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Abstract Aggregation of protein into insoluble intracel-

lular complexes and inclusion bodies underlies the patho-

genesis of human neurodegenerative diseases. Importance

of cytochrome c (cyt c) arises from its involvement in

apoptosis, sequence homology and for studying molecular

evolution. A systemic investigation of polyethylene glycol

(PEG) and trifluoroethanol (TFE) on the conformational

stability of cyt c as a model hemeprotein was made using

multi-methodological approach. Cyt c exists as molten

globule (MG) at 60 % PEG-400 and 40 % TFE as con-

firmed by far-UV CD, attenuated total reflection Fourier

transform infrared spectroscopy, Trp environment, 8-ani-

lino-1-naphthalene-sulfonic acid (ANS) binding and blue

shift in the soret band. Q-band splitting in MG states

specifies conformational changes in the hydrophobic heme-

binding pocket. Aggregates were detected at 90 % PEG-

400 and 50 % TFE as confirmed by increase thioflavin T

and ANS fluorescence and shift in Congo red absorbance.

Detection of prefibrils and protofibrils at 90 % PEG-400

and 50 % TFE was possible after 72-h incubation. Single

cell gel electrophoresis of prefibrils and protofibrils showed

DNA damage confirming their toxicity and potential health

hazards. Scanning electron microscopy and XRD analysis

confirmed prefibrillar oligomers and protofibrils of cyt c.

Keywords Cytotoxicity � Partially folded intermediate �
Partially unfolded intermediate � Polyethylene glycol �
Trifluoroethanol

Introduction

Protein misfolding and aggregation is a topic of great

interest due to its significance in biotechnology and the

occurrence of protein deposits in a variety of diseases.

These diseases include the amyloidosis, the most promi-

nent neurodegenerative diseases like Alzheimer’s and

Parkinson’s disease and the prion diseases. Protein deposits

linked with diseases are characterized by high cross b-sheet

content and are referred to as amyloid or amyloid-like if

they show fibrillar morphology. During the final stages of

systemic amyloidosis, amyloid plaques lead to dysfunction

and organ rupture. Whether the mechanism of protein

aggregation and deposition is an epiphenomenon or a cause

of neurodegenerative diseases is a matter of debate, apart

from the prion diseases where overwhelming experimental

evidence suggests that protein deposits or their precursors

are the infectious agents responsible for transmission of

disease (Kraus et al. 2013; Naeem and Fazili 2011; Wood

et al. 2003). Protein aggregation arises as a result of mis-

folding in response to mutations, posttranslational modifi-

cation or changes in local conditions such as pH and

temperature. Aggregates are produced when folded or

unfolded intermediates interact mainly through contact of

their hydrophobic surfaces, turning into large, stable

complexes (Amani and Naeem 2013a; Turnell and Finch

1992).

Destabilization caused by addition of organic solvent is

one of the most employed strategies used for structural

alteration resulting in protein aggregation. Polyethylene

glycol (PEG) is a drug used as an excipient in pharma-

ceutical products, as an osmotic laxative for bowel prepa-

ration and in cosmetics. It causes slow release of proteins

when attached to protein medications and is also used to

treat chronic or intermittent constipation. The diacid
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metabolites of low-molecular-weight PEGs are excellent

calcium chelators and can account for the hypercalcemia.

PEG metabolites also cause renal destruction (Herold et al.

1982). 2,2,2-Trifluoroethanol (TFE) and its derivatives are

commonly used as inhalation anesthetics. It is also used

industrially as a solvent for nylon, as a dye and as an

ingredient in anti-ulcer agents, anti-arrhythmic drugs etc.

Toxicity of TFE has been confirmed on blood, male

reproductive system, brain, upper respiratory tract and eyes

(Zerovnik et al. 2007). It shifts the equilibrium from native

toward denatured state and thus favoring aggregation and

subsequent fibril formation. TFE also impersonate the role

of membranes in inducing structural alterations and

aggregation of protein, which make this type of study

commendable for analyzing protein conformation.

Cytochrome c (cyt c) is a highly conserved (*12 kDa)

protein consisting of 104 amino acid hemeprotein whose

principal biological function is electron transport and apop-

tosis. It consists of a single heme group, which is covalently

attached to Cys14 and Cys17. Because of its ubiquitous nat-

ure and sequence homology, cyt c has been used as a model

protein for molecular evolution (Margoliash 1963). It is

known to be involved in a number of diseases including

Alzheimer’s and Parkinson’s where its over-expression cause

apoptosis of vital cells and hence disease (Fiskum et al. 2003).

TFE is a very well-known agent which induces b-sheet to a-

helix transition in various proteins. It also stabilizes partially

folded states of proteins and can be used as promoter of

amyloid formation (e.g., in different proteins including a-

chymotrypsin). Thus, in the present study, PEG-400 and TFE

are chosen for inducing conformational changes in cyt c. In

the present work, we explore aspects of the formation of

aggregates, prefibrils and protofibrils of cyt c by a combina-

tion of CD, FTIR and EM to gain insight into the events

underlying the structural transformation of a highly helical

protein to largely b-sheet amyloid fibrils. This study will also

provide information that might help to understand the

molecular basis of amyloid diseases and a better under-

standing of the aggregation properties which is an essential

step for developing diagnostic tests and therapeutic strategies.

