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Abstract: b-synuclein (bS) is a homologue of a-synuclein (aS), the major protein component of Lewy

bodies in patients with Parkinson’s disease. In contrast to aS, bS does not form fibrils, mitigates
aS toxicity in vivo and inhibits aS fibril formation in vitro. Previously a missense mutation of bS,

P123H, was identified in patients with Dementia with Lewy Body disease. The single P123H

mutation at the C-terminus of bS is able to convert bS from a nontoxic to a toxic protein that is
also able to accelerate formation of inclusions when it is in the presence of aS in vivo. To elucidate

the molecular mechanisms of these processes, we compare the conformational properties of the

monomer forms of aS, bS and P123H-bS, and the effects on fibril formation of coincubation of aS
with bS, and with P123H-bS. NMR residual dipolar couplings and secondary structure propensities

show that the P123H mutation of bS renders it more flexible C-terminal to the mutation site and

more aS-like. In vitro Thioflavin T fluorescence experiments show that P123H-bS accelerates aS
fibril formation upon coincubation, as opposed to wild type bS that acts as an inhibitor of aS

aggregation. When P123H-bS becomes more aS-like it is unable to perform the protective function

of bS, which suggests that the extended polyproline II motif of bS in the C-terminus is critical to its
nontoxic nature and to inhibition of aS upon coincubation. These studies may provide a basis for

understanding which regions to target for therapeutic intervention in Parkinson’s disease.

Keywords: a-synuclein; b-synuclein; P123H-bS; NMR; aggregation; inhibition; fibril formation; intrinsi-
cally disordered proteins; dementia with Lewy bodies

Introduction
Alpha-synuclein (aS) is widely known for its involve-

ment in Parkinson’s disease, as Lewy Body inclusions

that contain aS are found in post-mortem diseased

brains.1,2 aS belongs to the synuclein family of pro-

teins, which in addition to aS contains two homologs:

beta and gamma synuclein.3 All of members of the

synuclein family are small neuronal lipoproteins, but

only aS and beta-synuclein (bS) colocalize presynapti-

cally in the brain.4–6 aS and bS have high sequence

similarity (78%) but they differ at the point of their

self-association properties. aS self-aggregates to path-

ological oligomers or fibrils, whereas bS forms oligom-

ers more slowly and does not form fibrils on its

own.7–10 Interestingly, there is evidence showing that

bS can inhibit aS aggregation in a dose dependent

manner, and can mitigate the effects of aS toxicity

in vivo.10–17

Although wild type bS does not appear in patho-

logical Lewy Body plaques or fibrils in vivo,18 two bS

mutations, V70M and P123H, were identified and

found in sporadic and familial dementia with Lewy

Bodies (DLB), respectively.19 Studies on cell line

models revealed the involvement of P123H and V70M
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in lysosomal pathology, and studies on mouse models

for the P123H-bS mutant proved it to be toxic.

