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Shabir H. Qureshi,Beenu Mozd, Sushma Yada¥,and Faizan Ahmad*
Department of Biosciences, Jamia Millia Islamia, Jamia Nagar, New Delhi - 110 025, India
Receied Naember 1, 2002; Résed Manuscript Receéd December 20, 2002

ABSTRACT. The denaturation of bovine and horse cytochromes-c by weak salt denaturants (LiCl agd CaCl
was measured at 2& by observing changes in molar absorbance at 400&ud) and circular dichroism

(CD) at 222 and 409 nm. MeasurementsAef,oo and mean residue ellipticity at 409 nn¥]jog gave a
biphasic transition for both modes of denaturation of cytochromes-c. It has been observed that the first
denaturation phase, N (native) conformatierX (intermediate) conformation and the second denaturation
phase, X conformatior> D (denatured) conformation are reversible. Conformational characterization of
the X state by the far-UV CD, 8-anilino-1-naphthalene sulfonic acid (ANS) binding, and intrinsic viscosity
measurements led us to conclude that the X state is a molten globule state. Analysis of denaturation
transition curves for the stability of different states in terms of Gibbs energy change at pH 6.0 &@d 25

led us to conclude that the N state is more stable than the X state by-905% kcal mot?, whereas the

X state is more stable than the D state by only 140.25 kcal mot!. We have also studied the effect

of temperature on the equilibria, N conformatienX conformation and X conformatiofr D conformation

in the presence of different denaturant concentrations using two different optical probes, néiagly, [
andAes00 These measurements yieldgg (midpoint of denaturation) antlH, (enthalpy change) &,

as a function of denaturant concentration. A ploidi, versus correspondind, was used to determine

the constant-pressure heat capacity changs, (= (0AHmW9Tm)p). Values ofAC, for N conformation<>

X conformation and X conformatior~ D conformation is 0.92+ 0.02 kcal moft K=1 and 0.41+ 0.01

kcal molt K—1, respectively. These measurements suggested that about 30% of the hydrophobic groups
in the molten globule state are not accessible to the water.

The pathway by which a newly synthesized polypeptide the hydrophobic surface accessible to solvent. The molten
chain spontaneously folds to its native functional form is globule state of proteins is often observed under mildly
still a central goal of the protein chemists. In recent years, denaturing conditions, e.g., moderate concentrations of strong
great interest has been focused on detecting and characterdenaturants such as guanidine hydrochloride and @&, (
izing the intermediates that might be formed during the at acidic or alkaline pH with or without stabilizing iond
folding of proteins. The “molten globule” (MG) is one such  6), and heat 7). To date, most of the studies on molten
intermediate of significance. It is being intensively studied globule state of cytochrome-c are in extreme conditions only,
by both kinetic and equilibrium methods because of its je. in acidic solution at pH 2 containing high salt concentra-

possible implication in the folding process of several proteins. tion or when positive charges at acidic pH are neutralized
Equilibrium molten globules are important tools to study py anions 4, 8, 9).

protein folding because they are much easier to structurally
characterize than kinetic intermediates. The common struc-
tural characteristics of molten globule state afg és
follows: (i) the presence of pronounced amount of seconda . ) .
g P P ryto detect an on pathway MG during folding unfolding

structure, (ii) the absence of most of the specific tertiary .
structure produced by the tight packing of side chains, (iii) induced by denaturants near neutral pH. However, occurrence

the compactness of the protein molecule with the radius of °f MG state has been speculated during the denaturation of
gyration 10-30% larger than the native (N) state, (iv) the Cytochrome-c by urea and guanidine hydrochlorit@-12).