Materials and methods

Cyt c, TFE, PEG-400, 8-anilino-1-naphthalene-sulfonic

acid (ANS), thioflavin T (ThT) and Congo red (CR) were

procured from Sigma (St. Louis, MO, USA); Sodium

phosphate monobasic and dibasic was also purchased from

Sigma (St. Louis, MO, USA) for making sodium phosphate

buffer of pH 7.

Stock solution of cyt c (5 mg/ml) was prepared in

20 mM sodium phosphate buffer, pH 7, and it was then

dialyzed in the same buffer. The concentration of native

protein in 20 mM sodium phosphate buffer, pH 7, was

determined from extinction coefficient of 10.6 9 104 M/

cm by UV absorption at 410 nm on a Shimadzu UV-1700

spectrometer.

Effect of PEG-400 and TFE on cyt c

Aliquots of cyt c were prepared with varying concentration of

PEG from 0 to 90 % v/v and for TFE from 0 to 50 % v/v

(Unless otherwise indicated all the concentration are present in

percentage v/v). Aliquots were incubated for 4 h at 27 �C prior

to performing spectroscopic measurements. Three replicates

for each set were analyzed for the results. Spectral subtraction

has been performed with the help of software available in

Shimadzu RF-5301 spectrofluorophotometer. This software

records the reading of blank aliquot of solvents in the absences

of protein. Later signals of aliquot having solvent and protein

were recorded. Then, both these signals were subtracted, and

final subtracted spectra are presented by the software.

Trp fluorescence measurements

The fluorescence spectra were recorded on a Shimadzu RF-

5301 spectrofluorophotometer (Tokyo, Japan) in a 1-cm

path length quartz cell. The excitation wavelength was

295 nm, and the emission was recorded in the range of

300–400 nm (Stryer 1968). Final concentration of protein

in each aliquot was 16.66 lM.

Acrylamide-quenching study

In the acrylamide-quenching experiments, to achieve the

desired acrylamide concentration, aliquots of 5 M acryl-

amide stock solution were added to a protein stock solution

(15 lM). Excitation wavelength was set at 295 nm to

excite Trp fluorescence only, and the emission spectrum

was recorded in the range 300–400 nm. Decrease in fluo-

rescence intensity at kmax was analyzed according to the

Stern–Volmer equation (Eftink and Ghiron 1982):

F0

F
¼ 1þ Ksv½Q�

where F0 and F are the fluorescence intensities at an

appropriate wavelength in the absence and presence of a

quencher (acrylamide), respectively; Ksv is the Stern–

Volmer constant for the collisional quenching process, and

[Q] is the concentration of the quencher.

ANS fluorescence measurements

ANS binding was measured by fluorescence emission

spectra with excitation at 380 nm, and emission was

recorded from 400 to 600 nm. ANS concentration was 100
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molar excess of protein concentration, and protein was

16.66 lM (Stryer 1965).

Soret absorbance spectroscopy

The soret absorption of the heme group was monitored by a

Shimadzu UV-1700 spectrophotometer, using a 10-mm

path length cell. The final concentration of protein in ali-

quots was 16.66 lM, and the recording range was

350–710 nm.

Circular dichroism (CD) measurements

Circular dichroism (CD) was measured with a JASCO J-

815 spectropolarimeter calibrated with ammonium D-10-

camphorsulfonate. Cells of path lengths 0.1 and 1 cm were

used for scanning between 250–200 and 300–250 nm,

respectively. Each spectrum was the average of 4 scans for

good signal-to-noise ratio. Protein concentration for the

scans was 16.66 lM for far-UV and 83.3 lM for near-UV

spectra. The results were expressed as mean residue

ellipticity (MRE) in deg cm2/dmol which is defined as:

MRE ¼ hobsðm�Þ
10XnXCpXl

where hobs is the CD in millidegree, ‘n’ the number of

residues, Cp the molar fraction, that is, concentration/molar

mass, and ‘l’ the length of light path in centimeters (Naeem

and Khan 2004).

Attenuated total reflection Fourier transform infrared

spectroscopy (ATR-FTIR)

FTIR spectra were recorded with an Interspec 2020 FTIR

spectrometer in deuterated buffer of pH 7. The samples for

FTIR studies were prepared by dissolving intermediate and

aggregated states of cyt c in deuterated buffer. Solutions

are placed between two CaF2 windows with a spacer. Since

the D2O bend vibration absorbs strongly below

1,500 cm-1, the path length must be kept to a minimum;

therefore, sample concentrations must be relatively high.

Protein concentration was 140 lM. The scanning wave

number was from 1,000 to 4,000 cm-1 (Naeem et al.

2011).

Thioflavin T assay

Fluorescence spectra were recorded with a Shimadzu RF-

5301 spectrofluorophotometer in a 10-mm path length

quartz cell. The excitation wavelength was 440 nm, and the

emission was recorded from 450 to 600 nm (Amani and

Naeem 2011). For aggregation studies, ThT was added to

the aliquots incubated for 4 h, and then, readings were

recorded after 24 h. Final concentration of protein in the

aliquot was 16.66 lM while ThT was 83.5 lM. ThT was

prepared in 20 mM sodium phosphate buffer, pH 7.

Congo red

Absorption spectra were recorded in the range between 400

and 700 nm on Shimadzu UV-1700 spectrophotometer.

Aliquots were prepared with protein concentration of

1 mg/ml. Sixty microliters of each aliquot is added to

440 ll of a solution containing 20 lM CR in 20 mM

phosphate buffer and thus maintaining a ratio of 1:4 (Eisert

et al. 2006). After 2–3 min of equilibration, absorbance

was recorded.

