
Cytochrome c (Cyt c) is a small globular protein (104

amino acid residues, 12.7 kD) carrying a large component

of basic residues. It has been widely used as a protein�

folding model for kinetic as well as equilibrium studies.

Fink et al. have classified Cyt c as type I protein based on

its acid unfolding behavior [1�7]. At pH 2.2, ferricy�

tochrome c is substantially unfolded at low ionic strength;

upon addition of salts, the protein cooperatively folds to a

compact structure, the A�state, which is stabilized by

binding of anions to the positively charged groups on the

protein surface [8, 9]. The A�state possesses α�helix

structure comparable to that of the native state, but a fluc�

tuating tertiary conformation [10, 11]. In particular, the

hydrophobic core (containing the two major helices) and

the heme group (stabilized by non�bonded interactions)

are preserved in the A�state, while the loop regions are

fluctuating and partly disordered. Of the two native axial

ligands of the heme iron, only His18 is thought to remain

coordinated to the heme iron in the A�state, while the

Met80 axial bond is lost [12�14]. Goto and collaborators

[14] have shown that the charge density of the anions is

the main determinant that stabilizes the A�state; the

higher the charge, the lower the ion concentration need�

ed to induce formation of the molten globule. Santucci et

al. [15] have suggested that small anions induce formation

of a compact, highly structured state, in which the native

Met80–Fe(III) axial bond is recovered and the native�

like redox properties are restored.

In native horse heart Cyt c, bonds between the heme

and four amino acids (Cys14, Cys17, His18, and Met80)

anchor the heme and, together with an extensive array of

noncovalent side�chain contacts, these bonds help to

make the internal structure relatively rigid around the

heme. The residues that are in van der Waals contact with

heme are bulky hydrophobic groups that stabilize the

structure and control the redox potential [16�21].

In earlier communications, we reported the effects of

salts and alcohols on α�chymotrypsinogen, and the exis�

tence of molten globule states at low pH in bromelain and

concanavalin A [22�25]. Effects of SDS and butanol at

different pH values as well as effects of salts and alcohols

on trifluoroacetic acid (TFA)�treated Cyt c have been
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Abstract—A systematic investigation of the effect of polyethylene glycols, salts, and alcohols on the trichloroacetic acid

(TCA)�induced state of ferricytochrome c was made using various spectroscopic techniques. Native cytochrome c (Cyt c)

has a fluorescence maximum at 335 nm, whereas the TCA�induced state of Cyt c has a red shift of 7 nm with enhanced flu�

orescence intensity. The near� and far�UV CD spectra showed a significant loss of tertiary and secondary structure, although

the protein is relatively less unfolded as compared with a conformation at pH 2.0. Addition of 70% (v/v) polyols to TCA

(3.3 mM)�induced state of Cyt c resulted in increased 1�anilino�8�naphthalene sulfonate binding and increased mean

residue ellipticity at 222 nm, indicating increase in compactness with enhanced exposure of hydrophobic surface area. Also,

the stabilizing effect of salts and alcohols on the TCA�induced state was studied and compared with their effect on trifluo�

roacetic acid�unfolded state of Cyt c. Among all the polyols, salts, and alcohols studied, PEG�400, K3[Fe(CN)6], and

butanol were the most efficient in inducing secondary structure in TCA�induced state as examined by the above�mentioned

spectroscopic techniques. For salts, the efficiency in inducing the secondary structure followed the order K3[Fe(CN)6] >

KClO4 > K2SO4 > KCl. For alcohols, this order was found to be as follows: butanol > propanol > ethanol > methanol.
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studied at our laboratory [26, 27]. In the present study, we

have investigated the effect of poly ethylene glycols

(PEG�200 and PEG�400) on trichloroacetic acid (TCA)�

induced state of Cyt c. TFA is a stronger denaturant than

TCA, due to the presence of a fluorine group. A compar�

ative study of the effect of salts and alcohols on TCA�

induced state with TFA�induced state was also per�

formed.