presence of a loosely packed hydrophobic core that increasedVe have been interested for some time in the conformational
and thermodynamic characterization of denaturation of
proteins by weak salt denaturants such as LiCl and £aCl
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horse and bovine cytochromes-c using measurements of (i)in Shimadzu spectrophotometer. Protein concentrations for
the far-UV circular dichroism (an index of secondary the spectral measurements werelD uM in the Soret
structure), (i) near-UV circular dichroism (an index of region. The thermal denaturation of proteins in the presence
packing of side chains), (iii) intrinsic viscosity (a measure and absence of different concentrations of both denaturants
of radius of gyration), and (iv) 8-anilino-1-naphthalene were carried out in Jasco UV/Vis spectrophotometer with a
sulfonic acid (ANS)—protein interaction (a measure of heating rate of PC/min. The change in the absorbance at
presence of hydrophobic clusters accessible to the solvent)400 nm of proteins was measured in the temperature range
These measurements led us to conclude that the intermediat@0—85 °C. These isothermal and thermal denaturations of
state of both the proteins has all the common structural h-cyt-c and b-cyt-c were also measured in a Jasco spec-
characteristics of MG1). tropolarimeter (model J-715) equipped with a peltier-type
Thermodynamic stability parameters associated with the temperature controller (PTC-348 WI). Protein concentration
unfolding transition are important in the understanding of used for CD measurements was in the range-2BuM,
physical mechanism of MG formation and its relation to and 0.1 and 1.0 cm cells were used for the far-UV and Soret
protein folding. Thermodynamic stability parameters associ- region measurements, respectively. CD instrument was
ated with the transition between MG and acid denatured routinely calibrated with D-10-camphorsulfonic acid. The
states of horse cytochrome-c have been measiréxi48). results of all the CD measurements are expressed as mean
However, there is no report on the measurements of theseresidue ellipticity (P];) in deg cn?@ dmol! at a given
parameters associated with formation of MG from the native wavelengthA (nm) using the relation
protein. In this study, we have measured all the thermody-
namic parameters to describe transition between the N and (0], = 6,M,/10cl 1)
MG states and between the MG and denatured states, and
report that native structure of horse and bovine cytochromes-cwhere 6; is the observed ellipticity in millidegrees at
is stabilized mainly by hydrophobic interactions, and second- wavelengtit, M, is the mean residue weight of the protein,

ary structure contributes little to the protein stability. c is the protein concentration (mg/émand| is the path
length (cm). It should be noted that each obseredf the
MATERIALS AND METHODS protein was corrected for the contribution of the solvent.

Fluorescence spectra were measured in a Perkin-Elmer
L-50 spectroluminescencemeter in a 5-mm quartz cell at 25
°C, with both excitation and emission slits set at 12 nm.
Protein concentration for all the experiments was in the range
7—10 uM. For the ANS fluorescence in ANSprotein
binding experiments, the excitation wavelength was 360 nm
and emission spectra were recorded from 400 to 600 nm.

Viscosity measurements were carried out in an Ostwald
type viscometer with a flow rate of 60 s for 1 mL of distilled
water. Viscometer was kept in a thermostated water bath to
maintain the temperature of samples at 26.0.1°C. Protein
concentration used was in the range-26.0 mg mL%. As
described earlier23), the reduced viscositynfq of the
protein was determined at different protein concentrations
using the relation

Commercial lyophilized chromatographically purified horse
heart cytochrome-c (type 1V) and bovine heart cytochrome-c
were purchased from Sigma Chemical Company. Since both
proteins gave a single band on SBBAGE, they were used
without further purification. Lithium chloride, sodium salt
of cacodylic acid, and ANS were from Sigma Chemical
Company. Calcium chloride and potassium chloride were
from Merck (India). These and other chemicals were
analytical-grade reagents.

Horse and bovine cytochromes-c samples were oxidized
first by adding 0.1% potassium ferricyanide as described
earlier 6). The concentration of the oxidized horse cyto-
chrome-c (h-cyt-c) and that of bovine cytochrome-c (b-cyt-
c) were determined experimentally using a value of 106 000
M~1 cm, the molar absorption coefficient)(at 409 nm
(20). Concentration of stock solutions of LiCl and Ca@kre e -
determined by measuring the difference refractive index of Mrea = (1~ T/t + (1 = (02p0))/po )
each solution and 0.03 M cacodylate buffer containing 0.1
M KCI (21). Concentration of the stock solution of ANS
was determined spectrophotometrically using a value of 5000
M-t cm™ for € at 350 nm 22). For optical measurements
all solutions were prepared in the 0.03 M cacodylate buffer
containing 0.1 M KClI at pH 6.0 and equilibrated overnight
at room temperature. C

The absorption measurements of each protein were carried(
out in a Shimadzu-2100 UVVis spectrophotometer and a
Jasco V-560 UV/VIS spectrophotometer whose temperature
was regulated by circulating water from an external ther-
mostated water bath and by a peltier-type temperatureResSULTS
controller (ETC-505T), respectively. Isothermal denaturation ) _ ) )
curves of both cyt-c preparations induced by weak salt LiCl- and CaCl-induced denaturations of ferricyto-
denaturants (LiCl and Cagllat 25.0+ 0.1°C was measured ~ chromes-c from horse and bovine hearts were measured by

observing changes in the absorption at 400 nm and circular

R e N . R dichroism (CD) at 222 and 409 nm at pH 6.0 (0.03 M
6-aniino-L-naphihalene. sulfonis. acid: DAC, differential stanning cacodylate buffer containing 0.1 M KC) and 250.1°C.
calorimetry. Each stable state of the denaturation equilibria was character-

wheret, andt are the times of fall of 1 mL of solvent and

1 mL of protein solution, respectively; is the protein
concentration in g mt?, 9, is the partial specific volume of
cyt-c, which is equal to 0.724 mL¢ (24), and p, is the
density of the solvent.