Aggregation kinetics

Time-course changes accompanying cyt c misfolding and

aggregation were performed by sampling aliquots of a cyt c

aggregation reaction at different time points. The fluores-

cent dyes ANS and ThT were employed in kinetic assays to

characterize the oligomeric and protofibrillar states of cyt c

using steady-state fluorescence techniques. The aggrega-

tion reaction of native cyt c (16.66 lM) was initiated by

adding 90 % PEG-400 and 50 % TFE to 20 ml solution of

protein in 20 mM phosphate buffer, pH 7. Aliquots of 1 ml

were taken out after different time intervals (0, 4, 6, 8, 12,

24, 48 and 72 h) and ANS and ThT assays were performed.

The spectra were corrected by the fluorescence of each

probe in the absence of protein and normalized to the

recorded maximum intensity of each probe during the

misfolding and aggregation reaction.

Single cell gel electrophoresis (SCGE)

of the aggregated cyt c

Isolated lymphocytes were exposed to 50 lgm of cyt c

aggregates (formed after 72 h) in a total reaction volume of

1.0 ml of 20 mM phosphate buffer pH 7. Incubation was

performed at 37 �C for 1 h. After incubation, reaction

mixture was centrifuged at 716.8 g, supernatant was dis-

carded, and pelleted lymphocytes were resuspended in

100 ll of PBS and processed further for SCGE. SCGE of

aggregated protein was performed under alkaline condi-

tions by the procedure of Khan et al. (2011).

Scanning electron microscopy (SEM analysis)

Aggregates were prepared by taking 10 mg/ml of cyt c in

90 % PEG-400 and 50 % TFE separately and incubating it

for 72 h. SEM analysis of the surface and cross-section of
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air-dried aliquots of cyt c aggregate was performed with

JSM-6510 LV scanning electron microscope (JEOL,

Japan). The aliquots were mounted on carbon-tape-coated

stainless steel grids operating on an accelerating voltage of

7 kV for PEG-400 and 5 kV for TFE incubated cyt c. Gold

plating of the aliquots was done for a clearer image.

X-ray diffraction study

Aggregated cyt c was prepared by taking 2 mg/ml cyt in

90 % PEG-400 and 50 % TFE separately and incubating it

for 72 h. After incubation, the protein was air-dried in

refrigerator at 4 �C for 24 h to remove solvents, and after

that, the samples were poured out on Whatman filter paper

so that the remaining moisture gets absorbed there. The

studies were carried out using a Rigaku X-ray powder

diffractometer with Cu anode (Cu-Ka radiation

k = 1.54186 Å) in the range of 20� B 2h B 80� at 30 kV.

Position of the peaks, intensities, widths and shapes all

provide important information about the structure of the

material.

Results and discussion

Trp fluorescence

Horse cyt c has a single Trp residue at position 59; hence,

the most sensitive method of monitoring the gross con-

formational changes in this protein is to study the Trp

fluorescence (Stryer 1968; Amani and Naeem 2013a, b).

The fluorescence of PEG-400 and TFE alone was moni-

tored, and here, we report the subtracted fluorescence

spectra. Figure 1 summarizes the fluorescence emission

spectra of PEG-400 and TFE-induced conformational

changes in native cyt c at pH 7. Native cyt c shows

quenched fluorescence maximum at 340 nm (curve 1)

owing to the close proximity of Trp-59 to heme group. On

incubating with 60 % (curve 2) and 90 % (curve 3) PEG-

400, cyt c shows a hypsochromic/blue shift of 19 and

15 nm, respectively, accompanied with an enormous

increase in fluorescence. On the other hand, cyt c at 40 %

TFE (curve 4) showed a blue shift of 10 nm with enhanced

fluorescence. This boost may be due to exposure of the Trp

residue in the nonpolar environment, suggesting existence

of an intermediate state with altered Trp environment.

After this, a negligible increase in fluorescence was

observed at 50 % TFE (curve 5), indicating saturation in

fluorescence. This was accompanied with a red shift of

5 nm relative to intermediate state giving the idea of

exposure of Trp residues toward polar environment. Rela-

tive Trp fluorescence of cyt c in the presence of PEG-400

up to 20 % concentration showed higher intensity as

compared to TFE. In the presence of TFE, cyt c shows a

sigmoidal curve; conversely, in the presence of PEG-400, a

bipartite response was observed in fluorescence intensity.

Beyond this, a remarkably enhanced Trp fluorescence was

observed in the presence of TFE than PEG-400 (Fig. 1,

inset). This may be due to ability of TFE to cause extensive

protein unfolding relative to PEG-400 at higher concen-

tration. TFE has fluorine group (F-) which is more elec-

tronegative in comparison with OH group present in PEG-

400. At lower concentration, the number of OH groups of

PEG-400 is more in comparison with F- of TFE resulting

in earlier unfolding. But at higher concentration of TFE, F-

groups impart larger electronegative effect than OH group

of PEG-400 masking the number of OH groups, hence

resulting in extensive protein unfolding.

