and bottom row
represents that for chain B.

Table 10: Side chain AS,, values of cyclophilin mutants along with the RMSD between the
coordinates of the native crystal structure (2HAQ) and mutant crystal or modeled
structures. Only side chain atoms of the residues in the immediate neighbourhood that is in
surface contact of the mutated residue in the native crystal structure were used in the
RMSD calculation.
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Chapter 1: Equilibrium Unfolding of Cyclophilin from Leishmania
Donovani: Characterization of the Intermediate State(s)

Introduction

Leishmaniasis, a broad spectrum of diseases caused by leishmania spp is widely prevalent
in third world countries, among the poorer sections of the populace. The appearance of
strains resistant to drugs (pentavalent antimonials) [1], traditionally used as the first line of
defense against the pathogen, stress the need to continue 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 ubiquitous class of peptidyl-
prolyl cis-trans isomerases (PPlases), also known to be the intracellular receptor of the
immunosuppressive drug cyclosporine A (CsA). In the present study we probed the unfolding of
LdCyp by guanidium chloride (GdmCI) by means of fluorescence, circular dichroism (CD),
spectroscopy and differential scanning calorimetry (DSC). The results from the studies indicate
that most probably the unfolding of LdCyp proceeds via at least one equilibrium intermediate.
We have made an attempt to structurally characterize this possible intermediate(s) using multiple

spectroscopic tools and molecular dynamics simulations.

Materials and Methods

The protein cyclophilin from Leishmania donovani (LdCyp) was purified following a protocol
describes elsewhere [3]. Intrinsic tryptophan fluorescence, near and far Uv-CD, bis-ANS
fluorescence, acrylamide quenching, differential scanning calorimetry (with and without
denaturant) GdmCI (guanidinium chloride) and molecular dynamics simulation (with the initial

coordinates obtained from crystal structure of LdCyp: 2HAQ) was employed to characterize the
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unfolding of LdCyp and to characterize the possible intermediate(s) in the unfolding pathway(s)
of LdCyp. All spectroscopic and calorimetry experiments were performed in 25 mM potassium

phosphate buffer pH 7.5.

Results and Discussion

The unfolding curves of LdCyp induced by GdmCI obtained from two independent spectroscopic
methods of intrinsic tryptophan fluorescence (Fig 1) and far-UV CD (Fig 2) were non-super
imposable with different C, values (see Table 1) and consequently suggested of an intermediate
in the unfolding pathway of LdCyp. A 3-state model (see equation 1) was employed to fit the

unfolding curves monitored by CD and fluorescence.

< Sn + SieTNl + Sye=ioNu =
obs 1+ eT20N 4 o~A0NU

Bis-ANS fluorescence experiment also strongly suggested of an intermediate with heightened
fluorescence intensities till 1.2 M of GdmCI and declining thereafter. Acrylamide quenching
indicated the maximum solvent exposure of the protein to be around 1.4M GdmClI. DSC studies
and molecular dynamics simulation studies show that the possible intermediates involved in the

unfolding pathways may be due to the detachment of the helices from the core of the protein.
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Table 1: Equilibrium thermodynamic parameters of unfolding for LdCyp mediated by
GdmCl.

Spectroscopic Tools Thermodynamic parameters
employed
ploy AGNiH20) myj AGNu(H20) Myy Cn(Ne>1) | Cr(N«>U)
kcal molt | Kcal mol™ kcal mol? | Kcal mol™ M M
Mt Mt
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 (z0.13) -2.18 (+0.29) | 5.24 (+0.45) -3.47(+0.43) | 0.99+0.02 | 1.51 +0.04
Dichroism
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Fig 1 Fig 2

Fig 1: Unfolding curve of LdCyp induced by GdmCIl as monitored by intrinsic tryptophan
fluorescence with emission maxima points at 360nm, fitted to a 3-state equation. The black
circles (@) indicate the fluorescence intensity in arbitrary units at the corresponding denaturant
concentrations (in mM) and (==) is the fitted line to the data points.

Fig 2: MRE3, [in black circles (®)] values obtained from far-UV CD spectra plotted as a
function of the denaturant and fitted to a 3-state equation shown as a red (==) line.

Conclusion
The above results strongly indicate that the unfolding of cyclophilin mediated by GdmCI passes

through at least one intermediate state(s) and that the maximum solvent exposure of the protein

happens at 1.2 M GdmCI.
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Chapter 2: Unfolding molecular dynamics simulation of cyclophilin:
characterizing the set of molecular events and identification of the
transition state.

Introduction

All atom molecular dynamics (MD) simulations of protein unfolding has provided several key
mechanistic insights into the process [4]. A central problem in the analysis of such simulations
is the specification of an appropriate reaction coordinate to adequately describe strategic
conformational transitions during the unfolding of the molecule [5]. Coo RMSD, radius of
gyration, exposed hydrophobic solvent accessible area and secondary structural content are some
of the most commonly used parameters to monitor the progress of unfolding. In such a scenario,
definition of parameters based on the representation of protein structures as networks holds great
promise [6]. In this work, we apply the methodology of protein surface contact networks based
on a cutoff on Sy, and O, [7] to analyze protein unfolding trajectories. The evolution of these
networks, have been monitored in the course of the reaction by the application of suitable
metrics. Thus, the reaction coordinate for protein unfolding reduces to a set of specific
geometrical relationships primarily between side chains based on a stringently defined

mathematical criteria (S, and O,).

Materials and Methods

Unfolding molecular dynamics simulations were performed on cyclophilin (coordinates obtained
from: 2HAQ) at temperatures 310,400,450 and 500K. Each simulation run was for a minimum
duration of 50ns and was repeated five times with independently assigned initial velocities for
450 and 500K in order to confirm the statistical significance or the non-random character in the

sequence of molecular events. AMBER 2002 force field was used for energy minimization and
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salvation and charge neutralization of the molecule [8]. All simulations were performed using

NAMD 2.0 [9].

Surface generation [10] and a cutoff of 0.40 on Sy, and 0.08 on O, [15] to construct the
networks of the whole protein and that for the core residues were described in detail elsewhere.
Co RMSD was calculated using CHARMM [11]. Secondary structural content was calculated

using STRIDE [12].

SCN’s (Surface Contact Networks) were defined on the protein LdCyp at various stages of
the unfolding simulation. The SCN for any snapshot was represented as an adjacency matrix and
the distance between any two such adjacency matrices was determined by counting the number
of links present in one and absent in other and then normalizing by the total number of links

present in either of the two matrices.

Thus,

N
2 2[R =Py
Dnet(P, P = =12+
nL

Where Pjj and P’jj are the matrix elements of two adjacency matrices (P, P’) corresponding to

two SCN’s (from their corresponding snapshots) and nL is the number of elements in the set E U
E’, where E and E’ are the set of links prevalent in matrices P and P’ respectively. In other
words, the distance measure is the ratio of the uncommon links to the union of links between the

two matrices.
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Results and Discussion

Co RMSD suggests that the simulation at 310K can be considered native with an average of 1.35
A +0.12 (310KSIM1: from the 3" to the 50" ns), exhibiting minimal fluctuations. At 400K, an
abrupt increase was observed around 4ns (See Fig 1), subsequent to which the average RMSD
increased to 2.76 + 0.47 (400KSIM1 from 4-50ns). Careful visual examination of the snapshots
around this region revealed the relative detachment of the helix H2 from its native position w.r.t
the barrel, which was responsible for the abrupt rise in RMSD. A similar surge was observed
around 15 ns at 450 K (450KSIM1-450KSIM3) rising to 4.0-4.5 A due to the increased
disjuncture of both helices from the body of the barrel. Both these events were reproducible in
the other trajectories. At 500K, Co. RMSD rose to about 6-6.5 A due to increasing non-native

like characteristics.

For every MD simulation run from (2-50ns) average Dnet (<Dnet>) recorded a characteristic
increase with rise in temperature. At 310K <Dnet> was 0.44 (x£0.07) which is to say, that on an
average 56% of the links in the core were identified to those found in the crystal structure.
Relative to the native simulation (at 310K), little difference was observed at 400K (0.49+0.08),
also evident from the superposition of their temporal fluctuations. However, at 450K <Dnet>
increased rather abruptly to 0.68(0.12) and further rose to 0.80(0.11) at 500K. At 450K, Dnet
values were stable up to ~23ns even though somewhat elevated relative to 310 or 400K.
However, subsequent to 23ns a sharp rise in Dnet (see Fig 2) was observed till about 29ns after
which it again resumed a more stable progression though at a much higher value. Thus it was
tentatively assumed that sudden increase in Dnet from 24 to 29ns could correspond to the

transition state, preceded by a relatively stable phase populated by intermediates.
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Fig 1. Co RMSD at different temperatures of a) (==) 310K b) ( ==) 400K c) (==) 450K and d)
(==) 500K calculated with crystal sctructure of cyclophilin (2HAQ) as reference.

Fig 2: Dnet values of the surface contact network of LdCyp at different simulation temperatures
of a) (==)310K b) (=) 400K c) (==)450K d) (==)500K calculated with the average structure of
50ns simulation at 310K for the entire protein as reference.

Conclusion
Initial studies of the unfolding trajectories show that the protein is completely unfolded at 500 K
and that it increasingly assumes a non-native like character in the simulation temperature of 450

K from 22 ns onwards till 30 ns, with a possible transition state region around 15-20 ns.
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Chapter 3: Characterization of thermal stability of cyclophilin
mutants correlation with structure.

Introduction

In this present study we have attempted to investigate the thermal stability of cyclophilin mutants
(designed away from the active site and within the core) which are at key positions in terms of
the protein contact network of cyclophilin. Attempts are also made to structurally characterize
these mutants and to draw a correlation between the destabilization of these mutants with their

structure and also in terms of network properties.

Materials and Methods

The mutant proteins (V33A, L120A, T55A, F151V, I85A and L62A) were scanned for their Tp,’s
in 25mM potassium phosphate buffer (pH 7.5) with a scan speed of 60°C/h with a protein

concentration of 20uM in a Microcal VP-DSC calorimeter at an approximate pressure of 28 psi.

Cyclophilin mutants of L120A and V33A were crystallized by hanging drop vapor

diffusion method and data was collected for them at 2.21 and 2.25 A respectively.

Results and Discussion

Out of the six cyclophilin mutants T55A is the most stable thermodynamically as it bears
minimal side chain alterations due to mutation with the least stable being I85A (See Table 1).

Table 1: Comparison of the T, values and unfolding processes of cyclophilin mutants.

Mutants Unfolding Process Tn’s (°C)
V33A Non-2state(2 Tp’s) 48.25,45.12
L120A Non-2-state(2 Tm) 50.60,47.42
T55A Non-2-state(2 Tm) 53.82,51.09
F151V Non-2-state(1 Tm) 47.63

I85A Non-2-state(1 Tm) 43.11
L62A Non-2-state(1 Tm) 50.49
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There is a wide variation in the Cp (T) values of the cyclophilin mutants (Fig 1) with the least
being observed for I85A.
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Fig 1: DSC thermogram of cyclophilin mutants of a) V33A b) I85A c) T55A d) L120A e)

F151V f) L62A.

Crystallographic data collection summary for the mutants L120A and V33A are also given in

(Table 2)

Table 2: Data Collection Statistics for cyclophilin mutant L120A and V33A (the numbers
in the parentheses indicate the value in the last resolution shell)

L120A V33A

Space group P4 P4,
Unit Cell parameters | a=b=48.619, c=141.040A a=b=48.534, c=141.7 A

a=p=y=90° a=p=y=90°
Resolution range 30.0-2.21 A 50.0-2.25 A
Mosaicity 0.201 0.285
Rmerge % 4.45 (12.63) 4.8(16.9)
Completeness % 99.3 (93.7) 98.3 (86.8)
No of unique 16104 (1497) 13585 (1369)
reflections
I/c(1) ratio 15.3 (6.5) 14.3 (5.5)
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Conclusion
Crystallographic studies and thermal characterization studies through DSC indicate that the
mutant T55A is the most stable with minimum side chain alteration while I185A is the least stable

mutant.

References

[1] Ashutosh et.al. J Infect Dis. 56, (2007), 143—-153. http://dx.doi.org/10.1099/jmm.0.46841-0.
[2] D. Sereno et.al. Acta Trop. 74, (2000), 25-31.
[3] A.Chakraborty et.al. J.Biol.Chem. 277(2002), 47451-47460.

[4] A.Li et.al. J.Mol.Biol. 257(1996), 412-429.

[5] R.B.Best et.al. PNAS 102(2005), 6732-6737.

[6] A.Ghosh et.al. Biophys. J. 92(2007), 2523-2535.

[7] R.Banerjee et.al. J.Mol.Biol. 333(2003), 211-226.

[8] D.A.Pearlman et.al. Comput. Phys. Commun. 91(1995), 1-41.
[9] J.C.Phillips et.al. J.Comput.Chem. 26(2005), 1781-1802.

[10] S.Basu et.al. BMC Bioinformatics. 12 (2011), 95.

[11] B.R.Brooks et.al. J.Comput.Chem. 4(1983), 187-217.

[12] D.Frishman et.al. Proteins:Struct.Funct.Genet. 23(1995), 566-579.

Page 10


http://www.ncbi.nlm.nih.gov/pubmed/10643904

Chapter 1

Introduction

1.1 General Overview: Structure and Function of Cyclophilins

Cyclophilins (CyP) are an ubiquitous class of proteins possessing peptidyl prolyl cis-trans
isomerase activity, that is catalyzing the cis-trans isomerization of peptide bonds involving
proline residues [1,2] (PPlase/isomerases/rotamases).Other proteins orthologous to cylophilins
include FKBP’s with identical catalytic activity and a highly conserved fold. Both these
proteins and many of their isoforms are known to facilitate protein folding both in vitro and in
vivo [3-5]. There are 7 major cyclophilins in humans — hCypA-18a ( where 18 denotes molecular
mass of 18 kDa), hCypB (Cyp-22/p), hCypC, hCypD, hCypE, hCyp40, and hCypNK (first
identified from human natural killer cells) [6, 7]. Similarly, 9, 29 and 8 cyclophilins have been
identified in the genomes of Drosophila, Arabidopsis thaliana and Saccharomyces cerevisiae
respectively [6, 8, 9]. The immunosuppressive drugs Cyclosporine A (CsA) and FK506 when
bound to cyclophilin and FKBP respectively, inhibits their isomerase activity [10]. However, the
isomerase activity of these proteins was found to be independent of immunosuppression [11].
Owing to their involvement in immunosuppression, CyPs from humans have been extensively

studied and characterized [12].

Cyclophilins are found in cellular compartments of most tissues and encode unique
functions. The 18-kDa archetypal cyclophilin (CypA) is cytosolic (Figure 1) and found in all
mammalian tissues, whereas other cyclophilins, whether they have a isolated CLD (Cyclophiln
like Domain) or occurs in combination with other domains, are located in the endoplasmic

reticulum (ER), the mitochondria, or the nucleus.

(1]



Figure 1: Crystal structure of Human cyclophilin A (1CPL.pdb) with 8 anti-parallel p-
strands and two capping o-helices on either side of the barrel; drawn in the cartoon
representation using Pymol (Schrodinger LLC)

In mammals, CypA and Cyp40 (molecular mass: 40kDa) are cytosolic whereas CypB and CypC
have amino-terminal signal sequences that target them to the ER protein secretory pathway [6,
13]. CypD has a signal sequence that directs it to the mitochondria [14, 15]; CypE has an amino-
terminal RN A-binding domain and is localized in the nucleus [16]. On the other hand, Cyp40 has
TPRs (tetra-tri-copeptide repeats) and is located in the cytosol [17]. Amongst cyclophilins,
human CypNK is the largest with pronounced hydrophilicity and positive charge at the carboxyl
terminal end, and is found in the cytosol [18, 19]. Yeast cyclophilin Cprl is a homolog of

hCypA with which it has a sequence identity of 65% and is present both in the cytoplasm and

[2]



nucleus [20, 21]. Cpr2, Cpr3, and Cpr5 have amino-terminal signal peptides directing them to the
ER (Cpr2 and Cpr5 [22, 23] or the mitochondria (Cpr3 [24, 25]; Cpr4 and Cpr8 contain a single
CLD (Cyclophilin like domain) and a long amino-terminal signal peptide and are located in
vacuoles [26]. Lastly, Cpr6 and Cpr7 are homologs of the human Cyp40 protein and have long
carboxy-terminal TPR repeats; they associate functionally with homologs of heat-shock proteins

and other protein chaperones [27].
1.1.2 Biological Functions of Cyclophilins

Cyclophilins are the natural receptor of the immunosupressive drug CyclosporineA (CsA)
originally derived from the fungi tolypocladum inflatum. Cyclophilins are also involved in a host
of other important biological functions that include protein protein interactions, facilitation of
protein folding, receptor maturation [28-35],functional association with HIV-1 virions [36],
maintenance of mitochondrial pores [37], resolubilization of protein aggregates to restore
functionality (Adenosine Kinase from L.donovani) [38]. CsA is an immunosuppressive drug
most commonly used in organ transplants. CsA binds strongly to most of the cyclophilins and
CsA-CypA binding to calcineurin inhibits the phosphatase activity and biological function of
calcineurin [39-42]. The formation of this ternary complex is the prime step leading towards
immunosuppression. The crystal structure of the complex has recently been determined to a
resolution of 2.8 A (Figure 2) [43, 44]. Analysis of the ternary complex reveals that the binding
of the CsA-CypA complex to calcineurin increases the stability of the complex, and the
complexed proteins remain resistant to proteolytic cleavage [39]. Upon binding of CsA to CypA,
the charges and hydrophobic surfaces of the drug-protein complex becomes more

complementary to the binding site on calcineurin. The CsA-CypA complex binds at the interface
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between the catalytic and regulatory subunits of calcineurin (Figure 2) thus inhibiting the

regulation of the T cell signal transduction pathway.

Figure 2: The structure of the ternary complex between the drug cyclosporin A (CsA),
human cyclophilin A (CypA) and human calcineurin [44]. The CsA-CypA binary complex
lies at the base of the helical arm (shown in ribbon representation in red with CsA shown in
green in stick mode) of the catalytic subunit of calcineurin (CnA) that binds the regulatory
subunit calcineurin (CnB); it nestles in a hydrophobic groove in intimate contact with both
subunits, at a region unique to calcineurin and not found in other phosphatases, and this
intimate contact gives the interaction high specificity

# Adapted from Q. Huai et al. Proc Natl Acad Sci USA, 99:12037-12042.

Several protein-folding processes depend on the catalytic and/or chaperone-like activities of
cyclophilins. For example, CypA regulates (promotes) both the formation and the infectivity of
virions of the human immunodeficiency virus (HIV)-1 [45-51]. Capsid (CA)-specific restrictions
are determinants of retroviral tropism in mammalian cells. Restriction factors from humans are
postulated to target the capsid of human immunodeficiency virus type 1 (HIV-1) resulting in

decreased accumulation of viral cDNA, if not bound to cyclophilin A. Furthermore, CypA
(4]



interacts with HIV accessory proteins, such as the viral protein R (Vpr) and Nef to facilitate a
step in the viral life cycle between penetration and reverse transcription [52, 53].

Cyclophilins can also act as modulators of protein function. The mammalian cyclophilin
Cyp40 is part of the steroid receptor complex and can form a dimeric complex with the heat-
shock protein Hsp90, a process not affected by CsA [54, 55]. In yeast, the Cyp40 homologs Cpr6
and Cpr7 also associate with Hsp90 homologs and have analogous functions [56]. A mammalian
Cyp40 has been shown to regulate the activity of the transcription factor c-Myb [57], whereas
CypA has been associated with YY1, a zinc-finger suppressor of gene transcription [S8], and
Zprl, an essential zinc-finger protein [59]. In addition, the ER-specific cyclophilin CypB can
form a complex with the peptide hormone prolactin to induce transcription of a range of genes
[60].

The involvement of mitochondrial permeability transition pore (mPTP) in AP-induced
mitochondrial dysfunction plays a siginificant role in the patho-physiology of Alzheimer’s
disease including perturbation of intracellular calcium regulation, ROS (Reactive Oxygen
Species) generation, release of pro-apoptotic factors and changes in mitochondrial morphology.
Calcium and ROS are strong inducers of the mPTP formation which lead to increased ROS
generation, decreased ATP production and apoptogenic substance release accompanied by
mitochondrial swelling [61-64]. For instance, the absence of cyclophilin D, a key component of
mPTP, protects against AB-mediated mitochondrial, neuronal and synaptic dysfunction. Studies
in animal models have shown that the mPTP formation can be efficiently blocked by the addition

of a cyclophilin D inhibitor, cyclosporine A (CsA) or by ablation of Cyp D [64-66].

Further regulatory roles of cyclophilins can be inferred from the fact that inactive

aggregates of adenosine kinase from Leishmania donovani (LdAdk) used as a model substrate,
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was reactivated by cyclophilin A (LdCyP) from the same source in an isomerase independent
manner in vitro by disaggregating its inactive oligomers [67]. Besides disrupting preformed
aggregates, LdCyP also prevented re-aggregation of the newly formed active protein that is

generated after productive refolding from a urea-denatured state [68].