Reversibility of the isothermal denaturation by LiCl and
aCh was checked using the procedure described earlier
25). Reversibility of the thermal denaturation was checked
by matching the optical property before and after the
denaturation.
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Ficure 1: Equilibrium unfolding curves of h-cyt-c in the presence of LiCl (open symbols) and,G8i{&ld symbols) measured lieso0

(A), [0]400 (B), and Pl.22 (C). See text for the dependenceypion [denaturant]. The inset in panel B shows the dependence of the optical
property of the X statgy, on [denaturant]. Panel (D) shows plots&, andAG,, versus [denaturant]. In this panel X's are obtained from

the studies of thermal denaturation in the presence of salt denaturants (see text), and other symbols have the same meaning as in panels

A—C.
ized by far- and near-UV CD, intrinsic viscosity, and ANS  [LiCl] dependence ofx from the measurements of the heat-
protein fluorescence measurements. We have also measurethduced denaturation curves of h-cyt-c in the presence of
the heat-induced denaturation of both proteins in the presenceLiCl in the concentration range 4.6%.75 M (see inset in
of different concentrations of LiCl and CaClThe thermal Figure 3A). The solid line shown in Figure 1A describes
denaturation in the presence of the denaturants was monitoredhis dependence. As observed in the case of pretransition
by the measurements of CD at 222 nm and absorption atregion, the posttransition region also occurs in a wide
400 nm. concentration range 8-0L0.0 M, andyp, the property of the
LiCl-Induced Denaturation at 25t 0.1 °C. Figure 1A D state shows linear dependence on [LiCl] (see the solid
shows the LiCl-induced transition of h-cyt-c followed by line in Figure 1A). It has been observed that both transitions,
observing changes imes0 Which is a measure of the N < X and X< D, are reversible.

interaction between heme and globin molecu2§).(This Assuming that the process & X, designated here as
transition is a composite of at least two distinct processes. transition |, follows a two-state mechanism, results shown
The first transition is centered in [LiCI] (molar concentration in Figure 1A were used to determine values\u®, (Gibbs

of LiCl) range 0-5.9 M and is represented here by the energy change associated with the transition I) using the
reaction N<= X, where X is the intermediate state of the relation

protein between its N and D states. The second transition

occurs in the [LiCl] range 6:610.0 M and is represented =_ - -

here by the reaction X> D. It is seen in Figure 1A that the AG RTINIGY = iy = Y]] )
pretransition region occurs in a wide [LiCI] range, and as
reported earlier 27), the optical property of the native
protein,yn shows nonlinear dependence on the [denaturant].
It should, however, be noted that the [LiCI] dependence of
yn (see the solid line in Figure 1A) is determined from the
observed values ohesq in the [LICI] range 1.5-3.8 M. It

is also seen in Figure 1A that the X state exists in a very
narrow [LiCl] range, and the dependenceygf the optical
property of the X state on [LiCI] cannot be determined from 0
these results. As will be described later, we have determined AG, = AG— m|[denaturant] (4)

whereR is the universal gas constaft,is the temperature
in Kelvin, andy is the observed optical property correspond-
ing to transition I. These values &G, in the range—1.3
kcal mol? < AG < 1.3 kcal mol* are plotted as a function
of [denaturant] in Figure 1D. The plot &G, versus [LiCl]
was analyzed foAG? (AG, value & 0 M [denaturant]) and
m;, the slope §AG/o[denaturant]) using the relatio2§)



