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Abstract

According to the “jigsaw puzzle” model of protein folding, the isomorphism between

sequence and structure is substantially determined by the specific geometry of side-

chain interactions, within the protein interior. In this work, we have attempted to

predict the hydrophobic core of cyclophilin (LdCyp) from Leishmania donovani, utiliz-

ing a surface complementarity function, which selects for high goodness of fit

between hydrophobic side-chain surfaces, rather in the manner of assembling a

three-dimensional jigsaw puzzle. The computational core prediction method

implemented here has been tried on two distinct scenarios, on the LdCyp polypep-

tide chain with native non-core residues and all core residues initially set to alanine,

on a poly-glycine polypeptide chain. Molecular dynamics simulations appeared to

indicate partial destabilization of the two designed sequences. However, experimen-

tal characterization of the designed sequences by circular dichroism

(CD) spectroscopy and denaturant (GdmCl) induced unfolding, demonstrated disor-

dered proteins. Stepwise reconstruction of the designed cores by cumulative sequen-

tial mutations identified the specific mutation (M122L) as primarily responsible for

fold collapse and all design objectives were achieved upon rectifying this mutation. In

summary, the study demonstrates regions of the core to contain highly specific (jig-

saw puzzle-like) interactions sensitive to any perturbations and a predictive algorithm

to identify such regions. A mutation within the core has been identified which exer-

cises an inordinate influence on the global fold, reminiscent of metamorphic proteins.

In addition, the computational procedure could predict substantial regions of the core

(given main-chain coordinates) without any reference to non-core residues.
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1 | INTRODUCTION

The presence of a well-packed hydrophobic core segregated from

the surrounding aqueous environment is a ubiquitous feature of

globular proteins.1,2 Hydrophobic residues constituting the core

exhibit a much higher degree of conservation relative to surface-

exposed amino acids,3 and despite some measure of plasticity,4

mutations within the core of native proteins are generally

destabilizing.5,6 Specific side-chain interactions within the core

confer thermal stability,7–10 influence binding specificities10,11 or

protein function,12 and contribute to the conformational unique-

ness of native proteins,11 where uniqueness refers to the significant

energy difference between the native low energy state and other

alternative conformations.
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Two models concerning protein cores, the “jigsaw puzzle”12 and

the “oil drop”,13 lie on the opposite ends of the spectrum and have

provided quite a few insights, probably limited by their respective

points of view. The jigsaw puzzle model postulates that the isomor-

phism between sequence and structure is to be substantially deter-

mined by the specific geometry of inter-digitating side-chains of

hydrophobic residues in the protein interior. Experiments have repeat-

edly demonstrated that the simple conservation of volume or compo-

sition of core residues, does not assure elegant packing in a thermally

stable protein.14,15 Calculations have confirmed that at least a subset

of side-chain interactions (within a core) involve non-random stereo-

specific geometry, exhibiting appreciable surface complementarity

between their respective surfaces, somewhat akin to a three-

dimensional jigsaw puzzle.9 The jigsaw puzzle model has also been

applied with some measure of success in the identification of recur-

ring packing motifs within proteins,10 in the inverse protein folding

problem,14 and structure validation.15 In contrast, the liquid drop

model focuses on the distribution of hydrophobicities in natively

folded proteins. First, proposed by Kauzmann,16 the model has been

further refined as the “fuzzy oil drop” model17 and is based on the

understanding that the dominant force in protein folding is the hydro-

phobic effect involving the sequestration of hydrophobic residues

from the surrounding aqueous environment, resulting in a regular gra-

dation of hydrophobicities from the interior to the surface, of a cor-

rectly folded protein. The fuzzy oil drop model has been extensively

applied to structurally rationalize the hydrophobic cores of antifreeze

proteins along with their mutants,18 immunoglobulins,19 and in gen-

eral to elucidate the influence of water as an external force field on

protein structure.17

Although specific side-chain packing interactions in the core defi-

nitely contribute to protein thermal stability, their role in the acquisi-

tion of the native fold has hitherto been denied.11,20 Several

experiments and theoretical considerations appeared to support the

view that protein fold acquisition is primarily due to the overall distri-

bution or pattern of hydrophobic/hydrophilic residues embedded in

the primary sequence.21 However, subsequent experiments have

demonstrated that the mutation of even a single strategically posi-

tioned residue in the core can dramatically alter the overall global fold

in natural and designed proteins.22,23 This leads to the concept of

“metamorphic” proteins which can exist in multiple folds, on occasion

triggered by minimal mutations of residues which could possibly be

tipping points responsible for fold switching.22,24,25 All this goes to

show that our understanding of protein cores, especially with regard

to the highly context-dependent contribution of core residues in the

stabilization of protein fold, structure, and stability, could be further

refined.

Despite such lacunae in our basic understanding, much has been

achieved in core prediction and currently, effective repacking of the

core is considered to be one of the benchmarks of protein design soft-

ware.23,26–30 SCWRL4.031 and other related programs32–34 have

achieved notable success in solving for the side-chain χ angles (espe-

cially in the case of core residues), given the primary sequence and

main-chain coordinates. With native coordinates of the main chain

and non-core side-chain atoms as input, Lazar et al. successfully

recovered (native-like) cores of several trial proteins,23,26 while the

redesigned core(s) of the streptococcal protein G β1 domain charac-

terized by NMR spectroscopy, exhibited well-ordered structures

(especially when high constraints were applied on packing specific-

ity).27 In a similar genre of core design computations, the DESIGNER

algorithm was successful in recovering cores almost identical to the

native sequence.35 Another approach to predict the core is to treat it

as a sub-problem in the de novo design of an entire protein, in which

only main chain coordinates of the target fold are input. De novo ini-

tiatives have successfully generated compact viable cores for coiled

coils,36 helix bundles,37 a zinc finger motif,38 and even for small novel

protein folds.39 The most widely used design software Rosetta

Design40 (which utilizes a Monte Carlo search procedure coupled to

simulated annealing to identify amino acids in the specified positions)

was used with striking success in the core design of the 4-helix bundle

(105 residues) CheA phosphotransferase, where the aggressive use of

the Rosetta software led to proteins with heightened

thermostability.41

Despite such notable achievements, all the currently available

computational approaches do not appear to generate viable cores

(leading to thermostable proteins) as a matter of course, nor does suc-

cess in a small compact fold guarantee success in larger and more

complex folds (with extended cores). For a set of 108 proteins,

Rosetta correctly predicted 51% of the core residues (and 27% of all

residues) with respect to the native protein sequence42 and it is

almost certain that out of this set of 108 predicted proteins, not all

will achieve the design target. In a detailed biophysical characteriza-

tion of nine redesigned globular (monomeric) proteins by Rosetta, one

was found to be completely unfolded, three aggregated, and two ther-

mally destabilized.43 Thus, in the course of design, it is not uncommon

to generate molten cores,39,44 attain folds quite other than the

target,45,46 and success has been reported to be achieved either by

fine re-tuning of force field parameters39 or going through successive

iterations of the design cycle.36

In general core prediction consists of three parts a) navigation of

an extensive core (sequence) space and identification of prospective

core sequences b) determination of their three-dimensional side-chain

conformations (χ angles) in the protein structure, and, finally c) selec-

tion of the most optimal core sequence(s) based on an appropriate

function. One of the primary objectives in this work has been to test

the predictive power of the jigsaw puzzle model in recapturing the

extended core of cyclophilin from Leishmania donovani (LdCyp)

(Figure 1) with a computational selection procedure highly biased in

favor of high surface complementarity between side-chain surfaces of

core residues. The sequence space of a 20-residue core (of LdCyp),

gives rise to an astronomical 620 possibilities, in case six hydrophobic

residues (alanine-A, valine-V, leucine-L, isoleucine-I, phenylalanine-F,

and methionine-M) are considered (as possible substitutions) at each

residue position. This practically infinite space has been searched for

prospective core sequences, with a novel computational procedure

based on a network representation of the core. In every instance,

SCWRL4.0 has been utilized to build the three-dimensional

2 BISWAS ET AL.



conformation of all the protein side-chains, including core or non-core

residues. The optimal solution has been selected based on a surface

complementarity function, which has been extensively used in the lab-

oratory to estimate the surface fit between amino acid side-chains,

and finally, the obtained core variants have been experimentally char-

acterized for (native) fold acquisition and stability. Thus, in summary,

this work has been performed to test the power of the jigsaw puzzle

model in predicting core residues (of cyclophilin: LdCyp) and also to

estimate the intrinsic information contained in the core, in order to

self-assemble. Second, since side-chain packing defects abound within

proteins, to predict if possible which regions of the hydrophobic clus-

ter/network of core residues would be likely to resemble a three-

dimensional jigsaw puzzle.

2 | MATERIAL AND METHODS

2.1 | Computational Methods

2.1.1 | Network representation of the hydrophobic
core of LdCyp

All computations in this work have been performed utilizing coordi-

nates of the high resolution (1.97 Å) crystal structure47 of cyclophilin

(LdCyp) from L. donovani (PDB Code: 2HAQ). The unique hydrophobic

core of LdCyp, was earlier identified by visual inspection47 of the crys-

tal structure and calculation of the side-chain solvent accessible sur-

face areas (SAA: probe radius 1.4 Å) of the core residues.48 The ratio

of side-chain SAA of a residue in the protein to that of an identical

residue in a fully extended G-X-G polypeptide fragment (X-any amino

acid residue) provides information with regard to the extent of burial

(with the ratio being less than 0.05 for complete burial, Table S1). All

the 24 residues (Figure 1) constituting the hydrophobic core of the

molecule were found to be completely buried (burial of SAA <0.05)

and can be enumerated as V29, F31, V33, I45, L47, F48, A52, T55,

N58, F59, L62, C63, Y71, F76, V79, I85, L120, M122, F134, F151,

V161, I164, V179, and I181.47 Of the 24 residues T55, N58, C63, and

Y71 are not “hydrophobic” amino acids (though found within the

extended hydrophobic cluster) and were included in the calculations

without any change in their identities. Thus, the computational core

prediction procedure was concerned only with the remaining

20 hydrophobic amino acids.