1.1.3 Crystal Structures of Cyclophilin A

The first crystal structure of cyclophilin A was from human (hCypA) in 1991 and was published
by two independent groups using X-ray crystallography [69] and NMR spectroscopy [70]. Since
then several crystal and NMR structures of CyPs from a variety of sources have been solved [71-
76]. Most of these protein structures exhibit a fold very similar to human hCypA. In addition,
several CyP structures are now available with the protein complexed with substrate (ala-ala-pro-
phe-p-nitroanilide) or the immunosuppressive drug CsA. The structure of hCypA consists of a
B-barrel (Figure 1) composed of eight antiparallel B strands, with two a-helices enclosing the
barrel from either side. Fifteen hydrophobic residues within the B-barrel constitute the unique
hydrophobic core of the molecule (Table 1). The active site of the protein is located primarily on

the face of the barrel and is constituted of residues given in Table 1.
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Table 1: Residues of hCypA constituting the hydrophobic core, the cyclosporine binding
site and the native substrate binding active site. The residues common to the cyclosporine
binding site and the active site are marked in bold.

Residues of hCypA in | Residues of hCypA in | Residues involved in
the hydrophobic core | the CsA binding site substrate binding in
hcypA

Val6 Arg5ss Arg5ss

Phe8 Phe60 Phe60

Val20 Met 61 Met61

Phe22 GIn63 GIn63

Leu24 Gly72 Alal01

Phe36 Alal01 Asn102

Leu39 Asn102 GIn111

Tyr48 Alal03 Phel13

Phe53 GIn111 Trp121

Ile56 Phel13 Leul22

Leu98 Trp121 His126

Met100 Leul22

Phel12 His126

llel14

Phel29

There is considerable overlap of residues between the site of the protein responsible for PPiase
activity and the cyclosporin A (CsA) binding site (Table 1). The overall fold of hCypA is
conserved in hCypB (Figure 3), the main difference being in the two loop regions (residues 19-
24 and 152-164; as numbered in hCyPA), the amino and carboxyl termini [77]. On the other
hand, hCyp40 consists of a ‘cyclophilin like domain’ (CLD) similar to the fold of hCypA,
linked to tetratricopeptide repeats (TPR: generally found in proteins implicated in stress
response), consisting of seven helices of variable lengths. Crystal structure of cyclophilin A

from plasmodium falciparum (PfCyp19) with 162 amino acid residues [78] suggest that it is a
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Figure 3: The overall conservation of folds in human cyclophilin A(hCypA: 1CPL.pdb) to
the left and human cyclophilin B (hCypB:1ZXC.pdb) to the right

globular molecule with a fold dominated by an eight-stranded anti-parallel B-barrel capped at
either end by two a-helices similar to hCypA. There is a short segment of 3¢ helix and five
loops linking the secondary structural elements. A crater-like active site is located on one side of
the protein which is entirely conserved with respect to hCypA. With respect to hCypA, a
relatively high degree of variation in sequence identity is observed in E.Coli cyclophilin with a
sequence identity of 34% (Figure 4), In addition, a tryptophan residue in the active site of the
protein (conserved in most of the cyclophilins) crucial for binding of CsA is converted to phenyl-
alanine, possibly justifying the protein’s inability to bind to CsA, without however hindering it’s
isomerase activity. Both the sequence identity and structure of cyclophilin A from leishmania
donovani (2HAQ) and trypanosoma cruzi (1X07) show a high degree of conservation amongst

themselves (Figure 5).
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Figure 4: Sequence alignments of cyclophilins from human (2CPL.pdb), L. donovani
(2ZHAQ.pdb), T. cruzi (1XO7.pdb), Yeast (1VDN.pdb), Plasmodium falciparum (1QNG.pdb)
and E. coli 2NUL.pdb). The cyclosporin binding site is marked with stars.

Figure 5: Crystal structures of cyclophilins from a a kinetoplastid leishmania donovani
(LdCyp: 2HAQ.pdb) to the left (in cyan) and from a trypanosomatid trypanosoma cruzi
(1X07.pdb) to the right (in green)
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1.1.4 Cyclosporine A and Other Non-immunosuppressive Analogs

CyclosproineA (CsA) the immunosuppressive drug binds strongly (Figure 6) with most of
the cyclophilins apart from CypA of E.Coli. CsA is a cyclic undecapeptide composed of

unnatural and methylated amino acid side chains (Figure 6).
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Figure 6: Immunosuppressant drug Cyclosporin A derived from fungi folypocladum
inflatum with unnatural and methylated amino acid side chains.

#Adapted from Bua .et.al (2002) Parasitol. 22, 340-351.

CsA is often discussed using a two-domain description. The CyP-binding domain comprises
residues 1, 2, 3, 9, 10 and 11 whilst an exposed “effector domain” is composed of residues 4, 5,
6, 7, and 8 [79]. The effector domain forms a composite “effector surface” with residues from
the enzyme, which binds to and inhibits calcineurin, thereby blocking T cell signal transduction,
finally leading to immunosupression. Chemical modifications of the side chains of CsA at

residue positions of 4,5,6,7 and 8 have resulted in certain CsA analogs that possess potent anti-
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trypanocidal/anti-parasitc and anti-fungal activity besides being non-immunosuppressive. A
substitution in residue 4 from isoleucine to methylated isoleucine (Melle4) results in the CsA
analog SDZ NIM 811 with anti HIV-1 activity [80]. On the other hand, in 7. cruzi two CsA
derivatives H-7-94 & F-7-62 ( Figure 7) with the substitution of a methyl group in native CsA
by an aromatic side chain in residue 1 were found to exhibit potent anti-parasitic activity,

without being toxic to mammalian cells [81,82].
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Figure 7: Two of the non-immunosuppressive analogs of CsA (H-7-94 and F-7-62) that
have been found to exhibit potent anti-parasitic activity against 7. cruzi. The modifications
are addition of a benzene ring in H-7-94 and a 'double to single bond' in the residue Bmt 1
of CsA in F-7-62.

# Adapted from Bua et al. (2008) Parasitology, 135, 217-228.
Other CsA analogs targeting residue 1 included SDZ PSC-833(3° keto MeBmt1) and SDZ 033-
243 (8’-O-Me-dihydroMeBmt1) were found to inhibit the growth of a wide range of parasites (C.

parvum, P. palcifarum, P. vivax and T. gondi) with little or no immunosuppressive effect in

[11]
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humans [83]. Recently another CsA derivative (Debio 025) was reported to interfere strongly in

the hepatitis C viral life cycle.

1.2 Unfolding of Cyclophilin from leishmania donovani (LdCyp)

1.2.1 Introduction to Protein Folding

Protein folding is usually a complex process. Proteins structure themselves into specific three-
dimensional structures, through diverse conformational changes. The classical outlook of protein
folding describes the process as a practically sequential series of discrete intermediate
conformations. In contrast, the energy landscape theory of folding considers folding as the
progressive organization of an ensemble of partially folded structures through which the protein
moves forward on its way to be the natively folded structure. In terms of evolution, proteins are
believed to possess rugged funnel-like energy landscape influenced toward the native structure.
The common view is that proteins fold rapidly because of random thermal motions that cause
conformational changes that leads to energetically downhill processes towards the native
structure, a principle that is inherently embedded in the funnel-shaped energy landscapes.

In vitro protein unfolding has been studied either thermally or by the application of chaotropic
denaturing agents such as urea or guanidinium chloride [84-92]. Broadly, the experimental
approaches to characterize protein unfolding can be either kinetic in time scales of 100us to few
minutes,  wherein  the progress of unfolding is monitored instantaneously through
biophysical/spectroscopic methods or equilibrium (30 mins — 24h) where the protein is treated
typically with denaturants and measurements are made subsequent to equilibration of the
system. Spectroscopic, biophysical equipments and chemicals, such as a thermostated
fluorimeter and common denaturants, are adequate to determine the conformational stability of a
protein. In this regard, the most important experiments consist of the preliminary ones done to
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establish the minimum number of species (conformations) accumulating in the equilibrium. In
case of proteins with non-functional equilibrium intermediates, ascertaining the relevant stability
of the protein (the free energy difference between the native conformation and the intermediate)
is most important, and it elucidates very valuable structural information on the intermediate(s) to
be derived when protein variants are compared to wild type using equilibrium ¢ value analysis. It
is general that in the folding/unfolding equilibrium of small proteins the only conformations that
significantly populate to measurable molar fractions are the native folded state and the unfolded
state (N=U) [93, 94]. However, for most proteins, additional intermediate conformations (less
folded than the native state but more folded than the denatured state) accumulate as the solution
conditions become more destabilizing of the native conformation, nevertheless not fully
stabilizing of the denatured state [95]. The number of species that will appear as the solution
conditions are shifted from native to denaturing will depend on the specific shape of the folding
landscape in native conditions and on the changes that the specific denaturing agent used to
probe the equilibrium will induce in that shape. The more complex the landscape, the more likely
a higher number of intermediates will be observed. On the other hand, a particular denaturing
agent (say, urea) may not divulge the presence of a potential intermediate while other (say,
temperature) may do so [96]. For proteins displaying equilibrium intermediates, the global
equilibrium between the native and the unfolded states can be divided into partial equilibria
between the different species, each one governed by an equilibrium constant and, therefore, by a
Gibb’s free energy difference. For the simplest, non two-state equilibrium scenario with a single
intermediate accumulating at moderate denaturing conditions (N=I=U), the global
conformational stability can be partitioned into the relevant conformational stability (the free

energy difference between the native and intermediate conformation, AGyi) and the residual
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conformational stability of the intermediate (its free energy difference with the denatured state,
AGny) [97,98]. The terms (relevant and residual) chosen to qualify these stability fractions
adding up to the global conformational stability is assuming that the intermediate will be devoid
of biological activity. While in some cases [99] the existence of intermediate(s) is clear with a
characteristic plateau of the spectroscopic/optical signal (in 3 state pH denaturation of sperm-
whale apomyoglobin), in others the existence of such intermediate is only intuitive and is usually
judged by the non-coincident unfolding curves derived from two or more sets of independent
experiments involving different spectroscopic probes. There is considerable interest regarding
the nature and structure of these intermediate states which lie between the native and the
unfolded states.

The existence of stable or metastable intermediates in equilibrium unfolding was often
accompanied by hyper fluorescence of the tryptophan residue with increasing denaturant
concentrations. One such example was that of apomyoglobin [100] where changes in the protein
tryptophan (Trp) fluorescence spectrum that accompany increasing urea concentration
unambiguously reveal accumulation of some stable or metastable intermediate states (Figure 8)
whose intrinsic tryptophan is relatively elevated as compared to both the native (N) and the
unfolded states (U). Besides, this change in tryptophan fluorescence spectrum is characterized
by two isosbestic points at 315 and 370 nm that also confirm the occurrence of at least two
transitions detectable by tryptophan fluorescence. Application of salts and pH variations were
often employed to extract otherwise elusive intermediate states from an apparent two state
transition [101, 102]. Conformational transitions in equine cytochrome C [101] seemed to
involve only the native and the unfolded states but on increasing the salt concentration the two

transitions were separated by slightly decreasing the stability of the native state and significantly
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increasing the stability of the “molten globule” state. This results in the two-step unfolding
transition involving the molten globule intermediate state to be approximated by a 3 state
mechanism. Application of salt (Na,SO4) played a significant role in regulating the stabilities of
both the native as well as the intermediate states of SH3 domain of PI3 kinase [102] where a four
state equation was employed to explain the protein’s folding with two intermediates in the
kinetic experiments. Another approach to untangle the “intermediate state(s)” from an apparent
two state transition involves the application of multiple spectroscopic probes to the system under
investigation and the non-superposition of these unfolding curves lead to the existence of

equilibrium intermediates [103-105].
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Figure:8 Trp fluorescence spectra of apomyoglobin at various urea concentrations (shown
by arrows and numbers near curves). Dashed lines indicate 335 nm wavelength and the
pseudoisosbestic points at 315 and 370 nm. (Inset) Dependence of protein Trp fluorescence
intensities at 335 nm (filled circles) and the spectrum maximum intensity (open triangles)
on urea concentration.

#Adapted from Baryshnikova et al. Protein Sci (2005), 14:2658-2667.
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Identification and characterization of intermediate state(s) are important because
folding/unfolding intermediates serve as “signposts” on folding pathways. In the absence of such
a signpost, it is difficult to define a folding pathway, and to distinguish one pathway from an
alternative pathway that may be used in different folding conditions [103]. Structural
investigation into these intermediate state(s) shows most of them to be of “molten globule” type.
Common properties of well characterized stable equilibrium intermediates of a-lactalbumin,
carbonic anhydrase B and bovine growth hormone [106-117] led to the coinage of a unique
physical state of the protein molecule the “molten globule”. A typical molten globule is a
partially folded/unfolded state that differs substantially from the native state topology, fold and
tertiary interactions whilst conserving most of the secondary structural content of the native state

(Figure 9).

Figure 9: A schematic diagram depicting a close packed native folded state of the protein
(left) and its reversible transition into a “molten globule” state (right) with disrupted
tertiary interactions with conservation in the secondary structural elements. The diagram
is adapted from http://:www.protein.bio.msu.ru.
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A number of globular proteins undergo acid and alkaline transitions which produce
partially unfolded states  analogous to that of o-lactalbumin. Best characterized examples
include the acid state of bovine and human carbonic anhydrase B [118-120] and the acid and
alkaline states of [-lactamase from Bacillus cereus [121]. The compact intermediate
conformational states of the f-lactamase is, however, stable only at high ionic strength at acid or
alkaline pH, and the protein is close to fully unfolded at extreme pH’s when the ionic strength is

too low. This behavior is analogous to the salt-induced formation of the secondary structure in

13 b

disulfide-reduced a-lactalbumin. Molten globules are classified into “wet” and “dry” molten
globules. A dry molten globule is distinguished from its wet counterpart in the extent of
perturbation in the native tertiary structure [122]. In DMG’s although there is disruption of the
tertiary interactions with subsequent alterations in the secondary structure; it still prevents water
from penetrating into the molecular interior whereas in a WMG the molecular interior is solvated
[123-125]. Experimentally, DMGs can be unambiguously distinguished from WMGs, by the
inability of the fluorescent dye ANS to penetrate and bind to the core of a DMG and also the

protection of its backbone NH hydrogens from exchange [126].

Although the stability and folding of two-state proteins are understood far better than those
of more complex ones, a consensus view is still lacking [127]. Understanding the structure and
energetic of protein folding intermediates (either transient or at equilibrium) is most important to
illuminate the folding reaction and the relationships between protein dynamics, function and
misfolding [128-130]. Till date, majority of our current knowledge on protein stability has been
derived using water soluble proteins. The stabilities of membrane proteins are not so well
deciphered and more work in this field is anticipated [131]. On the other hand, thermal unfolding

coupled with chemical unfolding, has supplied most of our stability data. Work on pressure
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unfolding is complementing our knowledge of the phenomenon [132], and mechanical stability
will receive much attention [133]. Recently the focus is primarily shifted to single molecule
experiments that can also be used to determine conformational stabilities [134] and might even

be useful to define the characteristics of partially unfolded intermediates.

1.2.2Protein Folding/Unfolding Studies on Cyclophilin A

There are very few reports of equilibrium protein unfolding studies on cyclophilin A, one such
report is equilibrium unfolding studies of cyclophilin A from mycobacterium tuberculosis
(MtCypA) [135]. MtCypA lacks a tryptophan in the active site of the molecule and hence a
mutation of isoleucine to tryptophan residue was engineered in the hydrophobic core of the
molecule for spectroscopic investigations. In this report (MtCypA) sharing a sequence identity of
48% with LdCyP under the application of urea reversibly unfolded following a 2 state
mechanism as monitored by the far-UV circular dichroism spectroscopy while the tertiary
interactions seemed to follow a 3 state unfolding curve as monitored by tryptophan fluorescence.
Dimeric mip-like peptidyl prolyl cis-trans isomerase from E.Coli [136] similar to cyclophilin A
unlike MtCypA seemed to follow a two state transition as suggested both by far-UV unfolding
CD and tryptophan fluorescence data.

Keeping in mind the importance to characterize the intermediate states of protein during
folding/unfolding equilibrium unfolding of cyclophilin from Leishmania donovani (LdCyp) has
been chosen to study equilibrium protein unfolding and to characterize the intermediate state(s)
if any, discussed extensively in Chapter2. The unfolding process of LdCyp could be best
approximated by a 3-state mechanism involving at least one intermediate state bearing stark

resemblances to the properties of a wet molten globule.
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1.3 Network Based Metrics to Characterize Unfolding of LdCyP

Through Molecular Dynamics Simulation.

1.3.1 Introduction

The process by which a linear amino acid chain folds into a three-dimensional functionally active
protein remains an unsolved problem. Various protein folding models have been proposed such
as the framework model [137-139] which postulates that the first event in folding is the
formation of secondary structural elements. Secondary structural elements later diffuse and pack
to form the stable native protein [140-142]. On the other hand, in the hydrophobic collapse
model [143-145] the initial rapid formation of the hydrophobic core(s) precedes the formation of
secondary and tertiary structure. A common feature of these models is that there exists a well-
defined order of events for folding, that is, there is a single or a small number of folding
pathways. In contrast, the jigsaw puzzle model [146] assumes that there can be a large number of
parallel pathways and each individual protein may have its own order of events for folding. None
of the above models is capable of comprehensively explaining all the experimental observations.
The major hindrance to definitively characterizing folding mechanisms is the difficulty in

determining the structure of the protein at each step of the folding/unfolding process.

1.3.2. Molecular Dynamics Simulations to Study Protein Folding/Unfolding.

In most cases the sheer speed of protein folding eludes attempts to experimentally characterize
the intermediate states. However, the advent of powerful computers coupled to the development
of molecular dynamics simulation (MD) has provided important insights into the phenomenon

[147,148], which samples a possible set of dynamical conformational states whilst unfolding.
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Such a description of dynamics at the atomic level contributes in clarifying many aspects of bio-
molecular function. MD simulations have been employed to study a wide spectrum of problems,
ranging from folding/unfolding [149-151], catalytic activity [152-155], network fluctuations,
domain motions [156] and protein stability [157]. The timescales of molecular dynamics
simulations primarily to study protein unfolding has ranged from few picoseconds in earlier
studies [158,159] to few milliseconds [160-166] in the recent past. Several recent developments
increasing both the temporal resolution of experimental techniques and the time scales of MD
simulations promises to expand the scope of biological systems studied by these methods. These
developments also allows for the systematic validation of the models and protocols underlying
MD simulations [167].

The first protein molecule to undergo MD simulation was BPTI (Bovine Pancreatic
Trypsin Inhibitor) (Figure10) [168]. This early MD simulation gave estimates of the magnitude,

correlations and decay of fluctuations about the average structure.

Figure 10: Crystal structure of BPTI (pdb id: SPTI.pdb) with two 2 B-sheets, a a-helix and
a 3y helical turn. The figure is drawn using Pymol (LLC Schrodinger)
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The results from this MD simulation suggested that the interior of BPTI is fluid like and that the
atomic motions propagated throughout the molecule resembles diffusion effects. Since then,
protein unfolding via molecular dynamics simulation has been studied in vacuo/water [169] or
with chaotropic denaturants such as urea [170-172] , guanidium chloride [173] and other
solvents [174] to determine and characterize the unfolding pathway(s), transition states,
intermediates and mapping the interactions within the protein molecule [175-178]. The majority
of the unfolding simulations of proteins are in the presence of water at abnormally elevated
temperatures (from 400-600K) to hasten the unfolding process and save computer time, under
the assumption that the elevated temperature does not significantly distort the unfolding
pathway(s). Few such examples include, MD simulations of ‘barnase’ [179] in which the final
unfolded state(s) were a non-random coil structure. Further, MD simulations revealed the
existence of “putative intermediates” in its unfolding pathway [180] whose structure comprised
of 3-hydrophobic cores and an a-helix consistent with earlier experimental findings on this
system [181]. In another study, unfolding MD simulations at relatively lower temperatures of
375K for two SH3 domains of a-spectrin and src-SH3 [182] with sequence identity of only 34%
but with similar native topology seemed to follow the similar unfolding pathway(s). The above
result together with earlier established kinetic data [182] indicated that for small B-sheet proteins,
the native topology determines the folding mechanism; on the other hand precise interactions
guide the statistically significant folding path. Unfolding MD simulations at high temperatures
on the thermally stable a-lytic protease was performed in order to reconcile previous
experimental data and to elucidate a complete folding mechanism [157]. Experimentally the
protein exhibited a high degree of cooperative unfolding with negligible partially unfolded states.

A domain interface was identified to be integral for its cooperative unfolding. MD simulations of
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a-lytic protease along with its thermodynamically stable homolog trypsin demonstrated their
respective differences in unfolding. While trypsin unfolded progressively, o-lytic protease

unfolded cooperatively with a characteristic disruption of the domain interface.

1.3.3 The Transition State during Folding/Unfolding

The transition state of a protein folding/unfolding differs from an ordinary chemical reaction in
many ways [183]. In the first instance, low energy non-bonded interactions are broken in the
transition state, instead of covalent bonds as in a chemical reaction. On the other hand, there may
be many energy barriers along a single unfolding pathway. Usually the steepest of the energy
barriers is the rate-limiting step and is assigned the status of the transition state of the overall
reaction [184]. A crucial step in analyzing unfolding simulations is accurately elucidating the
transition state ensemble (TSE) from the large number of generated conformations. Since, the
TSE is experimentally accessible through a molecule’s folding and unfolding kinetics, its
computational identification can be used for both explanatory and predictive purposes. Various
methods for identifying the TSE have been used in the past, partitioned into conformational
clustering and landscape methods [185-191]. Conformational clustering relies on all-versus-all
comparisons of conformations, often by Coao RMSD, whereas landscape methods separate native
structures from the unfolded ones by utilizing properties of the conformations, such as the
fraction of native contacts or secondary structure. In this regard, two pioneering works
employing unfolding molecular dynamics to characterize the transition state(s) of a protein
include, the characterization of transition states of chymotrypsin inhibitor-2 (CI2) [185] and
FKBP12 [192]. In the first case, based on “conformational analysis” the transition state of CI2

was identified to be closer to the native state as compared to the unfolded state with a relatively
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loosely packed hydrophobic core (considered to be the rate limiting step in this case), extensive
disruption in the native tertiary and secondary structures with concurrent increase in the solvent
accessible surface area of the molecule. On the other hand, unfolding of FKBP12 was
extensively dissected in order ascertain its transition state of folding/unfolding by protein
engineering (mutational analysis), kinetic studies and lastly by unfolding molecular dynamics
simulation. The major transition state in consensus with experiments and simulations was
identified to have an overall increase of 30% in the native solvent accessible surface area. Native
tertiary and secondary interactions were significantly weaker in the transition state and the
deeply buried residues in the core, for example Val 101 retained approximately 60% of the

native contacts.