MATERIALS AND METHODS

Materials. Horse heart Cyt c (type III) was pur�

chased from Sigma (USA). All the salts and alcohols used

were procured from Qualigens (India). Reagents used

were of analytical grade.

For studying the effects of polyols, salts, and alcohols

on the TCA�induced state of Cyt c, it was incubated at

room temperature for 1 h in the presence of different con�

centrations of polyols, salts, and alcohols.

Volumetric analysis. The concentration of

trichloroacetic acid was determined by titration with

0.1 M Na2CO3 using methyl orange as indicator. The final

concentration so obtained was 33 mM, which was then

used to prepare 3.3 mM TCA in order to unfold Cyt c [28].

Soret�absorption spectroscopy. A Hitachi U�1500

single beam spectrophotometer was used to monitor the

Soret absorption of the heme group at 410 nm, in a

10 mm pathlength cell. The concentration of native Cyt c

was determined from the extinction coefficient of

106,000 M–1·cm–1 at 410 nm.

Circular dichroism measurements. A JASCO J�720

spectropolarimeter calibrated with ammonium d�10�

camphorsulfonate was used to measure circular dichro�

ism. Protein concentration was 26 and 50 µM for far� and

near�UV CD, respectively. The results were expressed as

the mean residue ellipticity (MRE), which was calculated

by the following formula:

MRE = θobs/(10·n·Cp·l) mdeg·cm2/mol,

where θobs is the observed ellipticity in millidegrees, n is

the number of amino acid residues, Cp is the molar con�

centration of Cyt c, and l is the length of the light path in

cm.

Cm is defined as the midpoint of the transition at

which half of the structure is induced in the presence of

salts, polyols, and alcohols individually. From the MRE

values obtained for the transition induced by salts and

alcohols at fixed wavelength, the Cm values for respective

salts and alcohols were calculated.

The α�helical content of Cyt c was calculated from

the MRE value at 222 nm using the following equation as

described by Chen et al. [29]:

% α�helix = (MRE222 – 2340)/30,300 × 100.

Intrinsic fluorescence. The fluorescence spectra

were recorded on a Shimadzu RF�540 spectrofluorime�

ter using a 10�mm quartz cell. Samples containing differ�

ent concentrations of PEGs, salts, and alcohols were

incubated at room temperature for 1 h before recording

the tryptophan fluorescence. The excitation wavelength

was 280 nm and the emission was recorded from 300 to

400 nm. The final protein concentration was 15 µM. For

each sample, a proper blank was taken into considera�

tion.

Extrinsic fluorescence measurements. A stock solu�

tion of 1�anilino�8�naphthalene sulfonate (ANS) was

prepared in distilled water and the concentration was

determined using an extinction coefficient of 5000 M–1·

cm–1 at 350 nm. The molar ratio of protein/ANS was 1 :

50. The excitation wavelength was at 380 nm and the

emission spectra were recorded in the wavelength range

400 to 600 nm. The excitation as well as the emission slit

width was 10 nm. The final protein concentration was

15 µM. It should be noted that organic solvents bind to

Fig. 1. Cyt c far�UV (a) and near�UV CD spectra (b): 1) acid�

unfolded state at pH 2.0, 10 mM glycine HCl buffer; 2) 33 mM

TCA�induced state; 3) 3.3 mM TCA�induced state; 4) native state

at pH 7.0, 10 mM sodium phosphate buffer. Protein concentra�

tion was 26 (a) and 50 µM (b). The pathlength was 0.1 (a) and

1 cm (b).
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ANS; therefore, to avoid anomaly, a proper blank was

made for every point.

