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Abstract Acid unfolding pathway of conalbumin (CA), a

monomeric glycoprotein from hen egg white, has been

investigated using far- and near-UV CD spectroscopy,

intrinsic fluorescence emission, extrinsic fluorescence

probe 1-anilino-8-napthalene sulfonate (ANS) and dynamic

light scattering (DLS). We observe pH-dependent changes

in secondary and tertiary structure of CA. It has native-like

a-helical secondary structure at pH 4.0 but loss structure at

pH 3.0. The CA existed exclusively as a pre-molten

globule state and molten globule state in solution at pH 4.0

and pH 3.0, respectively. The effect of pH on the confor-

mation and thermostability of CA points toward its heat

resistance at neutral pH. DLS results show that MG state

existed as compact form in aqueous solutions with hydro-

dynamic radii of 4.7 nm. Quenching of tryptophan fluo-

rescence by acrylamide further confirmed the accumulation

of an intermediate state, partly unfolded, in-between native

and unfolded states.

Keywords Conalbumin � DLS � Hydrodynamic radii �
Molten globule � pH denaturation � Translational diffusion

coefficients

Abbreviations

ANS 1-anilino-8-napthalene sulfonate

CA Conalbumin

DLS Dynamic light scattering

GnHCl Guanidine hydrochloride

MG Molten globule

MRE Mean residue ellipticity

Pd Polydispersity

Tm Mid-point temperature

Introduction

Equilibrium and kinetic intermediates have been identified

in the unfolding/refolding reactions of several proteins [1–

3]. Several globular proteins when exposed to extreme pH

conditions undergo significant conformational changes

resulting in formation of intermediate states, with varying

stability, such as molten globule (MG) state. Structural

characterization of intermediates or MG state that populate

in the folding/unfolding process is essential to understand the

protein folding mechanism [4]. At MG state, the protein

retains most of the secondary structures, but has a tendency

to lose some of the tertiary structures [5–7]. The MG states

are believed to be general folding intermediates because they

populate both in the equilibrium and kinetic folding/

unfolding pathways [8].

Egg white proteins are considered model of choice for

studying proteins because of their high nutritional and bio-

logical value [9]. Conalbumin (CA), one of the main iron-

binding monomeric glycoproteins containing D-mannose

and D-galactose sugar moiety, is present in egg white. It

transports and scavenges Fe(III) in poultry eggs. It belongs to

transferrin family and exhibits features typical for a-helical

proteins. The function of CA is generally accepted as that of

iron transport. It binds two atoms of Fe(III), one in each

domain. The order of iron binding is pH dependent; at pH 6.0,

it binds first to the C-domain, but at pH 8.5, it first binds to the

N-domain. It is a major contributor to the natural defense

system in egg white, which provides protective barrier

against infection by microbial flora [10]. An important
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element of this natural immunity is CA, a protein with

antibacterial and antiviral properties [11]. The protein con-

tains an N- and a C-terminal domain with six disulfide

bridges in former and nine in later. These disulfide bonds

form the basis of high structural stability of CA [12].

The primary goal of this work is to provide insight of

folding/unfolding process induced by pH variation using a

variety spectroscopic tool. The secondary and tertiary

structural changes accompanying pH variation using pri-

marily spectroscopic techniques such as far- and near-UV

circular dichroism (CD), intrinsic and extrinsic fluorescence

measurements while variation in hydrodynamic radii (Rh)

and translational diffusion coefficient D25�C
W

� �
on different

pH are analyzed by DLS measurements. The effects of pH

on the protein thermal stability are further evaluated using

far-UV CD at 222 nm. The conformational stability curve is

calculated from two-state unfolding model [13]. The results

of fluorescence emission as well as far- and near-UV CD

spectroscopic studies indicated that pH-induced unfolding

causes pronounced changes in the tertiary structure. We

have characterized the MG state at pH 3.0 where tertiary

structures were almost completely lost without major

alterations at the secondary structure. Furthermore to

investigate the possibility of conformational alterations in

CA, we evaluated the accessibility of tryptophan residues

using acrylamide as a fluorescence quencher.