1.3.4 Protein Contact Networks

Given the cooperative nature of the unfolding process, viewing protein interiors as a network of
interactions has provided additional insights into the phenomenon. Several attempts have been
made to view protein structures as contact networks [193-201] wherein the amino acid residues
have been designated as nodes and their mutual non-covalent interactions as edges. Besides
providing insights into protein structures, these networks have been used to identify residues
implicated in folding nuclei [200] and transition states [194], identifying functional residues
involved in the active site [196], hubs stabilizing the packing of secondary structural
elements[198],rationalization of the difference in protein stabilities between thermophilic and
mesophilic organisms [198] and estimation of folding rates [193,197].

Although the transition state ensemble of two proteins, chymotrypsin inhibitor

-2 and C-Src SH3 domain have been subjected to extensive experimentation, there still existed
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some ambiguity with regard to the transition state ensemble of these proteins. Conventional
methods utilizing Co. RMSD or the radius of gyration failed to differentiate between the pre and
the post-transition conformations [202]. Investigations, utilizing the small-world properties of
the protein contact networks was successful in determining the transition state ensemble for
folding of these enzymes [202]. Pre and post-transitional state ensembles during folding were
distinguished based on the topological difference between the conformations of these states. The
post-transitional states were found to be more small-world like with high local connections along
with a number of long range interactions than the pre-transitional conformations.

In another study, specific hydrophobic core residues of acyl-phosphatase (AcP)
crucial for the structure of the transition state during folding was identified [194]. Residues Y11,
P54 and F94 are part of the hydrophobic core of AcP which make a large number of contacts
with other residues (10, 7 and 14 contacts, respectively). These contacts, create a ‘contact
network' in the native state. Monte-Carlo sampling technique was used to determine the
transition state ensemble of the protein, which primarily conserved the native state topology with
root mean square fluctuations within 6 A from the native structure. The structure of the transition
state essentially was composed of 20 amino acid residues with small spatial alterations with the
contact network of these three key residues being conserved, which in turn supported the
nucleation model of protein folding where a small number of specific key residues can drive a

polypeptide chain to fold to a unique structure.

1.3.5 Surface Contact Networks

In chapter 3 of this thesis, the concept behind point atom contact networks has been extended to

surfaces. Briefly, the entire polypeptide chain of the molecule is considered to be one continuous
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surface rather than covalently linked discrete atoms. In such a representation the surface fit or
surface complementarity (S,) of two interacting residues can be estimated along with their
respective surface patches (overlap, O,) [203] buried upon association with each other. Intra —
molecular close packing has been represented as a network with each node representing an
amino acid side chain and their mutual association as links [204-207]. As association between
residues was defined in terms of (based on the surface representation of the protein) S,, (= 0.40)
and Ov (=0.08), discussed in detail in Chapter3, the resulting graphs were expected to consist
primarily of those interactions which strongly condition inter-residue geometry, rather
resembling a three dimensional jigsaw puzzle [203].

Earlier studies utilizing such ‘surface contact networks’ based on the criteria of
surface complementarity (Sy,) and overlap (Oy) [204] to study the packing of side chains in the
interior of the proteins, showed the preferred occurrence of specific “network topologies”
which were designated as packing motifs. Study of the distribution of these packing motifs
revealed the presence of typical smaller graphs which often condense to form larger networks,
much like the nucleation-condensation model of protein folding. One of these packing motifs is
the closely associated, mutually interacting three residue cluster which forms a “ clique”. These
cliques were found typically in the regions of dense packing in the core and were thus envisaged
as units of clustering. Cliques were distinctly preferred in smaller networks that formed the
‘basis sets’ in the construction of larger networks. Other topological analyses and measures
based on “surface contact network™ also proved to be fruitful in distinguishing the native fold
from a set of decoys.

There are few reports of molecular dynamics simulation on cyclophilin [152,154] but all

of them focus primarily on the structural basis of its catalytic activity. In chapter 3, unfolding
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molecular dynamics simulation of cyclophilin induced by temperature has been studied
extensively. Surface contact based novel metrics (Disnet) has also been designed to gain insights
into the patterns of unfolding in cyclophilin. Attempts were also made to identify the transition
state ensemble and the wet or dry characteristics of the molten globule (if any) during the
unfolding of the molecule. Multidimensional scaling with metric Disnet clearly indicated the
presence of transition states at 450K simulation temperature. The metric Disnet (other than the
conventional metrics of Ca RMSD, radius of gyration etc.) was extremely sensitive to
fluctuations in the surface contact network of the protein and gave unambiguous signals as to the

perturbations of the tertiary interactions within the protein core.

1.4 Characterization of the Thermal and Conformational Stability
of Cyclophilin Mutants

1.4.1 Introduction

Thermally stable proteins are of interest for several reasons. They can be used to improve the
efficiency of many industrial processes and provide insight into the general mechanisms of
protein folding and stabilization. Despite arduous efforts through protein engineering methods,
theoretical calculations and simulations, a detailed and comprehensive understanding of protein
stability is still desirable. A major bottleneck in this regard is the small difference in free energy
between the folded and unfolded states of a protein and the large number of partly antagonistic
factors, which are difficult to assess on an energetic scale. Most thermostable proteins have
close mesostable relatives that conserve the fold and display significant levels sequence

similarity.
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1.4.2 Factors Contributing to the Thermal Stability of Proteins

Thermostable proteins are characteristically functional at high temperatures in excess of 40° C.
Generally, high degrees of thermostability are found in the class of metalloproteinases.
Thermolysin catalyzing the hydrolysis of peptide bonds, is the most stable member of the
metalloproteinase family from Bacillus thermoproteolyticus with a Ty, of 86.9°C. Historically,
crystal structure of thermolysin solved in 1974 [208] formed a basis for the structural explanation
of the thermostability of the enzyme. Since then several researchers have attempted to explain
thermal stability of proteins at a molecular level. The major causes of thermostability of proteins
were attributed to increased hydrophobicity [209], superior packing, deletion or shortening of the
loop regions [210], smaller and lesser number of cavities, increased solvent accessible surface
area getting buried as a result of oligomerization [211], amino acid replacement within and
outside secondary structures [212,208,213] and greater propensity of proline residues
[208,214,215]. Other reasons could include lesser number of thermally unstable residues [210],
increased helical content, increased polar surface area [209,216,217], increased hydrogen
bonding [216,217], higher number salt bridges [218,219,209,210,213,220,221,222] and

enhanced side chain interactions between buried amino acid residues [223,224]

To explore the role of the extent of hydrophobic effect in proteins sequence comparisons of
highly related archaeal adenylate kinases (AKs) from the mesophilic Methanococcus voltae, the
moderate thermophile Methanococcus thermolithotrophicus, and two extreme thermophiles
Methanococcus igneus and Methanococcus jannaschii, led to the identification of atomic
interactions responsible for the large variation in temperatures for optimal catalytic activity and

thermostabilities observed in these proteins [209]. The structure of these proteins were modeled
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by first threading the sequences against high resolution crystal structures of eukaryotic ,
eubacterial and mitochondrial AK’s based on a energy-based sequence structure threading
procedure. The final model structures revealed possible active site interactions with a higher
propensity of proline residues near the active site. Based on this study, the enhanced
thermostability in the thermophiles were primarily attributed to relatively larger cores with a
corresponding increase in the number of aliphatic amino acids.

In another study [216], 16 families of proteins with different thermal stability were
theoretically examined by comparing their respective fractional polar atom surface areas and the
number and type of hydrogen bonds and salt bridges between protein atoms. It was found that in
over 80% of the proteins belonging to the same family there existed a strong correlation between
thermostability of these proteins and an increase in the number of hydrogen bonds as well as an
increase in the fractional polar surface area resulting in added hydrogen bonding density to
water. Thus, increased hydrogen bonding density could also be considered as one of the
contributing factors. In the same study, the number of ion pairs were also found to be positively
correlated with thermal stability in two-thirds of the tested families, though relative to the density

of hydrogen bonds, the contribution of salt bridges was considered to be less.

1.4.3 Protein Contact Networks and the Thermal Stability of Proteins

Representation of the interactions between the constituent amino acids in a protein in terms of
network representations has also yielded important insights into the stability of protein
structures. One such example in this regard is the identification of aromatic clusters of amino
acid residues [223] that plays an integral role in determining the stability of thermophilic

proteins. In this study, the contact network of 24 protein families were studied for which crystal
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structures of the thermophilic proteins along with their mesophilic homologs were present.
Subsequent analysis of the contact networks of these proteins demonstrated the presence of
additional aromatic clusters for 17 thermophilic protein families which were absent in their
mesophilic counterparts. These additional aromatic clusters were relatively smaller in size,
found on the surface of the proteins and often in close proximity of the active site of these
thermophilic enzymes. A T-shaped orthogonal geometry in packing seemed to be favored in
these additional clusters. The aromatic residues belonging to these additional clusters were found

to be mutated to serine, isoleucine and leucine in their mesophilic homologues.

In another seminal work [224] protein contact networks based on the weighted side chain
interactions were constructed for globular proteins from a dataset of 200 crystal structures. A
salient feature of such contact networks lay in the definition of edges based on the normalized
strength of interaction between the amino acid residues in proteins and was referred to as PSG’s
(Protein Structure Graphs). The PSG’s were constructed based on different values of interaction
strength. Interestingly, it was found that the network topology of such PSGs relied on the
threshold values of the interaction strength between amino acid residues used to define the edges
in the graph. For a narrow range of threshold values (cutoffs on the interaction strength) there
seemed to be a transition in the largest cluster ( larger clusters or interaction giving way to
smaller graphs) of the protein contact network, irrespective of the fold or size of the protein, thus
signifying a generality in the transition for globular proteins. The method was also successful in
the identification of “highly connected” amino acid residues playing a key role in maintaining
the integrity of the “protein structure network” These highly inter-connected amino acid

residues are designated as hubs in network terminology. It was also observed that the aromatic
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residues along with arginine, histidine, and methionine act as strong hubs at high interaction
cutoffs, while hydrophobic residues leucine and isoleucine participate in these hubs at low
interaction cutoffs, forming weak hubs. Protein networks are less susceptible to random attacks
on nodes but are prone to overall disruption following specific attacks on the hubs [225], where

mutations of these residues participating in such hubs leads to the destabilization of the protein.

Analysis of the native simulation of cyclophilin (LdCyp) in terms of “surface contact
network™ (discussed in detail in Chapter3, Materials and Methods) led to the identification of
highly “persistent” interactions between amino acid residues , which in some cases involved
residues which were implicated in several strategic interactions, thus qualifying as ‘hubs’. In
order to study, the extent of destabilization caused as a result of disrupting these hubs, a set of
such amino acid residues in the hydrophobic core, away from the active site of the molecule
were mutated to alanine and their corresponding destabilizing effect studied (in Chapter 4) as a

function of temperature and chaotropic denaturant guanidinium chloride (GdmCl).
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Chapter 2

Equilibrium unfolding of cyclophilin from leishmania donovani
(LdCyp): Characterization of intermediate state(s) biophysically
and through molecular dynamics simulation.

2.1 Introduction

Cyclophilin from leishmania donovani (LdCyp) belongs to the ubiquitous class of peptidyl-
prolyl cis-trans isomerases (PPlases), also known to be the intracellular receptor of the
immunosuppressive 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 immunosuppressive activity though retaining its anti-trypanosomatid and
anti-parasitic character [1, 2]. In addition, cyclophilins have also been implicated in signal
transduction, cell division, cell surface recognition, chaperone activity and heat shock response
[3]. Other studies show Cyp’s to be involved in the maintenance of mitochondrial transition
pores [4] and regulation of HIV-1 infectivity by functional association with HIV-1 virions in

humans [5].

Several crystal and NMR structures of CyPs in both ligated / unligated forms are currently
available [6-7]. Cyclophilin (LdCyp) has been used as the model system in the present study of
equilibrium protein unfolding under the influence of chaotropic denaturant guanidium chloride
(GdmCl). The three dimensional structure of LdCyp (2HAQ: 1.97A) [8] consists of an 8 stranded
B-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
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residue and its enzymatic activity is hindered by the binding of CsA as there is considerable
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 3¢ helix (residues 141-145) and is partially

exposed to the solvent (Figure 1).

Given the intrinsic interest of Cyp’s in general and specifically in leishmania, LdCyp has
been selected for unfolding studies, both thermally and with denaturant. There are reports of
thermal denaturation studies on cyclophilin from mycobacterium tuberculosis 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 peptidyl - prolyl isomerase (cyclophilin A from mycobacterium tuberculosis )
tended to aggregate beyond 70°C and unfolding induced via denaturant demonstrated that the
loss in tertiary structure preceded the loss in secondary structure both in the presence and

absence of CsA [9].

In this chapter we have studied the unfolding of LdCyp by guanidium chloride (GdmCl) by
means of fluorescence, far and near UV- circular dichroism (CD) and differential scanning
calorimetry (DSC). The results from the studies indicate that most probably the unfolding of
LdCyp proceeds via at least one equilibrium intermediate. We have made an attempt to
structurally characterize this possible intermediate(s) using multiple spectroscopic tools and

molecular dynamics simulations at temperatures of 310,400 and 450K.
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Figure 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 (Schrodinger LLC).
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2.2. Materials and Methods:

2.2.1. Reagents and Chemicals

Guanidium chloride (GdmCl), bis-anilino-8-napthalenesulphonate (bis-ANS) were obtained
from Sigma-Aldrich (USA). Potassium dihydrogen orthophosphate (KH,PO4) and anhydrous
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. All the requisite buffers were prepared in deionized

Mili-Q water (Millipore, USA).

2.2.2. Protein Purification

The expression vector pQE32 (qiagen, USA) was transformed into E.Coli M15 cells, which
contained the LdCyp gene. The first 21 amino acids of the protein constitutes a signal sequence
that gets cleaved post-translationally in the native protein, so the native protein consists of
residues from 22-187 fused into a N-terminal 6x-His tag. 500mL of Luria broth supplemented by
100pg/ml of ampicillin and 50pg/ml of kanamycin was inoculated with 2mL of log-phase
culture and was allowed to grow till ODggo reached 0.6. To induce the expression of LdCyp,
IPTG was added and the culture was allowed to grow further for 6-8 hours at 37°C. Cell
harvesting was carried out by centrifugation at 8000g for 10 min at 15°C. The cells were then
washed twice with PBS buffer, pH 7.4. Cell pellets were then re-suspended in lysis buffer that
comprised of 50mM sodium phosphate buffer pH 7.5, 300mM NaCl and 10mM imidazole.
Resuspended cells were then centrifuged at 18000g for 40 min, after which the lysate was passed

through approximately 3-4 times through a nickel-nitrilotriacetic acid (Ni-NTA) column pre-
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equilibrated with lysis buffer. The Ni-NTA column was then thoroughly washed with wash
buffer containing 50mM sodium phosphate buffer pH 7.5, 300mM NaCl and 20mM imidazole.
LdCyp bound to the column was eluted using a elution buffer containing 50mM sodium
phosphate buffer pH 7.5, 300mM NaCl and 250mM imidazole. The eluted fractions containing
the protein was pooled and then dialyzed extensively against a buffer containing 20mM Tris.HCI
pH 8.5 and 0.02% NaNj. Purity of the dialyzed protein was judged from a single band on SDS-
PAGE. The protein was re-dialyzed extensively in 25mM potassium phosphate buffer pH 7.5,
prior to all spectroscopic and calorimetric experiments. The concentration of the protein sample

was estimated using a molar extinction coefficient of 9230 mol'cm™ at 278nm.

2.2.3. 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 pM concentration in 25mM potassium
phosphate buffer (pH 7.5) was excited at 295nm and the emission spectra was recorded in the
range 310nm to 450nm with both excitation and emission slit widths kept at 5Snm. The spectra
recorded at a scan speed of 200nm/min were averaged over 4 scans. Appropriate controls for the

background emission were subtracted in each case.

. Quenching experiments with the neutral quencher acrylamide was performed for LdCyp
(4uM) pre-incubated with increasing concentrations of chaotropic denaturant guanidium chloride
(GdmCl). The acrylamide concentration in the protein sample was varied from (10-50mM) and
fluorescence spectra measured ranging from 310-450nm, with excitation at 295nm. Stern-
Volmer quenching constant was calculated as the slope of the plot of F¢/F values at 360nm

against the input concentration of quencher, acrylamide from the Stern-Volmer equation:
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FO/F =1+ Kgy[Q] €y

where Ksv is the Stern-Volmer constant and [Q] is the concentration of the quencher. All

guenching 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 ( 4uM, 25 mM
potassium phosphate buffer , pH 7.5) in varying concentrations of the denaturant (GdmCl, 0.0-
3.0 M). The protein pre-incubated overnight with the denaturant was equilibrated with bis-ANS
for 20 minutes 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 10uM.
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 Snm. Appropriate buffer corrections were done.

2.2.4. Circular Dichroism Measurements

The CD spectra of LdCyp were measured on a JASCO J715 ( Jasco Corporation , Tokyo , Japan)
spectropolarimeter in a rectangular quartz cell of path length 1mm. 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 Inm. For
protein unfolding with chemical denaturants far UV spectra were recorded from 210-250nm in
case of GdmCI concentrations exceeding 1.0 M. Near UV spectra were recorded in the region
250-300nm to probe the denaturant induced alteration of tertiary structure of the protein. Buffer

contributions alone or with denaturants were subtracted from all protein spectra.
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The observed values of ellipticity (after appropriate buffer correction) were converted to

mean residue ellipticity (MRE) in degecm*dmol™ defined as

MRE = 9% (2)

10dcr

where M is the molecular weight of the protein ( in Daltons) , 6 is the CD in millidegree, d is
the path length in cm, c is the protein concentration in mg/ml and r the number of amino acid

residues in the protein polypeptide chain.

2.2.5. Differential Scanning Calorimetry

10uM 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 (buffer and protein) were extensively degassed prior to loading. Initially, the buffer
(25mM potassium phosphate, pH 7.5) or buffer combined with denaturant (GdmCl, 0.2-1.4M)
were repeatedly scanned to ensure a stable baseline. The buffer baseline was subtracted from the
protein thermogram using Microcal Origin version7.0 software provided with the instrument.
The data was then normalized by the protein concentration and a non-linear curve fitting
algorithm was employed to obtain the thermodynamic parameters of the transition. The
reversibility of unfolding was checked at different scan rates, buffer conditions and temperature

ranges. All DSC experiments were repeated at least three times.
2.2.6 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

50ns. The simulation at 310K could be considered to be ‘native’. Initially, the protein was
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solvated in a cuboidal box of dimensions 78.683, 68.897 and 78.137 A by the addition of 11088
waters following the TIP3P model and charge neutralization of the system was accomplished by
the addition of Na" ion utilizing the xleap module of AMBER [10]. The structure was then
energy minimized (AMBER 2002 force field) for 200 steps of steepest descent followed by
19800 steps of ABNR incorporated in the SANDER module. All simulations were performed
using NAMD 2.0 [11]. For each 50ns run the targeted temperature was attained in increments of
10K/ps for a NPT ensemble with the Langevin piston set to the targeted temperature
(310,400,450 K etc.) and the pressure fixed at 1.032 bar. Bond lengths were constrained at a
tolerance level of 0.005 A by the SHAKE [12] algorithm. Visual molecular dynamics program
(VMD 1.9.1) [13] was used to view and write the trajectories in PDB format obtained from
NAMD. The time step (ot) for the velocity - verlet algorithm [14] was kept fixed at Ifs.
Snapshots were sampled at intervals of 10 ps. Secondary structural content for the snapshots

were calculated using STRIDE [15].

2.3. Results and Discussions

2.3.1. Unfolding of LdCyp with GdmCI

As mentioned previously, LdCyp contains a single tryptophan residue (Figure 1). The maximum
intensity of intrinsic fluorescence, Amax, Was observed at 348nm for the native protein suggestive
of the partial solvent exposure of the lone tryptophan. The emission spectrum changed with the
variation of denaturant concentration till 1.4M GdmCl. Further increase in the concentration of

GdmCl led to a slight decrease in the intensity (Figure 2).
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Figure2. Fluorescence unfolding spectra of native cyclophilin at various GdmCl
concentrations ranging from (0-3) M a) (—) 4uM LdCyp b) (- ) 4uM LdCyp+0.8 M
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The intensity at 360nm was plotted as a function of GdmCI concentration (Figure 3). With
increase in GdmCI concentration unfolding was initiated around 1.0M and completed by 2.0M,

as clearly indicated by the saturation in fluorescence intensity.
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Figure3. Unfolding curve of LdCyp induced by GdmCl as monitored by intrinsic
tryptophan fluorescence with emission maxima points at 360nm, 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 (=) is the fitted line to the
datapoints.
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The unfolding curve of LdCyp fitted best to a three state equation originating from the following

equilibrium: N=I=U

— Sy + SjeTRONI 4 S e=A0NU )
obs 1+ e_?g}\” + e_Algl\‘U

where S 1s the signal at any denaturant concentration , Sy is the signal due to the native state
,Srthe 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<=I and N=U states [16]
where AGn; and AGyy are assumed to have linear dependence with the denaturant concentration

[D], resulting in the following equations,
AGy; = AGy;(H0) + my[D] 4)
AGyy = AGyy (H,0) + myy[D] (5)

where my;and my are the corresponding slopes of transitions from the native to the
intermediate and native to the unfolded states respectively. Cp, for any unfolding curve is defined
as the midpoint of the transition from the native to the unfolded state (C,(N<>U) : for a 2 —
state transition) or between the native to intermediate and native to the unfolded state
respectively , (that is C(NeI), C(N<>U) for a three state transition) obtained from equations
(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
AGy;(H,0) of 12.13 kecal mol™ with my; of -8.166 kcal mol"M™ and AGyy(H,0) of 6.72 keal

mol™ and myy of 5.89 kcal mol” M™ (Table 1) which suggests that the unfolding of N to I
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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).