RESULTS

In order to examine the effect of TCA on secondary

structure of Cyt c, the protein was titrated against

trichloroacetic acid. Figure 1a shows the far�UV CD

spectra of the native protein (curve 4), Cyt c at pH 2.0

(curve 1), Cyt c in 3.3 mM TCA (curve 3), and Cyt c in

33 mM TCA (curve 2). It was found that Cyt c at 3.3 mM

TCA retains most of the secondary structure. Thus, it

exists in a relatively compact state as compared to the

state attained in 33 mM TCA (curve 2) and at pH 2 (curve

1), respectively (Fig. 1a). Near�UV CD spectra (Fig. 1b)

show the loss of tertiary structure at 3.3 mM TCA (curve

3) as compared that of native protein (curve 4). The pro�

tein is relatively less unfolded as compared to 33 mM

TCA (curve 2) and at pH 2.0 (curve 1). Thus, Cyt c at

3.3 mM TCA can be said to exist as a partially folded state

with loss of tertiary structure. However, the presence of

tertiary contacts cannot be ruled out.

Cyt c is a heme protein in which the resonance ener�

gy of the tryptophan excitation is transferred to the heme

resulting in quenched tryptophan fluorescence with λmax

at 335 nm (Fig. 2a, curve 1). A red shift of 7 nm is

obtained in the TCA (3.3 mM)�induced state with

enhanced fluorescence intensity (curve 2). At pH 2.0,

there was further enhancement in fluorescence intensity

(curve 4), and it was almost the same as in 33 mM TCA

(Fig. 2a, curve 3). In its native form, Cyt c showed negli�

gible binding of ANS with emission maxima at 510 nm

(Fig. 2b, curve 1), which is characteristic of free ANS in

water (Fig. 2b). The fluorescence intensity was maximal

in the TCA�induced state (curve 4) with a blue shift in

emission maxima at 480 nm. Cyt c in 33 mM TCA (curve

3) showed a decrease in fluorescence intensity followed by

Cyt c at pH 2.0 (curve 2) relative to that of 3.3 mM TCA.

Henceforth, it is referred as the TCA�induced state.

Effect of polyethylene glycols on the TCA�induced
state of Cyt c. CD measurements. Addition of PEG�200

and �400 to TCA�induced state of Cyt c up to 70% (v/v)

led to an increase in helical content as evidenced by more

negative MRE values at 208 and 222 nm. Figure 3a shows

the far�UV CD spectra of TCA�induced state of Cyt c and

Fig. 2. Cyt c fluorescence spectra. a) Tryptophan fluorescence emission spectra of Cyt c: 1) in 10 mM phosphate buffer, pH 7.0; 2) in the

presence of 3.3 mM TCA; 3) in the presence of 33 mM TCA; 4) acid�unfolded state at pH 2.0, 10 mM glycine�HCl buffer. b) ANS fluo�

rescence emission spectra of Cyt c: 1) in 10 mM phosphate buffer, pH 7.0; 2) acid�unfolded state at pH 2.0, 10 mM glycine�HCl buffer; 3)

33 mM TCA�induced state; 4) in presence of 3.3 mM TCA. Protein concentration was 15 µM and pathlength was 1 cm.
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of native Cyt c and at the maximum concentrations of

PEG�200 and �400. Curve 1 of Fig. 3a represents the far�

UV CD spectra of Cyt c in the presence of 3.3 mM TCA.

The spectrum of maximum concentration of PEG�200

(curve 2) and PEG�400 (curve 3), i.e. 70% (v/v), shows

the negative increase in MRE. The CD spectra in the

presence of 70% PEG�400 (curve 3) approaches to native

(curve 4). The helical content calculated from the MRE

value at 222 nm by the method of Chen et al. [29] for the

native state at pH 7.0, and the TCA�induced state in the

presence of 70% PE�400 was 26 and 28%, respectively.