Experimental Section

Iron-free conalbumin from chicken egg white (C 0755),

guanidine hydrochloride (GnHCl) and 1-anilinonaphtha-

lene-8-sulfonate (ANS) were purchased from Sigma

Chemical Co. (St. Louis, MO, USA). All other reagents

used were of analytical grade.

Protein Solution Preparation

pH measurements were carried out on Mettler Toledo pH

meter (Seven Easy S20–K) using a Expert ‘‘Pro3 in 1’’ type

electrode having the least count of the pH meter was 0.01

pH unit. The pH meter was routinely calibrated at room

temperature with either 0.05 M potassium hydrogen

phthalate buffer, pH 4.0 in the acidic range or 0.01 M

tetraborate buffer, pH 9.2 in the alkaline range.

The buffers used for acid denaturation of conalbumin are

at different pH values KCl/HCl (pH 0.8–1.4), Gly/HCl (pH

1.6–3.0), Sodium acetate (pH 3.5–5.0) and sodium phos-

phate (pH 6.0–7.0) buffer at a concentration of 20 mM. All

the buffers were filtered through a 0.45-lm syringe filter.

Protein stock was prepared in 20 mM sodium phosphate

buffer pH 7.0, and its concentration was measured by using

the extinction coefficient at E1%
280 nm ¼ 12:0 [14] on Perkin

Elmer (Lambda 25) double beam spectrophotometer

attached with Peltier temperature programmer (PTP–1).

The molecular weight of conalbumin including glyco-

chains was taken as 77 kDa.

CD Measurements

CD measurements were carried out with a Jasco spectro-

polarimeter (J–815) equipped with a Jasco Peltier-type

temperature controller (PTC–424S/15). The instrument was

calibrated with d-10-camphorsulphonic acid. Spectra were

collected in a cell of 1 and 10 mm pathlength for far- and

near-UV CD, respectively with scan speed of 100 nm/min

and response time of 1 s. Each spectrum was the average of

2 scans. The CD results were expressed as MRE (mean

residue ellipticity) in deg cm2 dmol-1 which is defined as:

MRE ¼ hobs 10� n� l� cp

� �
: ð1Þ

where hobs is the CD in milli-degree, n is the number of

amino acid residues (705), l is the path length of the cell,

and cp is the mole fraction. The % a-helical content was

calculated from the MRE values at 222 nm using the

following equation as described by Chen et al. [15]:

%a� helix ¼ ðMRE222 nm � 2; 340=30; 300Þ � 100: ð2Þ

The thermal unfolding of CA was carried out by

measuring the temperature-dependent CD response at

222 nm from 25 to 95�C using a temperature rise of 1�C/min.

Data Analysis of Protein Denaturation

Temperature-induced unfolding curves were analyzed on

the basis of two-state unfolding model. For a single-step

unfolding process, N ¢ U, where N is the native state and

U is the unfolded state, the equilibrium constant Ku is

Ku ¼ fu=fn: ð3Þ

With fu and fn being the molar fraction of U and N,

respectively.

fd ¼ ðYobs � YnÞ=ðYu � YobsÞ: ð4Þ

where Yobs, Yn and Yu represent the observed property, the

property of the native state and the property of unfolded

state, respectively.

The change in free energy of unfolding in water DG�u; is

obtained by the linear extrapolation model [16]. The rela-

tionship between the denaturant and DG�u; is approximated

by the following equation:

DGu ¼ �RT ln Ku ð5Þ

and

DGu ¼ DG�u � m Tð Þ ð6Þ
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where m is the experimental measure of the dependence of

DGu on temperature, R is the gas constant (1.987 cal -

deg-1 mol-1), and T is the absolute temperature.