Table 1

Equilibrium thermodynamic parameters of unfolding for LdCyp mediated by GdmCl.

Spectroscopic Tools Thermodynamic parameters
employed AGni(H,0) mpy; AGnu(H20) mpy Ca(NeI) | Ch(NeU)

keal mol™ Kcal mol kcal mol" | Kcal mol” M M

M M

12.13 (£ 0.38) 8.17 (£ 0.92) 6.72 (£0.54) | -5.89(x0.65) | 1.47+0.06 | 1.16+0.04
Intrinsic tryptophan
fluorescence

2.12 (£0.13) 2.18 (£0.29) 524 (£0.45) | -3.47(x043) | 0991002 | 1.51+0.04
Far UV Circular
Dichroism

The thermodynamic parameters in Table 1 were obtained from the 3-state equation, equati
on (3) by employing a non-linear least square algorithm. AGn; (H,O) and AGny (H20) refer
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 AGn; and AGny going to
0. my;and myy are the corresponding slopes of the transition from the native to the
intermediate and native to the unfolded states, C,(NI) and C,(N<>U) are the midpoints
of transition (denaturant concentration) obtained from equations (4) and (5), where AGny a
nd AGny goes to 0.

The far UV CD of the native protein exhibited a pronounced minimum at 225nm characteristic
of a protein with prevalently B-sheets. With the addition of GdmCl, MRE value at 222nm
progressively reduced in the concentration range of 0.8-2.0 M, saturating thereafter. This was

also accompanied by a gradual and concomitant reduction in the overall secondary structural
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content till 1.2 M GdmCl, after which there was an abrupt loss of all secondary structural
features in the protein (Figure 4). Thus the CD signature of secondary structural features was

observed till 1.2 M GdmCl.
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Figure4. Far-UV CD spectra of LdCyp ( native) along with different denaturant concentra
tions a) (=) 4uM b) (=—)4p M+ 1M GdmCl ¢) (=—)4pM+ 1.2 M GdmCl d)(—) 4p M+1.4 M
GdmCl e) (— ) 4pM+ 3.0 M GdmCl.

[55]



Similar to the feature obtained from fluorescence titration profile (Figure 3), the unfolding curve
from CD value at 222 nm was best fitted to the above three state equation yielding AGy; (H20)
and Cpy1 of 2.12 (£0.13) keal mol™ and 0.97 (+0.11) M and AGyy (H,0) of 5.24 (+0.16) kcal

mol™ and C,2 of 1.51 (£0.2) M respectively (Figure 5).
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Figure5. MRE,;;; [in black circles (®)] values obtained from far-UV CD spectra plotted as
a function of the denaturant and fitted to a 3-state equation shown as a black (==) line.
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In addition, CD unfolding curves at MRE,;s and MREy;s ( Figure 6, Table 2a,b,c) gave
similar Cp,, values though some deviation in the curves were observed between MRE;;:, MRE»s

on one hand and MRE, ;5 on the other.
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Figure6. Far-UV CD unfolding curves of LdCyp monitored at MRE,,, (m) black squares,
MRE3;5 (®) red circle and at MRE;;5 (A).
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Table 2a: Circular Dichroism data at (MRE;,,), fitted to a 3-state model. The experiment

was performed in triplicate and the standard deviations are given in parentheses.

S.No. Cn Cn Adj Ryq Mean C,, Mean C,,
(Ne) (NeU) (Ne) (NeU)
M M M M
L. 0.97 1.51 0.995
2. 1.02 1.56 0.990 0.99 (.02) 1.51 (.04)
3. 0.993 1.47 0.992

Table 2b: Circular Dichroism data at (MRE,s), fitted to a 3-state model. The experiment

was performed in triplicate and the standard deviations are given in parentheses.

S.No. Cn Cn Adj Ryq Mean C,, Mean C,,
(NeD) (NeU) (Ne) (NeU)
M M M M
L. 1.15 1.43 0.992
2. 1.02 1.46 0.993 1.09 (.05) 1.44 (.02)
3. 1.09 1.42 0.992

Table 2¢: Circular Dichroism data at (MRE,;s), fitted to a 3-state model. The experiment

was performed in triplicate and the standard deviations are given in parentheses.

Cn Cn Adj Ryq Mean C,, Mean C,,
S.No. Ne)) NeU) Ned) NeU)
M M M
L. 1.05 1.53 0.982
2. 0.99 1.61 0.980 1.09 (.05) 1.44 (.02)
3. 1.16 1.56 0.993

CaNe]) and C,(NoU) are the midpoint of transitions from the native to the intermediate
and native to the unfolded states ( denaturant concentrations ) obtained from equations (4)
and (5), where AGnjand AGyy the corresponding free energies of transitions goes to zero, a
non-linear curve fitting algorithm was employed to fit the 3-state model , equation(3).
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The lack of superposition of the unfolding curves obtained by two independent probes CD and
fluorescence and the consequent non-equivalence of their respective C,, values (Table 1) appears

to be supportive of a non — two state transition and thereby indicates the presence of a possible

intermediate in the unfolding of LdCyp: N=I=U (Figure 7).
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Figure7. The fraction unfolded versus GdmCI curve with independent probes of intrinsic
tryptophan fluorescence monitored at 360nm, shown in filled red circles(e) , far UV CD

monitored at 222nm in black squares (w) and near UV CD monitored at a maxima of
260nm shown in blue triangles( A).

[59]



Fluorescence Intensity (a.u.)

350 4

250 -

200

100

300

150 .

There are numerous instances in the literature where non-coincidence of C, values in
equilibrium unfolding experiments [16-18] via two independent probes has been cited as
evidence for the presence of equilibrium intermediate. The adoption of a three state model
improved the fitting in the protein unfolding curve monitored by fluorescence, when compared to

a 2 state model (Figure 8).
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Figure8. Fluorescence unfolding curve of LdCyp monitored at 360 nm and fitted to a) two
state model in Panell and b) three state model in Panel 2.

However, for unfolding curves monitored by CD (MRE,»,) the improvement was only marginal

(3-state compared to 2-state), (Figure 9). Notably, a 2-state transition could also be considered

[60]



MRE in degcm’dmol”

adequate in protein unfolding probed by CD.

-2000
Panel 1 o Panel 2

-3000

-2000
-2500

-3000

-3500 -3500

-4000 4000

4500 4500

5000 +5000

5500 -5500

6000 -6000

6500 -6500

MRE in degcm®dmol™

-7000 =7000

-7500 -7500

-8000 -8000

0 500 1000 1500 2000 2500 3000 3500 N BRSLET ERRAST SRR RRSZES K
0 500 1000 1500 2000 2500 3000

[gdmcl] mM

[gdmcl] mM

Figure9. Far UV CD unfolding curve of LdCyp monitored at 222nm being fitted to a) 2-
state process in panel 1 b) and 3-state process in panel 2.

In any case for both fluorescence, 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
488nm) curves as function of GdmCl concentration and also because of the lack of an
isochromatic point in the far UV CD data (ranging from 210 — 250 nm) , generally indicative
of a non — two state transition. Near UV CD (250-300nm) spectra of native LdCyp show a broad
shoulder in the region of 260-285nm. CD spectra of LdCyp incubated with low concentration of
GdmCl (0.2M) indicate that the native tertiary interactions are relatively preserved. In contrast
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LdCyp incubated with 1.0 M and 1.2M of GdmCI shows considerable perturbation in the native
tertiary contacts as manifested by the reduced intensity of the broad shouders (Figure. 10).
Absence of tertiary interaction at high GdmCl concentration is evident from the featureless

spectra with a significant reduction in band intensity.
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Figure 10: Near UV CD spectra of LdCyp for a) native protein LdCyp (—) 40 pM b)
LdCyp + 0.2M GdmCl (=) maintaining a characteristic broad shoulder which
considerably flattens out for ¢) LdCyp+ 1.0M GdmCl (=) d) LdCyp + 1.2M GdmCl (=) e)
LdCyp + 3.0 M GdmCl (=), thereby depicting the loss of tertiary interactions with
increasing denaturant concentrations.
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Summing up, the results from CD studies suggest that LdCyp incubated with 1.0 and 1.2 M of
GdmCl shows considerable disruption in the original tertiary interactions whilst conserving their

secondary structure.

2.3.2. Bis-ANS fluorescence experiment

Bis-ANS fluorescence studies have been widely used to identify intermediate states in protein un
folding [20, 21]. Natively folded or completely unfolded proteins are unable to bind to bis-ANS,
as in the former case there are no exposed hydrophobic patches and in the latter there are no orde
red clusters of exposed hydrophobic patches. Thus the partial exposure of erstwhile buried hydro
phobic residues characteristic of “molten globules” are ideal for bis-ANS interaction. For LdCyp,
bis-ANS fluorescence intensity (recorded at 488nm) initially rose with GdmCl concentration upt
0 1.2 M and declined thereafter with a minima at 3.0M (Figure 11, Figure 12). This observation
strongly suggests that with increasing GdmCl concentrations the buried hydrophobic residues are
solvent exposed till 1.2M, after which there is a collapse in the ordered structure of the exposed
hydrophobic patches which denies bis-ANS of its binding site thus leading to the decline of the b
is-ANS fluorescence intensity, reaching a basal level at 3.0M GdmC]l. Both of these observations

are indicative of a molten globule like intermediate in the equilibrium unfolding of LdCyp.
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Figurell. Panell: Bis—ANS fluorescence (10 pM) spectra for LdCyp (4puM) incubated with
various GdmCl concentrations, Panel 1 : a) (=) 4 uM LdCyp+0.2M GdmCl b) ¢) ( ) 4
pM LdCyp + 0.7M GdmCl d) (=) 4 pM LdCyp + 1.0 M GdmCl e) (—) 4 pM LdCyp + 1.2
M GdmCl f) (=) 4 pM LdCyp + 1.4 M GdmCl g) (—) 4 pM LdCyp + 1.5 M GdmCl h)
(=) 4 pM LdCyp + 1.9 M GdmCl i) (=) 4 pM LdCyp + 3.0M GdmCL The native spectra
(=) 4 pM LdCyp is shown in Panel 2.

[64]



1100
1000
900 \
800
700
600
500
400

300

Intensity maxima at 488nm

200 ®

®
\
100 / »
0-—0/ ¢ \

0 o — 9o
L) I L] L L L L) I L L) I L) 1 l ] L L] L L) l L] L] L) T L I T L L L L] I L] L ] L L I L

0 500 1000 1500 2000 2500 3000

[gdmcl] mM

Figurel2. Plot of Bis —ANS fluorescence (10 pM) intensity maximum in black circles (o) at
maximum blue shifted wavelength of 488nm plotted as a function of GdmCI concentration,
with maximum peak intensity obtained for protein sample (4 pM) incubated with 1.2M of
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2.3.3. Acrylamide Quenching

Stern-Volmer coefficients estimated for different denaturant concentrations (See Materials and
Methods, Section 2.3) yielded a Ksv value of 7.64 M for the native protein indicating partial so
Ivent exposure of its lone tryptophan. Ksv increased to 13.18 M at 1.4M concentration of Gdm
Cl after which the change is not significant (Table 3) at higher denaturant concentrations suggest
ing maximum exposure of the said tryptophan to occur by 1.4M. The dynamic character of the q
uenching was also confirmed by repeating the experiment at a higher temperature at 45 °C , whic

h gave stern — volmer coefficients different from those at 25 °C (Figure 13, Table 4 )

Table 3

Dependence of Ksv values on denaturant (GdmCI) concentrations

Denaturant Conce | Ksv values in M
ntration in M

0.0 7.64 +0.23
0.2 8.84 + 0.87
1.2 11.65 = 0.94
1.4 13.18 = 1.05
3.0 12.87 £ 1.11

The Ksv values in Table 2 were calculated using the Stern-Volmer equation, equation (1)
by linear least square fitting.
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Table 4: Stern-Volmer constants and Fy/F values for native LdCyp at 25°C and 45 °C

Concentration of Fo/F Fo/F
Acrylamide (LdCyp at 25°C) (LdCyp at 45°C)
™)
0.0 1.000 1.000
0.01 1.087 1.221
0.02 1.180 1.482
0.03 1.244 1.571
0.04 1.342 1.702
0.05 1.385 1.821
Ksv=7.87M" Ksv =16.09 M
1.9
1.8 o
1.7
1.6
o

1.5 °

w 14

uD
1.3
1.2
1.1
1.0
0.9 L LR B L B L I L R L B L B NN B I B L LR 1

0.00 0.02 0.04 0.06

[acrylamide] M

Figurel3. F/F values plotted for both LdCyp at 25°C shown in inverted triangles in black
(V) and at 45°C, shown in filled black circles (o) as a function of acrylamide concentration.
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2.3.4. Differential Scanning Calorimetry

Differential scanning calorimetry was performed with the native protein (LdCyp) and also in the
presence of different denaturant (GdmCl) concentrations. 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 Tn’s at 49.6 C and 54.6 C. Different scan rates (at 20 and 60 °C/hour) 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 T s confirming that the shoulder observed in the thermograms were unlikely due to
kinetic effects.” The apparent AH of the transitions were 100 kcal mol”' and 117kcal mol™,
respectively. DSC measurements under identical conditions with the addition of 0.2 M GdmCl
gave a similar thermogram, but with reduction in both Ty,’s by about 5°C (44.9 and 50.6 C) and a
concomitant decrease in their AH (75.2 and 104.7 kcal mol™), respectively. Although the non-
two state character (with two Ty,’s) of the thermogram was still maintained at 0.6 M GdmCl, yet
there was a significant reduction in the apparent enthalpy AH of the first transition (T,,= 41.0°C,
AH=7.7 kcal mol™) relative to the second (Tw = 46.3°C, AH = 98 kcal mol™), with further
decrease in the two Ty’s. At 1.0M GdmCl a single transition was observed at Tp, = 37.9°C and
AH = 49.5 kcal mol" (Figure. 14). 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.
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Figurel4. Thermal characterization of the intermediate states of LdCyp through DSC a) 10
pM LdCyp b) 10uM LdCyp+0.2MGdmClI ¢) 10pM LdCyp+0.6M GdmCl d) 10pM LdCyp+
1.0M GdmCl, two step ( two Ty, values) to a single step ( one Ty, value) transition.

The black solid line (==) corresponds to the experimental data points while the solid red
lines (=) are the fitted lines.



2.3.5 Molecular Dynamics simulations

LdCyp consists of a single extended hydrophobic core, whose constituent residues are primarily
contributed by the beta strands composing the barrel ( Figure. 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 constituting helix H2 and S3: residues of the hydrophobic

core excluding those from helices H1, H2 contributed by beta strands and loops (Table 5).

Table 5: List of residues comprising sets S1 (Helix H1), S2 (Helix H2), S3 (Residues
constituting the core excluding core residues contributed by helices H1, H2). All residues
composing the core are in bold.

S1 Ala 52, Pro 53, Leu 54, Thr 55, Thr 56, Glu 57, Asn 58, Phe 59, Arg 60,
Helix H1 Gln 61, Leu 62, Cys 63, Thr 64, Gly 65
S2
Helix H2 Met 158, Asp 159, Val 160, Val 161,Lue 162, Arg 163, Ile 164, Glu 165,
Lys 166
S3
Core excluding | Val 29, Phe 31, Val 33, lle 45, Leu 47, Phe 48, Tyr 71, Phe 76, Val 79,
H1,H2 Ile 85, Leu 120, Met 122, Phe 134, Phe 151, Val 179, Ile 181

To study the disposition of the helices with respect to the barrel, (upon raising temperature in an
MD simulation; See Materials & Methods, Section 2.6) the contacts (Table 6) between S1 - S3
and S2 — S3 were first calculated from the crystal structure (2HAQ). 4.0 A was considered to be

the distance cutoff for two atoms to be in contact.
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Table 6: List of native contacts between Helix1 (H1) and Core and Helix2 (H2) and Core.
For definition of S1, S2 and S3 see Table 5.

Native Contacts Between residues in Helix H1 and | Native Contacts Between residues in Helix H2 and
Core Core
S1 S3 Distance S2 S3 Distance

A) A)

N ALA | 52 (6] PHE 48 3.037 CGl1 VAL 161 CD1 | ILE 85 3.994

CA ALA | 52 (6] PHE 48 3.855 CG2 ILE 164 CG2 | VAL | 79 3.959

C ALA | 52 (6] PHE 48 3.973 CG2 ILE 164 CG2 | ILE 85 3.983

CG2 THR | 55 CG MET 122 | 3.588 CG2 ILE 164 CGl1 | VAL 179 | 3.977

CG2 THR | 55 CB PHE 151 | 3.724 CD1 ILE 164 CGl1 | VAL 179 | 3.978

CG2 THR | 55 CG PHE 151 | 3.677 (6] ILE 164 CGl | VAL | 79 3.798

CG2 THR | 55 CD1 | PHE 151 | 3.739 CA GLU 165 CGl | VAL | 79 3.781

CG2 THR | 56 CB LEU 47 3.848 C GLU 165 CGl | VAL | 79 3.903

CG2 THR | 56 N PHE 48 3.686 (6] GLU 165 CGl | VAL | 79 3.433

CG2 THR | 56 C PHE 48 3.511

CG2 THR | 56 (6] PHE 48 3.378

CG2 THR | 56 (6] PHE 151 | 3.573

(6] THR | 56 CD1 | LEU 47 3.729

CB PHE | 59 CE2 | PHE 151 | 3.848

CG PHE 59 CE2 | PHE 151 | 3.515

CD1 PHE 59 CEl TYR 71 3.577

CD1 PHE 59 CZ TYR 71 3.925

CD1 PHE 59 OH TYR 71 3.433

CD1 PHE | 59 CzZ PHE 151 | 3.641

CD1 PHE 59 CE2 | PHE 151 | 3.532

CEl PHE 59 CEl TYR 71 3.500

CEl PHE 59 CzZ TYR 71 3.879

CEl PHE 59 OH TYR 71 3.691

CEl PHE | 59 CG PHE 134 | 3.833

CEl PHE | 59 CD1 | PHE 134 | 3.722

CEl PHE | 59 CEl PHE 134 | 3.968

CEl PHE | 59 CzZ PHE 151 | 3.911

CzZ PHE 59 CZ PHE 31 3.594

CzZ PHE | 59 CD1 | LEU 120 | 3.989

CD2 PHE 59 CD2 | LEU 47 3.791

CD2 PHE 59 CE2 | PHE 151 | 3.972

CE2 PHE | 59 CG2 | VAL 29 3.747

CB LEU | 62 CD1 | TYR 71 3.896

CB LEU | 62 CEl TYR 71 3.612

CB LEU | 62 CzZ TYR 71 3.945

CD1 LEU | 62 CzZ TYR 71 3.749

CD1 LEU | 62 OH TYR 71 3.478

C LEU | 62 CD1 | TYR 71 3.995

(6] LEU | 62 N TYR 71 3.002

SG CYS | 63 CB VAL 29 3.851

SG CYS | 63 CG2 | VAL 29 3.943

SG CYS | 63 CEl PHE 31 3.831

SG CYS | 63 CD1 | TYR 71 3.910
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The fractional conservation of these native contacts (between the helices and the remaining
residues of the core) were then estimated for all snapshots and averaged over 50 ns for each
simulation run at temperatures 310, 400 and 450 K ( Table 7 ). In addition (average) fractional
conservation of secondary structural content (with respect to the native crystal structure) was

also calculated for each simulation (50 ns).

Table 7

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 450 K 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 | Fraction of Native Contacts Fraction of Secondary Structural Content
(K) Conserved
Helix H1- | Helix H2 Helix H1 Helix H2 Beta Strands
core - core
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)

On an average, about 0.65 - 0.75 of the native contacts between helices and core, were conserved
in the simulation at 310 K. However, helix H2 appeared to be relatively loosely bound to the
core compared to HI, with a sharper decline in the conserved fraction upon elevation of

temperature to 400 K (H1 — 0.65(0.18); H2 - 0.47(0.29)). At 450 K, 0.48, 0.37 of the native
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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 400 K. In general, the strands constituting the barrel
appear to have greater stability (0.81 secondary structural content conserved, Table 7), 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.

2.4. Conclusion

The work reported in this chapter characterizes the equilibrium unfolding of cyclophilin from
leishmania donovani (LdCyp) mediated by the denaturant GdmCl. Initial 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 1.2M GdmCl while conserving
significant fraction of the native secondary structural content, characteristic of a molten globule
[22-34]. This was further confirmed by hydrophobic dye-binding studies utilizing bis-ANS
where a prominent peak was observed at 1.2M GdmCI. Thermal characterization of the protein
incubated with 0.2, 0.6 and 1.0 M of GdmCl by DSC exhibited a gradual shift from a two

(involving two Tp,’s) to a single step transition (with a unique Tp,) .