Acrylamide quenching

Fluorescence of indole chromophore is highly sensitive to

environment, making Trp an ideal choice for reporting pro-

tein conformational changes. To rule out the possibility of

fluorescence quenching due to Trp residues of cyt c, later

were subjected to quenching by uncharged molecules of

acrylamide (Caramelo et al. 2003). Figure 2 shows Stern–

Volmer plots of free and unbound model compound NATA

Fig. 1 Trp fluorescence. Emission spectra of cyt c in 20 mM sodium

phosphate buffer, pH 7.0 (curve 1); in the presence of 60 % (curve 2)

and 90 % (curve 3) PEG-400; in the presence of 40 % (curve 4) and

50 % TFE (curve 5). Inset Relative Trp fluorescence intensity of cyt c

as a function of varying concentration of PEG-400 (filled diamond)

and TFE (filled circle). The fluorescence intensity measurement was

carried out at an excitation wavelength of 295 nm. Protein concen-

tration was 16.66 lM, and the path length was 1 cm. Error bars

indicate the mean ± standard deviation (n = 3)
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and Trp-59 of cyt c in the presence of 90 % PEG-400 and

50 % TFE. The quenching data analyzed from Stern–Vol-

mer plot are shown in Table 1. Quenching experiment on

native cyt c showed diminished fluorescence because the

close proximity of Trp-59 to heme group results in efficient

fluorescence quenching via FRET mechanism. Owing to

very weak signals, native cyt c has not been reported.

Acrylamide quenching of Trp analog NATA alone shows

maximum Stern–Volmer constant (Ksv) value indicating

maximum quenching. Acrylamide quenching of cyt c (after

4-h incubation) in the presence of 90 % PEG-400 and at

50 % TFE shows shift of kmax from 340 to 332 and 345 nm,

respectively. This shift gives an idea about different acces-

sibility of Trp residue to the quencher in the presence of

organic solvents. As acrylamide is water soluble quencher

and does not penetrate into the hydrophobic core of aggre-

gates, very less acrylamide quenching of cyt c in the presence

of PEG-400 and TFE suggests the possibility of aggregation

(Naeem and Amani 2013). Ksv for acrylamide quenching was

found to decrease with aggregation of protein. Larger

decrease was observed in TFE-induced aggregates formed

after 72-h incubation in comparison with PEG-400, sug-

gesting more potency of TFE to induce aggregation. This

decrease may be due to decreased accessibility of Trp to

solvent owing to aggregation.

ANS fluorescence

Hydrophobic interaction of ANS with protein is one of the

extensively used methods for characterizing partially fol-

ded state. The fluorescence of PEG-400 and TFE alone was

also monitored, and here, we report the subtracted fluo-

rescence spectra. Figure 3 shows ANS fluorescence emis-

sion spectra of cyt c at pH 7 in the presence of varying

concentration of PEG-400 and TFE. Native cyt c showed

negligible ANS binding (curve 1). The maximum ANS

emission intensity (*6 times) with a blue shift of 10 nm

was observed at 60 % PEG-400 (curve 2). With further

increase in concentration of PEG-400 at 90 %, there is a

slight decrease in fluorescence intensity of cyt c with a

20-nm blue shift relative to native (curve 3). On the other

hand, incubating cyt c with TFE, maximum fluorescence

was observed in cyt c at 40 % TFE (*3 times of native)

along with a blue shift of 13 nm (curve 4) after that des-

cend takes place till 50 % TFE addition (curve 5). In view

of the fact that ANS bind to hydrophobic patches on pro-

tein, binding of ANS to hydrophobic regions of cyt c has

been used to study the folding intermediates formed during

unfolding of this hemeprotein. It can be concluded that at

60 % PEG-400 and 40 % TFE, maximum hydrophobic

patches are exposed at cyt c surface resulting in high

fluorescence. Similarly, at 90 % PEG-400 and 50 % TFE,

the hydrophobic patches of this hemeprotein get buried

between the protein molecules causing less ANS fluores-

cence and thus confirming the formation of aggregates.

This state at 90 % PEG-400 and 50 % TFE can be regarded

as aggregated state. Comparative to this, TFE shows higher

ANS fluorescence than PEG-400 up to 35 % and beyond

this, ANS fluorescence diminished until TFE concentration

reached 50 % (Fig. 3, inset). However, PEG-400 shows

maximum ANS fluorescence at 60 % followed by decline

at 70 % with further increase in increase till 90 % addition.

Both the solvents showed sigmoidal curve, indicating that

lower concentration of TFE causes faster aggregate for-

mation while PEG-400 at higher concentration results in

complete aggregation of heme protein.

Fig. 2 Stern–Volmer plots for acrylamide quenching of Trp fluores-

cence of cyt c. Cyt c at 90 % PEG-400 (open diamond) and 50 % TFE

(open circle) and NATA alone (filled triangle) after 4-h incubation;

cyt c at 90 % PEG-400 (filled diamond) and 50 % TFE (filled circle)

after 72-h incubation. Values shown are the ratios of fluorescence in

the absence of acrylamide (F0) to the fluorescence at that concen-

tration of quencher (F)

Table 1 Acrylamide-quenching parameters of cyt c in different

states

Subjects Ksv (M-1) Incubation time (h)

Cyt c at 90 % PEG-400 13.08 4

Cyt c at 50 % TFE 11.65 4

NATA 24.52 4

Cyt c at 90 % PEG-400 3.369 72

Cyt c at 50 % TFE 2.792 72

The excitation wavelength was 295 nm
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Soret absorbance studies

Soret spectra in cyt c are derived from the interaction

between the electronic transitions in the heme and the

protein motions in the heme pocket and are sensitive to the

environment. Contribution of PEG-400 and TFE alone to

the absorption spectra was taken into account, and we

report here the subtracted absorption spectra. Heme Fe of

native cyt c is axially ligated by two strong field ligands,

His18 and Met80, to yield a six coordinated low-spin form.