DGu varies linearly as a function of pH with a propor-

tionality factor m. Extrapolation of the extreme back to the

pH value where the maximum folded population exists

gives an estimate of the value of DGu under that pH value,

DGHþ
u [17]. The difference in free energy between the fol-

ded and unfolded states, DGu, was calculated by the fol-

lowing equation:

DGu ¼ DGHþ
u � m pHð Þ: ð7Þ

Tryptophanyl Fluorescence Measurements

Fluorescence measurements were performed on Hitachi

spectrofluorometer (F-4500). The fluorescence spectra

were measured at 25 ± 0.1�C with a 1-cm pathlength cell.

The fluorescence was measured by exciting the protein at

295 nm, and emission spectra were recorded in the range of

300–400 nm. Both excitations an emission slits were set at

10 nm. Before performing, experiment solutions were

incubated overnight at room temperature. The concentra-

tion of protein was kept at 2.5 lM with absorbance value

of *0.07, which was used throughout the fluorescence

experiments to minimize the inner filter effect [18].

ANS-Binding Measurements

A fresh stock solution of ANS was prepared in distilled

water, and its concentration was determined using molar

extinction coefficient of [M = 5,000 M-1 cm-1 at

350 nm. For ANS-binding experiments, the molar ratio of

protein to ANS was 1:50. The excitation wavelength was

set at 380 nm, and the emission spectra were taken in the

range of 400–600 nm. Both the excitation and emission

slits were set at 10 nm.

Acrylamide-Quenching Experiments

In the quenching experiments, aliquots of 5 M quencher

stock solution were added to protein solutions (2.5 lM) to

achieve the desired range of quencher concentration (0.1–

0.4 M). Excitation wavelength was set at 295 nm in order

to excite tryptophan residues only, and the emission

spectrum was recorded in the range 300–400 nm. The

decrease in fluorescence intensity was analyzed by using

the Stern–Volmer equation:

Fo=F ¼ 1þ Ksv½Q� ð8Þ
Ksv ¼ Kqso: ð9Þ

where Fo and F are the fluorescence intensities of the

protein in the absence and presence of quenchers. Ksv is the

quenching constant which was determined from the slope

of the Stern–Volmer plot at lower concentrations of

quencher, whereas [Q] represents molar concentration of

quencher. Kq is the bimolecular rate constant of the

quenching reaction, and so is the average integral fluores-

cence life time of tryptophan which is *4.31 9 10-9 s.

Dynamic Light Scattering Measurements

DLS measurements were carried out at 830 nm by using

DynaPro–TC–04 dynamic light scattering equipment

(Protein Solutions, Wyatt Technology, Santa Barbara, CA)

equipped with a temperature-controlled microsampler.

Before measurements, all the solutions were spun at

10,000 rpm for 10 min and filtered through microfilter

(Whatman International, Maidstone, UK) having an aver-

age pore size of 0.22 lm directly into a 12-ll black quartz

cell, and protein concentration was 12.5 lM. Measured

size was presented as the average value of 20 runs. All data

analyses were analyzed by using Dynamics 6.10.0.10

software at optimized resolution. The mean hydrodynamic

radius (Rh) and polydispersity (Pd) were estimated on the

basis of an autocorrelation analysis of scattered light

intensity data based on translational diffusion coefficient

D25�C
W

� �
by Stokes–Einstein equation:

Rh ¼
kT

6pnD
25�C

W

: ð10Þ

where Rh is the hydrodynamic radius, k is the Boltzman’s

constant, T is the absolute temperature, g is the viscosity of

water, and D25�C
W is the translational diffusion coefficient.