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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Chapter 3

Application of network based metrics to study unfolding patterns in
cyclophilin by molecular dynamics simulation

3.1 Introduction

Currently, there is considerable interest in the role of molten globules (MG) during the process of
protein folding/unfolding [1]. Two distinct classes of MGs have been distinguished, the dry
(DMG) and wet (WMG) molten globules, both forms preserving native—like secondary structural
elements, topology and dimensions; with perturbed tertiary contacts [2-5]. The degree of
perturbation in the native tertiary structure of the protein distinguishes DMGs from WMGs [6].
In DMGs, though there is dislocation in the tight packing of residues within the molecular
interior, the consequent fraying of secondary structural elements and molecular expansion is not
sufficient to allow for the solvation of the hydrophobic core. On the contrary, water enters into

the interior of the protein in case of a WMG [7-9].

Experimentally, DMGs can be unambiguously distinguished from WMGs, by the inability
of the fluorescent dye ANS to penetrate and bind to the core of a DMG and also the protection of
its backbone NH hydrogens from exchange [10]. Another issue with regard to DMGs is their
relationship to the highly unstable transition state of unfolding. In an earlier theoretical study
[16], the DMG was confounded with the transition state species in a two — step unfolding
process. The unlocking of packing contacts within the molecular interior in case of a DMG must
be a very subtle effect, as in all probability, the dissociated residues continue to maintain close

proximity to hinder the solvation of the core.
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Previous studies with regard to the packing of amino acid side chains within proteins had
established that residues which interdigitate with stereospecific geometry can be identified based
on fairly stringent mathematical criteria [22]. Briefly, the entire polypeptide chain of the
molecule is considered to be one continuous surface rather than covalently linked discrete atoms.
In such a representation the surface fit or surface complementarity (S.,) of two interacting
residues can be estimated along with their respective surface patches (overlap, Oy) [22] buried

upon association with each other.

In this chapter, intra — molecular close packing has been represented as a network with
each node representing an amino acid side chain and their mutual association as links [23-26]. As
association between residues was defined in terms of (based on the surface representation of the
protein) Sy, (= 0.40) and Ov (=0.08), the resulting graphs were expected to consist primarily of
those interactions which strongly condition inter-residue geometry, rather resembling a three
dimensional jigsaw puzzle [22]. In order to test these ideas, thermal unfolding MD simulations
have been performed on cyclophilin from L. donovani (LdCyp) as a model system (Figure 1).
Cyclophilins (Cyps) are a ubiquitous class of peptidyl prolyl cis-trans isomerases, also known to
be the intracellular receptor for the immunosuppressive drug cyclosporine A (CsA) regularly
used in organ transplants [29]. 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 [30]. The work reported in this chapter analyzes the time evolution of packing networks
(SCN) in the unfolding trajectory of LdCyp to probe temporal patterns in the disjuncture of

specific packing interactions within a protein.
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Figure 1: Crystal structure of cyclophilin from Leishmania donovani (LdCyp). The helices
H1 and H2 are indicated in red and orange respectively (figure generated using Pymol [40])

3.2 Materials and Methods

3.2.1 Molecular Dynamics Simulations

Unfolding molecular dynamics simulations were performed on cyclophilin (coordinates obtained
from: 2HAQ) at temperatures 310, 400, 450 and 500K. Each simulation run was for a minimum

duration of 50ns and was repeated five times for 500 K, four times for 450 K, and twice for 400
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and 310 K with different initial random number seeds. 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 11088 waters following the TIP3P model and
charge neutralization of the system was accomplished by the addition of Na' ion utilizing the
xleap module of AMBER [32]. The structure was then energy minimized (AMBER 2002 force
field) for 200 steps of steepest descent followed by 19800 steps of ABNR incorporated in the
SANDER module. All simulations were performed using NAMD 2.0 [33]. For each 50ns run the
targeted temperature was attained in increments of 10K/ps for a NPT ensemble with the
Langevin piston set to the targeted temperature (310,400,450,500 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
algorithm [34]. Visual molecular dynamics program (VMD 1.9.1) [35] was used to view the
trajectories obtained from NAMD and also to extract the coordinates for further downstream

computations. The time step (5t) for the velocity - verlet algorithm was kept fixed at 11s.
3.2.2 Surface Generation, Surface Complementarity & Overlap

The van der Waals surface for the entire polypeptide chain was generated, sampled at 10 dots/
A?. The atomic radii were taken from the all atom molecular mechanics force field [36]. The
details regarding surface generation have been described in several earlier publications [22-23].
The entire surface of the polypeptide chain was sampled as an array of discrete dot surface points
(10 dots/A%) where each dot point is an area element characterized by its location(x, y, z) and the
direction cosines of its normal (dl, dm, dn). Generally, residues within proteins will participate in
a ‘network’ of interactions with its neighboring amino acids. The entire surface of the side chain
can thus be partitioned into sub-surfaces, such that each sub-surface is in close association with

the corresponding surface patch of one of its neighbors. Thus, the (previously mentioned)

[80]



quantities surface complementarity (Sn,) and overlap (O,) can be used to  characterize the

association between two side chain surfaces of interacting amino acids [22].

Briefly, consider a residue A, which consists of a total of N4 side chain surface points. For
every side-chain dot point of A, its nearest neighbors (within 3.5A)was identified from the
surrounding dot points contributed by the rest of the polypeptide chain (inclusive of both side

and main chain atoms). Then, the following expression was computed:
Sab = Ny exp (-Wdap, (1)

where n,, np are the unit normals of a dot point ‘a’ ( on residue A) and those of its nearest
neighbor ‘b’ (from residue B) respectively, d., is the distance between them and w is a scaling
factor set to 0.5. Thus, for the set of points Nag, (dot points on A which have found points on
the side chain B as nearest neighbors) median of distribution {S,,} is defined as the surface

complementarity S,,">®.
The corresponding overlap between residues A and B is defined as,
0,*?B=Nyp/Ny Q)

Notably, the maximum possible value attained by both S, and O, are 1.00.

3.2.3 Protein Surface Contact Networks (SCN)

Generally, two point atoms are said to be in ‘contact’ based on purely distance criteria. Since the
representation of atoms has been expanded to surfaces the criteria for two residues to be in
contact based on Sy, and Oy is as follows. Sy, and O, are generally non-commutative, that is
g, A8

. B>A B>A . .
or 0,7 does not necessarily equal S,,°>" or 0,”>* respectively. Thus, two residues A,

B are said to be in ‘contact’ when both S,,**®, S,,*>*and 0, 0,°>* simultaneously satisfy
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the cutoffs (are greater than or equal to) 0.4 and 0.08 respectively. These cutoffs were chosen on
the basis of a previous work [22] which showed that these criteria (in Sy, and Oy) led to highly
constrained inter-residue geometries for interacting binary pairs of amino acids. In the context of
protein surface contact networks (SCN), a node stands for an amino acid side chain and two
nodes are connected by an edge, when they are in surface contact (as define above). Henceforth,
these networks will be referred to as protein ‘Surface Contact Networks’ (SCN). Like all other
networks SCN’s can be represented in terms of adjacency matrices with elements (a;j) equal to

one when two nodes are connected by an edge and zero otherwise [23].

3.2.4 Metrics defined on Surface Contact Networks: Disnet, DIf,

Persistence and Persf

SCN’s were constructed based on the coordinates of LdCyp (snapshots) at various stages of the
unfolding simulation at different temperatures. The SCN for any snapshot was represented as an
adjacency matrix, where the elements of the matrix a; could assume values either 0 or 1 (1
denoting the presence of an interaction between residues i and j as defined above). Only residues
constituting the hydrophobic core of the protein were considered in the construction of the SCN
adjacency matrices. The distance between any two such adjacency matrices was determined by
counting the number of links present in one and absent in other, and normalizing by the

dimension of the adjacency matrix (n x n ).

N N
$$h
Disnet (A, 4") == Hznxn) 3)
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Where Ajj and A’jjare the matrix elements of two adjacency matrices (A, A’) corresponding to

two SCN’s (from their corresponding snapshots) and (n x n) is the dimension of the adjacency

matrix.

Based on Disnet, two more related measures, ‘dlf” and ‘persf” were defined in order to
assess the degree of stability or fluctuations in the SCNs. As has been mentioned previously,
each simulation run at a specific temperature (310 K, 400K etc.) was for a total of 50 ns.
Discarding the first 2 ns, every simulation was partitioned into contiguous intervals of 2ns
(henceforth referred to as epochs). Adjacency matrices for the SCNs were constructed pertaining
to snapshots sampled every 10 ps, leading to 200 snapshots (SCN adjacency matrices) per
epoch. Within an epoch the ‘persistence’ of a contact between residues i and j was defined as the
number of times the surface contact was detected in the snapshots (spanning the epoch) divided

by the total number (200) of snapshots. Thus
Py = Yk=14;j/n (4)

where, A;; are elements of the SCN adjacency matrices, the summation being over snapshots (k)
and n equals 200. Now a new matrix (P’) with a dimension identical to that of SCN adjacency
matrices was defined such that (P’; = 1 when P;;> 0.25) and (P’;; = 0 when P;;< 0.25). The new
matrix P’ (constructed applying a predetermined threshold :0.25), referred to as the ‘persistence
matrix’, contains information regarding the relatively stable regions of the network, as only
stable surface contacts detected in more than 25 % of the snapshots in an epoch contribute to the
adjacency matrix (having been set to unity). The metric Disnet could again be used to estimate
the ‘distance’ between two persistence matrices and in this instance will be referred to as ‘persf’.

A persistence matrix derived from the entire 2-50 ns block at 310 K (native) was considered to
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be the baseline and ‘persf’ (unless stated otherwise) is the ‘distance’ (Disnet) between this

matrix and persistence matrices derived from every epoch.

In order to estimate the degree of fluctuations associated with SCNs within an epoch, the
distance Disnet was estimated for every pair of (SCN) adjacency matrices associated with the
snapshots spanning an epoch. Then somewhat analogous to the measure ‘alf’ [21], the average
<Disnet> over all such pairs ([200 x 199]/2!) was defined as ‘dIf’ and epochs with higher dIf

values were expected to be regions of enhanced network volatility.

3.2.5 Solvent Accessible Surface & Burial

The solvent accessibility of amino acid residues in the protein molecule was estimated by the
ratio of the solvent accessible areas (SAA : probe radius 1.4 A) of the residue (X) in the
polypeptide chain to that of an identical residue in a Gly — X — Gly peptide fragment [23], in a

fully extended conformation. Thus, burial (bur) was defined as:

Bur = SAA of residue in polypeptide chain / SAA of residue in Gly — X — Gly fragment

3.2.6 Secondary Structural Content

The secondary structural content for any snapshot was estimated by STRIDE [37] and the status
of residues constituting the helices (H1,H2) and the 8 B strands composing the barrel (as found
in the native crystal structure, pdb id: 2HAQ) was monitored. A total of 79 residues out of 166

residues of the protein made up the total secondary structural content of native LdCyP crystal
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structure (with 57 residues in the B barrel; H1 : 13 residues , H2 : 9 residues). Thus, fractional
secondary structural content for any snapshot was defined as the fraction of these 79 residues
found to reside in their native secondary structural elements, either helices or strands. Average
fractional secondary structural content within an epoch of 2ns (SSCepocn Was determined by

averaging fractional secondary structural content over all the snapshots (200) within the epoch.

3.2.7 Classical Multi-Dimensional Scaling

Methods of classical multi-dimensional scaling were adopted to map ‘distances’ between
snapshots based on Disnet to three dimensional coordinates. Initially, the entire 50ns simulation
at a specific temperature was sampled in 100 ps intervals leading to 500 snapshots in all.
Computing the ‘distance’ (w.r.t. the metric Disnet) for every pair of snapshots led to the
construction of a 500 X 500 matrix (D: elements d;;), where the matrix element d; gives the
metric (Disnet) distance between the i and jth snapshots. The calculation was also repeated at
200 ps sampling leading to a 250 x 250 matrix. Then following Borg and Groenen [38] the

eigenvalues and eigen vectors were computed for the matrix
B=-12JP%] (5)

Where for P%, every element P; = Dijz and J =1- 1/n [I I’] where ‘I’ is a n X n unit matrix, ‘n’ is
the number of snapshots and [I I’] is a n x n matrix where every element is unity. The
eigenvectors corresponding to the three largest eigenvalues were selected and the three
dimensional coordinates for each snapshot was obtained upon suitably combining the

eigenvectors subsequent to multiplying them by the square root of their respective eigenvalues.
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3.3 Results and Discussion

Cyclophilin from L. donovani (LdCyp) is a single domain protein (crystal structure: 2HAQ at
1.97A) consisting of an 8 stranded -barrel with two helices located at either end (Figure 1).
The location of the two helices (designated H1 and H2) 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 extended core of LdCyp is composed of a total of 24 residues, of which
8 are contributed by flanking helices (H1, H2), while the rest predominantly come from the
strands encompassing the core. Thus the full set of surface contacts involving the residues of the
hydrophobic core can be partitioned into three subsets, S1: contacts between residues located on

the B strands, S2: between helix H1 and the remaining residues of the core and S3: between H2

and the remaining core residues (Tablel).

Table 1: Set of contacts of S1, S2 and S3, with the secondary structural elements in

parentheses, S-Strands, H1-helix1, H2-helix2 and L-loops.

S1

S2

S3

120LEU(S)-151PHE(S)
29VAL(S)-47LEU(S)
122 MET(S)-151PHE(S)
31PHE (S)-181ILE(S)
76 PHE(L)-85 ILE(S)
31PHE(S)-45ILE(S)

76 PHE(L)-181 ILE(S)
71 TYR(L) -134 PHE(S)
31PHE (S)-134PHE(S)
31PHE (S)-71TYR(S)
33VAL(S -179VAL(S

59 PHE(H1)-151PHE(S)
62 LEU(H1)-71 TYR(L)
29VAL(S) -63CYS(H1)
SSTHR(H1)-151PHE(S)
59 PHE (H1)-71TYR(L)
S5THR(H1)-122MET(S)
47LEU(S)- S9PHE(H])
S9PHE(H1)-134PHE(S)
31PHE(S)-59PHE(H1)

85 PHE(S)-164PHE(H2)
85 ILE(S)-161 VAL(H2)
164 ILE(H2)-179VAL(S)
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3.3.1 Ca RMSD

Each simulation run (for 50ns blocks) was conducted 5,4,2,2 times at temperatures 500,450,400
and 310 K respectively (Materials and Methods). The first 2ns for every simulation was not
considered for any further calculation. To start with the C* RMSD of all the snapshots (w.r.t
2HAQ) were plotted (with respect to time) for all the simulations using CHARMM [39]. The
simulation at 310K can be considered native with an average C* RMSD of 1.35 A + 0.12

(310KSIMI: from the 3 to the 50" ns), exhibiting minimal fluctuations (Figure 2).
8
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Figure 2: Ca RMSD between snapshots and the native crystal structure (2HAQ) plotted as
a function of simulation time at different simulation temperatures indicated by the colors
(=) 310K_SIM1 (=) 400K_SIM1 (=) 450K_SIM1 and (=) S00K_SIM]1.
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Two simulations at 310K (310K _SIMI and 310K _SIM2) had more or less overlapping C*
RMSD’s (Figure 3) with an average of 1.44 A £ 0.11 for 310K_SIM2. At 400K _SIM1, an
abrupt increase was observed around 4ns, subsequent to which the average RMSD increased to
2.76 + 0.47 A (Figure 2) (400K SIM1 from 4-50ns). Careful visual examination of the
snapshots around this region revealed the relative detachment of the helix H2 from its native
position with respect to the barrel, which was responsible for the abrupt rise in RMSD. While in

400K _SIM?2 the surge in C* RMSD was observed as early as 10ns (Figure 4)
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Figure 3: C* RMSD between native simulation snapshots (=) 310K SIM1, (=)
310K_SIM2 and the native crystal structure of LdCyp (2HAQ).
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with slightly lower average of 2.19 + 0.37 A. A similar surge was observed around 15ns at
450K _SIM1 rising to 4.0-4.5 A due to the increased disjuncture of both the helices from the
body of the barrel. Both these events were reproducible in the other trajectories (450K _SIM2 —
450K _SIM4). Subsequent to this event at 450K there appeared to be a greater tendency for
divergence amongst the other trajectories (450K SIM1 - 450K SIM4) at the same temperature

(Figure 5).
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Figure 4: C* RMSD between native simulation snapshots (=) 400K SIM1, (=)
400K_SIM2 and the native crystal structure of LdCyp (2HAQ).
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Figure 5: C® RMSDs of snapshots for simulations at 450K a) 450K SIM1 (=) b)
450K _SIM2 (=) ¢) 450K _SIM3 (=) and d) 450K SIM4 (==).
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At 500K, 4 trajectories tended to cluster together (500K _SIM1-500K _SIM4) with C* RMSD in
excess of 6 A while the fifth 500K _SIMS5 (Figure 6) diverged sharply after 25ns (C* RMSD

increasing to about 14 A).
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Figure 6: C* RMSD of snapshots for simulations at 500K a) (=) 500K _SIM1 b) (=)
500K _SIM2 ¢) (=) S00K_SIM3 d) (=) S00K_SIM4 e) (=) S00K_SIMS.

[91]



However, all simulations at 500 K demonstrated the complete unraveling of the protein structure.
By and large with the exception of the MD run at 500K, there was fairly good convergence

between the trajectories at lower temperatures.

3.3.2 Disnet

It has been pointed out that C* RMSD could be a misleading metric as peripheral distortions in
the structure (for example in the loops) could lead to high RMSD values, even though little
deviation is observed in the main body of the protein. Such is the case for cyclophilin, where the
initial rise in C* RMSD at 400K is primarily due to the movement of helix H2, rather than
distortions in the main 3 barrel of the protein. Network based metrics such as Disnet (Materials
and Methods), wholly circumvent this problem. Disnet is the ratio of the uncommon links
between two networks to the total number of possible links. For snapshots at an interval of 10
ps, surface contact networks (SCN: Materials and Methods) were constructed only considering
residues constituting the hydrophobic core of the molecule. As has been mentioned previously,
SCN’s based on surface complementarity (S,,) and overlap (Ov) between side chain surfaces of
interacting residues, contains implicit information with regard to the relative geometry of inter-
digitating side chains and is an exceptionally sensitive indicator of subtle changes in side chain
packing within proteins. The ‘distances’ (Disnet values) between SCN’s derived from the
snapshots and the native crystal structure were then studied for the entire course of the
simulation. For every MD simulation run (2-50ns blocks), Disnet was calculated between the
SCN adjacency matrices of the snapshots (sampled every 10ps) and the SCN derived from the
native crystal structure (2HAQ) and then averaged (<Disnet>) over the entire block. <Disnet>

recorded a characteristic increase with rise in temperature (310K _SIM1, 400K _SIM1 etc, Table
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2). At 310K _SIMI1 <Disnet> was 0.44 (+0.07) which is to say, that on an average 56% of the
links in the core were identical to those found in the native crystal structure ( Table 2). Relative
to the native simulation (at 310K), marginal difference was observed at 400K _SIM1 (0.49+0.08)
and at 400K_SIM2 (0.47 £+ 0.08) (Figure 7).

Table 2: <Disnet> values for different simulation temperatures for (310K _SIMI,

400K _SIM1, 450K SIM1 and 500K SIM1) calculated with native crystal structure

(2ZHAQ) as baseline averaged over the entire simulation block of 50ns with standard
deviations in parentheses.

Temperature (K) <Disnet>
310K _SIM1 0.44(0.07)
400 K SIM1 0.49(0.08)
450 K SIM1 0.68(0.12)
500 K SIM1 0.80(0.11)

Disnet

0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

Simulation time in ps

Figure 7: Disnet values for simulation set of 400K_SIM?2 shown in solid black (=) lines and
400K _SIM1 in (=) lines
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However, at 450K _SIM1 <Disnet> increased rather abruptly to 0.68 (£0.12) and further rose to

0.80 (£0.11) at S00K_SIMI (Table 3).

Table 3: <Disnet> values for different simulation temperatures for (310_KSIMI,
400K _SIM1, 450K SIM1 and 500K SIM1) calculated with native crystal structure
(2HAQ) as baseline averaged over the entire simulation block of 50ns with standard
deviation in parentheses

Temperature(K) <Disnet>
310K _SIM1 0.44( 0.07)
400 K _SIM1 0.49(0.08)
450 K _SIM1 0.68(0.12)
500 K _SIM1 0.80(0.11)

At 450K SIM1, Disnet values were stable up to ~23ns (Figure 8) even though somewhat
elevated relative to 310 or 400K. However, subsequent to 23ns a sharp rise in Disnet was
observed till about 30 ns (peaking at 28 ns); after which it again resumed a more stable
progression though at a significantly higher value (about 0.5). The behavior of Disnet from 20 to

30ns exhibited a similar tendency in the other simulation trajectories at 450K (Figure 9).
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Figure 8: Disnet values between the Surface Contact Networks (SCNs) of the snapshots and
the SCN derived from the crystal structure (2HAQ) plotted as a function of simulation time
for the simulations 310K_SIM1 (==), 400K SIM1 (=), 450K SIM1 (==), 500K_SIM1 (=).