This is suggestive of an increase in secondary structural

content (stabilization of α�helices). A summary of the

respective maximum MREs at 222 nm in the presence of

different concentrations of PEG�200 and �400, their Cm

(the concentration of alcohol at which half of the struc�

ture is induced) values are given in Table 1. Figure 3b

shows the near�UV CD spectra of TCA�induced state of

Cyt c (curve 1) in the presence of 70% PEG�200 (curve 2)

and PEG�400 (curve 3) and native (curve 4). The loss of

signal in the near�UV CD region reveals the loss of terti�

ary contacts. Thus, an intermediate state in the presence

of polyols is obtained at 70% (v/v). The PEG�200� and

PEG�400�induced transition of TCA�induced state of

Cyt c as observed in this study can be explained on the

basis of enhanced hydrophobic interactions by addition

of polyols, which are known to stabilize the helical struc�

ture of proteins. Such types of transitions have also been

reported earlier for a number of proteins [10, 30, 31].

Formation of secondary structure in TCA induced state of

Cyt c in the presence of polyols can be attributed to the

greater number of OH groups as PEG�400 was found to

be more effective than PEG�200. The effect of polyols

increases with increasing concentration and number of

OH groups [32].

Intrinsic tryptophan fluorescence. The intrinsic fluo�

rescence maximum (λmax) is an excellent parameter to

monitor the polarity of tryptophan environment in the

protein and is sensitive to the protein conformation [33].

Intrinsic fluorescence studies were performed to see the

effect of PEGs on the conformation of the TCA�induced

state of Cyt c. The absorption of PEG in the wavelength

range used was duly taken into consideration. On addi�

tion of PEGs up to 70% to the TCA�induced state,

enhancement in fluorescence intensity with a blue shift

was observed (figure not shown for clarity). On addition

of PEGs to the TCA�induced state, the tryptophan

remains more exposed to the environment than it does in

the native protein. Thus, as the concentration of PEGs is

increased, the partially exposed tryptophan residue faces

more and more nonpolar environment, explaining the

blue shift and enhancement in tryptophan fluorescence.

The increase was greater in PEG�400 than in PEG�200.

This is possibly due to the presence of more hydroxyl

groups in PEG�400 than PEG�200. An intermediate state

in the presence of 70% PEGs on the TCA�induced state

of Cyt c is obtained. A summary of tryptophan fluores�

cence intensity and emission maxima of native Cyt c,

TCA induced state of Cyt c, and in the presence of PEGs

is given in Table 2.

ANS fluorescence. Binding of ANS to hydrophobic

regions of proteins has been widely used to study the fold�

ing intermediates formed during protein folding [34�37].

It should be noted that organic solvents change the prop�

erties of the environment; therefore, to avoid anomaly, a

proper blank was made for every point. Table 2 summa�

rizes the ANS fluorescence intensity and emission maxi�

ma of the TCA�induced state of Cyt c, in 70% PEG�200,

70% PEG�400, and the native protein. The intermediate

state induced by polyols was further confirmed by extrin�

sic fluorescence studies (ANS binding). ANS fluores�

cence studies showed that 70% PEGs have the maximum

ANS binding. Binding was maximum in PEG�400 fol�

Fig. 3. CD spectra of the TCA�induced state of Cyt c in the pres�

ence of PEG. Far�UV CD spectra (a) and near�UV CD spectra

(b) of Cyt c in the presence of 3.3 mM TCA (curve 1) and at the

respective maximum concentration of polyols, i.e. 70% PEG�200

(curve 2) and 70% PEG�400 (curve 3); curve 4 represents native

protein. Protein concentration was 26 (a) and 50 µM (b) and

pathlength was 0.1 (a) and 1 cm (b).
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lowed by PEG�200 and in TCA�induced state of Cyt c.

Negligible binding was observed at pH 7.0. Hence, it can

be concluded that at 70% PEG the TCA�induced state of

Cyt c exists as the molten globule state.