The positions of the 20 hydrophobic core residues in the three-

dimensional structure of cyclophilin could be considered as 20 sites

on which to computationally build side-chain conformers (rotamers)

of hydrophobic amino acids (A, V, L, I, F, and M; all greater than 1.80

and 0.620 in the Kyte & Doolittle and Eisenberg scales,

respectively,49,50 Table S1). Henceforth, the term “site” will refer to

the three-dimensional positions of the core residues and will be speci-

fied by their residue numbers in the native polypeptide chain. In the

first step of the calculation, all the conformers/rotamers from

Richardson's rotamer library51 for the hydrophobic residues (A, V, L, I,

F, M) were computationally built into each of the 20 sites by the

repeated application of the “fourth atom fixing procedure”.52 The

(fourth atom fixing) procedure utilized the idealized bond length and

bond angles from the CHARMM force field53 and all side-chain tor-

sion angles from Richardson's rotamer library.51 The side-chain atoms

of each such modeled conformer(s) were then tested for short con-

tacts (less than 2.80 Å) with main-chain atoms including the side-chain

Cβ atom, from the rest of the polypeptide chain. A particular hydro-

phobic residue was “disallowed” at a specific (core) site if the side-

chain atoms of all its conformers (from the rotamer library) were

involved in (at least one) short contact(s) with the main-chain atoms

(including Cβ). In all subsequent calculations, only the “allowed” hydro-
phobic residues were utilized at the 20 hydrophobic core sites. All the

six hydrophobic residues (A, V, L, I, F, and M) were allowed in most of

the sites with the exceptions of V29, V33, L62, V79, I85

(F disallowed), and A52 (with only A and V allowed).

In the next step, a network based on probable side-chain interac-

tions between all the 24 core residues was computed to represent the

(presumptive) hydrophobic cluster. The flow chart for network gener-

ation has been described in Figure 2A. In the network (Figure 2B),

each node represents a core site. Two sites were selected at a time

(amounting to a total of 24 � 23/2! = 276 pairs) and all possible side-

chain rotamer combinations of the (“allowed”) residues were con-

structed at the two selected sites. The computational procedure to

build conformers at specific sites was identical to the one described in

the previous paragraph. For every such (rotamer) combination (at the

two selected sites), contacts were calculated between the two sets of

side-chain atoms (of the constructed rotamers), and in case of at least

one contact less than 3.80 Å, the two sites were said to have an

F IGURE 1 Cartoon representation of the structure of LdCyp
(PDB ID: 2HAQ) which consists of a centrally located eight-stranded
β-barrel surrounded by four helices (namely H1, H2, H3, and H4). The
24 hydrophobic core residues have been depicted in “stick” with
different colors (F—Red, I—Blue, L—Cyan, V—Yellow, A—Violet, M—
Light blue, Others—Gray). Some of the important residues (namely
F59, F151, I181, F76, and M122) have been indicated by arrows
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“interaction.” If greater than (or equal to) 10 such interactions were

found between the two sites, they were connected by a link (edge,

indicated by black lines in Figure 2B). In other words, two nodes were

connected by a link when 10 such rotamer side-chain combination

pairs could be found which had at least one contact (less than 3.80 Å)

between the two sets of atoms (Figure 2B). Residues at 48 and

58 positions did not satisfy the criteria to be included in the network.

Residues F48 and N58 lie on the periphery of the core and their

respective side-chains tend to incline away from the core centroid,

even though they are completely buried by virtue of their non-core

neighborhoods P23, V25, F116, and S100, I101, F106, respectively.

Reconstruction of the network based on actual side-chain con-

tacts present in the crystal structure (2HAQ), wherein two nodes were

connected by a link when the side-chain atoms of two residues had at

least one contact less than equal to 3.8 Å (indicated by red lines in

Figure 2B) showed that the majority of the links (17 out of 20) were

actually contained in the predicted graph (described above) and only

three links (31–59, 31–134, and 62–58) were exclusive to the net-

work based on the crystal structure. These links did not satisfy the

cutoff criteria (at least 10 rotamer combinations with contacts less

than 3.80 Å) for inclusion in the predicted graph. All subsequent core

prediction calculations were based on this (Figure 2B, Table 1) net-

work representation of the core. Unless explicitly stated otherwise all

computer programs were written locally.

2.1.2 | Protein surface generation and surface
complementarity function

The generation of protein surfaces and computation of the surface

complementarity function has been described in sufficient detail in

numerous previous publications54–57 from the laboratory. Prior to the

generation of the Van der Waal's surface for the entire polypeptide

chain all hydrogen atoms were included, whose coordinates were geo-

metrically fixed by the program Reduce.58 The atomic radii were

assigned from the all-atom molecular mechanics force field59 and the

surface of the polypeptide chain was sampled at 10 dots/Å2. The Van

der Waals surface was generated in such a manner that the identities

of individual residues constituting the polypeptide chain were pre-

served.54 Thus, the surface of the entire polypeptide was sampled as

an array of discrete area elements, each area element is characterized

by its location (x,y,z) and the direction cosines of its normal (dl,

dm, dn).

The surface complementarity (Sm) of side-chains corresponding to

core residues was estimated by an adapted version of the function

proposed by Lawrence and Colman,60 which has previously been used

in several studies.54–57 Briefly, consider a set of dot surface points

contributed by side-chain atoms of a core residue (referred to as a tar-

get). For each side-chain surface point of the target, its nearest neigh-

bor was identified from (surface points) the rest of the polypeptide

chain, within a distance of 3.5 Å. Then, following Lawrence and

Colman60:

S a,bð Þ¼ na:nbe
�w:d2ab ð1Þ

where na, nb are the normals to the surface point located on the target

side-chain atom and its nearest neighbor (from the rest of the poly-

peptide chain), respectively, d2ab is the distance between them and w a

scaling constant set to 0.5. The median of the distribution of {S(a,b)}

corresponding to all side-chain surface points of the target (which has

found a neighbor to within 3.5 Å) is the surface complementarity mea-

sure Sm of the targeted core residue. The highest value attainable by

F IGURE 2 Hydrophobic contact network of LdCyp. (A) The steps followed to generate the hydrophobic contact network, (B) The generated
network is represented by black circles and black lines, where, the nodes (black circles) represent hydrophobic core residues or core sites. Two
selected nodes were connected by a link/edge (black lines), when 10 or more rotamer combinations could be found (see Section 2) which had at
least one interatomic side-chain contact less than 3.80 Å between the two sets of atoms. The red lines are from the contact map of the LdCyp
crystal structure (2HAQ), two nodes are connected by an edge when any two side-chain atoms corresponding to the residues are within 3.80 Å
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Sm is 1.00 denoting perfect fit between two surfaces. Subsequent to

the identification of all the nearest neighbors, the side-chain surface

points of the target can also be partitioned into two sets whose

nearest neighbors are contributed exclusively by either side-chain

(NSC) or main-chain atoms (NmC), respectively, and the surface comple-

mentarity Sm can be estimated separately for each set. Thus, for a tar-

get, SSCm (computed from NSC surface points) is an estimate of its

surface complementarity with respect to neighboring side-chain

atoms alone (contributed by the rest of the polypeptide chain). Since

the jigsaw puzzle model emphasizes the specificity in packing

between the side-chains of amino acid residues (which in any case

dominates packing in protein interiors) a function SNSC was defined as

the product of SSCm and NSC,

SNsc ¼ SSCm :NSC ð2Þ

and used as the most basic function to discriminate both the degree

and extent of surface complementarity spread over the surface of a

core (target) residue with respect to its immediate neighborhood con-

stituted of side-chain atoms alone. SSCm was multiplied by NSC as high

surface complementarity spread over a wider surface area is definitely

more significant than high surface fit estimates based on the chance

conjunction of a few stray surface points.

2.1.3 | Hydrophobic core generation

Central to the computational process for predicting or reconfiguring

the hydrophobic core of cyclophilin is the (presumptive) network rep-

resentation of the hydrophobic cluster described above (Figure 2B).

The core generation process considered two distinct scenarios at

ascending levels of difficulty.

1. In the first case (Level 1), all the non-core native residues were

included from the very start of the calculation, while all the core

residues were initially set to alanine (A). In other words, the solu-

tion was obtained on a chimerical sequence consisting of native

non-core residues and an altered core. With the progress of the

computation (to be described below) all the 20 core sites (initially

set to A) were gradually re-substituted by one of the hydrophobic

residues (A, V, L, I, F, and M), based on the core prediction process

described below. The initial (solved) hydrophobic cluster (“raw
core”), was then optimized (see below) prior to experimental

characterization.

2. In the second case (Level 2), all the residues (both core and non-

core) were initially set to glycine (G), and the prospective core

generated on a poly-G (non-core) polypeptide chain. This was to

assess the information contained exclusively within the hydro-

phobic cluster to generate a viable core, without any reference

to non-core residues. Subsequent to obtaining a “raw core,” all

non-core native residues were included and following core opti-

mization, the obtained sequence was subject to experimental

characterization. The basic computational steps (given below) to

generate the (non-optimized) “raw core,” was identical for both

Levels (1 and 2).

To begin, the node with the highest degree (number of links) was first

identified from the network diagram (Figure 2B) which is the site

corresponding to residue number 59 of native LdCyp. The neighbors

to this node connected by an edge in the network are 134, 120,

122, 151, 47, 45, and 29. Since the core prediction algorithm does not

include within its ambit the identities of residues T55, Y71, N58, and

C63, the links 59–63, 59–55, and 59–71 were not considered at this

stage in the calculation. Then, on the relevant polypeptide chain

(either corresponding to Level 1 or 2 obtained by appropriately modi-

fying the coordinates 2HAQ) each pair of sites (59–134, 59–120, 59–

122, etc.) were taken one at a time and SCWRL4.061 used to con-

struct two side-chains (one at each site) from the hydrophobic set of

residues (A, V, L, I, F, M-with due consideration of “allowed” residues
at each site). Thus, there can be possible, a maximum of (6x6) 36 indi-

vidual combinations (provided all hydrophobic residues are allowed at

both sites), for each pair of sites (59–151, 59–120, 59–122, etc.). The

program Reduce was then employed to fix hydrogen atoms on both

side-chains prior to generating the protein surface of the entire poly-

peptide chain. This was followed by calculating the SNSC for both

side-chains and finally estimating their average (<SNSC>). The pair of

hydrophobic residues with the highest <SNSC> from all side-chains

pairs was selected as the solution.