Residues constituting the hydrophobic core of LdCyp alone were considered in the
construction of the SCNs.
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Fig 9: Disnet values for the hydrophobic core of LdCyp at a) 450K _SIM1 b) 450K SIM2
and c) 450K_SIM3 with the native crystal structure of cyclophilin (2HAQ) as a baseline
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3.3.3 DIf and Persf

To estimate the degree of stability or volatility in the network two more measures (‘persf” and
‘dIf’) were defined (Materials & Methods). These measures are based on the partitioning of
each MD simulation run (from 2 — 50ns), into non — overlapping, contiguous 2ns intervals
(referred to as epochs). Persf estimates the ‘persistence’ (Materials and Methods) of native
contacts in snapshots constituting an epoch ; whereas dIf is simply the pairwise average of
Disnet values between SCN adjacency matrices (spanning 2ns epochs), making it somewhat
analogous to the previously reported measure ‘alf” [21]. Both measures persf and dIf are
expected to rise in the event of increased conformational flexibility in the structure, symptomatic

of enhanced network instability.

For the native simulation at 310K _SIM1 (which in a sense serves as a baseline) the
values for <persf> and <dlf> (averaged over all the epochs) were 0.15 (.03) and 0.39 (.01)
respectively, which implies that for <persf>, on an average about 85 % of the contacts prevalent
in the core of LdACyP ‘persisted’ throughout the course of the simulation at 310K_SIM1. At 500
K SIMI, the same measure dropped to about 35%. Both <persf> and <dlf> exhibited regular
and graduated increase as a function of temperature, increasing by about 0.1 — 0.2 for each

temperature increment (Table 4).
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Table 4: DIf and persf values averaged over the entire simulation block (between 2 — 50ns)
for the hydrophobic core of LdCyp at different simulation temperatures for
(310K_SIM1,400K_SIM1,450K_SIM1 and 500K_SIM1). The standard deviations are given
in parentheses.

Temperature (K) <dlf> <Persf>

310K _SIM1 0.39(0.01) 0.15(0.04)
400K _SIM1 0.49(0.02) 0.22(0.04)
450K SIM1 0.65(0.05) 0.37(0.10)
500K _SIM1 0.76(0.07) 0.64(0.16)

Significant differences were observed in the time course of the two measures. Specifically,
around 25 ns at 450 K SIM1, a sharp surge in persf from about 0.20 to 0.55 was observed
(Figure 10), preceded by a relatively unstable region beginning from 13 ns. A similar rise was
observed in the other simulations at 450K (_SIM2-4), though not beginning from the same time

point (Figure 11)
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Figurel0: a) Persf values for 2ns epochs indicated by filled circles considering the
hydrophobic core of LdCyp as a function of simulation time with simulation sets of
(310K_SIM1,400K_SIM1,450K SIM1and500K SIM1). The simulations at different
temperatures are indicated by the colors : (=) 310K (=)400K (==)450K ( =) S00K.

b) DIf values for 2ns epoch indicated by filled circles considering the hydrophobic core
of LdCyp ; plotted as a function of simulation time with simulation sets of
(310K _SIM1,400K_SIM1,450K SIM1 and 500K SIM1). The simulations at different
temperatures are indicated by the colors : (=) 310K (=)400K (==)450K ( —) S00K.
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Figurell Persf values for 450K simulation temperatures plotted as a function of simulation
time a) (=) 450K_SIM2 b) (=) 450K_SIM3 and c) (—) 450K_SIM4.

[99]



In the same temporal region “dIf” exhibited a more gradual increase (from 0.60 to 0.75) (Figure
10) probably due to smoothening of the function by averaging over all pairs of snapshots in an
epoch (450K SIM1). However, persf demonstrated lesser fluctuations in the other simulation
trajectories (450K _SIM2-4) compared to dIf (Figure 12, Table: 5). At 500 K _SIMI1, both persf
and dIf values had increased to about 0.90 indicating complete unraveling of native packing in
the core. The most notable feature in both measures was their highly sensitive signaling of the
gradual dynamic relaxation of packing constraints in the hydrophobic core of LdCyP, even at
400 K, indicated both by average and real time values. It will be recalled that such sensitivity
was not prominently exhibited even by Disnet alone or probably any other previously studied
metric for that matter.

Table 5: DIf and persf values averaged over the entire simulation block (between 2 — 50ns)

for the hydrophobic core of LdCyp at different simulation temperatures for (450K _SIM2,
450K SIM3 and 450K _SIM4). The standard deviations are given in parentheses.

Temperature (K) <dlf> <Persf>

450K _SIM2 0.66(0.09) 0.39(0.08)
450K SIM3 0.60(0.04) 0.41(0.10)
450K _SIM4 0.59(0.02) 0.41(0.11)
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Figure 12 DIf values for simulations at 450K plotted versus simulation epochs, a) (=)
450K _SIM2 b) (=) 450K _SIM3 and c) (=) 450K _SIM4.
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3.3.4. Solvent Accessibility and Secondary Structural Elements

To probe the solvent accessibility of core residues in the course of unfolding simulations and to
study their correlation  with the SCN based metrics, the ‘burial’ (bur: Materials and
Methods) of the 24 amino acids constituting the hydrophobic core of LdCyP were computed
for every snapshot. The ‘burial’ (bur) of a residue (X) in a polypeptide chain essentially denotes
the fraction of its total solvent accessible area (estimated in a Gly — X — Gly peptide fragment
with probe radius of 1.4 A), accessible to solvent in its current conformational position in the
polypeptide chain. Thus, a bur value of zero for any residue denotes complete burial within the
interior of the protein molecule. The net solvent accessibility of the core was estimated by
averaging bur over all the 24 core residues (burcye), and burey. from all the snapshots
spanning a 2ns epoch were averaged in order to derive bureyon. For the native simulation at 310
K and even at 400 K values of burc,.n Were consistently close to zero, denoting the existence of
an integral core, by and large preventing the penetration of solvent into the interior of the
molecule. Concomitant to the surge in persf around 25 — 30 ns at 450K _SIMI1, an abrupt
increase in burepoch Was also observed in the same region, in two increments, first rising to about
0.04 and then to 0.10 at 35 ns (Figure 13). Even at 500 K, the maximum value observed for

bureyoch Was in the range of 0.15.

Analysis of the fractional secondary structural content of LdCyp (Materials &
Methods) which is the fraction of residues constituting helices/strands in a snapshot (as found
in the native crystal structure) and averaged over a 2ns epoch (SSC¢poch), confirmed stable
secondary structural elements in the native 310 K SIM1 simulation block. At 400 K SIMI,
helix H2 exhibited a tendency to unwind upon dissociation from the hydrophobic core (for more

details see section on Contacts given below), reflected in a 10 % drop in SSCepoch. At 20ns

[102]



(450K _SIM1) there was a sharp decline in SSCepocn (Figure 13) falling to a minimum value of
0.55 (at 32 ns) which indicated pronounced disruption for both helices and the barrel. Even
though SSCepocn  subsequently recovered somewhat to about 0.75 at 40ns, post 20ns all
secondary structural features appeared to be irreversibly destabilized, culminating in relatively
volatile secondary structural features at S00K_SIMI.
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Figure 13: a) Bur,y,n values for every 2ns epoch indicated by filled circles plotted versus
simulation time at different simulation temperatures (=) 310K _SIM1, (=) 400K SIMI1,
(=)450K SIM1, (=—)S500K_ SIMI1.

b) Fractional secondary content or SSCepoch Values for every 2 ns epochs indicated

by filled circles plotted as a function of simulation time at different simulation
temperatures , the color coding following the same convention given above.
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3.3.5 Evolution of Contacts

Next, the time evolution of individual surface contacts sustaining the hydrophobic core of the
molecule was studied. As has been mentioned previously, the native surface contacts (Materials
and Methods) of the core were parsed into three subsets, namely S1: contacts between residues
located on B strands, S2: between helix HI and the remaining residues of the core and S3:

between H2 and the remaining core residues

All contacts were analyzed in terms of ‘persistence’ (Materials and Methods) which in
effect is the number of times (or snapshots), the surface contact was observed in an epoch,
divided by the total number of snapshots in the same duration (200). That is a persistence of 1.00
implies that the specific surface contact was observed in all the snapshots in the epoch. Only
three surface contacts were observed in the set S3, out of which one (1641-179V) had a rather
low persistence of 0.50, even at 310K _SIMI1 (Table 6). A drop of about 40 - 50 % in persistence
for contacts in S3 at 400 K _SIM1 provided structural rationale to the early dislocation of helix
H2 from the barrel or the unique core of the molecule. In contrast, 9 contacts involving helix
H1 (set S2) and 11 in set S1 more or less maintained persistence levels at 400K SIM1
similar to those at 310 K SIMI, implying conservation of the native geometry with regard to

the beta strands and helix H1
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Table 6: Average persistence of contacts between residues within the core, divided into
subsets of S1 (strand —strand or strand-loop contact), S2 (Strand-Helix1) and S3 (Strand-
Helix2) at simulation temperatures of 310,400,450 and 500K with simulations sets of
(310K_SIM1,400K_SIM]1, 450K_SIM1 and 500K_SIM1) and the standard deviation given
in parentheses. The abbreviations in bracket represent: L-Loop, S-strand, H1-Helix1 and
H2-Helix2.

SET S1 SET S2 SET S3
Temp(K) Core-Core Perst(SD) Helix H1-Core Perst(SD) Helix H2-Core Perst(SD)
120LEU(S)-151PHE(S) 0.98(0.01) | 59 PHE(H1)-151PHE(S) 0.98(0.08) 85 PHE(S)-164PHE(H2) | 0.98(0.01)
310K_SIM1 29VAL(S)-47LEU(S) 0.96(0.03) | 62 LEU(H1)-71 TYR(L) 0.98(0.01) 85 ILE(S)-161VAL(H2) 0.78(0.05)

122 MET(S)-151PHE(S) | 0.94(0.03) | 29VAL(S) -63CYS(H1) 0.96(0.02) | 164 ILE(H2)179VAL(S) | 0.50(0.07)
31PHE (S)-181ILE(S) 0.92(0.04) | SSTHR(H1)-15IPHE(S) | 0.96(0.03)
76 PHE(L)-85 ILE(S) 0.84(0.06) | 59 PHE (H1)-7ITYR(L) | 0.96(0.02)
31PHE(S)-45ILE(S) 0.71(0.09) | SSTHR(H1)-122MET(S) | 0.93(0.03)
76 PHE(L)-181 ILE(S) | 0.68(0.18) | 47LEU(S)- 59PHE(H1) 0.67(0.14)
71 TYR(L) -134 PHE(S) | 0.64(0.10) | S9PHE(H1)-134PHE(S) 0.59(0.09)
31PHE (S)-134PHE(S) | 0.46(0.15) | 31PHE(S)-59PHE(H1) 0.26(0.20)
31PHE (S)-71TYR(S) 0.30(0.31)
33VAL(S -179VAL(S) 0.18(0.16)

120 LEU(S)-151 PHE(S) | 0.94(0.03) | 62 LEU(H1)-71 TYR(L) | 0.99(0.01) | 85 ILE(S)-164ILE(H2) | 0.49(0.19)
400K_SIM1 | 31 PHE(S)-181ILE(S) | 0.88(0.03) | 55 THR(H1)-151PHE(S) | 0.98(0.02) | 164 ILE(H2)179VAL(S) | 0.47(0.09)
29 VAL(S)- 47 LEU(S) | 0.82(0.08) | 29 VAL(S)-63 CYS(H1) | 0.94(0.03) | 85ILE(S)-161VAL(H2) | 0.39(0.12)
76 PHE(L)- 85 ILE(S) 0.78(0.08) | 59 PHE(H1)-151PHE(S) | 0.93(0.05)
76 PHE(L)-181 ILE(S) | 0.77(0.08) | 59 PHE(H1)-71 TYR(L) | 0.87(0.07)
71 TYR(L)-134 PHE(S) | 0.77(0.01) | 59 PHE(H1)-134PHE(S) | 0.78(0.07)
122 MET(S)-151PHE(S) | 0.70(0.10) | 47 LEU(S)-59 PHE(H1) | 0.72(0.08)
31 PHE(S)-71 TYR(S) | 0.65(0.18) | 55 THR(H1)-122MET(S) | 0.56(0.23)
31 PHE(S)- 45 ILE(S) 0.55(0.06) | 31 PHE(S)-59PHE(H1) 0.49(0.11)
31 PHE(S)-134 PHE(S) | 0.54(0.10)
33 VAL(S) -179 VAL(S) | 0.47(0.10)

450K_SIM1 | 31PHE (S)- 181ILE(S) | 0.87(0.06) | 47LEU(S)-59PHE(H1) 0.55(0.22) | 164 ILE(H2)179VAL(S) | 0.46(0.09)
71 TYR(L) - 134PHE(S) | 0.68(0.20) | 62 LEU(H1)-71 TYR(L) | 0.54(0.28) | 85ILE(S) -164ILE(H2) | 0.45(0.10)
122 MET(S)-151PHE(S) | 0.59(0.14) | 59 PHE (H1)-7ITYR(L) | 0.51(0.27) | 85ILE(S)-161VAL(H2) | 0.37(0.09)
76 PHE(L) - 85 ILE(S) | 0.57(0.11) | 29VAL(S) - 63CYS(H1) | 0.49(0.34)
31PHE(S) -45ILE(S) 0.56(0.08) | 59 PHE(H1)-151PHE(S) | 0.48(0.40)
120 LEU(S) -151PHE(S) | 0.53(0.26) | S5THR(H1)-151PHE(S) | 0.35(0.37)
76 PHE(L)- 181 ILE(S) | 0.51(0.07) | SOPHE(H1)-134PHE(S) | 0.26(0.27)
31PHE (S)- 7ITYR(S) 0.47(0.17) | SSTHR(H1)-122MET(S) | 0.15(0.24)
29VAL(S)- 47LEU(S) 0.41(0.25) | 31PHE(S)-59PHE(H1) 0.10(0.13)
31PHE (S)- 134PHE(S) | 0.20(0.14)
33VAL(S) - 179VAL(S) | 0.17(0.12)

31PHE (S)-181ILE(S) 0.60(0.14) | 5STHR(H1) -151PHE(S) | 0.55(0.25) | 164 ILE(H2)179VAL(S) | 0.07(0.10)
500K_SIM1 | 76 PHE(L)-85 ILE(S) 0.48(0.13) | 47LEU(S)-59PHE(H1) 0.50(0.17) | 85ILE(S)-161VAL(H2) | 0.06(0.10)
29VAL(S)- 47LEU(S) 0.41(0.20) | 29VAL(S)-63CYS(H1) 0.39(0.31) | 8SILE(S)-164ILE(H2) 0.02(0.05)
33VAL(S)-179VAL(S) | 0.40(0.09) | SOPHE(H1)-134PHE(S) | 0.31(0.24)
120 LEU(S) -151PHE(S) | 0.35(0.23) | 62 LEU(H1)-7ITYR(L) | 0.31(0.26)
76 PHE(L)-181ILE(S) 0.29(0.16) | 59 PHE(H1)-151PHE(S) | 0.26(0.32)

31PHE(S)-45ILE(S) 0.27(0.18) | SSTHR(H1)-122MET(S) | 0.16(0.18)
122 MET(S)-151PHE(S) | 0.25(0.19) | 59 PHE (H1)-7ITYR(L) | 0.08(0.19)
71 TYR(L)-134PHE(S) | 0.22(0.27) | 31PHE(S)-59PHE(H1) 0.07(0.09)

31PHE (S)-134PHE(S) | 0.17(0.18)
31PHE (S)-71TYR(S) 0.14(0.16)

However, the contacts in both sets (S1 and S2) exhibited non — uniform levels of persistence at

400K _SIMI1, the strongest being 31PHE-181ILE, 120 LEU — 151PHE, 29VAL — 47LEU,
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122MET — 151PHE and 59PHE — 151PHE, 62LEU-71TYR, 29VAL-63CYS,55THR — 151PHE,
S59PHE-71TYR in sets S1,S2 respectively. Non-uniform levels of persistence and drop in
persistence for S3 were also observed in 400K _SIM2 (Table 7). At 450 K, an overall decline
of about 40 — 50 % in the persistence of the majority of surface contacts was observed in sets
S1, S2 indicating profound disruption in native core packing (or side chain association
geometries) and also dislocation of the second helix (H1). In S1 only contacts 31PHE — 181 ILE,
71TYR- 134PHE were able to maintain persistence levels comparable to the native simulation
(310K). Similar trends were observed in the other trajectories at 450K (_SIM2-4) with a
decline (of about 25 — 30%) in the average persistence of the stable contacts (120LEU-
I151PHE, 31PHE-181ILE, 122MET-151PHE in S1 and 59PHE-151PHE,29VAL-
63CYS,62LEU-71TYR in S2 (Table 8).

Table 7: Persistence of contacts between residues within the core, divided into subsets of S1
( strand-strand or strand-loop contact), S2 (Strand-Helix1) and S3 (Strand-Helix2) at
simulation temperature of 400K_SIM2, the standard deviation given in parentheses. The
abbreviations in bracket represent: L-Loop, S-strand, H1-Helix1 and H2-Helix2.

Temp(K) SET S1 SET S2 SET S3
Core-Core Persistence(SD) | Helix H1-Core Persistence(SD) Helix H2-Core Persistence(SD)
400K_SIM2 120LEU(S)-151PHE(S) 0.92(0.22) 59 PHE(H1)-151PHE(S) 0.77(0.19) 164 ILE(H2)-179VAL(S) 0.73(0.24)
31PHE (S)-181ILE(S) 0.83(0.11) 29VAL(S) -63CYS(H1) 0.91(0.03) 85 PHE(S)-164PHE(H2) 0.66(0.25)
122 MET(S)-15S1PHE(S) | 0.82(0.20) 62 LEU(H1)-71 TYR(L) 0.95(0.27) 85 ILE(S)-161VAL(H2) 0.50(0.19)
29VAL(S)-47LEU(S) 0.81(0.08) S9PHE(H1)-134PHE(S) 0.63(0.18)
31PHE (S)-71TYR(S) 0.47(0.19) S5THR(H1)-151PHE(S) 0.91(0.23)
76 PHE(L)-181 ILE(S) 0.54(0.19) 47LEU(S)- S9PHE(H1) 0.48(0.20)
76 PHE(L)-85 ILE(S) 0.79(0.19) 59 PHE (H1)-71TYR(L) 0.88(0.22)
71 TYR(L) -134 PHE(S) | 0.73(0.19) S55THR(H1)-122MET(S) 0.53(0.24)
31PHE(S)-45ILE(S) 0.47(0.13) 31PHE(S)-S9PHE(H1) 0.40(0.16)
31PHE (S)-134PHE(S) 0.45(0.14)
33VAL(S -179VAL(S) 0.14(0.23)

Likewise the three contacts (164 ILE-179VAL, 85 PHE-164PHE, 85 ILE-161 VAL) in S3

exhibited average persistence in the range of 0.13-0.27(Table 8). Thus, by and large the
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behavior of the contacts, in terms of persistence, was replicable in the other trajectories at 450K.
At 500 K helix H2 completely dissociated from the main body of the protein and despite further
decline in persistence in sets S1,S2 indicating both profound disruption of the core and packing
of helix H1, a few selected contacts still exhibited residual values of about 0.50 (31F- 1811, 76F-

85L,55T-151F, 47L-59F).

Table 8: Persistence of contacts between residues within the core, divided into subsets of
S1 (strand —strand or strand-loop contact), S2 (Strand-Helix1) and S3 (Strand-Helix2) at
simulation temperatures of 310,400,450 and 500K with simulations sets of
(310KSIM1,400KSIM1, 450KSIM1 and 500KSIM1) and the standard deviation given in
parentheses. The abbreviations in bracket represent: L-Loop, S-strand, H1-Helix1 and H2-

Helix2. Perst (Persistence).