Effect of salts on the TCA�induced state of Cyt c.
Effect of salts as studied by CD spectroscopy. Figure 4a

shows the far�UV CD spectra of the native protein and of

the TCA�induced state of Cyt c in the presence of the

Subject

Native Cyt c

Polyols

PEG�200 (70% v/v)

PEG�400 (70% v/v)

Alcohols

Methanol (14 M)

Ethanol (12 M)

Propanol (11 M)

Butanol (9 M)

Salts

K3[Fe(CN)6] (1 mM)

K2SO4 (10 mM)

KClO4 (20 mM)

KCl (120 mM)

TCA (3.3 mM)

% α�helix**

26

16

22.4

12.1

12.7

15.5

17

15.7

15.2

13.12

12.5

9.25

Table 1. Midpoint of transition Cm, MRE222, and helicity of the TCA�induced state of Cyt c under the influence of

polyols, alcohols, and salts

Maximum MRE222 , deg·cm2·dmol–1

–10.000

–7.141

–9.112

–6.000

–6.201

–7.025

–7.410

–7.111

–6.950

–6.312

–6.113

–5.142

Cm value***

n.d.*

% (v/v)

23

21

(M)

10.6

5.2

4.8

4.0

(mM)

0.6

4

9

35

n.d.*

* n.d., not determined.

** Calculated by the method of Chen et al. [29].

*** Cm is defined as the midpoint of transition at which half of the structure is induced in the presence of salts, polyols, and alcohols individually.

Conditions

TCA (3.3 mM)

Native

PEG�400 (70% v/v)

PEG�200 (70% v/v)

Butanol (9 M)

Propanol (11 M)

Ethanol (12 M)

Methanol (14 M)

K3[Fe(CN)6] (1 mM)

K2SO4 (10 mM)

KClO4 (20 mM)

KCl (120 mM)

emission maximum

480

510

480

480

480

480

490

490

480

490

490

490

Table 2. Fluorescence properties of the TCA�induced state of Cyt c under the influence of polyols, alcohols, and salts

intensity

40

09

124

62

143

119

107

87

59

54

51

46

emission maximum

345

335

337

339

340

340

342

342

339

339

340

342

intensity

52

15

87

64

136

100

82

64

24

28

32

38

ANS fluorescenceIntrinsic fluorescence
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respective maximum concentration of various salts. As

can be seen from the figure, 1 mM K3[Fe(CN)6] (curve 5)

shows the major changes in the spectra of the TCA�

induced state of Cyt c (curve 1) followed by 10 mM K2SO4

(curve 4), 20 mM KClO4 (curve 3), and 120 mM KCl

(curve 2). A summary of the respective maximum MREs

in the presence of salts, their Cm values, and percent α�

helix is given in Table 1. The Cm value calculated for

K3[Fe(CN)6] was 0.6 mM, while for KCl it was 35 mM.

At higher concentration of salts a compact secondary

structure is formed. This state has comparable amounts of

ordered secondary structure to that of the native protein

(curve 6) and can be termed as molten globule.

Figure 4b shows the near�UV CD spectra of native

Cyt c (curve 6), the TCA�induced state of Cyt c (curve 1),

and TCA�induced state of Cyt c in the presence of the

respective maximum concentration of salts. As can be

seen from the figure, the signal in the near�UV CD spec�

tra in the presence of salts approaches the native state as

compared to the TCA�induced and PEG�induced states

(Fig. 3b). The maximum structural changes were induced

by K3[Fe(CN)6] (curve 5) at lower concentration, as

compared to K2SO4 (curve 4), KClO4 (curve 3), and KCl

(curve 2). The effectiveness of anions in bringing about

TCA�induced to molten globule transition in protein has

been found to be consistent with the electronegativity

series, representing the order of affinity of positively

charged quaternary ammonium ions for exchange resin

for anions which is as follows: [Fe(CN)6]
3– > SO4

2– >

CCl3COO– > SCN– > ClO4
– > I– > NO3

– > CF3COO– >

Br– > Cl–. Anions of their respective salts shield the elec�

trostatic repulsion which is the cause of protein unfolding

at low pH, by directly binding to the positive charges

present on the protein at low pH, resulting in the mani�

festation of hydrophobic interactions, favoring folding of

the unfolded protein. As the concentration of salt is

increased, it acts as source of anions resulting in screen�

ing of the repulsive effect between positively charged

groups present on protein, thus overcoming charge–

charge repulsion, causing a collapse to the molten globule

state. This mechanism can be interpreted as N ↔ U ↔
salt�induced transitions, where N indicates the native

state, U indicates the TCA�induced state, and salt�

induced intermediate state, which can be characterized as

partially refolded with the retention of secondary and

partial tertiary structure.