The above calculation determined the highest <SNSC> for

F59-F151 (for both levels: Table 2), which were accordingly included

in the set of predicted residues. In the next step, the network was

searched for all nodes which had the highest number of links to both

59 and 151 simultaneously. Obviously, the maximum number of links

can only be 2 (linked to both sites 59, 151) and these nodes were

found to be (corresponding to residues) 120, 134, 122, and 47. Since

this condition was satisfied for 55 as well, the solution set was

expanded to (F59, F151, and T55). The above calculation was then

repeated individually for the four tetrads, namely, F59-F151-T55-134,

F59-F151-T55-120, F59-F151-T55-122, and F59-F151-T55-47, and

the highest <SNSC> determined (averaged over all the 4 residues in

the tetrads), subsequent to rebuilding their side-chains afresh with

SCWRL4.0 and hydrogen fixation by Reduce. For each tetrad, there

could be a maximum of 6 possibilities (or less in case of disallowed

residues) as there could be 6 residue substitutions for the newly

included node (e.g., F59-F151-T55-A134, F59-F151-T55-V134,

F59-F151-T55-L134, etc.). The highest <SNSC> (for both Levels 1 and

2) was found to be F at site 122 and the solution set was conse-

quently expanded to include (F59, F151, T55, F122). Successive

cycles of the calculation designed above led to the generation of the

entire core, the rules of which can be succinctly described in the fol-

lowing steps.

A node was considered in the next iterative step of the computa-

tion when it had the highest number of links to the cluster determined

from the previous step. In case of degeneracy, that is for more than

one node satisfying this condition the calculation was repeated sepa-

rately for all the (prospective) nodes. For each unique residue
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combination, the side-chain atoms of all the residues in the cluster

were rebuilt afresh by SCWRL4.0 and hydrogen atoms fixed by

Reduce. SNSC was then averaged over all the residues in the pro-

spective cluster including the residue at the newly included node

and the highest <SNSC> accepted as the solution. As has been men-

tioned previously, in case anyone of the nodes corresponding to

residues 55, 63, 71, and 58 satisfied the condition of having the

maximum number of links to a cluster, they were included in the list

of solutions, retaining their native amino acid identities. The itera-

tive application of these rules generated the “raw” core(s) (Table 3).

The sequence in which core residues have been included in the

computational prediction process defines a path and the paths for

Levels 1 and 2 have been depicted in Figure 3. Several rounds of

calculation showed a very high propensity of methionine to be

included as a solution. Hence, to hinder the formation of a poly-M

core, two additional criteria were applied for the inclusion of methi-

onine in the core, namely SSCm, and the fraction surface points used

for the estimation of SSCm (with respect to the total number of side-

chain surface points of the targeted M: NSC/Ntot) would individually

have to exceed 0.50 and 0.75, respectively, in addition to having

the highest <SNSC> in a cycle, to be accepted as a solution at a

specific site.

TABLE 2 Highest <SNSC> values involving core residue/site 59 and linked sites as depicted in Figure 2. The results clearly show that for both

Level 1 (ALL_R) and Level 2 (181_R) the optimal solution is for 59F-151F, based on the maximum value of <SNSC>

181_R ALL_R

Residue at 59 Residue at linked site <SNSC> Residue at 59 Residue at linked site <SNSC>

F 151 F 95.0 F 151 F 364.8

L 122 F 34.4 F 122 F 209.7

I 134 I 47.6 F 134 F 156.7

F 120 L 65.3 F 120 F 259.0

I 47 L 87.8 I 47 L 260.1

F 45 V 50.0 F 45 F 200.8

L 29 L 27.0 L 29 F 210.4

TABLE 3 The predicted raw,
converged, and optimized hydrophobic
core sequences (see Main Text) for Level
1 (ALL) and Level 2 (181). The sequence
identities with respect to the native
LdCyp and calculated core volumes for
each predicted core sequence have been
included in the Table. All residues which
differ from the native sequence have
been highlighted

Residue number Native ALL_R ALL_C ALL_O 181_R 181_C 181_O

Sequence identity (%) 50 55 65 40 55 70

Core volume (Å3) 3257.8 3412.8 3409.0 3309.2 3391.6 3409.3 3286.3

59 F F F F F F F

151 F F F F F F F

122 M F F L F F L

134 F F F F F F F

120 L F F L L F L

47 L L L L L L L

45 I L L V I V V

29 V I I I I I I

31 F F F F F F F

76 F F F F L V V

181 I V V V F F F

33 V V V V L V V

179 V I I I I V V

164 I I M M L I I

79 V I V V A I V

85 I V I I L I I

161 V I I V F F V

52 A V V V V V V

62 L L L L L L L

48 F F F F I F F
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The raw cores obtained for both levels were then made to con-

verge. This consisted in selecting a site from the 20 predicted residues

and recalculating <SNSC>, for all allowed residues in the hydrophobic

set, substituted at that specific site. The residue with the highest value

of <SNSC> was then (either retained) or substituted at that site. For

Level 2 the convergence process was performed twice. The raw core

was initially converged on the poly-G (non-core) polypeptide chain

followed by re-convergence on a chimerical sequence consisting of

native non-core residues with an alternative core. Both Levels were

converged by selecting residues in the same order in which the solu-

tions (raw core) were obtained till no further change was observed in

the list of predicted residues. The core volumes of the final converged

solutions were estimated by the summation of the individual side-

chain volumes of residues constituting the core62 (Table 3).

2.1.4 | Core optimization

In all the predicted solutions of the protein core, a systematic over

estimation of the core volume was observed (Table 3). Thus, in addi-

tion to these solutions, further optimization of the alternative cores

was deemed necessary. This essentially consisted of the step-wise

controlled reduction of core volume while maintaining as far as possi-

ble optimal packing (within the given volume constraints). It was

observed (though with some notable exceptions) that those sites

which consistently substituted larger residues in the core (in terms of

volume with respect to the native protein) were followed by amino

acids of lower volume, generally within a very narrow range of <SNSC>

values. In other words, the solution at these sites exhibited a “wob-

ble” implying the reduced margin (in terms of <SNSC>) of the preferred

residue relative to other amino acids. Therefore, at each site, the dif-

ference between the highest value of <SNSC> and the next lower

values (Δ<SNSC>) was calculated and in case this difference was within

3.0 (arbitrary units) the residue with the least volume was selected to

replace the residue determined previously (Tables 4 and 5). The raw,

converged, and optimized core sequences obtained for Level 1 and

2 have been named ALL_R, ALL_C, and ALL_O and 181_R, 181_C, and

181_O, respectively.

2.2 | Molecular Dynamics Simulations

All atom molecular dynamics (MD) simulations for mutated cyclophilin

polypeptide chains and those with reconfigured hydrophobic cores

were conducted using the GROMACS (GROningen MAchine for

Chemical Simulations) package,63 version 2019.1. The native

cyclophilin coordinates were obtained from the crystal structure of

cyclophilin (PDB Code: 2HAQ). The mutated amino acid residues of

the newly designed proteins were individually changed to their

respective residues using the “build and edit protein” tool of the

F IGURE 3 The sequence in which
predicted residues were included, to re-
assemble the initial “raw” (see Main Text)
core during the computational prediction
process for (A) Level 1 and (B) Level
2. Notably, the predicted residues were
identical up to F31, for both Levels 1, 2
and diverge thereafter
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Discovery Studio 2.5 package. The mutant proteins were minimized

using the smart minimizer algorithm after applying the CHARMm

force field53 in Discovery Studio 2.5 software suite. All atoms of the

system were assigned by the CHARMm 27 force field53 and the TIP3P

water model (transferable intermolecular potential with 3 points) was

applied to solvate the molecule (native or variant cyclophilin coordi-

nates) in a cubic box maintaining a minimum distance of 1 nm from

the cube edges. Counter ions (Na+ and Cl�) were added to the solvent

to keep the system charge neutral at pH 7.0. Then allowing for a 2 fs

time step, all bond lengths were constrained using the Linear Con-

straint Solver (LINCS) method,64 and long-range electrostatic interac-

tions were calculated utilizing the smooth Particle Mesh Ewald (PME)

method.65 Initially, steepest descent minimization was performed with

a tolerance value of 1000 kJ/mol/nm to relieve steric clashes and

inappropriate geometry. After several computational trials, it was

decided that thermal stability for each mutant or alternative core was

best characterized by studying the thermal unfolding of the (native

and) altered protein by means of MD simulations. Initially, the native

protein was subject to simulation trials at 310, 335, 360, 385,

410, and 460 K, and analyses of these individual trajectories revealed

that for the native enzyme, unfolding was initiated at 385 K, while

complete unraveling of the protein was demonstrated at 410 K. Thus,

for every cyclophilin variant, MD simulations were performed at three

different temperatures: 310, 385, and 410 K, which effectively

scanned the unfolding process for the native and altered proteins.

Subsequent to energy minimization, the system was equilibrated

(at the targeted temperature 310 or 385 or 410 K) using position-

restrained (PR) MD in two steps. First, 100 ps of isochoric-isothermal

(NVT) equilibration was performed using the Berendsen thermostat66

at the selected temperature, (i.e. 310 K or 385 K or 410 K). This was

followed by a simulation of 500 ps (at the same temperature, 1 bar of

atmospheric pressure) in an isothermal-isobaric (NPT) ensemble utiliz-

ing the Parrinello-Rahman barostat.67 The well-equilibrated system

was then used to run the production MD for 200 ns in three replicates

with trajectory frames saved every 2 picoseconds and leap-frog inte-

gration in time steps of 2 fs. The coulombic and Van der Waals short-

range distance cut-off was set to 10 Å. Generated MD trajectories

were analyzed primarily by calculating the root mean square devia-

tions (RMSD) of the backbone atoms of the proteins and root mean

square fluctuations (RMSF) of their Cα atoms. Analysis was performed

using GROMACS in-built programs and also by locally generated

software.