Soret absorption at 410 nm (Fig. 4a) in native cyt c indi-

cates a strong-field low-spin state of the heme iron (curve

1). In the Q-band region (Fig. 4b), a weaker band was

observed at 528 nm (curve 1) similar to the results obtained

by Wiederkehr et al. (2009). These bands are credited to

the transition of the p electrons in the porphyrin. A weak

charge transfer band due to electronic transitions at 695 nm

is assigned to the S (of Met-80) ? Fe ligation (Wilson and

Greenwood 1996). In the presence of 60 % PEG-400

(curve 2), the soret band shows a blue shift of 8 nm cor-

responding to native protein. Blue shift in the soret band

indicates that the gap between p and p* increases in the

porphyrin molecule and ultimately resulting in its stabil-

ization (Khare et al. 2006). Also, Q-band splits up into two

bands at 520 and 545 nm similar to those observed in

reduced cyt c (Mendes et al. 1996). This shift in the Q-band

specifies a conformational change mainly in the hydro-

phobic heme-binding pocket of cyt c. This change is

accompanied with disappearance of the peak at 695 nm.

These results indicate that the interaction of cyt c at 60 %

PEG-400 disrupts Met80-Fe ligation, but still, cyt c is in

low-spin state. Perhaps, His33 or His26 instead of Met80

coordinates to heme iron (Khare et al. 2006). In the pre-

sence of 90 % PEG-400 (curve 3), soret as well as Q-band

shows a blue shift towards 395 and 498 nm, respectively,

and a new band emerges at 620 nm, indicating high-spin

state of the heme protein. Similarly, in the presence of

40 % TFE (curve 4), 5-nm blue shift in soret band and

splitting of Q-band at 522 and 544 nm was observed. At

50 % TFE (curve 5), the conformational changes in the

polypeptide are indicated by a blue shift toward 397 and

500 nm, respectively in both the soret and Q-band with the

appearance of a new band at 630 nm corresponding to

high-spin state of the heme protein (Gong et al. 2003).

Circular dichroism (CD) spectroscopy

Circular dichroism spectroscopy provides information on

protein secondary and tertiary structure. The absorption of

PEG-400 and TFE alone were taken into account, and here,

we report the subtracted spectra. Far-UV CD spectra

(Fig. 5a) of native cyt c (curve 1) display minima at 208

and 222 nm, consistent with its known structure in which

the 222 nm dichroic band is predominantly associated with

a-helical n–p* amide transitions, and the negative mini-

mum around 208 nm is the dichroic band corresponding to

the p–p* amide transition (Myer 1968). Cyt c at 60 %

PEG-400 (curve 2) shows decrease in negative minima

corresponding to structural feature of a-helix, signifying its

resemblance with native. On further addition of PEG-400,

cyt c showed regains negative MRE at 90 % (curve 3),

indicating that after an initial drop at 60 %, PEG at higher

concentration induces a-helical conformation in cyt c

(Arunkumar et al. 1997a). On the other hand, addition of

40 % TFE to native cyt c (curve 4) shows less intense

negative minima at 208 and 222 nm suggestive of a-helical

structure similar to native. At 50 % TFE (curve 5), cyt c

shows minima peaks of a-helical structure, with, the

prominent peak at 222 nm and loss of MRE at 208 nm,

indicating that this state has more chances to form b-sheet

structure on further incubation for longer time period

(Arunkumar et al. 1997b). Further, on performing kinetic

studies on both of these states, no prominent changes were

observed at 24 and 48 h. After 72-h incubation, 90 % PEG-

400 induces structural transition from a-helix to b-sheet in

cyt c as revealed by a prominent peak at 220 nm (curve 6).

Appearance of a new peak at 219 nm in cyt c at 50 % TFE

Fig. 3 ANS fluorescence spectra. Emission spectra of native cyt c

(curve 1); cyt c in the presence of 60 % (curve 2) and 90 % (curve 3)

PEG-400; in the presence of 40 % (curve 4) and 50 % TFE (curve 5).

Inset Relative ANS fluorescence intensity of cyt c as a function of

varying concentration of PEG-400 (filled diamond) and TFE (filled

circle). The protein concentration was 16.66 lM, and the path length

was 1 cm. ANS fluorescence was monitored at an excitation

wavelength of 380 nm. Error bars indicate the mean ± SD (n = 3)
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was observed at the expense of the peak at 208 nm, sig-

nifying the presence of b-sheet conformation (curve 7).

Reduction in a-helical structure of cyt c caused the par-

tially unfolding of protein, followed by formation of a state

with higher b-sheet than a-helical structure contents. b-

sheet content was greater in 50 % TFE as compared to

90 % PEG-400.