P123H-bS exarcerbates aS pathology as the number

of lysosomal inclusions increased upon coexpression

of bS mutants with aS.20,21 Furthermore, transgenic

mice models of P123H-bS exhibit extensive neuritic

pathology (swelling of striatum and globus pallidus,

due to formation of small spheroids), but do not result

in formation of Lewy Body inclusions.20 The neuropa-

thy of P123H-bS is not abolished in aS knock-out

mice, but is enhanced in the P123H-bS/aS doubly

transgenic mice.20 These facts demonstrate that just a

single mutation in the bS sequence is able to over-

come the nonaggregating and inhibitory nature of

wild type bS and that P123H-bS is toxic by itself.19–21

aS and bS are intrinsically disordered proteins

described by three regions: the N-terminus that con-

tains KTKXGV repeats and forms helices at mem-

branes, the nonamyloid-b component (NAC) region,

and the highly acidic and solubilizing C-terminus

(Fig. 1).3 The N-terminus of aS and bS are highly

similar as there are only six residue differences

between aS and bS, and the C-terminus is the least

conserved region with more prolines and more nega-

tively charged residues. bS has an 11 residue dele-

tion in the NAC region, which is in the core of the

aS fibril. This suggests that the nonfibrillar nature

of bS may come from this deletion; however, inser-

tion of this region back into bS does not recover the

full fibrillation potential of bS.7–9

From the biophysical point of view the N, NAC,

and C-terminal regions of aS display different proper-

ties. The N-terminus has a small net charge and is

best described as a polyampholite chain with more

globular-like characteristics, while the C-terminus is

highly negatively charged, has 5 proline residues and

is best described as a polyelectrolye chain with more

chain stiffness.22,23 Both the N-terminus and NAC

region bind membranes and fold to a helix upon bind-

ing. The C-terminus of aS and bS does not bind

directly to the membranes and is suggested to have

chaperone activity.24–26 Thus in general synucleins

have an N-terminal and NAC membrane interactive

region, and a C-terminal regulatory domain that may

interact with other proteins and other factors. In the

case of aS all the disease causing mutations are

located in the N-terminus, while in bS the toxic muta-

tions are found in the NAC and C-terminus.

In this article we compare the monomer confor-

mations of aS, bS, and P123H-bS and the ability of

aS, bS, and P123H-bS to accelerate or inhibit aS

fibril formation upon coincubation. Our results indi-

cate that P123H-bS behaves more like aS both in

terms of its conformation C-terminal to the mutation

site and in terms of its effect on aS fibril formation

upon coincubation. Both P123H-bS and aS have a

less ordered C-terminus, and coincubation of P123H-

bS with aS or simply doubling the concentration of

aS result in identical fibril formation kinetics. Our

results suggest that the single P123H mutation in

the C-terminal region of bS, which removes the dou-

ble proline motif from the sequence, causes the con-

formational properties of the C-terminus to be

altered and to resemble the C-terminus of aS. This

renders P123H-bS unable to perform the protective

functions of the wild type bS protein and supports

the view that the extended PPII motif of bS in the

C-terminus is critical to inhibition and to its non-

toxic nature.20,27

Results

Comparison of P123H-bS and bS indicates that

P123H-bS populates a higher percentage of

compact conformational ensembles due to a

more compact C-terminus

To understand the basis for the different toxicity of bS

and P123H-bS we performed their characterization

via biophysical methods. aS and bS are acetylated in

vivo; therefore, our studies are performed on the ace-

tylated forms of all proteins. Acetylated P123H-bS,

similarly to wild type bS, is mostly unfolded and

monomeric as shown through narrow HSQC profiles

[Fig. 2(A)]. HSQC differences between these two

proteins are very small and mostly located close

to the mutation site. Electrospray ionization mass

Figure 1. Aligned sequences of aS and bS for three regions of synucleins: N-terminal, NAC, C-terminal. Identical residues are

shown by dots in ßS sequence and deletions are shown by dashes. The mutation site is indicated by the arrow below the

sequence. Residues are color-coded according to the scheme: blue - positive charges, red - negative charges, black - prolines,

grey-aromatic residues.
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spectroscopy (ESI-MS) experiments indicate that both

proteins have the correct molecular weight and are

pure. Additionally ESI-MS experiments indicate that

both proteins are able to probe compact and extended

conformations; however the population distributions

are altered for P123H-bS with a higher percentage of

compact conformation relative to wild type bS [Fig.

2(B)]. Secondary structure propensities reveal that

the N-terminus and NAC region are essentially iden-

tical while the C-terminus displays differences partic-

ularly near the mutation site [Fig. 2(C)]. The bS

C-terminus is extended and has uniformly negative

values, which is suggestive of polyproline II (PPII)

secondary structure.28 The mutation at position

P123H causes a discontinuity or break in the negative

secondary structure propensities as shown using SSP

[Fig. 2(C)].29A complementary approach using d2D30

shows an increase in the amount of coil along with a

decrease in beta-sheet C- terminal to the mutation

site (Supporting Information Fig. 1). Taken together,

these data suggest that the conformation at the

C-terminus is not uniformly extended and that the

region around the mutation site is more random coil-

like. The SSP and d2D data, in conjunction with

the ESI data suggest that the sampling of a higher

population of compact conformations may be due to

the more compact nature of the C-terminus. Size

exclusion chromatography was used to evaluate the

existence of higher order species after five hours of

incubation. Most of the protein eluted at 34 min,

which is consistent with the monomer, but P123H-bS

generated more oligomers that were eluted in the void

volume, suggesting that the mutant is more prone to

aggregation [Fig. 2(D)].