2.3 | Protein expression and purification

All previous experiments performed in the laboratory involving His-

tagged LdCyp, have been on the protein expressed from the gene

TABLE 4 Optimization of ALL_C to yield ALL_O. Δ <SNSC> refers to the difference in <SNSC> between the highest and the second-highest
value. In case Δ<SNSC> was within 3.0 arbitrary units and included a residue of lower side-chain volume, it was selected for that site. The final
optimized solution ALL_O is given in the column on the extreme right. NA refers to “disallowed” residues (see Section 2) at that site

<SNSC>

Native First Position Second Position Third Position Fourth Position 5th position Δ<SNSC> Selected residue

59 F F-389.34 I-374.57 L-372.21 V-368.38 A-365.16 14.76 59 F

151 F F-389.34 V-367.86 A-367.78 I-360.69 L-353.54 21.48 151 F

122 M F-389.34 L-386.70 I-386.57 V-383.25 A-375.28 1.91 122 L

134 F F-389.34 L-379.73 I-377.98 V-377.32 A-367.76 9.60 134 F

120 L F-388.34 L-387.77 V-385.58 I-383.25 A-377.12 1.57 120 L

47 L L-389.34 F-382.52 V-380.93 I-380.69 A-365.08 6.82 47 L

45 I L-389.34 V-389.21 I-387.57 A-381.56 F-369.49 0.12 45 V

29 V I-389.34 V-384.56 L-377.59 A-368.33 NA 4.77 29 I

31 F F-389.34 L-379.60 I-377.99 V-371.15 A-362.96 9.74 31 F

181 I V-389.34 I-387.32 L-385.66 A-383.72 F-368.97 2.02 181 V

33 V V-389.34 I-387.15 L-377.83 A-377.52 NA 2.19 33 V

76 F F-389.34 I-368.20 V-363.31 A-357.48 L-348.05 21.13 76 F

164 I M-389.34 L-375.85 F-374.38 I-366.24 A-365.29 13.49 164 M

179 V I-389.34 L-384.58 V-383.86 A-366.50 F-347.49 4.76 179 I

79 V V-389.34 I-385.79 L-383.39 A-380.77 NA 3.55 79 V

85 I I-389.34 L-378.09 V-377.20 A-367.08 NA 11.25 85 I

161 V I-389.34 V- 386.96 F-386.69 L-384.00 A-374.94 2.43 161 V

52 A V-389.34 A-385.61 NA NA NA 3.72 52 V

48 F F-389.34 L-379.47 I-378.56 V-377.58 A-375.40 9.87 48 F

62 L L-389.34 I-384.46 V-381.42 A-370.90 NA 4.88 62 L
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inserted in a pQE32 vector.47,68 Thus, in order to obtain altered

sequences associated with the design process; stepwise, single

(M122 L, I164 M, V29I, A52 V, and I181F), double (181_O2, ALL_O2,

ALL_O2’), triple (ALL_O3, ALL_O3’), and quadruple mutations

(ALL_O4 and ALL_O4’) were performed beginning with the native

(LdCyp gene) sequence (in the pQE32 vector). The details of the

nomenclature associated with the sequences can be found in Table 6.

These mutant sequences were obtained from KPC Life Sciences Pri-

vate Limited (Kolkata, India). In addition, several designed sequences

(181_O, ALL_O, ALL_O5, ALL_O6, 181_O3, 181_O4, and 181_O5)

were also synthesized and inserted into the pET28a vector (obtained

from Genscript, New Jersey, USA). To confirm that the expressed pro-

tein from both vectors gave identical experimental results-expression,

circular dichroism, and GdmCl-mediated unfolding of the native

LdCyp from both vectors (pQE32, pET28a) were performed. The

almost identical experimental results confirmed the vector indepen-

dent behavior of the LdCyp transcript (Figure S1, Table S2). In addi-

tion, ALL_O4’ transcript has been checked in both pET28a and

pQE32 vectors which resulted in almost identical expression profiles,

CD traces, and denaturant induced unfolding patterns confirming the

vector independent behavior of the other transcripts as well (data not

shown).

The purification of mutants and core variants in the PQE32 plas-

mid was very similar to native LdCyp described in detail in several

previous reports.47,68–70 Mutant sequences in the pQE32 and pET28a

(+) plasmids were transformed into E. coli M15 and E. coli BL21 cell

lines, respectively. The altered sequences were induced with 1 mM

IPTG at 20�C followed by purification on a Ni-NTA column (Qiagen,

Germany). Subsequent to purification the proteins were extensively

dialyzed in a buffer containing 20 mM Tris–HCl, 20 mM NaCl and

0.02% NaN3 (pH �8.5) for storage. For spectroscopic experiments,

the proteins were again dialyzed in a buffer containing 20 mM potas-

sium phosphate (pH �7.5). Analytical grade reagents and chemicals

used for protein purification and other experiments were obtained

from Sisco Research Laboratories (Mumbai, India) while media used

for bacterial growth was bought from Himedia (Mumbai, India).

2.4 | Circular dichroism & fluorescence
spectroscopy

The far-UV CD spectra of the cyclophilin mutants and core variants

were measured on a JASCO J815 (Maryland, USA) spectrophotometer

in the wavelength range of 200–250 nm. 15 μM concentration of the

protein (cyclophilin variants) were measured separately in a rectangu-

lar quartz cell of 1 mm path length, at 1 nm data interval and

50 nm/min scan speed. The measured molar ellipticity values (θλ) were

converted to mean residue ellipticity (MRE) values with the formula,

TABLE 5 Optimization of 181_C to yield 181_O. Δ<SNSC> refers to the difference in <SNSC> between the highest and the second-highest
value. In case Δ<SNSC> was within 3.0 arbitrary units and included a residue of lower side-chain volume, it was selected for that site. The final
optimized solution 181_O is given in the column on the extreme right. NA refers to “disallowed” residues (see Section 2) at that site

<SNSC>

Native First Position Second Position Third Position Fourth Position Fifth position Δ<SNSC> Selected-residue

59 F F-389.34 I-374.57 L-372.21 V-368.38 A-365.16 14.76 59F

151 F F-389.34 V-367.86 A-367.78 I-360.69 L-353.54 21.48 151F

122 M F-389.34 L-386.70 I-386.57 V-383.25 A-375.28 1.91 122 L

134 F F-389.34 L-379.73 I-377.98 V-377.32 A-367.76 9.60 134F

120 L F-388.34 L-387.77 V-385.58 I-383.25 A-377.12 1.57 120 L

47 L L-389.34 F-382.52 V-380.93 I-380.69 A-365.08 6.82 47 L

45 I L-389.34 V-389.21 I-387.57 A-381.56 F-369.49 0.12 45 V

29 V I-389.34 V-384.56 L-377.59 A-368.33 NA 4.77 29I

31 F F-389.34 L-379.60 I-377.99 V-371.15 A-362.96 9.74 31F

181 I V-389.34 I-387.32 L-385.66 A-383.72 F-368.97 2.02 181 V

33 V V-389.34 I-387.15 L-377.83 A-377.52 NA 2.19 33 V

76 F F-389.34 I-368.20 V-363.31 A-357.48 L-348.05 21.13 76F

164 I M-389.34 L-375.85 F-374.38 I-366.24 A-365.29 13.49 164 M

179 V I-389.34 L-384.58 V-383.86 A-366.50 F-347.49 4.76 179I

79 V V-389.34 I-385.79 L-383.39 A-380.77 NA 3.55 79 V

85 I I-389.34 L-378.09 V-377.20 A-367.08 NA 11.25 85I

161 V I-389.34 V- 386.96 F-386.69 L-384.00 A-374.94 2.43 161 V

52 A V-389.34 A- 385.61 NA NA NA 3.72 52 V

48 F F-389.34 L-379.47 I-378.56 V-377.58 A-375.40 9.87 48F

62 L L-389.34 I-384.46 V-381.42 A-370.90 NA 4.88 62 L
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MRE¼ Mθλ
10dcr

ð3Þ

where M is the molecular weight of the protein in Da, θλ is molar elliptic-

ity in millidegree, d path length in cm, c protein concentration in mg/ml,

and r the total number of amino acid residues in the polypeptide chain.

The denaturant-induced unfolding of the proteins was monitored

separately by intrinsic tryptophan fluorescence on a Hitachi F7000 spec-

trofluorometer (Illinois, USA) with a 10-μM concentration of each pro-

tein. Each of the proteins was pre-incubated overnight at varying

concentrations of GdmCl (0–2.5 M with increments of 0.1 M) and the

spectra were measured in a quartz cuvette of 1 cm path length, keeping

both the excitation and emission band-pass filters to 5 nm. The spectra

were recorded by exciting the samples at 295 nm and by measuring the

emission spectra in the wavelength range 310 to 450 nm. The observed

fluorescence intensities have been converted to the relative intensities

for a set of data using the formula (Fobs-Fmin)/(Fmax-Fmin), where Fobs is

the observed fluorescence intensity and Fmin and Fmax are the minimum

and maximum intensities respectively, observed in a particular set of

data. All experiments were repeated at least thrice.

The GdmCl mediated unfolding of LdCyp has been studied previ-

ously70 in our laboratory and following precedent the unfolding curve was

optimally fitted to a three-state unfolding equation. In an attempt to fit the

unfolding curves of mutants and core variants optimally, the three-state

unfolding equation gave the best fit compared to the two-state unfolding

equation (Figure S2). The three-state unfolding equation is given by,

Sobs ¼ SNþSDe
�ΔGND=RT þSIe

�ΔGNI=RT

1þe�ΔGND=RT þe�ΔGNI=RT
ð4Þ

where Sobs is the observed fluorescence intensity, and SN, SD, and SI

are the intensities for native, intermediate, and completely denatured

protein, respectively, ΔGND and ΔGNI are the difference in Gibb's free

energy during N$D and N$I process while R, T being the ideal gas

constant and absolute temperature, respectively. Moreover, ΔGND

and ΔGNI are linearly dependent upon the denaturant concentration

and can be expressed as,

ΔGND ¼ΔGND H2Oð Þ�mND D½ � ð5Þ

ΔGNI ¼ΔGNI H2Oð Þ�mNI D½ � ð6Þ

where ΔGND (H2O) and ΔGNI (H2O) are the free-energies of

unfolding in the absence of any denaturant, [D] denaturant concentra-

tion, while mND and mNI are the slope of denaturation process N$D

and N$I, respectively. The transition mid-points [Cm(N$D) and

Cm(N$I)] are the [D] values for which ΔGND and ΔGNI are zero.

3 | RESULTS

3.1 | Generation of alternative hydrophobic cores

LdCyp primarily consists of an eight-stranded β-barrel with two

α-helices (H1, H3) at either end (Figure 1). The only extended hydro-

phobic core of LdCyp is situated primarily within the barrel with 19 of

its 24 residues located on β-strands, 3 on α-helices H1, H3, and the

remaining 2 on inter-connecting loops. The cyclophilin core appears

to be close to optimal as it is highly conserved across several species

spanning the animal, plant, and microbial kingdoms (Table S3).