Temp(K) SET S1 SET S2 SET S3
Core-Core Perst (SD) | Helix H1-Core Perst (SD) Helix H2-Core Perst (SD)
450K_SIM2 120LEU(S)-151PHE(S) 0.79(0.21) | 59 PHE(H1)-151PHE(S) 0.73(0.19) 164 ILE(H2)-179VAL(S) 0.27(0.24)
31PHE (S)-181ILE(S) 0.69(0.14) | 29VAL(S) -63CYS(H1) 0.68(0.23) 85 PHE(S)-164PHE(H2) 0.26(0.25)
122 MET(S)-151PHE(S) 0.61(0.22) | 62 LEU(H1)-71 TYR(L) 0.58(0.27) 85 ILE(S)-161VAL(H2) 0.22(0.25)
29VAL(S)-47LEU(S) 0.57(0.18) | S9PHE(H1)-134PHE(S) 0.54(0.18)
31PHE (S)-71TYR(S) 0.49(0.25) | SSTHR(H1)-151PHE(S) 0.46(0.27)
76 PHE(L)-181 ILE(S) 0.46(0.20) | 47LEU(S)- S9PHE(H1) 0.37(0.18)
76 PHE(L)-85 ILE(S) 0.45(0.20) | 59 PHE (H1)-71TYR(L) 0.28(0.27)
71 TYR(L) -134 PHE(S) 0.41(0.27) | SSTHR(H1)-122MET(S) 0.16(0.27)
31PHE(S)-45ILE(S) 0.37(0.15) | 31PHE(S)-S9PHE(H1) 0.09(0.23)
31PHE (S)-134PHE(S) 0.26(0.21)
33VAL(S -179VAL(S) 0.17(0.20)
450K_SIM3 120 LEU(S)-151 PHE(S) 0.76(0.20) | 62 LEU(H1)-71 TYR(L) 0.92(0.24) 85 ILE(S)-164ILE(H2) 0.18(0.34)
31 PHE(S)-181 ILE(S) 0.74(0.19) | 59 PHE(H1)-151 PHE(S) 0.80(0.21) 85 ILE(S)-161VAL(H2) 0.16(0.29)
71 TYR(L)-134 PHE(S) 0.73(0.26) | 29 VAL(S)-63 CYS(H1) 0.76(0.09) 164 ILE(H2)-179VAL(S) 0.14(0.32)
29 VAL(S)- 47 LEU(S) 0.69(0.07) | 59 PHE(H1)-71 TYR(L) 0.63(0.23)
122 MET(S)-151 PHE(S) 0.66(0.22) | 55 THR(H1)-151 PHE(S) | 0.62(0.24)
76 PHE(L)-181 ILE(S) 0.52(0.19) | 59 PHE(H1)-134 PHE(S) 0.61(0.16)
31 PHE(S)-71 TYR(S) 0.45(0.15) | 47 LEU(S)- 59 PHE(H1) 0.38(0.19)
31 PHE(S)-134 PHE(S) 0.37(0.18) | 55 THR(H1)-122 MET(S) | 0.30(0.22)
31 PHE(S)- 45 ILE(S) 0.35(0.14) | 31 PHE(S)-59 PHE(H1) 0.28(0.17)
76 PHE(L)- 85 ILE(S) 0.34(0.25)
33 VAL(S) -179 VAL(S) 0.17(0.21)
450K_SIM4 120 LEU(S) -151PHE(S) 0.81(0.24) | 62 LEU(H1)-71 TYR(L) 0.93(0.28) 164 ILE(H2)-179VAL(S) 0.21(0.29)
31PHE (S)- 181ILE(S) 0.79(0.17) | 29VAL(S) - 63CYS(H1) 0.77(0.13) 85 ILE(S) - 161VAL(H2) 0.15(0.28)
122 MET(S)-151PHE(S) 0.79(0.21) | SSTHR(H1)-151PHE(S) 0.77(0.21) 8SILE(S) -164ILE(H2) 0.13(0.30)
71 TYR(L) - 134 PHE(S) 0.73(0.20) | 59 PHE (H1)-71TYR(L) 0.75(0.20)
29VAL(S)- 47LEU(S) 0.63(0.09) | 59 PHE(H1)-151PHE(S) 0.70(0.19)
76 PHE(L)- 181 ILE(S) 0.53(0.18) | S9PHE(H1)-134PHE(S) 0.64(0.17)
31PHE (S)- 134PHE(S) 0.42(0.16) | 47LEU(S)-S9PHE(H1) 0.50(0.17)
31PHE (S)- 71TYR(S) 0.42(0.16) | 31PHE(S)-S9PHE(H1) 0.30(0.16)
76 PHE(L) - 85 ILE(S) 0.40(0.22) | 5STHR(H1)-122MET(S) 0.25(0.22)
31PHE(S) -451ILE(S) 0.36(0.13)
33VAL(S) - 179VAL(S) 0.17(0.20)

[107]




That is unlike H2, helix H1 maintained some form of non — native association with a disrupted
core. It can also been seen that in the vicinity of the transition state specific high persistent
strategic contacts (29Val-47Leu, 76Phe-851le, 120Leu-151Phe and 122Met-151Phe) in the set of
S1 and (29Val-63Cys, 55Thr-151Phe, 59Phe-71Tyr, 59Phe-151Phe and 62Leu-71Tyr) in S2

declined rather sharply (Table 9a, 9b)

Table 9a: Epoch wise persistence values of strategic high persistent contacts in Set S1 for
450K_SIM1

Epochs | 29Val-47Leu | 76Phe-851le | 120Leu-151Phe | 122Met-151Phe
(ns)
2 0.76 0.83 0.95 0.88
4 0.73 0.69 0.97 0.85
6 0.75 0.59 0.95 0.73
8 0.70 0.46 0.89 0.64
10 0.75 0.41 0.92 0.49
12 0.60 0.52 0.76 0.46
14 0.68 0.55 0.59 0.61
16 0.64 0.43 0.56 0.50
18 0.40 0.55 0.24 0.59
20 0.51 0.44 0.68 0.51
22 0.16 0.62 0.17 0.70
24 0.31 0.69 0.39 0.69
26 0.35 0.69 0.31 0.34
28 0.20 0.65 0.27 0.39
30 0.05 0.52 0.61 0.41
32 0.00 0.57 0.43 0.57
34 0.01 0.40 0.50 0.82
36 0.10 0.39 0.76 0.42
38 0.09 0.56 0.53 0.47
40 0.44 0.67 0.40 0.62
42 0.25 0.66 0.22 0.67
44 0.36 0.57 0.32 0.67
46 0.38 0.57 0.28 0.55
48 0.44 0.65 0.31 0.58
50 0.56 0.57 0.28 0.47
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Table 9b: Epoch wise persistence values of strategic high persistent contacts in Set S2 for

450K_SIMI.

Epochs | 29Val-63Cys | 55Thr-151Phe | S9Phe-71Tyr | S9Phe-151Phe | 62Leu-71Tyr
(ns)
2 0.82 0.92 0.87 0.89 0.97
4 0.76 0.94 0.85 0.96 0.99
6 0.69 0.85 0.63 0.97 0.96
8 0.74 0.84 0.69 0.94 0.91
10 0.90 0.88 0.75 0.86 0.95
12 0.82 0.74 0.52 0.65 0.92
14 0.87 0.86 0.62 0.86 0.88
16 0.90 0.74 0.50 0.88 0.94
18 0.74 0.41 0.49 0.86 0.93
20 0.77 0.31 0.60 0.84 0.90
22 0.67 0.41 0.61 0.90 0.63
24 0.49 0.38 0.66 0.58 0.71
26 0.61 0.16 0.58 0.69 0.37
28 0.74 0.23 0.29 0.67 0.65
30 0.59 0.01 0.00 0.02 0.00
32 0.29 0.00 0.05 0.04 0.00
34 0.44 0.00 0.05 0.09 0.00
36 0.19 0.00 0.00 0.00 0.00
38 0.16 0.00 0.03 0.03 0.00
40 0.00 0.00 0.51 0.11 0.10
42 0.00 0.00 0.73 0.01 0.37
44 0.00 0.00 0.64 0.01 0.47
46 0.00 0.00 0.71 0.01 0.44
48 0.00 0.00 0.73 0.01 0.51
50 0.00 0.00 0.64 0.03 0.52

possibly suggesting that the onset of the transition state is signaled by the collapse of high
persistent contacts that are integral in maintaining the stability of both the core and the
association of Helix H1 with the core. Thus, as per the simulations the dissolution of internal
packing or the disjuncture of native side chain association within the protein appeared to proceed

in a series of sequential steps.
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3.3.6 Classical Mutidimensional Scaling

Classical multidimensional scaling (MDS) was utilized to transform (Disnet based) ‘distances’
into coordinates (Materials & Methods), in order to ascertain whether the distribution of points
could enable the identification of the transition state region. Snapshots were sampled every 100
ps for every simulation block (at temperatures 310, 400 K etc.) and the matrix of inter-snapshot
‘distances’ (Disnet) converted to coordinates independently for each temperature by MDS.

The distribution (Figure 14) at 310 and 400K_SIM1 were very similar, dominated by a unique
dense cluster of points with a few outliers. The only difference between the distributions was the
marginal increase in the number of outliers at 400K _SIMI1 (with respect to 310). The pattern for
the 450K _SIMI1 simulation block was however substantially different, with the total number of
points being partitioned into two distinct distributions (Figure 15); one retaining the
characteristics of the previously observed dense cluster whereas the other fanning out into a
widely dispersed array. If a rapid expansion in the number of conformational states of the
protein can be expected immediately subsequent to the transition state then the departure from
the densely packed region of the plot (between 20 to 22 ns: Figure 15) could possibly be
identified as exit from the transition state. A dense cluster of points represents an ensemble of
structures with very similar internal architecture. On the other hand, the wide dispersal of points
denotes the dissolution of the compact core substituted by labile, non-native interactions in the
interior of the molecule. By 500 K the entire distribution was dominated by a widely dispersed

array of points indicative of a completely dissolved core.
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Figure 14: Coordinates derived by MDS, based on the metric Disnet at simulation
temperatures of a) 310K_SIM1 and b) 400K_SIM1.The color bar for the plotted points
denoting snapshots at indicated time intervals during the course of the simulation.
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Figure 15: Coordinates derived by MDS, based on the metric Disnet at simulation
temperatures of a) 450K _SIM1 and b) S00K_SIM1.The color bar for the plotted points
denoting snapshots at indicated time intervals during the course of the simulation
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3.4 Conclusions

The dual use of surface complementarity measures defined on a surface representation of a

protein structure and network based metrics provide several insights into the unfolding of the

cyclophilin molecule which can be summarized as follows.

1.

The dissociation of helix H2 from the core or the main body of the protein appears to be
the first step in the unfolding of cyclophilin.

Even at 400K when the hydrophobic core , the B barrel and the association of the other
helix (H1) is reasonably intact, though greater conformational flexibility/fluctuations is
exhibited by the surface contact network (SCN) spanning the core , with respect to the
native structure (simulated at 310 K). This increased dynamic fluctuation is captured by
the metrics ‘persf’, ‘dlf” and the examination of the ‘persistence’ in case of individual
contacts. At this stage the core of cyclophilin is wholly inaccessible to the solvent, native
like and compact. Thus, the initiation of unfolding could be concomitant to a subtle
enhancement in network fluctuations.

The unraveling of the SCN is a consequence of sequential disintegration of specific links
in the network apparent from following the pattern in their persistence values as a
function of time and temperature. Entry into the transition state is signaled by the abrupt
destabilization of strategic high persistence contacts. A significant fraction of these
contacts could centre about ‘hubs’ such as 151 and 59 Phe.

The main transition state of the unfolding appears between 25 — 30 ns in the 450 K
simulation block, indicated by a sudden rise in all the network parameters (Disnet, persf,
dlf) subsequent to which there is a collapse of the surface contact network and rapid

expansion into non — native conformational states. Passed the transition state the
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secondary structures tend to get disordered and the core is relatively exposed to solvent.
The measure for solvent accessibility (bur) does not appear to be a very sensitive measure
to clearly demarcate between a possible DMG and WMG. No unambiguous identification
of a possible WMG prior to the transition state was possible by solvent accessibility
calculations. Prior to the transition state (25 — 30 ns: 450 K) all the secondary structural
elements are conserved.

5. Conversion of inter — snapshot ‘distances’ based on network based metrics appears to

demarcate the entry into and exit from the transition state ensemble.

Thus, the first steps in the thermal unfolding of LACyP (which could involve a DMG) exhibits
increased dynamical fluctuations in the surface contact network. This subtle increase in the
dynamical flexibility of the network could only be captured by network based metrics in terms
of surface complementarity. Further entry into the transition state is heralded by the drop in
persistence of specific high persistence contacts. In view of the above observations network
based metrics involving surface complementarity could provide additional insights into the

unfolding process denied to the traditional metrics.
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Chapter 4
Stability Studies of Cyclophilin Mutants

4.1 Introduction

Over the last few decades the thermal stability of proteins has been studied utilizing a plethora of
experimental and computational methods. Close packing of side chains, strength of hydrogen
bonding, extent of polar solvent accessible surface areas, deletion, shortening of loops and the
number of stable amino acid residues in the polypeptide chain [1-12] has been identified to be
some of the major causes contributing to the thermal stability of proteins. Extensive
information in this regard has been obtained from studying the effect of mutations on the three
dimensional structure and stability of proteins. The third chapter described the methodology to
construct protein surface contact networks and also to identify ‘persistent’ interactions or
contacts within the protein, specifically for cyclophilin. This led to the identification of
strategic amino acid residues which served as ‘hubs’ within the interaction network  of
cyclophilin, effectively mediating a large number of interactions. In this chapter, mutation of
such hubs and their effect on the thermal stability has been studied utilizing differential
scanning calorimetry (DSC). A total of seven mutants V33A, T55A, L62A, I85A, L120A,
FI51V and I164A (Figurel) have been thermally characterized and of these the crystal
structures of two mutants (V33A, L120A) have been solved at fairly high resolution. The
chapter concludes with an attempt to assess the utility of surface complementarity measures as a
descriptor of perturbations in core packing as a consequence of mutations. Given that only two
crystal structures are currently available further work will have to be done to confirm the utility

of
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Figure 1: Spatial positions of the residues which have been mutated are colored in red,
located within the hydrophobic core of the molecule. The figure has been generated from
the crystal structure of LdCyp (Pdb: 2ZHAQ) using Pymol (Schrodinger LLC).

surface complementarity measures to assess packing defects incurred in the protein

hydrophobic core upon mutation of native residues.

4.2 Materials and Methods

4.2.1. Surface complementarity, scores and basis of Mutations:

The definition of surface complementarity (S;) and the construction of associated surface
contact networks has been discussed in detail in Chapter 3. Briefly, surface complementarity

estimates the ‘goodness of fit’ between two molecular surfaces in close association. In order to
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estimate Sm between two surfaces A, B the nearest neighbouring surface point on B is identified
for every dot surface point on A (within a distance cutoff of 3.5 A) and S,, between the two
surfaces is computed by the application of Equation 1 (Chapter 3). Thus, for any buried residue
(referred to as ‘target’) the surface complementarity of its side chain (atoms) with respect to the
rest of the atoms constituting the polypeptide chain can be estimated. Further, side chain surface
of the target can be effectively partitioned such that each surface patch (Chapter 3) is in ‘surface
contact’ with a specific residue in its vicinity (or in other words the set of dot surface points
constituting a surface patch have all found their nearest surface points, belonging to the same
neighbouring residue). The mutants were designed such that the mutated residues were not
active site residues, located within the unique hydrophobic core of the molecule and could be
considered as ‘hubs’ in the interaction network, involving a large number of ‘surface contacts’
with residues in their immediate neighborhood. It was one of the objectives of the present study
to ascertain, whether surface complementarity measures could effectively estimate the
perturbation of native packing upon mutation. Two crystal structures of mutants (V33A and
L120A) have been solved, while the rest of the mutants whose crystal structure was not
available, was manually mutated to the requisite residues by Cootv0.7.1 [13]. Initial energy
minimizations with steepest descent of 200 steps and ABNR (adopted basis newton raphson) of
20000 steps was performed followed by solvation and final energy minimizations after charge

neutralization of the system by CHARMM [14] until the energy of the system converged.

To start with the surface contact neighborhood of every residue which had been targeted
for mutation was determined from the crystal structure of the native protein (2HAQ). This
involved identification of the set of those residues in its vicinity, with which it was in surface

contact (as given in Table 1). The S,, values of this set of residues was computed both for the

[119]



native and mutant crystal structures. In an earlier report from the laboratory [15] the average S,
(Mdatabase £ Odatabase) had been determined individually for all the 20 amino acids, buried within the
interior of proteins from a database of highly resolved protein crystal structures. The S,, values
for the neighbouring residues along with the original residue and its mutated amino acid were

converted to Z — scores utilizing the formula:

Zsm = ( Smcrystal/model - Hdatabase) / Odatabase

where, Smerygal 1S the actual Sy, value obtained either from the native or mutant crystal structure
and database> Odatabase T€fer to the average S, for the specific residue from the database , as
mentioned above. Subsequent to this normalization process the corresponding Z scores were
subtracted between the native and mutant crystal structures (including the original residue at the
mutation site and its mutated counterpart) and finally summed to yield Asy,. AsmWas considered
to be an indicator of the difference in packing between the native and mutant crystal structures.
Only side chain atoms were used in the computation of S, values.

The surface contact network of native cyclophilin (LdCyp: pdb id: 2HAQ) showed the
presence of a set of residues mediating a large number of interactions within the hydrophobic
core of the molecule (Figure 1). These residues exhibited a high degree of interaction with their
neighbours qualifying them as ‘hubs’ (Table 1) and also showed a propensity to form “cliques”
that is a closed set of interaction involving three residues. All these residues were buried deep
within the hydrophobic core of the protein, away from the active site of the molecule. Apart from
Phel51, all other residues mentioned above were designed to be mutated to Ala, while Phe 151
was mutated to Val. Point mutations of Val 33 to Ala 33 and Leu 120 to Ala 120 was performed
in house through site-directed mutagenesis while mutants TS5A, L62A, I85A, F151V and 1164A

were procured from Genscript Inc. (USA).
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Table 1: Residues chosen for mutation in cyclophilin, their immediate neighbours in
surface contact and the number of such neighbours, as determined from the native crystal
structure (2HAQ).

Residues Residues in surface contact No. of
to be residues in
mutated surface
contact
Val33 Phe31,1le35,Leud0,Leud3,Phe76,Vall60,1le164,Vall79,1le181 9
Thr55 Ala52,Thr56,Asn58,Phe59,Phel106,Glu109,Met122,Vall49,Phel51 9
Leu62 Asn58,Phe69,Tyr71,Phe90,1le101,Ser132 6
11e85 Phe76,Val79,11e136,Thr138,Vall61,1le164,Glul 65 7
Leul20 Phe31,11e48,Phe59,Phel34,1le136,Phe151,Vall54 7
Phel51 Leud7, Ala52,Thr55,Thr56,Phe59,Leul20,Met122,Phel34,Vall49 9
Ile164 Val33,1le35,Leud0,11e43,Phe76,Val79,11e85,Val160,Thr167,Vall 79 10

4.2.2 Site-directed Mutagenesis

Polymerase Chain Reaction (PCR) technique [16] was used to amplify the genes for the mutants

V33A and L120A with pre-designed forward and reverse primers (Table 2).
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Table 2: Primer and template sequences for point mutants V33A and L120A with the
region of nucleotide sequences (sense and anti-sense template) aimed for mutations
highlighted in yellow and the desired change in nucleotide sequence for mutation
highlighted in green in the forward and reverse primers.

Mutations

Primer Sequences and Template Sequences

V33A

Sense template : 5-AAGGTGTATTTTGATGTGATGATCGATAGCGA-3'
Anti-sense template : 5-TCGCTATCGATCATCACATCAAAATACACCTT-3'
Forward primer : 5'-AAGGTGTATTTTGATGCGATGATCGATAGCGA-3'
Reverse primer : 5'-TCGCTATCGATCATCGCATCAAAATACACCTT-3'

Nucleotide change : GTG to GCG

L120A

Sense template : 5'-CACTTTGTGGGTGCGCTGTCCATGGCAAACGC-3'
Anti-sense template : 5-GCGTTTGCCATGGACAGCGCACCCACAAAGTG-3'
Forward primer : 5'-CACTTTGTGGGTGCGGCGTCCATGGCAAACGC-3'
Reverse primer : 5-GCGTTTGCCATGGACGCCGCACCCACAAAGTG-3'

Nucleotide change : CTG to GCG

Plasmid DNA of wild-type cyclophilin (LdCyp) was used as a template in the PCR reaction.

The primer annealing temperature T, was set SK lower than the theoretical melting temperature

of the oligo-nucleotides. Initially 30 cycles of gradient PCR with various annealing temperatures

were employed for amplification and to estimate the T, of the oligo-nucleotides. A reaction

mixture for a typical PCR reaction is given below in (Table 3)
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Table 3: A typical PCR reaction mixture

PCR Components Concentrations
Template-plasmid ~10-20ng
DNA(cyclophilin wild

type)

Forward primer 0.6pmol

Reverse primer 0.6pmol

d-NTP mix-100X 1X

10X PCR buffer 1X

Pfu Turbo (enzyme)# 1J

Remaining volume made up to 25uL with autoclaved H,0

# Pfu Turbo was used as a polymerase owing to its superior proof-reading capacity.

The amplified PCR products were then subjected to digestion with the enzyme Dpn-I
(Fermentas, USA) to cleave the original parental DNA molecules and restriction enzymes
BamHI1 (Fermentas, USA), Pvu-1 (New England Biolabs, USA) were utilized to digest the final
PCR products. Inserts for V33A and L120A were cloned into the pQE-32 vector (Qiagen, USA),
identical to the vector used in case of wild-type cyclophilin. The vector had been previously
digested with BamH1 (Fermentas, USA) and HindIIl (New England Biolabs, USA) to create
sticky ends, to facilitate the ligation of the insert. Finally, the inserts for V33A and L120A were

ligated into the target vector with T4 DNA Ligase (Promega Ltd. USA).

The ligation product was directly transformed into electro-competent cells (XL1-blue,
Stratagene) according to the manufacturer’s protocol by Bio-Rad gene pulser and plated on to

agarose plates supplemented with 100pg/ml ampicillin. The plasmids were then purified from the
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colonies by the alkaline lysis method [17] utilizing the plasmid purification kit (Axygen) and
the molecular weight of the inserts were estimated by running agarose gels, subsequent to
digestion of the plasmid with appropriate restriction enzymes. Final confirmation of the
targeted mutation was confirmed by sequencing the recombinant gene product. Over expressed
mutant proteins were obtained from the E.Coli strain BL 21(DE3) after transformation of BL-
21(DE3) electro-competent cells with pQE-32 vectors containing mutant inserts of V33A and
L120A.

Rest of the recombinant plasmids encoding the targeted mutations were procured from
Genscript Inc. USA. The mutants were constructed with the same wild-type plasmid of
cyclophilin in pQE-32 vector. The sequences of the forward and the reverse primers are given in
Table 4.

Table 4: Primer and template sequences for point mutants procured from Genscript Inc.
with the region of nucleotide sequences (sense and anti-sense template) aimed for mutations

highlighted in yellow and the desired change in nucleotide sequence for mutation
highlighted in green in the forward and reverse primers.