Near-UV (250-300 nm) CD is a probe for protein ter-

tiary structure changes that affect the environment of aro-

matic side chains. Horse cyt c contains four phenylalanine

residues, four Tyr residues, one Trp and two thio-ether

bonds, all of which can potentially contribute to the near-

UV CD spectrum. Unfortunately, the interpretation of this

region of the CD spectrum is further complicated by the

optically active heme transitions that occur between 240

and 300 nm (Urry 1967). Figure 5b shows the near-UV CD

spectra of cyt c with varying concentration of PEG-400 and

TFE. A broad positive CD band at 250–270 nm and two

negative bands between 280 and 290 nm were observed in

native cyt c (curve 1). The positive band has been attrib-

uted to the transitions in heme (Blauer et al. 1993), whereas

negative bands are assigned to the Trp-59 side chain which

has been confirmed by their disappearance in a mutant,

where Trp-59 is replaced by Phe (Davies et al. 1993). In the

presence of 60 % PEG-400 (curve 2), both these negative

bands decrease in intensities and the positive band become

Fig. 4 a Soret absorption, b Q-

band spectra. Cyt c in the

presence of increasing

concentration of PEG-400 and

TFE in sodium phosphate

buffer, pH 7.0. Native cyt c

(curve 1), in the presence of

60 % (curve 2) and 90 % (curve

3) PEG-400; in the presence of

40 % (curve 4) and 50 % TFE

(curve 5). Cyt c concentration

and wavelength range were

16.66 lM and 350–710 nm,

respectively. Path length was

1 cm

Fig. 5 a Far-UV CD spectra. Cyt c in the presence of PEG-400 and

TFE in 20 mM sodium phosphate buffer, pH 7.0. Curve 1 represents

native cyt c, cyt c in the presence of 60 % (curve 2) and 90 % (curve

3) PEG-400; cyt c in the presence of 40 % (curve 4) and 50 % TFE

(curve 5); cyt c at 90 % PEG-400 (curve 6) and 50 % TFE (curve 7)

after 72-h incubation. Cells of path lengths 0.1 cm were used for

scanning between 250 and 200 nm, and the protein concentration was

16.66 lM. b Near-UV CD spectra. Curve 1 shows native cyt c, cyt c

in the presence of 60 % (curve 2) and 90 % (curve 3) PEG-400; cyt c

in the presence of 40 % (curve 4) and 50 % TFE (curve 5); cyt c at

90 % PEG-400 (curve 6) and 50 % TFE (curve 7) after 72-h

incubation. Path length was 1 cm, scanning range was 300–250 nm,

and the protein concentration was 40 lM
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more narrow but less intense (*0.5 times) than native,

giving maximum intensity around 260 nm. It suggests that

state achieved at 60 % PEG-400 has traces of tertiary

structure with a native-like secondary structure. These data

give an idea that the rigid tertiary structure of cyt c near

Trp-59 is practically destroyed at PEG-400 concentration

of about 60 %. Some traces of tertiary structure may

remain in the neighborhood of the heme leading to its near-

UV CD spectrum. At 90 % PEG-400 (curve 3), negative

band practically disappears confirming complete structural

loss. In TFE-incubated cyt c, intermediate state has been

achieved at 40 % TFE (curve 4) showing low-intensity

positive band around 250 nm. Further, incubation at 50 %

TFE (curve 5) showed occurrence of a state having no

prominent intensity. Loss in tertiary structure is because

organic solvents disrupt the long-range tertiary contacts of

protein native structure and concurrently improve the

short-range electrostatic interactions like intermolecular

hydrogen bonding by lowering the dielectric constant of

the medium. Moreover, incubation of these aggregated

states for 72 h, both 90 % PEG-400 (curve 6) and 50 %

TFE (curve 7), showed complete loss of negative MRE

with a simultaneous increase in positive peak around

290 nm. This indicates that both of these two aggregated

state show induction of non-native tertiary structure after

72-h incubation, confirming the formation of aggregates at

these concentrations.

Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopy is one of the oldest and well-estab-

lished experimental techniques for the analysis of second-

ary structure of polypeptide and proteins. Figure 6 shows

the FTIR spectra of cyt c with varying concentration of

PEG-400 and TFE. Cyt c shows a major peak at

1,657 cm-1 under native condition (curve 1), confirming

its a-helix conformation (Dong et al. 1998). In the presence

of 60 % PEG-400(curve 2) and 40 % TFE (curve 4), this

peak shifts to 1,651 and 1,653 cm-1, respectively, also

ascribed to a-helical conformation. This confirms the

retention of a-helical conformation as that of native

structure. FTIR spectra of cyt c solution at 90 % PEG-400

(curve 3) show peak at 1,651 cm-1, indicating again, a-

helical conformation. This detection was quite different

from the widely believed view that b-sheet formation is the

general mechanism of aberrant protein aggregation, leading

to disease. A similar result has been previously reported in

Alzheimer’s disease aggregates of Tau protein by Sadqi

et al. (2002). On 72-h incubation, cyt c at 90 % PEG-400

(curve 6) shows the emergence of b-sheet-specific peak

(1,620 cm-1), signifying the occurrence of conformational

transition. Cyt c in the presence of 50 % TFE (curve 5)

shows its maxima peak at 1,653 cm-1 which shifts to

1,635 cm-1, on 72-h incubation (curve 7), suggesting a

preponderance of b-sheet structure associated by way of

intramolecular hydrogen bonding, hence confirming a-

helix to b-sheet transition. In conformity with CD results,

FTIR data showed higher b-sheet content in 50 % TFE-

induced aggregates of cyt c compared with 90 % PEG-400

on 72-h incubation. Nelson and Kallenbach (1986) sug-

gested that the weaker dielectric constant of TFE reduces

the hydrogen bonding between amide protons and sur-

rounding solvent molecules and promote the intramole-

cular hydrogen bonding in peptides and therefore stabilizes

the secondary structure of peptides. Cammers-Goodwin

et al. (1996) suggested that a-helices are most often formed

in the presence of TFE because they represent compact

conformations that maximize intermolecular hydrogen

bonding and minimize solvent exposure. But, with pro-

longed incubation, cross b-sheets are developed in the

molecule due to strong protein–protein interactions,

resulting in structural transition from a-helix to b-sheet.