Results

Far-UV CD Studies

The acid-induced unfolded states contain significant

amount of secondary structure as judged by far-UV CD

measurements. The CD spectrum of native CA at pH 7.0

exhibited two minima at 208 and 222 nm, a character

typical for a-helical structure (Fig. 1a). On moving toward

acidic range, there occur marginal alternations in CD sig-

nals up to pH 3.0 as can be observed from nominal changes

in the MRE value (see Table 1). This is also revealed by

insignificant changes in % a-helix value. For native CA,

the a-helical content is found to be 29%, whereas for acid-

induced pre-MG and MG state, it comes out to be 26 and

23%, respectively. At pH 3.0, the CD spectrum of conal-

bumin is typical of unstructured protein because the min-

imum at *200 nm has been observed in unstructured and

class II b–proteins [19]. Moving further down to pH 1.0,
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deviation from typical a-helical pattern takes place indi-

cating loss of secondary structure. The maximum loss of

secondary structure is observed at pH 1.0 (Fig. 1b). This is

further confirmed from % a-helical content being reduced

to 10. However, this deviated pattern is still similar from

that obtained for protein incubated with 6 M GnHCl. These

changes in secondary structure reflect that CA undergoes

certain conformational changes in the acidic conditions.

Near-UV CD Studies

CD spectra in near UV region were used to examine the

effect of decreasing pH on tertiary structure of CA. The

intensities of aromatic CD bands depend upon the protein

rigidity with the more mobile side chains displaying lower

intensities, the interaction between aromatic amino acids

and the number of aromatic amino acid residues [20].

Additional evidence for structural instability can be

gleaned from the near-UV CD spectra. The near-UV CD

spectrum of the native state of CA reveals three negative

ellipticity peaks at 277, 285 and 296 nm and single

shoulder at 291 nm (MRE at 285 nm is -24 deg cm2 d-

mol-1). In acidic condition (Fig. 2a), the intensity of the

peak at these wavelengths responds quite differently to

change in the pH. As can be observed, the peaks at 277,

285 and 291 nm tend to diminish with concomitant

decrease in overall intensity as the pH decreases. There is

decrease in the intensity as a result of decrease in MRE

at the corresponding peaks and shoulders. MRE value

at 285 nm initially increases with a decrease in the

pH, reaching the maximum at pH 1.0 reaching

-13 deg cm2 dmol-1. The structural changes observed at

285 nm could be attributed to the Trp environment, since

Trp absorbs in this region. In Fig. 2b, the MRE at 285 nm

also reveals an abrupt loss of sharp features at lower pH,

indicating the loss of specific tertiary structures in extreme

acidic conditions. The decrease in the peak intensity

reflected subtle changes in the tertiary structure, which

affected the environment of aromatic amino acid (Phe, Tyr

and Trp) side chains [21]. These aromatic amino acid

residues in the native structure disappeared in 6 M GnHCl

indicating the disruption of the native tertiary structure.

The shift of peak maxima and reduction of band intensity

illustrates loss of native structure that indicates formation

of a molten globule state.

Tryptophanyl Fluorescence

In proteins, Trp is highly sensitive to the polarity of its

surrounding environment, and CA is a deca Trp-containing

protein. Thus, microenvironmental modifications of CA

aromatic residues due to denaturation by pH were studied

by monitoring the changes in the fluorescence spectra as a

function of pH. The emission maximum of CA under

native condition was found to be 331 nm which undergone

red shift of 9 nm at pH 3.0. This is suggestive of the sol-

vent exposure of some of the Trp residues that were in the

hydrophobic core of the protein under native condition.

Fig. 3a shows spectra in the presence of 6 M GnHCl

remains almost similar in shape to pH 3.0, but the emission

maximum shifts to 350 nm which corresponds to the

fluorescence maximum of tryptophan in aqueous solution

(Fig. 3b). The pH-induced transition seems to be cooper-

ative and exhibits a biphasic transition with first transition

between pH 3.0 and 6.0 in the midst of pH 5.0 and the

second between pH 1.0 and 2.0. Thermodynamic parame-

ters for protein unfolding at lower pH were calculated from

-12000

-9000

-6000

-3000

0

3000

6000

9000

12000

190 200 210 220 230 240 250

Wavelength (nm)

M
R

E
 (

de
g 

cm
2  d

m
ol

-1
)

-7000

-6000

-5000

-4000

-3000

-2000

-1000

0 1 2 3 4 5 6 7 8

pH

M
R

E
 a

t 
22

2 
nm

6 M GnHCl

A

B
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the folded and unfolded fractions as mentioned in experi-

mental section using Eqs. 3, 4, 5 and 7. The results in

Fig. 3c show that the pH dependence of the free energy for

unfolding of CA at 331 nm shows transition midpoint

‘‘pHm’’ at pH 4.0. The values of free energy and ‘‘m’’ were

calculated using Eq. 7 in the pH range of 4.5–3.0 and were

on an average of -4.47 kcal mol-1 and 1.1 kcal -

mol-1 M-1, respectively. Thus, decrease in pH makes

protein structure more flexible and prone to acid-induced

unfolding.