Coincubation of P123H-bS mutant with aS

accelerates aS fibril formation

Coincubation of aS with bS or with P123H-bS results

in significantly different fibril formation profiles. It

has been shown previously with nonacetylated pro-

tein that there is a dose dependent concentration

dependence of fibril formation of aS coincubated with

bS, and that aS fibril formation is delayed in the pres-

ence of bS. We have shown similar dose dependent

concentration results upon coincubation of acetylated

aS with acetylated bS (manuscript, submitted). While

coincubation with bS alone results in delayed fibril

formation [Fig. 3(A)], coincubation of aS with P123H-

bS results in increased fibril formation rates relative

to aS alone [Fig. 3(B)]. More specifically, the kinetics

of fibril formation resulting from doubling the original

concentration of aS are almost identical to those of

the coincubated aS/P123H-bS. This supports the view

that fibril formation is enhanced by P123H-bS and

Figure 2. Biophysical characterization of bS and P123H-bS mutant. (A) 1H-15N-HSQC spectra of bS (red) and P123H-bS

mutant (black) in 10mM MES, pH6, 100mM NaCl. (B) ESI-MS of bS (red) and P123H-bS (orange) in 10mM ammonium acetate

buffer, pH 6. Extended and compact conformations are indicated by fitting two Gaussians. bS populates 46% compact and

54% extended conformations while P123H-bS populates 51% compact and 49% extended conformations. (C) Comparison of

secondary structure propensities (SSP) of bS (red) and P123H-bS (orange) in 10mM MES, pH6, 100mM NaCl. Positive values

indicate a-helical secondary structure propensity, while negative values correspond to b-Sheet or PPII propensity. The star

indicates the position of the mutation. (D) Size exclusion profile using the Superose 6 column, which has a separation range of

5000 to 5000000 Da for bS (red) and P123H-bS (orange) after 5 h of incubation at 378C with agitation in PBS, pH 7.4. bS and

P123H-bS have similar monomer elution profiles and P123H-bS generates oligomers that are eluted in the void volume.
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that aS interacts directly with P123H-bS. Coincuba-

tion with P123H-bS and with twice the original con-

centration of aS shows a faster elongation phase as

well as a doubling of Thioflavin T (ThT) intensity, sug-

gesting that P123H-bS behaves very similarly to aS

in terms of its ability to the form fibrils [Fig. 3(B)].

P123H-bS when incubated alone is not able to form

fibrils (Fig. 3(B)] and only forms amorphous aggre-

gates as detected by transmission electron microscopy

(TEM) [Fig. 3(F)]. The differences in fibril formation

are mirrored in the TEM data where aS alone forms

fibrils [Fig. 3(C)], bS forms amorphous aggregates

[Fig. 3(D)], aS coincubation with bS forms fibrils that

are thinner and more branched [Fig. 3(E)] and coincu-

bation of aS with P123H-bS forms fibrils that are

highly ordered [Fig. 3(G)]. These data are striking as

they show that a single mutation in the C-terminus of

bS can completely reverse the inhibition properties of

bS on aS and that the mutant protein behaves, in

terms of fibril formation, in the same way as simply

increasing the concentration of aS.

P123H-bS exhibits conformational

characteristics of aS C-terminal to the

mutation site

A three way comparison of aS, bS and P123H-bS is

provided in order to understand, at the molecular

level, why a single mutation in bS would alter its

inhibitory characteristics towards aS and result in

accelerated aS fibril formation kinetics. ESI-MS

experiments, SSP, and residual dipolar couplings

(RDC) show clearly that there are conformational sim-

ilarities between aS and P123H-bS relative to bS.

ESI-MS experiments show that the population distri-

bution of P123H-bS and aS are more similar with a

higher population of compact conformation relative to

extended [Fig. 4(A)]. RDC profiles for all three pro-

teins indicate that they are very similar in the N-

terminus and that major differences in conformation

arise in the C-terminus [Fig. 4(B)]. bS has the highest

and most uniform RDC values suggesting that the

C-terminus from residues 95 to 134 is extended and

rigid. aS shows increased RDC values in two distinct

C-terminal hydrophobic patches, in agreement with

previous literature, signifying increased order in

these two fragments.28,31–33 The P123H mutation of

bS exhibits characteristics of both aS and bS [Fig.