Although the core forms one continuous cluster, it can be divided into

two parts—a densely packed region centered about F59 (as a hub) and

a relatively loosely packed cluster around F76. The two parts of the

core are conjoined at a narrow bottleneck constituted of residues F31

and I181. F59 lies on α-helix H1 and its strategic protrusion into the

β-barrel makes it the primary hub of the hydrophobic cluster

(Figures 1 and 2B). Most of the three-dimensional features of the

cyclophilin core (derived from the crystal structure) are to a large

extent captured by its network representation (Figure 2B), where each

node represents a core site and is linked to a neighbor when there are

TABLE 6 Nomenclature for the
mutants and core variants during the
sequential reconstruction of the
optimized sequences (ALL_O and 181_O)

Sequence name Mutations

ALL_O V29I + I164 M + M122 L + A52 V + V179I + I181 V + I45 V

ALL_O20 V29I + A52 V

ALL_O2 V29I + I164 M

ALL_O3 V29I + I164 M + A52 V

ALL_O40 V29I + I164 M + M122 L + A52 V

ALL_O30 V29I + I164 M + M122 L

ALL_O4 V29I + I164 M + A52 V + V179I

ALL_O5 V29I + I164 M + A52 V + V179I + I181 V

ALL_O6 V29I + I164 M + A52 V + V179I + I181 V + I45 V

181_O I181F + F76V + A52 V + V29I + I45 V + M122 L

181_O2 I181F + F76V

181_O3 I181F + F76V + A52 V

181_O4 I181F + F76V + A52 V + V29I

181_O5 I181F + F76V + A52 V + V29I + I45 V
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a sufficient number of contacts between rotamer substitutions (from

the hydrophobic set A, V, L, I, F, and M) at the two sites.

In the first round of calculations (Level 1), all non-core native residues

were retained and all the 20 core sites were initially set to alanine.

Governed by a minimal set of rules (see Section 2) and beginning with the

node of the highest degree (corresponding to 59, Figure 2B), residues

were substituted (one at a time), at each of the 20 core sites. The amino

acid substitutions in the core generation process were based on the

values of a surface complementarity function (<SNSC>, See Section 2),

which was selected for extensive and optimal fit, between side-chain sur-

faces of residues constituting the core. The stepwise addition of residues

to generate the “raw” core (ALL_R) has been depicted in Figure 3. The

process was initiated by the unambiguous prediction of F59-F151 (con-

served in the native sequence) whose <SNSC> value (Table 2) was signifi-

cantly higher relative to all other pairs (59–134, 59–122, 59–120, etc.).

However, the computational procedure generally tended to over-pack

the core (Table 3), borne out by substitutions F122 (M in native LdCyp)

and F120 (L in native). The total side-chain volume of the native and the

raw core ALL_R were 3257.8 and 3412.8 Å3, respectively. All the sites

which had phenylalanine in the native sequence (59, 151, 134, 76, 31, 48)

were conserved in the predicted core, and divergence from the native

sequence was pronounced after 33. Subsequent to predicting all the

20 core residues (raw core), each core site or node was taken one at a

time and the calculation was repeated by substituting (allowed) hydropho-

bic residues at that site, with the rest of the core sites retaining their cur-

rent residue identities. For this convergence process, the residues were

selected in the same order in which the raw cores were derived. <SNSC>

(averaged over all the 24 residues) of the raw core was 376.7 and rose to

389.3 upon the conclusion of the iterative convergence procedure. The

convergence was to a core sequence (ALL_C) which differed from ALL_R

only in three sites (164I ! M, 79I ! V, and 85 V ! I). Next, an attempt

was made to optimize the core by the controlled reduction in volume

while maintaining comparable packing, due to the systematic overpacking

observed in the process of core generation (Table 3). This was by substitut-

ing residues of lower volume at a site, in case, its <SNSC> was within 3.0

(arbitrary units), of the most preferred solution. This led to changes

122F ! M, 120F ! L, 45 L ! V, 161I ! V (in ALL_C) to generate the

alternative core ALL_O (Table 4). Additional constraints in surface comple-

mentarity and overlap (see Section 2) had been imposed on methionine

residues, which it failed to satisfy, M122 (in ALL_O) was set to L as the

next best residue. Thus, the final sequence (ALL_O) differed from the

native sequence in 7 sites, with a reduced core volume of 3309.2 Å3.

In the next round of calculations (Level 2), all the residues (both

core and non-core) of the LdCyp polypeptide chain were set to gly-

cine, and an identical computational procedure was used to generate

a raw core. Core generation on a poly-G polypeptide chain was per-

formed to assess the intrinsic ability of the (jigsaw puzzle) surface fit

of side-chains in generating a viable core, without any reference to

non-core residues. Interestingly, even on a poly-G chain the densely

packed cluster centered about 59 (consisting of sites 120, 122,

134, 151, 47, 45, 29) were predicted almost identical to the native

sequence (181_R; Table 3), with the exceptions of sites 122,29 solved

as F and I, respectively (instead of M and V in native). However, post

31, F was predicted at 181 (<SNSC>: 292.2) to the exclusion of phenyl-

alanine at 76 (288.5); which was followed by markedly different resi-

due substitutions (with respect to native) from sites 179 to 161. The

initial raw core obtained on a poly-G polypeptide chain had an overall

<SNSC> of 234.2. In Level 2, the convergence procedure was per-

formed twice - first for the raw core on a poly-G polypeptide chain

followed by another set of iterations upon the inclusion of the non-

core native sequence. The final <SNSC> of the converged core on a

native non-core sequence was 387.1. Convergence followed by opti-

mization (identical in procedure described above) yielded 181_O

(Table 3) which differed from ALL_O only in four sites (76 181 179

and 164), all pertaining to the loosely packed region of the core. The

most notable difference was for sites 76 and 181, where it appeared

that the substitution of phenylalanine at either site was mutually

exclusive. Optimization of 181_C (Table 5) led to the transitions

120F ! L, 122F ! M, 79 L ! V, 161F ! V (181_O), and similar to

the situation in Level 1, M was initially replaced by L at site 122, due

to its failure in satisfying additional constraints in surface complemen-

tarity and overlap. In general, a gradual drift toward increased core

volumes was also observed during the convergence process (181_R:

3391.6; 181_C: 3409.3; 181_O: 3286.3 Å3). Both the predicted core

sequences (ALL_O and 181_O) were identical from sites 59 to 31, with

significant heterogeneity in sequence thereafter (Table 3).

3.2 | Stability of converged and optimized cores:
MD simulation study

In order to estimate relative thermal stabilities, unfolding simulations

of the native protein and designed sequences were performed at tem-

peratures 310, 385, and 410 K (see Section 2). The backbone RMSD's

(root mean square deviations) with respect to the native crystal struc-

ture indicated complete unfolding of all sequences by 410 K, while at

310K the designed sequences were for the most part “native-like”—
implying the conservation of the cyclophilin fold and regular second-

ary structural elements, throughout the duration of the simulation.

Therefore, 385 K was deemed the optimal temperature where there

was maximum discrimination in parameters indicative of thermal sta-

bility (Figure S3 and Figure 4). Overall, the backbone RMSD's

appeared to indicate relatively enhanced stability of ALL_O, 181_O

relative to the converged sequences ALL_C, 181_Cat all three temper-

atures (Figure S3). A particularly sensitive parameter was the root

mean square fluctuation (RMSF) of the residue Cα, which generally

indicated greater thermal fluctuations of all the designed sequences

with respect to the native protein (Figure 4). Typically, the propen-

sity for greater thermal fluctuation was observed in regions of the

polypeptide chain spanning residues 45–75, 100–120, 125–135,

and 145–150 at higher temperatures. Significantly high fluctuation

was observed for ALL_C even at 310 K spanning sequence ranges 100–

120 (�0.30 nm) and 120–135 (�0.40 nm) different from the native

sequence, which was consistently below 0.1 over the entire polypeptide

chain. This was somewhat in contrast to 181_C and 181_O whose RMSF

values were in fairly close agreement with the native sequence at the
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same temperature. However, at 385 K, an appreciable rise in RMSF for

the designed sequences (with respect to native) was observed spanning

polypeptide segments 45–65 and 120–135. The amino acid stretches

52–65 corresponds to helix H1, while the rest are irregular loops inter-

connecting the regular secondary structural elements of the protein. In

the native sequence, the RMSFs for stretches 50–65, 100–120, and

120–135 were approximately 0.1 (or less) and 0.3 nm, respectively

(at 385 K), while for almost all the designed sequences, the

corresponding values rose to 0.3 and 0.6 nm. Only 181_O exhibited fluc-

tuations comparable to the native sequence around 50–60. Thus, the

integrity or the measure of attachment of helix H1 (55–60) to the main

body of the protein appeared to be one of the sensitive indicators of

protein stability, with all designed sequences exhibiting some measure of

thermal destabilization relative to the native protein, more for the con-

verged than the optimized sequences.

3.3 | Experimental characterization of alternative
cores

3.3.1 | Spectroscopic study of the optimized core
sequences

The experimental characterization of the optimized sequences

(ALL_O, 181_O) was performed by measuring circular dichroism

(CD) to confirm whether the cyclophilin fold or in any case the

native proportion of regular secondary structural elements in the

designed protein had been attained. This was followed by denatur-

ant (guanidium hydrochloride) induced unfolding experiments using

tryptophan fluorescence. The LdCyp protein consists of a sole tryp-

tophan (W143) situated onto the small helix H2. In general, trypto-

phan fluorescence is highly sensitive to its local microenvironment

and its use in monitoring protein folding and stability is well-

established.71,72 Here, it has been used to determine the relative

stability of the designed sequences with respect to native LdCyp.

The computations coupled to the MD simulations appeared to indi-

cate that the optimized sequences (ALL_O and 181_O) would prob-

ably have the highest probability of attaining the design target.

Belying all expectations, the CD traces of both sequences exhibited

extreme deviations from the native spectra (Figure S4a) and resem-

bled the spectra corresponding to the unfolded state of native

LdCyp (Figure S4b). Also, the high degree structural perturbations

of both sequences were indicated by their extremely low expres-

sive yields (Figure S4c). Thus, a radically different pattern in fluores-

cence intensity and emission maxima changes upon GdmCl addition

(with respect to native) (Figure S4d,e), the inability to obtain a regu-

lar unfolding curve (fluorescence intensity versus denaturant con-

centration: Figure S4f), definitely indicated extreme deviations

from the native cyclophilin fold and lack of success in achieving

design objectives.

F IGURE 4 Comparison of stabilities of converged (ALL_C, 181_C) and optimized sequences (ALL_O, 181_O) from MD simulation studies. The
root-mean-square fluctuations (RMSF) of Cα atoms have been plotted as a function of residue number in case of ALL sequences at three different
temperatures, namely, (A) 310, (B) 385, and (C) 410 K; the same parameter has also been plotted for 181 sequences at three different
temperatures, (D) 310, (E) 385, and (F) 410 K. The color coding for the sequences have been provided at the upper right-hand corner of the figure
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3.3.2 | Characterization of the single mutants

On account of these negative experimental results, it was decided to

rebuild the designed cores by systematically mutating one core site at

a time beginning with the native protein (Table 6) to identify unviable

residue combinations. The mutations common to both ALL_O and

181_O (with respect to the native sequence) are V29I, A52 V,

M122 L, and I45 V. Among these, the first three mutations were stud-

ied individually, along with I164 M which was present exclusively in

ALL_O (Figure 5A,B).