ANS-Binding Studies

The solvent exposure of the hydrophobic surface in CA at

low pH was studied by ANS-binding experiments. Fig-

ure 4a shows fluorescence emission spectra of CA-ANS

complex at different pH. The fluorescence intensity of CA-

ANS was maximum at pH 3.0 in comparisons with that

observed at pH 1.0, 4.0 and 7.0 (Fig. 4a). At pH 4.0, CA

also shows the presence of solvent accessible hydrophobic

patches due to increase in ANS binding, but it has less

fluorescence intensity than at pH 3.0 which shows the

presence of MG (at pH 3.0) and pre-MG (at pH 4.0). CA at

low pH has enhanced solvent accessible clusters of

hydrophobic regions, which were initially buried in the

interior of native CA at pH 7.0. These results suggest the

formation of a molten globule-like state in the unfolding

pathway of CA is substantiated by the strong ANS binding

in the acidic condition. Previously, molten globule states

for several proteins under various denaturing conditions

have been reported by our group [21, 22].

Thermal Unfolding

The effect of pH on the thermodynamic stability of CA was

investigated by carrying out thermal unfolding which fol-

lows the changes in ellipticity at 222 nm which check the

presence of residual secondary structure of CA. Figure 6

shows that Fd ploted against temperature was in a sigmoid

fashion for pH 7.0, 4.0 and 3.0, but it showed a linear

behavior at extreme acidic pH and 6 M GnHCl. This result

indicates cooperativity at pH 7.0, 4.0, 3.0, and absence of

cooperativity as expected for a non-compact structure at

pH 1.0. The loss of signal in these cases is due to thermal

unfolding of the hydrophobic cores or arises directly from

reduction of the disulfide linkages in the protein. At pH 4.0,

3.0 and 1.0, the thermal unfolding curves showed smaller

transition amplitudes than the native which has Tm of 78�C.

The curve shows a single-phase transition having estimated

Tm of 78�C (at pH 7.0), which is close to Tm of 81�C

obtained using microcalorimetry (DSC) [23]. The free

energy for unfolding is fairly sensitive to the changes in

environment and was calculated using Eq. 6 (Table 1).

The native CA exhibits highest free energy DG�u
� �

59.6 kcal mol-1, whereas 6 M GnHCl exhibits the lowest

DG�u (13.3 kcal mol-1). The ‘‘m-values’’ appear to

decrease slightly with decrease in pH, suggesting that the

variation in ‘‘m-values’’ is believed to be due to change in

the solvent accessible area of hydrophobic residues. In

spite of these large differences in stability, pH dependence

of the denaturation temperature of CA was observed

revealing a broad maximum at pH ranging from 3.0 to 7.0,

but the maximum stability coinciding with neutral, and at

Table 1 Spectroscopic and thermodynamic properties of CA

Properties Native state

(pH 7.0)

Pre-MG state

(pH 4.0)

Acid-induced MG

state (pH 3.0)

Acid-denatured

state (pH 1.0)

Denatured state

(6 M GnHCl at pH 7.0)

MRE 222 nma -6,710 -5,736 -4,700 -756 -569

MRE 285 nma -24 -12 -12 -13 -5

FI 331 nmb 361 265 218 34 227

k max nm 331 333 340 343 348

FI 480 nmb 72 1,944 2,415 22 29

kmax nm 491 486 482 480 513

a-helixc (%) 29 26 23 10 9

Thermal unfolding 222 nm Cooperative Cooperative Cooperative Non-cooperative Non-cooperative