Thus, it can be concluded that at 60 % PEG-400 and

40 % TFE, cyt c exists as molten globule (MG) state with

the retention of a compact secondary and traces of tertiary

structure, enhanced hydrophobic surface area, altered Trp

environment and low-spin state comparable to native.

To further confirm the existence of aggregated states,

studies related to fibrillar formation were performed.

Fig. 6 ATR-FTIR spectra. Spectra in the amide I region of native cyt

c (curve 1), in the presence of 60 % (curve 2) and 90 % (curve 3)

PEG-400; in the presence of 40 % (curve 4) and 50 % TFE (curve 5);

cyt c at 50 % TFE after 72-h incubation (curve 6). Protein

concentration was 16.66 lM
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Thioflavin T assay

ThT molecule consists of a pair of benzothiazole and benz-

aminic rings freely rotating around a shared C–C bond

(Dzwolak and Pecul 2005). ThT behaves as a rotor molecule;

it is believed that the increase in quantum yield upon binding

results from the inhibition of this free rotation of the rings.

The fluorescence of PEG-400 and TFE alone was taken into

account, and here, we report the subtracted fluorescence

spectra. Figure 7a inset shows the relative ThT fluorescence

of cyt c in the presence of varying concentration of PEG-400

and TFE. Maximum intensities were observed in the aliquots

having utmost quantity of the organic solvent, that is, 90 %

PEG-400 and 50 % TFE. This hike increase in ThT fluo-

rescence indicates the aggregate formation at these concen-

trations compared to native cyt c. However, 72-h incubation

results an abrupt spike in ThT fluorescence after binding with

specific b-sheet structure in 90 % PEG-400 and 50 % TFE,

confirming the conversion of a-helix to b-sheet structure. A

total of 50 % TFE shows higher fluorescence compared with

PEG-400, signifying higher b-sheet content in the former

case. Also PEG-400, after 4-h incubation at 50 %, shows

fluorescence around 12.5 times of the native cyt c (Fig. 7a),

and TFE shows maximum fluorescence at similar concen-

tration which is approximately five times of the native. This

indicates that PEG-400 has more capacity of inducing

aggregate formation in cyt c at 4-h incubation. But, after

72 h, TFE at 50 % shows more fluorescence compared with

PEG-400, indicating that with prolonged incubation time,

TFE shows enhancement in the capacity of aggregate

formation.

Congo red assay

Abnormal protein aggregate associated with various

pathologies is commonly detected in tissue with CR. It is

also used to monitor amyloid formation in vitro. After ThT,

aggregates of cyt c were further confirmed by CR dye as it

is more specific and sensitive for amyloid detection. The

absorption of PEG-400 and TFE alone was taken into

account, and here, we report the subtracted absorption

spectra. Native cyt c showed peak at 491 nm (Fig. 7b). In

the presence of 90 % PEG-400, a red shift of 19 nm; that

is, kmax at 510 nm and at 50 % TFE, red shift of 12 nm

accompanied with enhancement in the absorbance was

observed; that is, kmax at 503 nm. The interaction between

CR and protein is due to the electrostatic interaction

between the negatively charged group of CR and positively

charged amino acids of protein (Naeem and Amani 2013).

Misfolding and aggregation kinetics monitored by ANS

and ThT

Time-course changes accompanying cyt c aggregation

were studied to elucidate better fluorescence signals of the

probes depending on the conformational state of the pro-

tein. This analysis can potentially allow us to discriminate

between protein oligomers and larger aggregates. Before

Fig. 7 a ThT assay. ThT spectra of cyt c in the presence of 90 %

PEG-400 (filled diamond); 50 % TFE (filled circle) and native cyt c

(filled square). Inset Relative ThT fluorescence of cyt c as a function

of varying concentration of PEG-400 (filled diamond) and TFE (filled

circle) incubated for 4 h and PEG-400 (open diamond) and TFE

(open circle) incubated for 72 h. Protein concentration was 16.66 lM,

and scanning range was 450–600 nm. Error bars indicate the

mean ± SD (n = 3). b Congo red assay. CR absorption spectra of

native cyt c (curve 1) in 20 mM sodium phosphate buffer, pH 7; in the

presence of 90 % PEG-400 (curve 2) and 50 % TFE (curve 3). The

protein concentration was 4 lM. The absorption spectra were

recorded from 400 to 700 nm
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initiation of the aggregation reaction, cyt c shows almost

negligible ANS (Fig. 8) and ThT fluorescence (Fig. 8,

inset). The ANS fluorescence of cyt c, in the absence of

either PEG-400 or TFE, is minor and is completely silent

for ThT. After 4-h incubation, the fluorescence intensity

increases approaching maximum at 72 h, suggesting the

formation of prefibril and protofibril. ThT showed a very

prominent increase in fluorescence in cyt c on 72 h in the

presence of TFE and PEG-400, indicating the formation of

fibrillar-like structure. TFE induced higher fluorescence

compared with PEG-400 signifying the formation of pro-

tofibrils in former case compared to later.