All the four single mutations V29I, A52V, M122L, and I164M on

LdCyp exhibited similar characteristics in CD spectra [Figure 5C) as

that of the native, including two prominent negative peaks, around

208 and 225 nm. These observations suggested the conservation of

the overall fold in the case of all these four mutants, despite the fact

that partial destabilization (relative to native) was observed in

denaturant-induced unfolding studies. The fluorescence spectra of

the native protein as well as all the mutants exhibited emission max-

ima around 343 nm in the absence of denaturant and showed a signif-

icant red-shift up to 350 nm at the highest GdmCl concentration. The

denaturation curves (of tryptophan fluorescence intensities;

Figure 5D versus denaturant concentration) were optimally fitted to a

three-state unfolding equation which exhibited two free energies of

denaturation, namely ΔGNI (H2O) and ΔGND (H2O) and two transition

mid-points [namely Cm(N ! D) and Cm(N ! I)]. The stability of the

mutants was compared to the native based on these thermodynamic

parameters (Table 7).

The mid-point (Table 7) for the major transition [Cm(N ! D)] in

case of the four mutants V29I, A52 V, I164 M, and M122 L were

1.23, 1.17, 1.11, and 1.05 M, respectively, somewhat lesser than the

corresponding native value (1.59 M). In addition, the mid-point for the

minor transition [Cm(N ! I)] for all the mutants also recorded a

decrease (Table 7). A corresponding decline in ΔG's was observed

(ΔGND (H2O)/ΔGNI (H2O): V29I-7.59/4.76; A52V-5.31/3.82; I164M-

8.30/3.91; M122L-5.76/3.42 kcal/mol) indicating partial destabiliza-

tion of all the mutants relative to the native structure (16.93/5.01).

Among the mutants, V29I, A52V on one hand and I164M, M122L on

the other, exhibited comparable ΔG and Cm values, which is reflected

in the corresponding denaturation curves (Figure 5D).

3.3.3 | Sequential reconstruction of ALL_O and
experimental validation of the mutants

In the sequential reconstruction of the designed chimerical proteins, it

is perhaps best to follow a path to the required design target. From

the single mutation data, it appeared that A52V and V29I involved the

least perturbation to the native fold and thus the double mutant

V29I + A52V (ALL_O20) was initially characterized (Figure 6A,B), dem-

onstrating complete conservation of the native fold (CD data)

F IGURE 5 Experimental
characterization of single mutant
proteins. (A) Four mutations,
namely, A52 V, V29I, M122 L,
and I164 M have been shown in
the LdCyp structure, (B) list of
mutations that have been
characterized experimentally,
(C) circular dichroism
(CD) spectra of the mutant
proteins, (D) denaturant GdmCl
induced unfolding of the mutant
proteins monitored by intrinsic
tryptophan fluorescence where
the change in fluorescence
intensity have been plotted as a
function of denaturant
concentration. The color coding
of the respective sequences has
been provided at the upper right-
hand corner of the panel (C) and
at the lower right-hand corner
for panel (D)
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TABLE 7 Thermodynamic parameters of the single mutants and core variants. The parameters have been obtained from the fitting of the
unfolding curves to a three-state unfolding equation and the unfolding curves were obtained by measuring the intrinsic tryptophan fluorescence
during the GdmCl-mediate unfolding

Protein

ΔGND(H2O)

(kcal/mol)

mND (kcal/

mol M�1)

Cm

(N ! D) (M)

ΔGNI (H2O)

(kcal/mol)

mNI (kcal/

mol M�1)

Cm(N ! I)

(M)

Adjusted

R2

Native 16.93 ± 2.64 10.63 ± 1.57 1.59 5.01 ± 0.08 3.62 ± 0.06 1.38 1.00

V29I 7.59 ± 1.04 6.14 ± 0.71 1.23 4.76 ± 0.52 4.10 ± 0.45 1.16 1.00

A52V 5.31 ± 0.66 4.51 ± 0.47 1.17 3.82 ± 0.51 3.38 ± 0.45 1.13 0.99

I164M 8.30 ± 1.79 7.44 ± 1.18 1.11 3.91 ± 0.37 4.63 ± 0.44 0.84 1.00

M122L 5.76 ± 0.78 5.48 ± 0.52 1.05 3.42 ± 0.27 3.94 ± 0.31 0.86 1.00

ALL_O20 7.13 ± 0.88 5.90 ± 0.68 1.20 5.11 ± 0.61 4.86 ± 0.59 1.05 0.99

ALL_O2 7.19 ± 0.90 8.42 ± 0.91 0.85 4.12 ± 0.46 5.82 ± 0.66 0.71 0.99

ALL_O3 7.44 ± 0.85 8.64 ± 0.83 0.86 4.14 ± 0.37 6.05 ± 0.56 0.68 1.00

ALL_O4 7.80 ± 0.81 8.54 ± 0.72 0.91 4.15 ± 0.31 5.68 ± 0.42 0.73 1.00

ALL_O5 5.89 ± 0.62 7.96 ± 0.67 0.73 3.19 ± 0.27 5.72 ± 0.49 0.58 1.00

ALL_O6 3.36 ± 0.17 6.58 ± 0.37 0.51 2.81 ± 0.15 5.63 ± 0.34 0.50 1.00

181_O2 6.36 ± 1.95 4.43 ± 1.09 1.43 2.47 ± 0.17 2.01 ± 0.15 1.22 1.00

181_O3 6.05 ± 0.98 5.73 ± 0.67 1.05 2.13 ± 0.16 2.80 ± 0.22 0.76 0.99

181_O4 3.18 ± 0.21 3.87 ± 0.20 0.82 1.64 ± 0.11 2.74 ± 0.20 0.59 0.99

181_O5 3.54 ± 0.22 6.11 ± 0.40 0.57 2.50 ± 0.18 4.99 ± 0.38 0.50 1.00

Note: ΔGND (H2O) and ΔGNI (H2O) are the free-energies of unfolding in the absence of any denaturant (Equations (5) and (6), while mND and mNI are the

slopes of denaturation process N$D and N$I respectively. The transition mid-points [Cm(N$D) and Cm(N$I)] are the denaturant concentration for

which ΔGND and ΔGNI are zero.

F IGURE 6 Experimental
characterization of the sequences
ALL_O20, ALL_O2, ALL_O3,
ALL_O30, ALL_O4, ALL_O40,
ALL_O5 and ALL_O6 using
spectroscopic methods, (A) the
position of the mutations with
respect to LdCyp crystal
structure has been shown, (B) list
of all the mutations present in
different sequences have been
listed, (C) the CD spectra of all
the mutant proteins (D) GdmCl-
mediated unfolding
characterization of the mutant
proteins monitored by
tryptophan fluorescence (The
unfolding spectra of ALL_O30 and
ALL_O40 have been excluded due
to the inability to obtain a proper
unfolding curve). Color coding of
the sequences has been given in
the upper right corner of the
panel (C) and the lower right
corner for panel (D)
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(Figure 6C) and stability comparable to the individual mutants V29I

and A52V (Table 7). Another double mutant ALL_O2 (V29I + I164M)

was also characterized, followed by the inclusion of I164M in ALL_O20

resulting in ALL_O3(A52V + I164M + V29I). Although the ΔG values

of ALL_O2 and ALL_O3 were not significantly different from double

mutant ALL_O20 (ALL_O20-7.13, ALL_O2-7.19, ALL_O3-7.44 kcal/

mol) there was a drop in Cm values (ALL_O20-1.20; ALL_O2-0.85;

ALL_O3-0.86 M) (Table 7, Figure 6D). The native fold, however,

appeared to be fully conserved in these chimerical proteins, borne out

by the superposition of their respective CD spectra (Figure 6C).

With the addition of M122L upon ALL_O3 (resulting in ALL_O40:

A52V+I164M+V29I+M122L) (Figure 6A,B) there was again evidence

for severe structural distortions similar to the experimental situation

in ALL_O and 181_O. Even here (ALL_O40) there appeared extreme

deviations in CD spectra (Figure 6C) coupled to a significant decrease

in protein yield and a highly altered denaturation pattern (Data not

shown). It thus became obvious that the configuration of residues

(A52V+I164M+V29I+M122L) was unviable in the context of the

cyclophilin fold. Retracing one step, the experiments were then

repeated on the combination (ALL_O30: A52V + I164M + M122L)

with results almost identical to ALL_O40 (Figure 6C). It will be recalled

that in the computational optimization step leucine was selected in

favor of methionine at site 122, due to its failure in satisfying addi-

tional constraints in surface complementarity and overlap. Therefore,

at this stage it was decided to relax the computational constraints at

site 122, thereby reverting to methionine (as in native) and restart the

core reconstruction process from ALL_O3 (A52V+I164 M+V29I).

Thereafter, three successive constructs were examined by single-

step mutations starting from ALL_O3, leading to ALL_O4

(V29I + I164M + A52V + V179I; V179I upon ALL_O3), ALL_O5

(V29I + I164M + A52V + V179I + I181V; I181V upon ALL_O4) and

ALL_O6 (V29I + I164M + A52V + V179I + I181V + I45V; I45V upon

ALL_O5). No change in the secondary structural content and three-

dimensional fold (as evident from CD spectra in Figure 6C), protein

yield, and unfolding pattern were observed for these three constructs.

It thus appeared that the mutation M122L was primarily responsible

for fold collapse in ALL_O, or at least its incompatibility with the set

of six mutations in ALL_O6 (as ALL_O can be derived by a single

mutation M122L on ALL_O6). The unfolding curves from ALL_O2 to

ALL_O4 were almost superimposable while a significant left-shift was

observed for ALL_O5 and ALL_O6, leading to lower transition mid-

points (Figure 6D). There was also a progressive corresponding

decline in ΔG values due to mutations subsequent to ALL_O4 (from

7.80 to 3.36 kcal/mol: Table 7). The ΔG and Cm values of minor transi-

tion [ΔGNI (H2O) and mNI] also followed a similar trend (Table 7). Thus,

the mutations primarily responsible for the decline in stability

(Figure 6D) despite conserving the cyclophilin fold, appear to accrue

from I164M (on ALL_O2), I181V (on ALL_O4), and I45V (on ALL_O5).