Molten Globule State of Cytochromes-c Biochemistry, Vol. 42, No. 6, 2003687

A 3 D
200 <
% Random Coil (6.0 M GdnHCl)
% z X state (2.85 M CaCly)
—E 100 D state (9.0 M LiCl)
= D state (4.5M CaCl,)
E o
o Yy Ty, T, | g QO M, ooy
L L S . ey O L. W oS VA -
L0 % T e, [ RS a0
2 o
S -100 - T ..................................
N state
X state (5.9 M LiCl) Y
200 4 N state % Ny
o X state (6.0 M LiCl)
270 285 300 315 270 285 300 315
-Wavelength, nm
40
X state (2.85 M CaCly)
35 | B 1 X state (6.0 M LiCI) E
X state (5.9 M LiCl)
E, 30 1
2
e 25
=
=
3 20 1
=
8
Z2 15
1
e
= 10
5 4
0 . . -
525 560 595 420 455 490 525 560 595
Wavelength, nm
20
18 D state f.o M LiCl): [n]=14.76 + 0.22 C D state (4.5 M CaCl,): [n] = 15.1 £ 0.4 F
1 g Y
14 N
",‘u D state (4.5 M CaCl,): [n] = 14.28 £ 0.23
E 12 D state (9.0 M LiCl): [n] = 14.8 + 0.2
g 10 { X state (2.85 M CaCl,)
= 8 [n]=3.45+ 0.25 X state (5.9 M LiCl) X state (2.90 M CaCl,)
[MI=352£020 X state (6.0 M LiCl) M]=34+03
¢ \l/ =274 %0281 [M=37%03 N state
J/ Mm1=2.8%0.1
4 n NA
> e -~ 2 5 = ©
2 1 1 1 1 1 1 1 L 1 L 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

¢x 107, g ml?

Ficure 2: Near-UV CD spectra, fluorescence spectra in the presence of ANS, and intrinsic viscosity valuesitofrtheynative (N),
intermediate (X), and denatured (D) states at pH 6.0 anftC2®anels A-C and D-F represent results of h-cyt-c and b-cyt-c, respectively.
Molten globule (MG) florescence spectra of proteins at pH 2 in the presence of ANS are also shown in panels B and E.

The solid line was drawn according to eq 4 using values of to obtain values o‘AGﬁ andmy using the relation

AG? andm given in Table 1. This table also shows the

value ofCy,, the midpoint of transition 1€ AG?/m.). AG, = Aq?— my [denaturant] (6)
Assuming that the process % D, designated here as

transition I, is also of a two-state type, results shown in

Figure 1A were used to determine values/AdB, (Gibbs

energy change associated with the transition Il) using the

relation

where the subscript Il represents the fact that these parameters
correspond to transition Il and the superscript “0” represents
the value &0 M LiCl. Values of AG], the value ofAG, at

5.9 M LiCl and Cp,y (= AG]/my) were also determined.

AG, = —RTIn [(y — y)/(Yo — V)] (5) Figure 1B shows the LiCl-induced transition curve of
h-cyt-c followed by observing changes if]fos the mean
where y is observed optical property corresponding to residue ellipticity at 409 nm, which is a probe for monitoring
transition 1l. Values ofAGy in the range—1.3 kcal motf? heme-globin interaction 29). As expected from the results
< AGy ! < 1.3 kcal mot* are plotted as a function of [LiICl]]  shown in Figure 1A, this transition (Figure 1B) is also
in Figure 1D, where it is seen that the plot A5G, versus biphasic, i.e., it involves at least two distinct reactionssN
[denaturant] is linear. A linear least-squares analysis was usedX (transition I) and X< D (transition II). Solid lines in
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Ficure 3: Thermal denaturation curves of h-cyt-c in the presence
of 4.0, 4.25, 4.5, and 4.75 M LiCl monitored h¥e400 (A) and
[6]222 (B). To maintain clarity transition curve in the presence of
5.0 M LiCl is not shown. Inset shows plots pf versus temperature

at 4.25, 4.5, 4.75, 5.0, 5.25, 5.5, and 5.75 M LiCl.

Figure 1B show [LiCl] dependencies of the optical property

of the native state, denatured state, and intermediate state
The inset in this figure shows data points that were used to

determine the dependenceyaf on [denaturant].
Assuming that each transition follows a two-state mech-

Qureshi et al.

is shown in Figure 1D. A least-squares analysis of this plot
according to eq 6 gave values of thermodynamic parameters.

Figure 2A shows the near-UV CD spectra of h-cyt-c in
the native, intermediate, and denatured states. It can be seen
in this figure that the near-UV CD spectrum of the X state
is similar to that of the D state, and the characteristic negative
peaks in the region 28289 nm of the native protein that
arise from the tryptophan and tyrosyl side-chains3(l) are
absent in both X and D states. Figure 2A also shows the
CD spectrum of the randomly coiled h-cyt-c in 6 M
guanidine hydrochloride (GdnHCI), which is identical to
those of X and D states observed in the presence of LiCl.