Tm
d 78�C 70�C 65�C – –

DG�u (kcal mol-1) 59.6 53.1 46.6 38.6 13.3

m (kcal mol-1 M-1) -0.76 -0.75 -0.72 -0.65 -0.39

a MRE value in deg cm2 dmol-1 calculated by Eq. 1
b FI stands for fluorescence intensity in arbitrary units
c calculated by Chen et al. method Eq. 2
d Tm was calculated from thermal denaturation experiments

The free energy for unfolding DG�u; obtained from two-state fits modal and is plotted as a function of temperature
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pH near its isoelectric point of 6.85. The maximum con-

formational stability of CA at zero net charge could be due

to the favorable electrostatic interactions among the posi-

tive and negative charged groups arranged on the surface of

protein as a consequence of decreasing the surrounding

effective dielectric constant causes the decrease in stability.

Acrylamide Quenching

Quenching of tryptophan fluorescence by acrylamide was

carried out for pH 7.0, 4.0, 3.0, 1.0 and 6 M GnHCl-

induced states. Acrylamide is an appropriate choice as a

quenching agent because it is a neutral molecule. The
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extent of quenching by acrylamide was estimated by Ksv

and Kq that were calculated by plotting linear Stern–Volmer

plot between Fo/F and acrylamide concentration (Fig. 5).

The Ksv is reported as the slope of the line which reflects the

accessibility of tryptophan residues to collisions with

acrylamide [24]. The quenching parameters obtained by

analyses of Stern–Volmer plots are presented in Table 2.

The Ksv value of native CA was found to be 1.22 M-1; the

corresponding values of Ksv for pre-MG (at pH 4.0) and MG

(at pH 3.0) state were higher than native CA (2.09 and

2.77 M-1). This suggests that the Trp residues of CA

become less accessible to the quenchers in native condition

while increased exposure in the molten globule state which

clearly indicates that the molten globule state is partially

unfolded, exposing tryptophan residues to collisions with

acrylamide in accordance with the red shift observed for the

wavelengths at the emission maximum. In addition, the Kq

values in each case of states are in the range of 108 M-1 s-1

(Table 2) which is 100 time lower than the maximum value

for dynamic quenching, 2 9 1010 M-1 s-1 indication of the

dynamic quenching [24].

Hydrodynamic Parameters Determination of CA

The translational diffusion coefficient D25�C
W

� �
is one of the

useful physical properties for characterizing the nature of
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molecules in solution phase. This value reflects not only

the molecular size or solution viscosity but also intermo-

lecular interactions between a diffusing molecule and water

molecules (hydrogen bond networks). Since hydrogen bond

networks are sensitive to conformation, thus D25�C
W also

reflects conformation of a protein. Values of the transla-

tional diffusion coefficient D25�C
W

� �
were obtained directly

using value of hydrodynamic radii from Eq. 10. At pH 7.0,

hydrodynamic radius (Rh) was found to be equal to 5.1 nm

which gave value of D25�C
W of native CA equal to

4.69 3 10-7 cm2 s-1. At pH 4.0, CA has slightly smaller

hydrodynamic radius of 4.8 nm which corresponds to value

of D25�C
W equivalent to 4.89 3 10-7 cm2 s-1. The Rh values

are 4.7 and 6.0 nm for pH 3.0 and pH 1.0, respectively.

D25�C
W for pH 3.0 and pH 1.0 were 4.91 3 10-7 and

3.99 3 10-7 cm2 s-1, respectively (Table 3) and were

slightly higher than the calculated values from Stokes–

Einstein equation 3.09 3 10-7 and 3.61 3 10-7 cm2 s-1

correspondingly. It can be clearly seen from Fig. 7 that on

decreasing the pH, the D25�C
W increases while the Rh

decreases suggesting that acidic pH induced changes in the

CA molecules that indirectly change local diffusion coef-

ficient through hydrodynamic effects. The changes in

above results are indicative of the acid-induced dissocia-

tion of CA molecule [22].