Tryptophan fluorescence. Varying concentrations of

salts, i.e., KCl, KClO4, K2SO4, and K3[Fe(CN)6], were

taken to determine the effect of their anions on the TCA�

induced state of Cyt c. The required concentration of salts

in bringing about the structural changes varied greatly

among the salts. A quenched fluorescence intensity in all

the salts studied was obtained; quenching was maximum

in case of K3[Fe(CN)6] followed by K2SO4, KClO4, and

KCl (see Table 2). Since the tryptophan fluorescence in

native Cyt c is initially found to be quenched, addition of

salts to the TCA�induced state of Cyt c (enhanced fluo�

rescence intensity) leading to quenching of tryptophan

fluorescence, is suggestive of refolding. This agrees well

with the near�UV CD data.

ANS (extrinsic) fluorescence. Changes in ANS fluo�

rescence are frequently used to detect non�native, inter�

mediate conformations of globular proteins [37]. On

increasing the concentration of salts, the ANS fluores�

cence intensity increases for all salts, suggesting confor�

mational changes in the TCA�induced state of Cyt c lead�

ing to the exposure of hydrophobic regions of the protein

molecule as well as increase in hydrophobic interactions.

Among the salts studied, K3[Fe(CN)6] was most effective

in inducing the transition. The effectiveness of various

salts follows the order: K3[Fe(CN)6] > KClO4 > K2SO4 >

KCl (see Table 2). The order was consistent with the order

of salts in inducing the structural changes as studied by

CD measurements (see Fig. 4 and Table 1).

Fig. 4. Effect of salts on the TCA�induced state of Cyt c. Far�UV

CD spectra (a) and near�UV CD spectra (b) of Cyt c in the pres�

ence of 3.3 mM TCA (curve 1) and at the respective maximum

concentration of salts, i.e., 1 mM K3[Fe(CN)6] (curve 5), 10 mM

K2SO4 (curve 4), 20 mM KClO4 (curve 3), 120 mM KCl (curve 2),

and native protein (curve 6). Protein concentration was 26 (a) and

50 µM (b) and pathlength was 0.1 (a) and 1 cm (b).
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Effect of alcohols on TCA�induced state of Cyt c. CD

measurements. Figure 5 indicates the observed changes in

far�UV CD and near�UV CD regions on the TCA�

induced state of Cyt c in the presence of various alcohols

at their maximum respective concentration, i.e.,

methanol (14 M; curve 2), ethanol (12 M; curve 3),

propanol (11 M; curve 4), and butanol (9 M; curve 5). As

can be seen from Fig. 5a, there was induction of second�

ary structure on the addition of alcohols on the TCA�

induced state. Butanol induced maximum changes in the

CD spectrum (curve 5). The midpoint of transition (Cm)

calculated for methanol was 10.7 M, which was much

higher compared to that of butanol (3.5 M). This shows

that butanol (curve 5) was much more effective than

methanol (curve 2) in inducing secondary structure. A

summary of the respective maximum MREs in the pres�

ence of alcohols, their Cm values, and percent α�helix is

given in Table 1. The maximum structural changes in the

near�UV CD regions (Fig. 5b) are attained in the pres�

ence of butanol (curve 5) followed by propanol (curve 4),

ethanol (curve 3), and methanol (curve 2). This indicates

that hydrophobic interactions between the side chains of

amino acids are increasing and hence resulting in com�

pact state. The maximum ellipticity induced by various

alcohols was found to be different depending on the alkyl

group. Butanol possesses a nonpolar alkyl group that

strengthens intramolecular hydrogen bonds because of its

ability to decrease the dielectric constant of the solvent.