Figure 2B shows the ANS fluorescence when it is added
to h-cyt-c in the native and X states. The excitation was
carried out at 365 nm and emission was recorded in the range
400-600 nm. It is seen in Figure 2B that the fluorescence
of ANS, in the presence of the protein existing in the X state,
shows an increase in fluorescence intensity accompanied by
a blue shift with respect to native state. It should be noted
that the fluorescence measurements in the presence of LiCl
concentration that gives the D state cannot be carried out
due to the insolubility of ANS in high denaturant concentra-
tions.

Figure 2C shows the reduced viscosifyg, Of h-cyt-c in
the native, intermediate, and denatured states as a function
of protein concentration. A linear least-squares analysis of
the plot ofyeq Versusc, the protein concentration, gave the
value of the intrinsic viscosity {]]), the value ofgeqatc =
0 (32. It can be seen in Figure 2C that the value 9f [
increases from 2.74 0.28 mL g'* for the native protein to
values of 3.52+ 0.20 mL g* for the X state and 14.7&

0.22 mL g for the D state. A comparison ofj] of the D
state with that of the proteimié M GdnHCI (fjy] = 14.5 ml
g1 (17, 24) suggests that h-cyt-c in concentrated LiCl
solution behaves as a random coil.

Effect of Temperature on K- X Equilibrium. We have
studied the effect of temperature on h-cyt-c in the presence
of LiCl in the concentration range-6 M in which N< X
equilibrium exists at 25C (see Figure 1A). It has been
observed that the thermal denaturation of the protein is
reversible at all LiCl concentrations. Figure 3A shows typical
heat-induced transition curves in this [LiCl] range. It is seen

anism, results shown in Figure 1B were used to determinejn this figure that h-cyt-c in the presence of a fixed [LiCl]

values ofAG, andAG;, using egs 3 and 5, respectively. The
values of Gibbs energy change in the range3 kcal mot?

< AG =< 1.3 kcal mot? associated with each transition are
plotted as a function of [LiCl] in Figure 1D. A linear least-
squares analysis was used to analig versus [LiCl] and
AGy versus [LICI] plots for the thermodynamic parameters
using egs 4 and 6, respectively.

Figure 1C shows the LiCl-induced transition curve of
h-cyt-c followed by observing changes ifl] {2, a measure
of the secondary structure8@. A comparison of results
shown in this figure with those shown in Figure 1A,B

undergoes a biphasic transition. However, the transition
occurring in the higher temperature range is not complete
even at 85°C. To understand the nature of each of these
transitions, heat-induced unfolding of h-cyt-c in the identical
denaturing conditions was also measured by monitoring
change in §].22 Figure 3B shows typical results of these
measurements. It is seen in this figure that the pretransition
baseline shows dependence on bbt#nd [LiCl]. The inset

in this figure shows results that were used to determine this
dependence. Figure 3B also shows that the heat-induced
denaturation is incomplete at LiCl concentrations in the

suggests that no change in secondary structure occurs duringneasurable temperature range. At each [LiCl], a comparison
the transition between N and X states. It is also seen in thisof the thermal transition curve measured Ay.qo (Figure

figure that unfolding of the secondary structure occurs in
the [LiCI] range 6.6-9.0 M, which corresponds to the
transition X < D (see Figure 1A,B). Assuming that the
transition X< D monitored by p].., measurements is of a
two-state type, values @G, were determined at different
LiCl concentrations using eq 5. TG, versus [LiCl] plot

3A) with that followed by P]... measurements (Figure 3B)
suggests (i) that no change i)}, occurs in the lower
temperature range in which transition<N X is observed
during Aeso0 measurements, and (i) that the second transition
monitored byAesoo measurements represents the melting of
the secondary structure.
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Table 1: Thermodynamic Parameters Characterizing the LiCl and,@&Dlaturations of h-cyt-c and b-cyt-c at pH 6.0 and°23

h-cyt-c b-cyt-c
AGYAGP m/my AGYIAG)? m/my
denaturant transition kcal mol?t kcal mol?t Cl/Crt M kcal mol? kcal mol?® Cn/Crt M
LiCl N <X 9.54+0.3 —-2.0£0.1 4,84 0.1 10.5+ 0.2 —-2.1+0.1 5.1+ 0.2
XD 1.54+0.3 -15+0.1 6.7+ 0.1 1.5+ 0.4 -1.9+0.1 6.8+ 0.2
CaCb N <X 9.2+ 04 —4.1+0.1 2.3+ 0.1 10.3+ 0.4 —45+0.1 2.3+ 0.1
X<D 1.2+0.3 —3.4+0.2 3.2+ 0.1 0.9+ 0.1 —-3.6+0.1 3.1+ 0.1

a Since for each transition induced by given denaturak,([denaturant]) data obtained from different optical probes fall on the same line, all

data were taken together to get the best fit according to eq 4 ferXland eq 6 for X< D transitions.? Afo is the value ofAG, at [denaturant]
where the X state exists.