4(B)]: the RDCs are essentially identical to bS from

residues 95 to 119 and are very similar to aS for resi-

dues 126 to 140. The lower RDC values of P123H-bS

from residues 126-140 suggest a more flexible and

less ordered C-terminus than that associated with bS,

for which the RDC values remain very high. SSP com-

parison of these three proteins additionally highlights

the fact that the single mutation in the double proline

motif of P123H-bS breaks the uniformity of the beta-

like secondary structure observed for bS [Fig. 4(C)].

SSP shows two distinct C-terminal propensities for

structure for P123H-bS with a break that is in the

same position as the break in aS.

C-terminal flexibility results from loss of double

proline motif

The role of the double prolines at positions 122 and

123 appears to be very important in defining the con-

formation of the C-terminus as mutation of the
122P123P of bS into 122P123H of P123H-bS results in

more flexible conformations C-terminal to the muta-

tion as determined by RDC and SSP data. To further

investigate whether the double proline motif is crucial

Figure 3. Aggregation inhibiton of aS by bS and aggregation enhancement of aS by P123H-bS (A & B). ThT fluorescence

(378C with shaking and teflon beads, PBS) of aS coincubated with (A) bS and (B) P123H-bS. Negatively stained electron micro-

graphs (scale 200 nm) (C-G) of (C) aS fibrils, (D) bS amorphous aggregates, (E) coincubated aS with bS, (F) P123H-bS amor-

phous aggregates, and (G) coincubated aS with P123H-bS.
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to maintaining the extended PPII sequence we per-

formed a Psi-blast search to obtain the typical confor-

mations of these motifs in the PDB. The search was

performed across a 10 residue window that contained

the PP motif of bS and its flanking sequences, the PS

motif of aS and the PH motif of P123H-bS. Our

results show that the double proline, PP, motif of bS is

the most common of the three motifs in the PDB with

117 hits, while the PS motif of aS has 49 hits, and the

PH motif of P123H-bS has only 23 hits. RMSD calcu-

lation and structure overlays of the hits were per-

formed [Fig. 5(A–C)], and interestingly the most

common motif is the least diverse (RMSD for the PP

residues is the lowest with 0.35Å), while the RMSD

for P123H-bS and aS motifs are almost twice as high

with 0.77 and 0.70Å, respectively. Ramachandran

plots for these motifs indicate that PP is located pri-

marily in the Phi, Psi region correpsonding to PPII

[Fig. 5(F)] whereas the PS motif of aS populates the

PPII conformation only approximately 1/3 of the time

[Fig. 5(D)] and the PH motif in P123H-bS does not

populate the PPII conformation at all [Fig. 5(E)]. The

PH motif has a tendency to be located in the forbidden

region of the Ramachandran plot just outside the

region of the left handed alpha helix [Fig. 5(E)]. The

most varied secondary structure tendencies are

sampled by the PS motif of aS with beta sheet, PPII,

and the right handed alpha helix region as possibil-

ities (but not in the left handed alpha helix region)

[Fig. 5(D)]. The loss of the double proline motif clearly

alters the conformational propensity around this

region and explains why P123H-bS and aS may have

similar conformational propensities in the full length

protein C-terminal to the mutation site.

Discussion

A pathological mutant of bS found in DLB, P123H-bS,

shows that just a single mutation renders the nor-

mally nontoxic wild type bS into a toxic species, and

that it is able to induce aggregation, overcome the

inhibitory properties of bS and exarcerbate aS pathol-

ogy. NMR studies reported here compare the confor-

mational propensities of aS, bS, and P123H-bS and

indicate that the N-terminal and NAC regions of the

three proteins are very similar while the C-terminal

region of these proteins is more variable. bS exhibits

the most rigid and extended structure in the C-

terminus, while aS and P123H-bS are more similar to

one another at the C-terminus, in particular in the C-

terminal region from residues 95 to 119. The mutation

at P123H in bS induces a break in the extended PPII

secondary structure, suggesting the view that the dou-

ble proline motif in the bS sequence is important for the

extended conformation of the C-terminus. The mutation

at P123H results in a more flexible C-terminus from

residues 120-134 and allows a wider range of conforma-

tional ensembles to be sampled, thereby making

P123H-bS more aS-like. The fact that all three mono-

mer conformations are similar in the N-terminus and

NAC region but that P123H-bS and aS are similar in

the C-terminus suggests that this region is critical for

the nontoxic to toxic conversion of bS to P123H-bS. The

more flexible C-terminus may promote self-aggregation,

and the conformational heterogeneity arising from the

flexible C-terminus may increase the likelihood of sam-

pling an aggregation prone conformation, or sampling

aggregation prone inter-chain interactions.