Further increase in the alcohol concentration beyond

that at which maximum ellipticity was observed lead to

protein precipitation.

Tryptophan fluorescence. There was an increase in

fluorescence intensity with increase in the concentration

of respective alcohols. Since the polarity of the medium

decreases with increase in alcohol concentration, the

dielectric constant is lower than that of the TCA environ�

ment. Hence, the nonpolar solvent induces conforma�

tional alterations in the TCA�modified Cyt c resulting in

the increase in fluorescence intensity (see Table 2).

ANS (extrinsic) fluorescence. It should be noted that

organic solvents change the properties of the environ�

ment; therefore, to avoid anomaly, a proper blank was

made for every point. On increasing the alcohol concen�

tration the ANS fluorescence intensity increases for all

alcohols, suggesting conformational changes in the TCA�

induced state of Cyt c leading to the exposure of

hydrophobic regions on the protein molecule as well as

increase in hydrophobic interactions. All the alcohols

induced a transition from the TCA�induced to the alco�

hol�induced state characterized by high ANS binding.

Among all the alcohols studied, butanol was found to be

most effective in inducing the transition. The TCA�

induced state of Cyt c in the presence of butanol opened

more hydrophobic regions as compared to native and the

TCA�induced state of the protein, making them available

for ANS binding. This suggests that Cyt c attains molten

globule�like conformation in the presence of TCA and

butanol (see Table 2). Thus the effectiveness of alcohols

in inducing the above transition may be said to follow the

following trend: butanol > propanol > ethanol >

methanol. The order was consistent with the order of

alcohols in inducing the transition studied by CD meas�

urements (see Fig. 5 and Table 1).

GdnHCl stability studies. To check the structural

properties of the above obtained partially folded state,

GdnHCl denaturation studies of Cyt c were performed.

The fraction of protein denatured (fD) in the presence of

various cosolvents with increase in GdnHCl denaturation

was calculated. The fD of Cyt c in the presence of differ�

ent cosolvents was calculated taking Cyt c individually in

the presence of cosolvents at 0 M GdnHCl as the native

point. Salts had a more stabilizing effect on the protein as

the calculated Cm was 3 M GdnHCl concentration as

compared to polyols (Cm 2.7 M) and alcohols, where Cm

2.2 M was obtained. In the presence of the above�men�

Fig. 5. Effect of alcohols on the TCA�induced state of Cyt c. Far�

UV CD spectra (a) and near�UV CD spectra (b) of Cyt c in the

presence of 3.3 mM TCA (curve 1) and at the respective maxi�

mum concentration of alcohols, i.e., 14 M methanol (curve 2),

12 M ethanol (curve 3), 11 M propanol (curve 4), 9 M butanol

(curve 5), and native protein (curve 6). Protein concentration was

26 (a) and 50 µM (b) and pathlength was 0.1 (a) and 1 cm (b).
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tioned cosolvents, all the transitions were single�step,

two�state, and weakly cooperative. The weakly coopera�

tive unfolding was indicative of partially folded�like

nature. The fractional denaturation was least in salts fol�

lowed by polyols and alcohols (data not shown).