Mutations Primer Sequences and Template Sequences

T55A Sense Template: 5’-AGGATGCGCCGCTCACAACAGAGAACTTCCG-3’
Antisense Template: 5’-CGGAAGTTCTCTCTTGTGAGCTTCGCATCCT-3’
Forward Primer: 5°-AGGATGCGCCGCTCGCAACAGAGAACTTCCG-3’
Reverse Primer: 5’-CGGAAGTTCTCTCTIGCGAGCTTCGCATCCT-3’

Nucleotide change: ATC to GCC
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L62A

Sense template:5-GAGAACTTCCGGCAGCTCTGCACGGGTGAGCA-3'
Antisense template: 5-"TGCTCACCCGTGCAGAGCTGCCGGAAGTTCTC-3'
Forward Primer: 5'-GAGAACTTCCGGCAGGCCTGCACGGGTGAGCA-3'
Reverse Primer: 5'-TGCTCACCCGTGCAGGCCTGCCGGAAGTTCTC-3'

Nucleotide change: CTC to GCC

I85A

Sense template: 5'-ATCCAAAACTTCATGATCCAGGGCGGCGACTT-3'
Antisense template: 5'-~AAGTCGCCGCCCTGGATCATGAAGTTTTGGAT-3'
Forward Primer: 5'-ATCCAAAACTTCATGGCCCAGGGCGGCGACTT-3'
Reverse Primer: 5-AAGTCGCCGCCCTGGGCCATGAAGTTTTGGAT-3'

Nucleotide change: ATC to GCC

FI51V

Sense template : 5'-GGCCGCCATGTGGTTTTCGGCAAGGTGCTTGA-3'
Antisense template:5'-TCAAGCACCTTGCCGAAAACCACATGGCGGCC-3'
Forward primer : 5'-GGCCGCCATGTGGTTGTCGGCAAGGTGCTTGA-3'
Reverse primer : 5-TCAAGCACCTTGCCGACAACCACATGGCGGCC-3'

Nucleotide change: TTC to GTC

[164A

Sense template : 5'-GACGTGGTGCTCCGCATCGAGAAGACAAAGAC-3'
Antisense template :5'-GTCTTTGTCTTCTCGATGCGGAGCACCACGTC-3'
Forward Primer : 5'-GACGTGGTGCTCCGCGCCGAGAAGACAAAGAC-3'
Reverse Primer : 5'-GTCTTTGTCTTCTCGGCGCGGAGCACCACGTC-3'

Nucleotide change: ATC to GCC
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All the recombinant plasmids procured from Genscript Inc were inserted into XL-1 blue electro-
competent cells and stored till further use. For over-expression E.Coli BL-21(DE3)
electrocompetent cells, were transformed by the plasmids containing the mutant gene. The

sequences of all the recombinant plasmids (mutants) were confirmed by sequencing.

4.2.3 Protein Purification
All the cyclophilin mutants were purified using the identical purification protocol described in
Materials and Methods, Chapter 3. SDS-PAGE electrophoresis was used to confirm the purity

and molecular weight of the purified protein sample.

4.2.4 DSC experiments

10uM of LdCyp and cyclophilin mutants (V33A, L120A, I85A, FI51V, L62A and T55A) with
the same concentration were 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 (buffer and protein) were extensively degassed prior to loading.
Initially, the buffer (25mM potassium phosphate, pH 7.5) was repeatedly scanned to ensure a
stable baseline. The buffer baseline was subtracted from the protein thermogram using Microcal
Origin version7.0 software provided with the instrument. The data was then normalized by the
protein concentration and a non-linear curve fitting algorithm was employed to obtain the
thermodynamic parameters of the transition. The reversibility of unfolding was checked at
different scan rates, buffer conditions and temperature ranges. All DSC experiments were

repeated at least three times.

4.2.5 Fluorescence Measurements

Intrinsic tryptophan fluorescence of the native protein LdCyp and the cyclophilin mutants
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(V33A, L120A, I85A, F151V, L62A and T55A) were measured at 25°C on a Perkin Elmer LS55
spectrofluorimeter (Perkin Elmer Ltd., UK). LdCyp and the mutants at 4 uM concentration in
25mM potassium phosphate buffer (pH 7.5) was excited at 295nm and the emission spectra was
recorded in the range 310nm to 450nm with both excitation and emission slit widths kept at
Snm. The spectra were recorded at a scan speed of 200nm/min and averaged over 4 scans.

Appropriate controls for the background emission were subtracted in each case.
4.2.6. Crystallization

Crystallization of cyclophilin mutants L120A and V33A was carried out by the hanging drop
vapor diffusion method. Diffraction quality crystals were grown in 10 pl drops containing 6-7
mg ml ' protein, 7.5% PEG 3350 inverted over a reservoir containing 1ml of 40% PEG 3350 at

293 K. Crystals suitable for data collection appeared in about two weeks (Figure 2).

Figure 2: Crystals of cyclophilin mutants L120A and V33A grown with PEG 3350 as a
precipitant utilizing hanging drop vapor diffusion method. The crystals grew in
temperature of 293K in about two weeks time.
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4.2.7 Data collection and processing

Crystals of both L120A and V33A mutants were mounted in locally produced glass capillary
tubes utilizing the reservoir solution which served as the mother liquor for the crystals. Data
collection for L120A at 25°C was done on a MAR image plate scanner mounted on an in-house
Rigaku Rotaflex Cu Ka rotating anode X- ray source, with the crystal to detector distance set at
180.0 mm. The oscillation per frame was set to 1°. The reflection spots were then indexed to
define a lattice. The reflection data was then integrated and scaled by DENZO and SCALEPACK

[18], and the Laue symmetry of the crystal was determined to be 4/m.

Diffraction data for the V33A mutant crystals was collected utilizing a RAXIS-IV'" image
plate system mounted on a Rigaku RU-H3R Cu Ka rotating anode X-ray source. The crystal to
detector distance was set to 190.0mm and incremented by 1° per frame at 293K. The reflections
of V33A were indexed, integrated and scaled to generate the final reflection file by the software
Crystal Clear v1.4.0, provided with the instrument. L120A and V33A diffracted to a resolution
of 2.21 and 2.30A respectively. The summary of data collection statistics are given in Table 5.
The structure solutions for both the mutants were obtained by molecular replacement with
AMoRe [19] from the CCP4 program suite, using the native crystal structure of cyclophilin from

leishmania donovani (LdCyP) (Pdb id: 2HAQ) as the search model.
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Table 5: Data collection summary of cyclophilin mutants of V33A and L120A, the values
in the parentheses indicate values in the last resolution shell. The values in the parentheses
indicate values in the last resolution shell.

V33A L120A
Space group P4, Space group P4,
Unit cell parameters a=b=48.53, c=141.7 Unit cell parameters a=b=48.62,

A, a=p=y=90°

c=141.04 A, a=f =
y=90°

Resolution Range

50.0 - 2.30 A (2.38-
2.30A)

Resolution Range

30.0 - 2.21 A (2.30-
221 A)

Mosaicity 0.170 Mosaicity 0.201
Completeness% 97.2 (81.7) Completeness% 99.3 (93.7)
Rmerge % * 4.90(17.8) Rmerge % * 4.45(12.6)
No. of Unique Reflections | 13585 (1369) No. of Unique Reflections | 16104(1497)
I/o(I) ratio 13.8 (4.8) I/o(I) ratio 16.8 (8.0)
Multiplicity 4.00(2.85) Multiplicity 5.91(5.37)

*Rmerge = 2 X | I(k) -<[>| | Z I(k) , where (k) and <> represent the diffraction intensity values of
the individual measurements and the corresponding mean values. The summation is over all

unique measurements.
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4.3 Results and Discussions

4.3.1 Differential Scanning Calorimetry

The DSC thermogram for the native protein and the mutants exhibited a wide variation in the
Cp(T) values of transition. As mentioned in Chapter 3, reversibility of the transition was
observed in the native protein only till its Tp,1 of 54.6°C. Reversibility in case of the mutant
proteins were also exhibited up to the major Ty, of the transition. Different scan rates were
employed to take care of kinetic effects if any, however the shape of the Cp(T) curve as well as
the value(s) of Tn’s did not alter significantly. Non-linear curve fitting provided with the
instrument was employed to fit the DSC thermograms of the mutants, all of which fitted to a
non-2 state model with one or two Ty,’s as the case may be. T55A appeared to be the most stable
mutant thermodynamically with Tp’s  of 53.82 and 51.09 °C with apparent AH of 37.2 kcal
mole” and 23.1 kcal mole” respectively (Table 6). The thermograms of F151V, I85A and
L62A were fitted with a single Ty, in contrast to the thermograms of V33A, T55A and L120A
which were fitted with two Ty’s (Figure 3). Thermally, I85A proved to be the least stable
mutant with a single T,, of 43.11°C and apparent AH of 7.84 kcal mole”. Despite repeated
efforts no statistically significant peak was observed for the mutant [164A in the DSC
measurements. L120A seemed to be the next stable mutant after T55A, followed by L62A,
V33A, FI51V and lastly by I85A on the basis of their Ty,’s and corresponding apparent AH of

transition.
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Table 6: Relative thermodynamic parameters of cyclophilin mutants V33A, TS55A, L62A,

I85A, L120A and F151V

Mutants Unfolding Process | T,’s (°C) AH(Kcal mole™)
V33A Non-2-state, 2 Try’s | 48.25, 45.12 43.14, 16.23
T55A Non-2-state, 2 Tyy’s | 53.82, 51.09 38.21, 14.11
L62A Non-2-state, 1 Ty, 50.49 23.78

I85A Non-2-state, 1 Ty, 43.11 7.84

L120A Non-2-state, 2 T,’s | 50.60, 47.42 41.29, 15.17
F151V Non-2-state, 1 Ty, 47.63 27.30

4.3.2. Unfolding Fluorescence Curves of the Mutants

Fluorescence unfolding curves of all the cyclophilin mutants were sigmoidal and fitted best to a

3-state equation previously described in Chapter2 (equation 3).

S Sy + SjeTRONI 4 S e=A0NU "
obs 1+ e_?g,m + e_Afjl\‘U

The fluorescence signals in case of each of the mutants were normalized and represented in

terms of the fraction of the unfolded protein at specific GdAmCI concentrations, assuming

Fr+ F=1 )

Where, Fris the fraction of the protein that is folded and F, the fraction in the unfolded

conformation. The signal at any GdmCI concentration can thus be represented as :

Sobs = S;Fs+ S, F. (3)

[132]



where, Sr is the signal due to the folded state and S, due to the unfolded state. Combining
equations (2) and (3) leads to

F,= (Sf - Sobs) (4)
(St-Su)

For all the mutants the pre and the post transition baselines were first fixed and the fraction
unfolded at 360nm of wavelength was plotted at each GdmCl concentrations to generate the

fluorescence unfolding curves (Figure 4).
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Figure 4: Fluorescence unfolding curves for LdCyp (=) and mutants a) (—) V33A b) (=)
T55A ¢) (=) L62A d) (=) I85A e) (=) L120A and f) (—) F151V in terms of fraction
unfolded at various GdmCI concentrations
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Signals indicative of unfolding were observed as early as 0.4 M GdmCI concentration in case of
mutant F151V, with the fluorescence signal saturating at 0.8 M of GdAmCI. On the other hand, the
unfolding transition of T55A was similar to native LdCyp with the initiation of unfolding
transition at a GdmCI concentration in excess of 1.0M and saturating at a concentration of 1.5M.
Thermodynamic parameters of unfolding of both AGn; (H20) and AGny (H20) along with the
corresponding mid-point of transitions [C,, (N<>]) and C(N<>U)] suggests T55A to be the
most stable mutant with thermodynamic parameters close to the native protein whereas F151V
was the least stable mutant. AGn; (H20) and AGny (H20) of T55A are 10.12 kcal/mole, -7.39
kcal/mole respectively (Table 7) which is approximately 2 kcal/mol, 1 kcal/mole less than the
corresponding values of the native protein. The mid-points of transition for TS5A also lies close
to LdCyp differing by 0.1 M for C,, (N<>I) and is comparable to C, (N<>U) (Table 7). The
mid-points of transition for the mutants V33A, L62A and L120A are also very similar and
almost overlap with each other. Concomitant to the mid-points of transition the associated
thermodynamic parameters of AGy; (H2O) and AGny (H20) for these mutants are also similar
corresponding to conformational stability of similar magnitude. The unfolding transition for
I85A (Figure 4) appears to be somewhat gradual relative to the steep unfolding transition of the

other mutants and native LdCyp.
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Table 7: Equilibrium thermodynamic parameters for native LdCyp and mutants V33A,
L120A, T55A, L62A, I85A and F151V

Thermodynamic parameters

AGNI(HZOI) my; AGNU(HZOI) myy Cao(NeD) | Ch(NeoU
Native LdCyp keal mol Kcal mol™ keal mol”’ | Kcal mol™ M )
-1 -1
and  Mutants M M M
LdCyp 12.13 £0.38 -8.17+£0.92 6.72+£0.54 -5.89+0.65 1.47+0.06 1.16 £0.04
V33A 9.36=0.27 -7.74 £0.81 5.13+0.71 -4.89+0.39 1.21+ 0.09 1.05+ 0.08
T55A 10.12+0.31 -7.39 +0.57 5.87+0.51 -5.28+0.43 1.37+0.10 1.11+£0.07
L62A 9.01+0.19 -7.38 £0.58 5.02+0.48 -5.02+0.33 1.22+ 0.09 1.00+0.08
IS5A 8.38+0.16 -7.68+0.47 4.33+0.41 -5.03+0.37 1.09+0.08 0.86+0.11
L120A 9.03+0.18 -7.34 £0.63 5.02+0.48 -4.97+0.31 1.23+£0.07 1.01+0.06
F151V 6.97+0.23 -7.11+£0.38 3.47+0.29 -4.51+£0.46 0.98+0.11 0.77+0.23

4.3.3 Crystal structure of V33A and L120A

The crystal structures based on the data sets (Table 5) for both the mutants were solved

by the molecular replacement method using AMoRe [19] from the CCP4 program suite, with the

native crystal structure of cyclophilin from leishmania donovani (LdCyp) (pdb:2HAQ) as a

search model. The rotation and translation function peaks with the lowest R-factor and the

highest correlation coefficient were observed in space group P4; for both V33A and L120A with

two molecules in the asymmetric unit. The R-factors for V33A and L120A upon including both
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solutions from AMoRe were 31.3. A total of 692 (~5%) for V33 A and 784 reflections (~5%) for
L120A were randomly selected from their respective entire resolution ranges of 50-2.3 A and
30.0-2.21 A for the calculation of Rge. [20]. After a few cycles of rigid body refinement using
CNS version 1.1 [21], a 2Fo-Fc map (FigureS) was calculated and manual model building
performed using the program O [22] and Coot v0.7.2.1 [13]. A few iterations of model building

and refinement lowered the Rfactors for both mutants (V33A: Rgee: 28.1, Ryork: 24.2  and

L120A: Reree: 27.1, Ryork: 23.6).

Figure 5: A 2Fo-Fc electron density map for mutants V33A and L120A with cutoff of 1o
with side chains for alanine in place of valine in a) V33A and leucine in b) L120A marked
with arrows. Figures generated using Coot v0.7.2.1 [13].

At this stage water molecules were included in the refinement process and solvent molecules
with unrealistic B factors (>60A%) or irregular electron density were excluded in the course of the
refinement. Individual B factors were refined in the final stage with an initial value of20 A%, At
the conclusion of the refinement process Rgee, Rwork for the crystal structures of V33A and
L120A were 22.15, 19.13  and 22.56, 17.56 respectively (Table 8). The number of water
molecules for the structures were 109 (V33A) and 119 (L120A). PROCHECK [23] was used
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for the validation of the final models. A total of 2562 and 2566 protein atoms were included in
the final structures of V33A, L120A and the coordinates were deposited in the Protein Data Bank
with pdb codes 4S1J and 4S1E respectively. For both the structures no residues were placed in
the disallowed region of the Ramachandran plot, with the r.m.s deviations in bond lengths and
bond angles being 0.008 A, 1.5° and 0.007 A, 1.5°. The overall B-factor from the Wilson plot
and averaged from the coordinates were 36.40 A*; 33.83 A® (V33A) and 32.50 A%; 30.85 A?
(L120A) and thus in fairly good agreement. The refinement and structure validation statistics are

summarized in Table 8 for both structures.

Table 8: Summary of refinement statistics for V33A and L120A

Statistics V33A L120A
PDB code 4S1J 4S1E
Sigma cut-off (F) 1.00 1.00
No. of reflections (working) 13028 15280
No. of reflections (test) 692 784
No. of protein atoms 2562 2566
No. of water molecules 109 119
Reryst/ Riree (%0) 19.13/22.15 17.56/22.16
R.m.s. deviation from ideal values:

Bond length (A) 0.008 0.007
Bond angle (°) ) | 50 150
Mean B Value (A%) 33.83 30.85
Ramachandran plot
Most favored (%)
Additional allowed (%) 8338 838

0 14.7 14.3

Generously allowed (%) Ls 13

Native crystal structure of LdCyp (pdb: 2HAQ) was used to calculate side-chain torsion angles
of residues in surface contact (Materials and Methods, Chapter3) with Val 33 and Leu 120 (

Table 9) which have been mutated to Ala.

[137]



Table 9: Side chain torsion angles of residues in surface contact with Val 33 and Leu 120

calculated from native crystal structure of LACyp (2HAQ). In case of V33A and

L120Avalues of x, %2 in the top row corresponds to values in chain A and bottom row

represents that for chain B.

LdCyp V33A L120A
Residues "1 A2 "1 A2 "1 %2
31 Phe -70.161 | -37.810 | -72.410 -41.123 -71.596 -41.207
- 71.281 -38.699 -69.403 -40.282
351le -59.723 | -171.941 | -52.361 -172.910
-61.498 -175.422
40 Leu -90.577 | 56.740 -93.138 41.533
-87.522 40.669
43 Ile -61.704 | 175.787 | -63.103 169.558
-64.075 168.937
45 Tle -64.634 | 157.254 -66.857 168.238
-67.037 168.947
59 Phe -164.843 | 81.273 -164.598 74.857
-164.684 75.397
76 Phe -75.059 | -80.113 -76.470 -74.628
-79.203 -71.536
134 Phe 59.110 | -84.532 62.825 -80.358
63.136 -81.112
136 Ile -61.341 | 179.063 -66.027 170.036
-66.496 168.897
151 Phe 60.603 | -82.778 58.421 -85.084
58.042 -82.976
154 Val 176.697 174.992
173.119
160 Val | -179.084 -178.534
-177.822
164 Ile -66.059 | 171.241 -67.968 175.737
-65.619 179.980
179 Val 179.002 173.392
176.633
181 Ile -67.057 | 171.820 -68.220 | -178.761
-66.305 174.866

In order to compare the change in the torsion angles of these residues the final coordinates of

V33A and L120A were utilized for the determination of torsion angles for both chains ( A and
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B) in the asymmetric unit. A total of 9 and 7 residues were found to be in surface contact with

V33A and L120A (Table 9).

A close inspection of the torsion angles form Table 9 suggests that in general there is a
minor change of ~ 2° to 3° in the individual side chain torsions of the residues involved in
surface contact with Val33 and Leu 120 as a consequence of the mutations. The most notable
changes in torsion upon mutation from Val33 to Ala were observed for residues 35 Ile, 40Leu
and 43 Ile by about 7-15°. In the second case of mutation of Leu 120 to Ala, the torsion angle of
the residues that suffers a considerable change are that of 45Ile, 59Phe and 134Phe with a

deviation in the range of 5-13°.

4.3.4 Surface Complementarity Scores

The difference in side chain surface complementarity (AS,,. See Materials and Methods) was
computed from the native and mutant crystal structures (or modeled mutant structures). With the
exception of I85A, all mutations had negative AS,, values which indicated a deleterious
disruption in the native packing. The most negative AS,, value was observed for F151V (Table
10) whilst values for TS5A and 1164A indicated a comparatively lesser disruptive effect in the
native packing as consequence of mutations, reflected in the relatively less negative AS,, values.
Barring the anomalous value of AS;, obtained for I85A the correlation coefficient between AS,,
for the mutants and the RMSD’s , (between the native and mutant/modeled structures) calculated
for all side chain atoms belonging to residues which were in surface contact with the mutated

residue (as given Table 1) was around 0.68.
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Table 10: Side chain AS,, values of cyclophilin mutants along with the RMSD between the
coordinates of the native crystal structure (2HAQ) and mutant crystal or modeled
structures. Only side chain atoms of the residues in the immediate neighbourhood that is in
surface contact of the mutated residue in the native crystal structure (as given in Table 1)
were used in the RMSD calculation. Calculations from the experimentally determined
crystal structures are marked in bold.

Mutations ASn RMSD
(sidechain) A)
V33A -9.39 0.76
TS5A -3.62 0.61
L62A -12.04 0.73
I85A +4.13 0.97
L120A -8.46 0.74
F151V -13.59 0.87
1164A -3.96 0.69

4.4 Conclusion

All mutants were thermally destabilized with respect to the native protein. Amongst the mutants
the most stable mutant was T55A for both DSC and GdmCl meditaed unfolding monitored by
fluorescence. The least stable mutant as characterized by DSC was I85A followed by F151V
whereas their positions were interchanged in terms of conformational stability (fluorescence).
AS,, for all the mutants appeared to indicate deleterious disruptions in side chain packing with
the sole exception of ISSA. However, this result will have to be experimentally verified as I85A
was not an experimentally determined crystal structure but was computationally modeled. The
RMSD’s of mutant side chains atoms (with respect to native) in the neighbourhood of the

mutation (Table 10) appeared to correlate reasonably well with AS,, values.
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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
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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
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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

* Corresponding authors. Tel.: +91 33 2337 5345; fax: +91 33 2337 4637.
E-mail addresses: rahul.banerjee@saha.ac.in (R. Banerjee),
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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
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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



S. Roy et al. / International Journal of Biological Macromolecules 69 (2014) 353-360 355

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
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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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