Therefore, to sum up, with the exception of M122L, the series of

6 mutations in LdCyp conserve the basic cyclophilin fold, despite a

progressive decline in stability. ALL_O30 and ALL_O40 were particu-

larly destabilized even at zero denaturant concentration while all

other mutants appeared to retain the folded state in the absence of

denaturant (Figure S5). But for the replacement M122L (as a conse-

quence of cutoffs on methionine), the design objective in terms of

native (cyclophilin) fold acquisition would have been achieved

in ALL_O.

3.3.4 | Reconstruction of 181_O and their
experimental validation

The mutations common to ALL_O and 181_O are V29I, A52V,

M122L, and I45V, all single mutants which had previously been char-

acterized (with the exception of I45V). As the structural consequences

of the two coupled mutations F76V and I181F were unknown, it was

decided to initiate the rebuilding of 181_O, beginning with the muta-

tions I181F followed byF76V (Figure 7A,B). At the very first step, it

became obvious that the two bulky residues (F) simultaneously pre-

sent at 76 and 181, led to the unraveling of the protein fold

(Figure 7C), as all experimental parameters resembled those of 181_O

and ALL_O. However, the compensatory mutation in 181_O2 (I181F

+F76V) evidently led to the restoration of the native LdCyp fold

(as per CD traces (Figure 7C) with fairly native-like Cm values (Cm

(N ! D) = 1.43 M and Cm (N ! I) = 1.22 M), though with the reduc-

tion in ΔG's [ΔGND (H2O)-6.36 and ΔGNI (H2O)-2.13 kcal/mol]

(Table 7).

Additional mutations A52V upon 181_O2 resulting in 181_O3

(I181F + F76V + A52V) followed by 181_O4 (I181F + F76V +

A52V + V29I; V29I mutation upon 181_O3) and 181_O5

(I181F + F76V + A52V + V29I + I45V; I45V mutation upon

181_O4), all led to almost identical CD traces, which were superim-

posable on the native LdCyp trace. Between 181_O2(ΔGND (H2O)-

6.36, ΔGNI (H2O)-2.47 kcal/mol) to181_O3 (ΔGND (H2O)-6.05, ΔGNI

(H2O)-2.13 kcal/mol) there was only a marginal difference in ΔG's,

with a progressive decline in all the thermodynamic parameters (char-

acterizing protein stability) thereafter (Table 7, Figure 7D). Notably,

the final mutation M122L to 181_O5 leads us back to 181_O which

(as mentioned earlier) displays all characteristics of a radically different

protein fold compared to native LdCyp. Interestingly, the final design

targets 181_O5 and ALL_O6 had remarkably similar unfolding param-

eters, and the drop in stability subsequent to the mutation I45V, in

both cases could possibly be attributed to the weakening of the inter-

action between residues 45 and 161. Thus, for both ALL_O and

181_O, the single mutation M122L appeared to come in the way of

attaining design objectives, and barring this mutation the CD traces

were indistinguishable for the native LdCyp trace, and the denaturant

induced unfolding curves were of a similar nature.

4 | DISCUSSION

Most globular proteins are marginally stable (ΔG � 10–15 kcal/mol)

and it has been hypothesized that evolutionary constraints could be

far more stringent for protein function rather than thermal stability.73

In other words, threshold thermodynamic stability could be acquired

16 BISWAS ET AL.



by a protein in the course of genetic drift, with positive natural

selection actively optimizing for catalytic function thereafter.74

There could also be a trade-off between functionality and stability

so as to allow greater conformational flexibility to the protein mole-

cule, for more efficient function.75 This principle is probably consis-

tent with the fact that alternative cores conserving native fold are

indeed possible, which in several instances have been shown to

have enhanced thermodynamic stability (with respect to native).43

In this case, however, it is highly likely that the native cyclophilin

core sequence (in LdCyp) is already at an advanced stage of optimi-

zation and therefore most modifications to the core will in all prob-

ability be destabilizing. One successful approach to core or protein

design is via the “consensus sequence” where it is assumed that

the more frequent occurrence of a residue at a specific site, the

more its contribution to fold stabilization. Extraction of the consen-

sus sequence for the cyclophilin fold (from a limited database of

homologous sequences spanning an extensive range of sequence

identities) was almost identical to the LdCyp sequence (with the

sole exception at the 52nd site) (Table S3).

One of the primary motivations behind this work is to test the

efficacy of the jigsaw puzzle model in predicting the hydrophobic

core. To this end, the selection of core residues has been based on a

surface complementarity function, in order to bias the solution in

terms of the optimal fit of side-chain surfaces (of core residues), rather

in the manner of assembling a three-dimensional jigsaw puzzle. Proba-

bly as expected (from previous calculations performed in the labora-

tory54) only a subset of residues exhibit high specificity contacts

resembling the pieces of a jigsaw puzzle and in this particular case

involved residues in the neighborhood or linked to F59. The highly

specific side-chain contact between F59 and F151 served as a bench-

mark in these calculations as it appeared to be highly significant both

in terms of the surface complementarity measure (<SNSC>) and also

structurally, enabling anchoring of helix H1 onto the eight stranded

β-barrel. Notably, F59 was the highest degree node (Figure 2) and

thus, the network (generated from the main chain coordinates alone)

representation of the core could prove to be an indicator, where we

would expect such high specificity contacts to occur. Generally, such

high specificity contacts could be expected to involve nodes of a very

high degree, and F59 and its associated links appear to be under strin-

gent packing constraints. Alternative packing arrangements can only

be expected in regions where there is a relaxation in packing con-

straints reflected in nodes with a somewhat sparse distribution of

links (V79, V179, V161, I164, and I85). These observations appear to

be borne out by the distribution and pattern of substitutions in the

alternative cores.

The prediction algorithm applied in this work appears to demon-

strate that there is significant information intrinsic to the core without

any reference to non-core residues, as evident from the fairly signifi-

cant sequence identity of the predicted cores, even on a poly-G poly-

peptide chain, with respect to native (Table 3). It could be likely that

subsequent to hydrophobic collapse in a nascent folding polypeptide

chain, highly specific (jigsaw puzzle-like) side-chain contacts within

the core are essential to the acquisition of the native and viable inter-

nal architecture of the protein.

F IGURE 7 Experimental
characterization of the mutant
I181F and sequences 181_O2,
181_O3, 181_O4, and 181_O5
using spectroscopic methods,
(A) the position of the mutations
with respect to LdCyp crystal
structure has been shown, (b) list
of all the mutations present in

different sequences have been
listed, (C) the CD spectra of all
the mutant proteins (D) GdmCl-
mediated unfolding
characterization of the mutant
proteins monitored by tryptophan
fluorescence (The unfolding
spectra of I181F has been
excluded due to the inability to
obtain a proper unfolding curve).
Color coding of the sequences
has been given in the upper right
corner of the panel (C) and the
lower right corner for panel (D)
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The network representation of the core could also provide useful

information on the sequence of atomic events leading to the folded

protein. Equilibrium unfolding by heat and chemical denaturant

(GdmCl) indicated a non-two state unfolding, with one intermediate.70

Kinetic unfolding experiments on (the LdCyp homolog) cyclophilin

from E. Coli showed an extraordinary rapid (hydrophobic collapse)

burst phase (with a rate constant of 700 s�1), resulting in the fully

folded native protein.76 In fact, this was the first instance of a protein

greater than 100 amino acids in length (164 residues) with such a

rapid rate of folding. Detailed unfolding simulations of LdCyp (by MD

simulations utilizing metrics based on surface complementarity and

overlap) showed that the dissociation of the specific link F59-F151

and general melting of the edges connected to the network hub (F59),

was immediately succeeded or in tandem with major transitions,

resulting in the unraveling of the structure.77 Given the rapid folding

of this class of proteins, it appears highly likely that the (jigsaw puzzle-

like) specific links associated with the hub (F59) coalesce very early in

the folding process.

The calculation confirmed the imperative need for a “design
cycle” in either repacking or predicting the hydrophobic core, as there

could exist highly sensitive strategic “hot spots” or perhaps “tipping
points” which could exercise an inordinate influence in the constitu-

tion of a viable core. In the present study, M122 was one such site,

where in LdCyp the substitution of leucine (at 122) led to unraveling

of the (native) cyclophilin fold in both ALL_O and 181_O. This appears

all the more surprising as both methionine and leucine have similar

volumes and this could be considered a classical example where the

change in shape (and therefore specificity) at a single site could have

such far-reaching consequences on the overall structure. Repeated

failure to achieve the design target in ALL_O was finally traced to this

residue which was found to be consistently incompatible with other

mutations (Figure 6). This is somewhat reminiscent of metamorphic

proteins where a few selective mutations can lead to fold transition,

though in this case most probably replacement of methionine with

leucine (at 122) led to protein unfolding rather than alternative fold

acquisition.

Generally, the replacement of a buried methionine by an equally

buried leucine could be expected to be a stabilizing mutation due to a

favorable solvent transfer term coupled to reduced entropic penalty

(for leucine upon burial).78 Yet, experiments in T4 lysozyme confirmed

that the methionine ! leucine could be highly context-dependent,

whereby in two instances (M6L and M102L) the mutation was found

to be actually destabilizing.78 Conversely, in a remarkable experiment,

the replacement of 10 adjacent residues by methionine in the core of

T4 lysozyme still conserved fold and produced an active protein,

though with progressively declining thermal stabilities.12 Methionine

has been regularly used in the repertoire of hydrophobic residues in

the design of protein cores, though its replacement could be fraught

with unforeseen consequences.45,79 The residue position

corresponding to the site 122 is highly conserved for methionine in

the cyclophilin fold, though interestingly two sequences 3BKP and

2OSE have valine and leucine at the same site. Both these sequences

have numerous other substitutions with respect to the consensus

sequence at critical core sites (31, 33, 45, 48, 52, 55, 63, 85, 120, 151,

161, 164, and 179; see Table S3), while 2OSE has been shown to lack

PPIase catalytic activity in addition to being the only known aggre-

gated multimeric cyclophilin till date.80

In an attempt to understand the structural consequences of the

mutation M122L, a MD simulation was performed on the constructs

ALL_O3 (V29I + A52V + I164M) and ALL_O40 (V29I + A52V

+ I164M + M122L), as fold disruption was first noted in the transition

between these two constructs. Although the fluctuations of ALL_O40

did not show significant alterations from that of ALL_O3 at 310 K

(Figure 8A) higher main-chain fluctuations (in terms of RMSF at

385 K) was observed for ALL_O40 (relative to ALL_O3 and the native

sequence) involving residues 60–80 (in the neighborhood of F59,

spanning helix H1) and 82–110 (strand S4 and connecting loops)

(Figure 8B). Again at 410 K, both the ALL_O3 and ALL_O40 exhibited

a higher degree of fluctuations, which were not much different from

each other, as well as from the native LdCyp (Figure 8C). Concur-

rently, there was also a drop in the number of side-chain contacts of

F59 for ALL_O40 (12.50) compared to ALL_O3 (18.88) and the native

sequence (17.15), at the same temperature (Figure 8D). Thus, qualita-

tively it appeared that the neighborhood of the hub F59 could be

most sensitive to mutations, altering the efficient packing of helix H1

to the β-barrel, which could have untold consequences for overall pro-

tein fold stabilization.