Assuming that the first transition curve of h-cyt-c at a 70
given [LiCl] shown in Figure 3A, represents a two-state 601 A teeat mor K hoeyte //
process N X (transition I), one can determin&G, as a ' é
function of temperature using eq 3, provided the temperature 50 1 NosD 1.32 // NeD

dependencies ofy andyx are known at each [LiCl]. Inset

of Figure 3A shows plots of\eq0 Of the protein in the X
state as a function of temperature at different LiCl concentra-
tions. It is seen in this figure that can be observed in a
very narrow temperature range, it does not depend on
temperature, and it shows dependence on [LiCl]. The relation
describing this [LiCl] dependence gf was determined, and

it was used to draw the solid line showing thalependence

on [LIiCl] in Figure 1A. To determine the dependencyyrf

of cyt-c on composition variables ([LiCI] and temperature),

NeX 0.90(20.08)
XD 0.41(20.02)

307 k— <— NoX

20

40

-1

10

Enthalpy change at 7, , kcal mol
-
]
=8

the native protein was heated at 1.5, 2.0, 3.0, and 3.5 M of 70 . b-eyte //
LiCl, and Aes0o Was measured as a function of temperature. AG (keal mol K7 yZ

It was observed thagy depends on both temperature and 60 NeoD 1.27

[LiCl]. Using these observations o, yx, and values off 50| NoX 09460.08) S NeD
(Aeang) of the heat-induced transition between N and X states XD 0.42(x0.02) 7

(Figure 3A),AG, was determined at each temperature with 40 1 -

the help of eq 3. At each [LIiCl] value oAG, in the range

30
—1.3 kcal mof! <= AG, < 1.3 kcal mof? in the transition

region were plotted against temperature, and these plots 20

(stability curves not shown) were analyzed to determine the

value of T, the midpoint of transition | and\Hp,, the 10 o 540

enthalpy change &, using the procedure described earlier 01 M gg

(33). Values ofAHn, andTy,, at different LiCl concentrations LT

are shown in Figure 4A. A linear least-squares analysis of -10 " 1‘5 2‘0 2'5 3‘0 3'5 4'0 44’5 5‘0 5'5 6'0 25 0

AHp, versusTy, plot gave the value of 0.98 0.08 kcal

mol~* K~ for AC,,, the constant-pressure heat capacity T,,°C

change € (9AHm/9Tm,)p) a@ssociated with N> X process  pigyre 4: AHy, versusTy, plots of h-cyt-c and b-cyt-c in the
(transition 1) induced by LiCl. Values ofm;, AHny,, and presence of various concentrations of LiCl (open symbols) and
AC,, were used for determiningG, at a given [LiCl] and CacCi (filled symbols)_. For transition N> X of both proteins, LiCl

25 °C using the relation and CaC{ concentrations are 4.0, 4.25, 4.5, 4.75, and 5.0 M and

2.0, 2.1, and 2.25 M, respectively. For transition=XD of both
proteins, LiCl and CaGlconcentrations are 6.0, 6.2, 6.4, 6.6, and
AG = AH, [(T,, — 298)T, ] — 6.8 M and 2.75, 2.85, 2.95, 3.05, 3.15, and 3.25 M, respectively.
_ Circles and squares represefAt{,, T, data obtained from\e,oo
ACy [T, — 298+ 298 In(298T,, )] (7) and Pl.2; measurements, respectively. Broken lines represent
) enthalpies at midpoint temperature for<d D process in the pH
values ofAG, at 25°C thus determined are represented by range 2.6-6.5 @1, 44).
X's in Figure 1D.