SCGE assay

Nuclear DNA damage in lymphocytes by aggregated cyt c

in the presence of 90 % PEG-400 and 50 % TFE incubated

for 72 h has been shown in Fig. 9a, b, respectively. Neg-

ative control (without any treatment) and positive control

(3 ml of methyl methane sulfonate (25 mg/ml)) treatments

were also performed. Aggregated cyt c caused a significant

damage to lymphocytes in vitro, and thus shows its geno-

toxic potential. Aliquot having aggregated cyt c at 90 %

PEG-400 and at 50 % TFE incubated for 72 h added to

lymphocytes causes nuclear DNA breakage of about 9 and

13 lm tail lengths, respectively, as compared to 4 lm tail

length of negative and 20 lm tail length of positive

control. Figure 9c depicts the image of negative control

(without any treatment) of lymphocytes and bar graph of

tail lengths has been shown in Fig. 9d. Damage caused to

lymphocyte by aggregated cyt c may be attributed to the

fact that the DNA damage is caused by two major mech-

anisms, free radical reactions and direct binding to DNA.

This suggests that apart from oxidative stress to the

nucleus, amyloid might bind to the nucleus, thus enhancing

Fig. 8 Aggregation kinetics. Kinetics of cyt c aggregation by PEG-

400 (filled diamond) and TFE (filled circle) followed by ANS and

ThT (inset). Aliquots of the aggregation reaction were withdrawn and

assayed after different time intervals. The concentration of protein in

each aliquot was 16.66 lM. Error bars indicate the mean ± SD

(n = 3)

Fig. 9 Single cell gel electrophoresis. Images of lymphocyte nuclei

damage a in the presence of cyt c at 90 % PEG-400, b in the presence

of cyt c at 50 % TFE and c in the presence of negative control after

72-h incubation, d lymphocyte DNA breakage in negative control

(NC), treated by cyt c at 90 % PEG-400 (A1),cyt c at 50 % TFE (A2)

and treated by 3 ll of methyl methane sulfonate (25 lg/ml) as

positive control (PC) after 72 h. Protein concentration was 50 lg.

Error bars indicate the mean ± SD (n = 3). *Significance p \ 0.05

with respect to control bar ‘NC’

Fig. 10 SEM analysis. Image of cyt c at 90 % PEG-400 (a) and 50 %

TFE (b). Concentration of cyt c was 10 mg/ml
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their toxic affect (Jayakumar et al. 2004). As these aggre-

gates are found to be genotoxic to the lymphocytic cells

in vivo, this gives us an idea about the damage that they

can cause damage to the body cells.

SEM analysis

SEM is used for inspecting topographies of materials with

a magnification range that encompasses that of optical

microscopy and extends it to the nanoscale. Figure 10a and

b shows the SEM images of cyt c at 90 % PEG-400 and

50 % TFE incubated for 72 h separately. Cyt c at 50 %

TFE showed the branched morphology resulting in the

formation of protofibrils structure. Cyt c at 90 % PEG-400

showed bead-like structure, indicating existence of pre-

fibrillar oligomers.

XRD study

XRD of cyt c at 50 % TFE incubated for 72 h is shown in

Fig. 11 as a plot of scattering intensity as a function of

scattering angle 2h. Cyt c at 50 % TFE after 72 h of incu-

bation depicted a prominent peak with high intensity at 2h
of 36� and three small peaks at 42�, 63� and 77� (Fig. 11).

Cyt c in the presence of 90 % PEG-400 also exhibited a

strong peak around 36� and three small peaks at 2h of 43�,

64� and 77� with lower intensity than at 50 % TFE (data not

shown). However, cyt c in the presence of either 90 % PEG-

400 or 50 % TFE showed similar d-spacing value as 4.9 Å,

suggesting that in both the cases, fibril formation has star-

ted. On the basis of stronger intensity of fibrils in 50 % TFE,

they are termed as protofibrils and the other one as prefibrils

(Iram and Naeem 2013).

Conclusion

In the present study, MG states of cyt c in the presence of

60 % PEG-400 and 40 % TFE, respectively, (Fig. 12) are

analyzed by high ANS fluorescence and retention of sec-

ondary structure as revealed by far-UV CD and FTIR

Fig. 11 XRD analysis. XRD analysis of cyt c at 50 % TFE. The

X-ray diffraction pattern of cyt c with TFE was recorded at room

temperature using a Rigaku Miniflex X-ray diffractometer in 2h
ranging from 20� to 80�. The protein concentration was 2 mg/ml

Fig. 12 Overall scheme.

Diagrammatic representation of

the cyt c transition from native

to partially unfolded state,

aggregates, prefibrillar

oligomers and protofibrils in the

presence of varying

concentration of PEG-400 and

TFE
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analysis. A sum of 60 % PEG-400-induced cyt c state

showed retention of partial tertiary structure and 40 %

TFE-induced cyt c state showed loss in tertiary structure as

depicted by near-UV CD. Identification of the structural

characteristics of these partially folded states is important

for understanding the pathway of protein folding. A total of

72-h incubation of cyt c with increased amount of PEG-400

enhanced ThT fluorescence, and SEM and XRD analysis

detected these aggregates as prefibrillar oligomers. TFE at

50 % for 72-h incubation transformed cyt c into the pro-

tofibrillar as analyzed by SEM and XRD. Genotoxic

potential of these aggregates was confirmed by SCGE and

found to possess significant toxicity. Protein misfolding

and aggregation is a very common phenomenon in vivo

and in vitro conditions and the corresponding biotechno-

logical applications (Naeem and Fazili 2011; Wood et al.

2003). Our work will facilitate a further understanding of

the genotoxicity of aggregated protein and conformational

changes in the presence of organic solvent and can prove to

be very useful in understanding diseases arising due to the

formation of aggregates and therapeutical approaches to

revert the process of aggregates formation.
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