DISCUSSION

Our far�UV CD data show the retention of second�

ary structure for the TCA�induced state of Cyt c in the

presence of alcohols, polyols, and salts. In salts and alco�

hols, there was a regain of signal in the near�UV CD

region, and some side chains were inferred to be con�

strained by inter�helix interactions with partial regain of

tertiary structure. In the presence of polyols, there was

induction in secondary structure compared to the TCA�

induced state, with the loss of tertiary structure. For

PEGs more secondary structure was retained in PEG�400

than in PEG�200. This can be attributed to the greater

number of OH groups as the effect of polyols increases

with increasing concentration and number of OH groups

[32]. Fluorescence data showed increased tryptophan flu�

orescence intensity in case of alcohols and polyols while

quenched spectra were obtained in the case of salts. There

was also strong ANS binding in alcohols and polyols as

well as in the presence of salts as the hydrophobic residues

get exposed in this partially folded intermediate. This

suggests that all the three cosolvents lead to the formation

of molten globule states of Cyt c with different character�

istics. The intermediate obtained with TFA�unfolded Cyt

c in the presence of salts and alcohols is different from

that obtained on the TCA�induced state of Cyt c [28].

Unlike the effect of salts and alcohols on the TFA�

unfolded state, the TCA�induced state of Cyt c showed

retention of non�native�like spectral features in the near�

UV CD spectra in the presence of salts and alcohols. A

summary of comparison of the respective maximum con�

centration of most effective salt and alcohol on TFA�

unfolded and TCA�induced state is given in Table 3.

In the present study, Cyt c in the presence of TCA

showed retention of secondary structure and more ANS

binding than that at pH 2.0. In the presence of polyols,

there was regain in secondary structure but loss of signal

in the near�UV CD spectra. This implies that the pres�

ence of polyols results an increase in hydrogen bonding

and hydrophobic interactions, leading to a compact state.

Addition of alcohols leads to increase in MRE value at

208 and 222 nm, with the restoration of partial tertiary

structure. In the case of salts, there was induction of sec�

ondary as well as tertiary structure with high ANS bind�

ing.

Thus, in presence of salts and alcohols, there was

increase in hydrogen bonding and hydrophobic as well as

inter�helix interactions. And in the presence of polyols a

molten globule exists with secondary structure and high

ANS binding. In the case of salts and alcohols, a state is

obtained with secondary and tertiary structure as well as

high ANS binding. This state can be characterized as a

molten globule state. “Molten globule” (MG) is a partial�

ly structured protein folding intermediate that adopts a

native�like overall backbone topology in the absence of

extensive detectable tertiary interactions. Retention of

tertiary structure was reported earlier for α�lactalbumin

[39], RNase H [40], myoglobin [41], and ubiquitin [42].

Comparison of the intermediate states obtained to
those reported in earlier work. Goto and collaborators [8,

9] have earlier reported the A�state induced by HCl with

a Soret absorption maximum at 397 nm; the A�state

induced by KCl with a maximum at 400 nm, and the UA�

state (acid unfolded) with a maximum at 394 nm as com�

pared to native (412 nm). The transitions measured by the

absorption change at 394 nm were consistent with the

transitions measured by CD at 222 nm. However, in this

paper the salt�induced state has a Soret absorption maxi�

mum at 404 nm but with almost the same extent of α�

Variable

MRE at 222 nm

MRE at 262 nm

Intrinsic fluorescence intensity

λmax

ANS fluorescence at 480 nm

TFA�induced
K3[Fe(CN)6] state

–7.111

–

17

334

15

Table 3. Comparison of different spectral properties of the TFA�induced and TCA�induced states of Cyt c in the pres�

ence of butanol and K3[Fe(CN)6]

TFA�induced
butanol state

– 9.120

–

142

342

132

TCA�induced
K3[Fe(CN)6] state

–7.771

249

24

339

59

TCA�induced
butanol state

–7.410

207

136

340

143
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helix induction at 222 nm (16% for salt�induced state as

compared to 31% for HCl induced A�state). The Cm value

of KCl was found to be 35 against 48 mM as reported ear�

lier [8, 9]. The native tertiary structure for A�state has also

been reported [43�45]. In our studies, this is due to less

loss in the secondary structure of TCA�unfolded Cyt c as

compared to pH 2.0 and hence easily attainable second�

ary structure at low concentration of KCl. Altogether, it

can be concluded that the salt�induced state obtained in

the presence of anions is different from the A�state as

reported earlier.
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