Discussion

The net charge on CA molecule at neutral pH is (-) 1,

because of the negative charge on side chains of Asp and

Glu, positive charge on side chains of Lys and Arg and

partial positive charge on side chain of His residue [25].

Protein structures are stabilized with various non-covalent

interactions such as hydrophobic, electrostatic, van der

Waals and hydrogen bonds but found to be significantly

affected by acidic pH. This is due to the presence of both

attractive and repulsive charge–charge-motivated interac-

tions that are present in the proteins. When a protein

unfolds, the charges on amino acid residues are away from

each other and thus effective dielectric constant increased

and consequently coulombic interactions substantially

reduced. So, in general, coulombic interactions contribute

favorably to upholding structural stability of the proteins

[26]. During acid-induced denaturation of proteins, ioni-

sable side chains of the protein get protonated due to ele-

vation in H? which facilitates the formation of a pre-

molten globule and molten globule state. Further increase

in H? cause resultant charge–charge repulsion which

consequently leads to protein unfolding and formation of

acid-denatured state and thereafter decrease in pH has no

effect on ionization state of protein but increases anion

concentration [27, 28].

Acid-induced unfolding of CA was followed by far-UV

CD, near-UV CD, intrinsic and extrinsic fluorescence

measurement and hydrodynamic parameters determination.

The secondary structural changes on pH variation were

measured using far-UV CD that is non-cooperative with

two well-distinct transitions. The first transition between

pH 7.0 and 4.0 involves conversion of native protein into

Table 2 Acrylamide quenching data of CA in different states

State pH Ksv½M�1� Kq ½M�1s�1�

Native state 7.0 1.22 2.8 9 108

AI-pre-MG state 4.0 2.09 4.8 9 108

AI-MG state 3.0 2.77 6.2 9 108

AI-denatured state 1.0 2.98 6.9 9 108

6 M GnHCl denatured state 7.0 3.64 7.5 9 108

Ksv and Kq calculated by Eqs. 8 and 9, respectively

Table 3 pH dependence comparison of the hydrodynamic radii (Rh)

and translational diffusion coefficients D25�C
W

� �
from dynamic light

scattering (DLS) experiments describing different states of CA

State pH App. M.W.
[kDa]

Rh [nm] DW
25�C

[cm2 s-1]

Pd

[%]

Native state 7.0 212 5.1 4.69 9 10-7 28.4

AI-Pre-MG state 4.0 140 4.8 4.89 9 10-7 17.7

AI-MG state 3.0 99 4.7 4.91 9 10-7 18.3

AI-denatured

state

1.0 226 6.0 3.99 9 10-7 23.4

6 M GnHCl

denatured

7.0 1,564 13.8 1.75 9 10-7 26.0
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Fig. 7 Trends of the translational diffusion coefficients D25�C
W

� �
and

the hydrodynamic radii (Rh) for CA as a function of pH
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acid-unfolded state with residual secondary structure, fol-

lowed by second transition corresponding to formation of

secondary structure. Acid-induced molten globule state is

populated at pH 3.0 in this second transition with CD

spectra comparable to that of native state. Molar ellipticity

value at 222 nm in MG state is -4,700 deg cm2 dmol-l

which is lower than that of the native protein at pH 7.0

(-6710 deg cm2 dmol-1). Retention of considerable

amount of secondary structure is a prerequisites for MG

state [20, 22].