We have shown here with studies of P123H-bS

that the C-terminal conformation is important for

aggregation, but the existence of the bS mutation,

V70M, implicated in sporadic cases of DLB disease

suggests that the central region of bS may also play

an important role in aggregation inhibition. Previous

studies on the central NAC region have suggested

that the 11 residue deletion may be the cause of aggre-

gation inhibition however insertion of the deletion

fragment back into bS does not allow full recovery of

aggregation properties.7,8 Other studies in which

Figure 4. Three way comparison of aS (blue), bS (red) and

P123H-bS (orange). (A) ESI-MS in 10mM ammonium acetate

buffer, pH 6. Extended and compact conformations are indi-

cated by fitting two Gaussians. aS: compact, 49%, extended

51%; bS: compact 46%, 54%; P123H-bS: compact, 51%,

extended 49% (B) RDC profiles of aS (blue), bS (red) and

P123H-bS (orange) in 10mM MES, pH 6, 100 mM NaCl,

250lM protein, measured in C8E5-octanol bicelle aligning

media. The star and dashed line indicate the position of the

mutation. (C) SSP measured in 10mM MES, pH 6, 100 mM

NaCl, 350lM proteins for aS (blue), bS (red) and P123H-bS

(orange).
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existing residues in the NAC region are swapped

between aS and bS increase the aggregation behavior

of bS indicating that the NAC region modulates

aggregation or fibrillization.9 The facts outlined here

show that the molecular determinants for the aggre-

gation of synucleins are highly complex.

The role of the C-terminus has been extensively

discussed in the aS literature and can be viewed as

playing a significant role in directing aggregation

versus inhibition. It has been shown that the collapse of

the C-terminus due to pH changes,34–36 the addition of

polycations and metals,37–39 the substitutions of pro-

lines to alanines,40 and C-terminal truncations increase

the aggregation propensities of aS.41,42 Mutations of

the tyrosines in the C-terminus,43,44 and addition of

small molecules that interact with the C-terminus such

as dopamine45 and ECGC46 result in aggregation inhi-

bition. bS, whose C-terminus is extended, is self-

inhibitory, and P123H-bS, whose C-terminus is more

flexible is less inhibitory. This aS literature taken

together with our data suggests that a PPII extended

C-terminus, as seen in bS, or a C-terminus that is

unavailable due to interactions with small molecules, is

important for inhibition and that disruption of the

extended conformation makes the protein more prone

to aggregation.

Our results show that the changes in the confor-

mation of the C-terminus of bS can alter, not only

self-aggregation properties, but also its ability to

delay or inhibit aS aggregation during coincubation.

Just as P123H-bS is toxic in vivo, it also loses the

ability to delay aggregation in vivo and fibril forma-

tion in vitro upon coincubation with aS. The striking

difference in fibril formation of aS with bS, versus

fibril formation of aS with P123H-bS suggests that

altering the extended conformational propensities of

the monomer at the C-terminus will affect inter-

chain interactions at the dimer level and beyond. We

show the delicate balance in the transition from pro-

tective to pathogenic forms of bS, suggesting that

the conformation of the protein at the C-terminus

may be linked to toxicity and inhibition events.

Methods

Mutagenesis, expression, and purification

P123H-bS was prepared by site-directed mutagene-

sis using AccuPrime pfx from Invitrogen. N-terminal

acetylation of all proteins was performed by

Figure 5. Comparison of possible conformational propensities of C-terminal motifs of aS (PS), P123H-bS (PH) and bS (PP) as

described by Ramachandran plots. PDB database search was performed using the Psi-Blast algorithm to obtain fragments

which contain motifs PS (aS), PH (P123H-bS) and PP (bS), but also shared similarity to the C-terminal sequences. (A-C) RMSD

calculation and structure overlays of the hits were performed for: (A) aS (PS), (B) P123H-bS (PH) and (C) bS (PP). (D-E) Phi, Psi

population distribution of the different hits for the respective motifs displayed as Ramachandran plots. General shows all of the

allowed areas for proteins in blue and dots represent the positions of the Phi, Psi angles for the hits. Position of the Ramachan-

dran plot shows ability of motifs to exist in certain secondary structures. Position of the secondary structures on the