Effect of Temperature on ¥ D Equilibrium. We have protein,yp, shows dependence on temperature and [LiCl].

measured the heat-induced denaturation curves (pls¢f The relations describing this temperature dependengg of
versus temperature) of h-cyt-c in the presence of LiCl at different denaturant concentrations were determined.
concentration range 6-86.8 M in which the protein exhibits We have also monitored the heat-induced denaturation of

X < D equilibrium at 25°C (see Figure 1A). It has been h-cyt-c in the presence of LiCl concentration range-6@®3
observed that the thermal denaturation of the protein is M by measuring CD at 222 nm and observed that the thermal
reversible at all LiCl concentrations. Figure 5A shows typical denaturation of the protein is reversible at each [LiCl].
denaturation curves of these measurements. It can be seeifiypical denaturation transitions are shown in Figure 5B. It
in this figure that the optical property of the denatured can be seen in this figure thgas ([0]222 of the D state) shows
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Ficure 5: Thermal denaturation curves of h-cyt-c in the presence
of 6.0, 6.2, 6.4, 6.6, 6.8, and 8.2 M LiCl monitored Ay 400 (A)
and [f]222 (B) measurements.

dependence on both and [LiCl]. The relation describing
the yp dependence on temperature and [LiCl] was deter-
mined. It should be noted that these dependencie8]ef|

of D states on the composition variables ([LiCI] afidwere
determined using data in the same [LiCl] ranges as used in
the case ofAeso0 measurements.

Assuming that heat-induced denaturation (transition Il) of
h-cyt-c in the presence of LiCl follows a two-state mecha-
nism, each transition curve presented in Figure 5A,B was
analyzed forAG;, at each temperature and [LiCl] using eq
5 with known dependencies gf andyp on [LiCI] and T.

We have constructed stability curveS@, versusT) at all

LiCl concentrations (plots not shown) and analyzed these
plots for AHn, ; and Ty, Values. Values of these thermody-
namic parameters are shown in Figure 4A. A linear-least-
squares analysis @dfHn versusTy plot gave a value of
0.41 & 0.02) kcal mot* K~ for AC, . At a given [LICl],
values ofTm i, AHmi, andAC, ) were used for determining
AG at 25°C using eq 8, and these values are shown as X's
in Figure 1D.

AG, = AH,, [(Tm,ll - 298)n-m,u] -
AC, [Ton — 298+ 298 In(298T . )] (8)

CaCk-Induced Denaturation at 25 0.1 °C. Figure 1

Qureshi et al.

6.0 at 25°C, followed by observing changes it 4q0 (panel

A), [0]a00 (panel B), and §]222 (panel C). It is seen in this
figure that, as observed in the case of LiCl-induced dena-
turation of the protein, Caginduces a biphasic transition
when unfolding of the protein was followed by observing
changes iMesqo and [Plaos, Whereas single step unfolding
was observed in case of]p,; measurements. The Cacl
induced denaturation was reversible. Denaturation curves
were analyzed for thermodynamic parameters associated with
transitions N<= X and X < D using egs 3-6 in a manner
similar to that used for the analysis of LiCl-induced transition
curves. Values of thermodynamic parameters for transition
| and transition Il are given in Table 1.

The intermediate X observed on the denaturation pathway,
N < X < D, has been characterized by far-UvV CD
measurements (Figure 1C), near-UV CD measurements
(Figure 2A), ANS-protein fluorescence intensity measure-
ments (Figure 2B), andy] measurements (Figure 2C). It
can be seen in these figures that the structural characteristics
of the X state in the presence of Ca@te the same as those
observed for the state X in the presence of LiCl (Figure-2A
C). It should be noted that fluorescence measurements in
the presence of Cagtoncentration that gives the D state
could not be carried out due to the insolubility of ANS in
the high denaturant concentrations.

Effect of Temperature on Ca&linduced Denaturation of
h-cyt-c. We have also studied the effect of temperature on
N < X and X< D equilibria induced by Cagby measuring
changes imesno and [P]222 It was observed that the thermal
unfolding followed byAes0 measurements induces a revers-
ible biphasic transition; transition | in [Caglrange 2.6-

2.6 M and transition Il at concentrations above 2.8 M. On
the other hand, the thermal unfolding transition followed by
[6]222 at various denaturant concentrations showed a simple
single-step denaturation process. These results are similar
to those obtained for the thermal unfolding of the protein at
different concentrations of LiCl. The method employed to
analyze the thermal unfolding transition curves was the same
as the one used for analyzing thermal denaturation curves
shown in Figures 3 and 5. Results of this analysis are given
in Figure 4A.