The tertiary structural alteration with pH was analyzed

by intrinsic and extrinsic fluorescence spectroscopy and

near-UV CD. The Trp residue appears to sit in a different

environment at different pH condition. CA undergoes a

native to molten globule transition at pH 3.0 while the

unfolded state of CA populated at pH 1.0 as evident by

decrease in emitted fluorescence intensity together with red

shift in maximum emission wavelength. As the pH

decrease, CA unfolds to form acid-induced pre-MG state

and to MG state directly at lower pH. This is similar to MG

state of maltose binding protein (MBP), a large monomeric

two domain protein, where MG state was populated at

acidic pH 3.0 [29]. Furthermore, Figs. 1a and 3a confirm

that considerable amounts of unstructured species were

present at pH 1.0. Near-UV CD data also confirm the loss

of tertiary structure at pH 3.0. Tertiary structural pertur-

bations induced by pH which are also manifested by ANS

binding. ANS binds maximally to CA at acid-induced MG

state at pH 3.0 relative to native and denatured state. At

lower pH values, decrease in magnitude of ANS binding

occurs. An increase in extrinsic fluorescence intensity

together with blue shift as compared to native suggests

increase in hydrophobicity of the protein at pH 3.0. Dis-

rupted tertiary structure of the protein at pH 3.0 together

with exposed hydrophobic patches confirms that observed

properties agree with the definition of molten globule state.

To further understand the difference in pH dependence

structural changes, we performed an acrylamide quenching

experiment comparing the effect of varying acrylamide

concentration on CA at different pH conditions. Our

acrylamide quenching data at lower pH values show a lower

Ksv values compared with 6 M GuHCl denatured protein

whereas higher value of Ksv than the native state of protein.

These results reflected that hydrophobic pockets harboring

the major emitting tryptophan(s) are present in both pre-

molten globule and molten globule conformations.

The mean residue ellipticity at 222 nm as a function of

temperature as illustrated in Fig. 6 shows the equilibrium

unfolding of the protein at different pH values. The results

clearly suggest that decrease in pH decreases the stability

of the protein toward thermal unfolding significantly. In

our study, Tm is found to be pH dependent and decreases

with increase in positive net charge of the protein; thus, it

appears that some of the interactions stabilizing the com-

pactly folded conformation are disrupted in MG-like state.

These results suggest that the protein in the MG-like state

is significantly less stable than the folded state which is

characteristic feature of MG state.

In DLS analyses, it was studied that the mean hydrody-

namic size changes due to change of the pH values of the

medium. We observed decrease in D25�C
W and an increase in

hydrodynamic radii (Rh) on decreasing pH. The size expan-

sion could occur due to the increase in net positive charge. At

pH 1.0, the CA molecules are in expanded phase, and its more

easily accessible charged groups are highly solvated (i.e.,

hydrated) which cause increase in the Rh of the protein in the

solution. Additionally, there occurs decrease in the diffusion

constant on increasing protonation (H?). The D25�C
W reflects

not only the molecular size or solution viscosity but also

intermolecular interactions between a diffusing molecule and

water molecules (hydrogen bond networks). Since hydrogen

bond networks are sensitive to conformation, thus D25�C
W also

reflects conformation of a protein.

So it can be concluded from all results taken together that

at pH 3.0 CA exists as MG while at pH 4.0, it exists as pre-

MG. Furthermore, it is already reported that C-domain

linking residues 478–671 are susceptible for denaturation and

are assumed to be more exposed, so we proposed that residues

of C-domain underwent unfolding first on decreasing pH

[10]. This description is further explained by schematic

representation of acid-induced unfolding of CA (Fig. 8).

Denatured Native Pre-MG MG Denatured

6 M GnHCl pH 7.0 pH 4.0 pH 3.0 pH 1.0

C-domain

N-domain
N-domain

Fig. 8 A schematic

representation of the proposed

unfolding pathway of CA,

native, pre-MG, MG, acid-

induced denatured and 6 M

GnHCl denatured states
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Conclusion

Understanding of protein stability is important under

preservation processes. Heat and acids are two major rea-

sons for protein deactivation as they affect primary, sec-

ondary, tertiary and quaternary structures. In this study, we

identified and characterized the stable MG-like state

accumulated in acidic region at pH 3.0. Furthermore, our

study gives an insight into unfolding mechanism of CA

under harsh environment like acidic environment which

has large application in the feed industry, pharmaceuticals,

veterinary medicines, clinics for human, etc.
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