Ramachandran plot (Phi, Psi): helix: (263, 243), beta-sheet (2135, 135), PPII (275, 150), L-alpha helix (57, 47). (D) aS (PS),

(E) P123H-bS (PH) and (F) bS (PP.)
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coexpression with the NatB plasmid as described

previously. Protein purification was performed

according to previous protocols.47

NMR experiments. All NMR experiments with

the exclusion of the RDC experiments were acquired

on a Varian 600 MHz spectrometer at 158C in pH 6

and 10 mM MES buffer with 100 mM salt. RDC

experiments were acquired on a Bruker 700 MHz

spectrometer.

NMR assignments. Assignments of P123H-bS were

performed using the protocol described elsewhere.47

NMR assignments of aS48 and bS have been performed

previously (manuscript submitted). Experiments were

performed on 350 mM 15N and 13C labeled sample with

10%D2O in 10 mM MES buffer pH 6 with 100 mM

NaCl. Secondary structure propensities for P123H-bS

were obtained from the SSP program and d2D30 and

SSP for aS and bS were obtained previously.29

RDC experiments. C8E5-octanol bicelle aligning

medium in 100 mM NaCl, 10 mM MES buffer pH 6.49

Reagents: C8E5 and 1-octanol were purchased from

Sigma. The quadrupolar deuterium splitting constants

were measured prior to the experiment. The sample

was prepared by dissolving lyophilized protein in buffer

and passing through 100 kD and 3kD filters. Concen-

tration of the protein was adjusted to 250 mM. Aligning

media was added to a final volume of 5%. High resolu-

tion HSQC_IPAP spectra in the absence or in the pres-

ence of an alignment medium were collected.

Kinetics of fibril formation. Kinetics of fibril for-

mation of aS, bS and P123H-bS were obtained along

with kinetics of fibril formation of coincubation of aS

with bS, aS with P123H-bS and doubling of aS

using ThT fluorescence experiments. 5210 mg of

lyophilized acetylated aS, bS, and P123H-bS was

dissolved in PBS, centrifuged for 10 min in

14,000 rpm to remove big oligomers, and purified

using size exclusion chromatography (Superdex 75

GL 10/300, from GE Healthcare Life Sciences). Pro-

tein was concentrated using 3kDa centrifugal units

(Millipore Inc). Final protein concentration was 70

lM with 20 mM ThT for fluorescence measurements.

Measurements were recorded at 378C with linear

shaking at 600 rpm. ThT fluorescence was recorded

at 30-min intervals using a POLARstar Omega

reader from BMG, as described previously.50 Each

condition was repeated 4 times and data is aver-

aged. The experimental set up was used as previ-

ously described in the presence of PTFE beads

(Taylor Scientific).47

Electrospray ionization mass spectroscopy (ESI-

MS). ESI-MS experiments were performed as

described previously.51 Samples were prepared in

10 mM Ammonium Acetate, pH 6 in final concentra-

tion 50 mM, by using 100 kDa and 3 kDa filters.

Negative straining transmission electron

microscopy (TEM). Samples were incubated for

14 h and after this time aliquots were taken for

imaging. Fibrils were visualized using a JEM-

100CXII manufactured by JEOL. Negative staining

TEM was performed using the single droplet proce-

dure52 at ambient temperature. Micrographs were

recorded at a magnification of 100,000. All of the

chemicals were purchased from Sigma.

Size exclusion chromatography. Samples of bS

and P123H-bS were prepared by dissolving 12 mg/

mL of protein in PBS buffer, spinning down for 1 h

at 14,000 rpm and incubating with orbital shaking

for 5 h at 378C degrees. After that time samples

were spun down for 10 min and injected into a

Superpose 6 (GE Healthcare) column with a flow of

0.5 mL/min.

PSI-BLAST analysis. PSI-BLAST53 analysis was

performed to obtain the typical conformations of PP,

PS and PH motifs in the PDB. The search was per-

formed across a 10 residue window that contained the

PP motif of bS and its flanking sequences, the PS

motif of aS and the PH motif of P123H-bS. Alignment

to the average structure, and RMSD was calculated

for all structures from the set using VMD visualiza-

tion program.54 Phi and psi values for all the residues

were calculated using AMBER cpptraj analysis tool55

and represented in Ramachandran plots.56
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