One of the drawbacks of the predictive algorithm lies in its ten-

dency to gradually drift toward cores of elevated volumes, though

core optimization procedures did alleviate this problem to a limited

extent (Table 3). Previous design experience indicated that cores tend

to over pack on account of softening/damping the Lennard-Jones

repulsive potential energy term and the situation could be remedied

by steepening the penalty on atomic overlaps.81 This work attempts

to estimate the information intrinsic to the core (based on a minimalist

single term function) and it appears highly probable that even though

the surface complementarity measure (<SNSC>) drops on the atomic

overlap, the absence of a (much more) stringent repulsive term in the

function, could lead to inflation in core volume. Since the jigsaw puz-

zle model is concerned primarily with the packing of side-chain atoms

within a protein, the final selection of designed sequences entirely dis-

penses with the interaction of the side chain to main-chain atoms.

Although the fixed main chain coordinates (used in this work) were

from the high-resolution crystal structure of LdCyp, there are striking

examples in the literature where molten cores in de novo designed

structures coalesced into well-packed cores upon the formally includ-

ing flexible backbone and refinement of main chain coordinates, in the

design process.39,44 Generally, backbone optimization leads to

improvements in the thermal stability of the designed protein82 and

dramatic thermal stabilization of completely novel proteins has been

obtained upon introducing backbone flexibility.41 What is unambigu-

ous is that the predicted core sequences are sensitive to even limited

(�2.0 Å) relaxation of backbone coordinates.82 Although, the current

calculation assumes a fixed backbone, ignoring main chain relaxation

upon multiple mutations could be considered to be a lacuna in the

method, as even relatively limited main chain readjustments (as a
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consequence of mutations) could alter the electrostatic balance of

energies in the protein.

As mentioned previously, the cyclophilin core naturally exists as a

highly optimized ensemble, as the addition of mutants to the native

core (discounting M122) invariably leads to progressive thermal desta-

bilization of the altered protein. In order to provide some measure of

justification to the increasingly negative (experimental) ΔΔGND values

(Table 7), three programs (SDM2,83 Dynamut 2,84 and INPS-3D85)

were adapted to obtain theoretical ΔΔG estimates to compare with

the experiment (Table 8). Although all the three programs were gener-

ally successful in predicting the progressive destabilization of LdCyp

(with fairly significant correlation with experimental ΔΔG's) several

anomalies were observed in the theoretical estimates when compared

to experimental values. Of the three programs, INPS-3D was the most

successful and among all the computational methods, correctly

predicting the relative destabilization of the M122L mutation [experi-

mental �11.17 kcal/mol; theoretical SDM2: 0.29 Dynamut 2: 0.863

and INPS-3D: �1.531 kcal/mol], while SDM2 and Dynamut 2 consid-

ered the same mutation to be stabilizing (Table 8). INPS-3D also

proved to be the strongest indicator of trouble brewing for the serial

mutants M122L + I164M + A52V + V29I, M122L + I164M + V29I

(�3.173, �2.838 kcal/mol respectively). With the exception of SDM2,

the software also correctly predicted maximum destabilization for

ALL_O and 181_O, in their respective series (�6.12 and �6.53

respectively). All the three software however failed in providing a

detailed one-to-one correspondence with regard to experimental

values. One such lapse is for the pair of mutant structures

M122L + I164M + V29I (SDM2: �1.37, Dynamut 2: 0.024, INPS-3D:

�2.838 kcal/mol) and I45V + I181V + V179I + I164M +

A52V + V29I (�6.53, �4.19, �6.72 kcal/mol respectively), the former

being completed unfolded, while the latter preserving fold though

with a significant degree of destabilization. It is somewhat problematic

to exactly pinpoint the source of differences in the ΔΔG values from

these programs as the contributions of the individual “energy” terms

are not provided by the software. No correlation was observed

between the increase in volume and the experimental ΔΔGs

(Correlation coefficient = 0.024, Table 8).

In an attempt to identify the principal causes behind the progres-

sive destabilization of the cyclophilin fold, the Charmm2753 force field

was used to calculate the electrostatic, Lennard-Jones, and geometri-

cal contributions to the overall potential energy of a few mutant

structures whose MD simulation were performed (Table S4). By

F IGURE 8 Investigation of the effect of M122L mutation by MD simulation involving ALL_O3 (V29I+A52V+I164M) and ALL_O40

(V29I + A52V + I164M + M122) (A) root mean square fluctuations (RMSF) of Cα atoms of the two proteins at 310, (B) 385 and (C) 410 K
temperature, (D) the side-chain contacts of residue 59 of ALL_O3 and ALL_O40 during the simulation run at three different temperatures
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“geometrical” is meant the energies associated with the bond lengths,

bond angles, dihedrals, impropers, and the Urey-Bradley compo-

nent.53 The difference in the respective energy components (averaged

over snapshots) at 310 K (folded) and 410 K (unfolded) simulations

were estimated (for the same polypeptide chain) to provide some idea

of the difference in enthalpies for the folded and unfolded proteins. In

addition, average solvent accessible surface area (SASA) (obtained

from in-built GROMACS program) throughout the simulation trajec-

tory were examined for solvent exposure of hydrophobic surfaces

(which translates into desolvation energies, Table S4). From this analy-

sis, it appeared that the primary difference in energies (at least with

respect to native) appeared to arise from the electrostatic and

Lennard-Jones energy terms. The difference in energy for the geo-

metrical term appeared negligible and no exceptional difference in the

exposure of hydrophobic surfaces was observed between the mutant

structures, taking into account their folded and unfolded states

(Table S4).

Thus, in summary, it could tentatively be proposed (pending more

detailed calculations) that the progressive loss of stability in the

mutant structures probably arises from less favorable electrostatic

and van der Waal's interactions in the protein interior as a conse-

quence of amino acid substitutions. It follows that the two major lacu-

nae in the current method lie in the absence of an appropriate

repulsive potential in the surface complementary function and inabil-

ity to assess main chain relaxation of the mutant structures leading to

altered electrostatic interactions within the protein.

The fold prediction algorithm adopted in this work biases the

selection of residues on the basis of side-chain surface complementar-

ity of core residues, as the initial construction of side chains by

SCWRL4.0 involves a spectrum of other energy terms. SCWRL4.0

played a crucial role in this work and has been designed to rapidly

determine the side-chain rotamers pertaining to the lowest energy

conformation, for a set of residues (given the main chain coordinates).

However, it is not optimized for and hence unsuitable in discriminat-

ing between two different primary (core) sequences, based upon its

intrinsic energy function.

So, finally can the jigsaw puzzle model predict the hydrophobic

core of a protein? The answer is a conditional yes-as a “design cycle”
involving experiments currently appears unavoidable in achieving

design targets. Can the method be used to explore alternative modes

TABLE 8 Thermodynamic stability analysis of the mutant proteins: Comparison of ΔΔG values derived from the experiment with that of the
theoretical values obtained from three web-servers, namely, SDM2, Dynamut 2, and INPS-3D

Mutant name

Core
volume

(Å3)

Difference in core
volume ΔV (Å3)

3257.8

Experimental ΔΔG Theoretical ΔΔG

ΔΔGND (H2O)
SDM2
server

Dynamut
2 server INPS-3D

ΔΔG ΔΔG

kcal/mol

Pseudo

ΔΔG kcal/mol

kcal/

mol

V29I 3284.5 26.7 �9.34 �0.57 1.004 �0.004

A52V 3309.2 51.4 �11.62 �0.45 0.894 �0.243

M122L 3261.6 3.8 �11.17 0.29 0.863 �1.531

I164M 3254.0 �3.8 �8.63 �0.28 �0.418 �1.354

I181F 3281.0 23.2 – �1.34 �0.343 �1.927

A52V + V29I 3335.9 78.1 �9.8 �1.02 0.050 �0.331

I164M + V29I 3280.7 22.9 �9.74 �1.20 0.844 �1.402

I164M + A52V + V29I 3332.1 74.3 �9.49 �1.65 �0.230 �1.703

M122L + I164M + A52V + V29I 3335.9 78.1 – �1.94 �1.100 �3.173

M122L + I164M + V29I 3284.5 26.7 – �1.37 0.024 �2.838

V179I + I164M + A52V + V29I 3358.8 101.0 �9.13 �2.22 �1.160 �1.820

I181V + V179I + I164M + A52V + V29I 3332.1 74.3 �11.04 �4.26 �2.410 �2.890

I45 V + I181 V + V179I + I164 M + A52 V + V29I 3305.4 47.4 �13.57 �6.41 �3.76 �3.717

M122L + I45V + I181V + V179I + I164M

+ A52V + V29I

3309.2 51.2 – �6.12 �4.62 �4.670

F76V + I181F 3231.1 �26.7 �10.57 �3.54 �0.62 �4.182

A52V + F76V + I181F 3282.5 24.7 �10.88 �3.99 �1.19 �4.456

V29I + A52V + F76V + I181F 3309.2 51.4 �13.75 �4.67 �2.02 �4.463

I45V + V29I + A52V + F76V + I181F 3282.5 24.7 �13.39 �6.82 �3.37 �5.250

M122L + I45V + V29I + A52V + F76V + I181F 3286.3 28.5 – �6.53 �4.19 �6.720
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of packing in a protein? The answer is an unequivocal yes. Thus, in

combination with the full spectrum of energy terms (involving hydro-

phobicities, solvation terms, etc.) network-based techniques coupled

to complementarity principles could provide crucial information in

attaining design targets. In addition, electrostatic potential comple-

mentarity within proteins could also be explored in situations of

ambiguous or loose packing such as those found in amyloids

(Discussion S1) or intrinsically disordered proteins. To sum up, this

work elucidates both the advantages and the shortcomings of the sur-

face complementarity term (coupled to network-based techniques) in

protein design.
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