To see the effect of amino acid substitution on h-cyt-c
denaturation process and on the thermodynamic parameters
associated with denaturation, we have carried out identical
sets of experiments on b-cyt-c, which differs from its horse
homologue in three helical amino acid residu@4) ( Figure
6 (panels A-C) shows reversible LiCl- and Ca&ihduced
denaturations of b-cyt-c monitored by observing changes in

A€o, [0]409, and p]zzz at pH 6.0 and 25C. A€sno and p]409

measurements suggest that the unfolding by both denaturants
is biphasic and involves the formation of an intermediate
(Figure 6A,B), whereas#] .2, measurements give a single

transition between N and D states (Figure 6C). The inter-

mediate state obtained in the presence of low concentrations

of these denaturants that retains all the native secondary
structure (see Figure 6C) was characterized by the near-UV
CD, ANS—protein fluorescence, and intrinsic viscosity

measurements. Figure 2D shows the near-UV CD spectra

of the protein in the native, intermediate, and denatured
states. It is seen in this figure that the near-UV CD spectra
of the D state obtained in the presence of LiCl and GacCl

shows CaGlinduced denaturation curves of h-cyt-c at pH are comparable to that of the random coil protein. It can
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Ficure 6: LiCl (open symbols) and Cagffilled symbols) denaturations of b-cyt-c at pH 6.0 and®25 measured byAe4qo (A), [0] 4090 (B),

and [P]222 (C). Panel (D) shows plots akG, and AG,, versus [denaturant]. In this panel, X's are obtained from the studies of thermal
denaturation in the presence of salt denaturants (see text), and other symbols have the same meaning as #Cpanels A

also be seen in this figure that the characteristic negativeby monitoring changes im\eso0 and [P]z22. It has been
peaks in the region 28289 nm of the native proteir8() observed that the heat-induced denaturation of the protein
are absent in the X state in the presence of low concentrationdn the presence of LiCl (4.0, 4.25, 4.5, 4.75, 5.0, 6.0, 6.2,
of LiCl and CaC}. Figure 2E shows the ANS fluorescence 6.4, 6.6, and 6.8 M) and Ca{(2.0, 2.1, 2.25, 2.75, 2.85,
in the presence of b-cyt-c in the native and X states. As we 2.95, 3.05, 3.15, and 3.25 M) is reversible. We have analyzed
did in the case of h-cyt-c, the excitation was carried out at thermal denaturation curves of b-cyt-c for thermodynamic
365 nm and emission spectrum was recorded in the rangeparameters, i.eTm, AHn, and AC, using same procedure
400-600 nm. It can be seen in Figure 2E that the as used in the case of h-cyt-c. ValuesTgfandAHy, in the
fluorescence of ANS in the presence of the protein existing presence of different concentrations of both denaturants and
in the X state shows an increase in fluorescence intensity AC, values are given in Figure 4B.
accompanied by a blue shift. It should be noted that
fluorescence measurements in the presence of LiCl orLaCl DISCUSSION
concentrations that give the D state could not be carried out The denaturation of horse and bovine cyts-c by weak
due to the insolubility of ANS in the high denaturant inorganic salt denaturants (LiCl and CaCimonitored by
concentrations. Aesgo and [Fa09 measurements is a biphasic N X< D)
Figure 2F shows the measurementsigfe]; of b-cyt-c in process (see Figures 1A,B and 6A,B). This equilibrium study
the native, intermediate, and denatured states as a functiorof denaturation provides a direct evidence of the presence
of protein concentration. A linear least-squares analysis gaveof a stable folding intermediate at neutral pH, which gets

[7] (mL g~1) values of 2.&+ 0.1 for the N state, 3.# 0.3 populated in extremely narrow range of the denaturant
(LiCl) and 3.4+ 0.3 (CaC}) for the X state and 14.& 0.2 concentration. For each protein, a comparison of the dena-
(LiCl) and 15.14 0.4 (CaC}) for the D state. turation curves monitored byespo and [B]aee With that

Since the unfolding process of b-cyt-c by LiCl and CaCl monitored by f].., reveals that there is no change in the
(Figure 6A-C) is similar to that of the denaturation path peptide CD in the denaturant concentration range where
followed by h-cyt-c (Figure 1A-C), we have analyzed these transition | (N< X) is observed (see Figures +C and
denaturation curves for thermodynamic parameters in a6A—C). This comparison suggests that the intermediate state
manner identical to the one used for the analysis of X has one of the structural characteristics of the molten
denaturation curves shown in Figure €. Values of these  globule state, namely, the presence of almost all the
parameters are given in Table 1. secondary structure that the native protein originally Had (

As we did in the case of h-cyt-c, we have studied the effect To ascertain whether the X state has other molten globule-
of heat on LiCl- and CaGlinduced denaturation of b-cyt-c  like characters, we have carried out fluorescence measure-
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ments of ANS in the presence of horse and bovine proteins,by DSC measurements for the process\D (40, 41). The

for ANS shows increase in fluorescence intensity with a blue structural and thermodynamic characterizations of the molten
shift in the emission maximum on binding with exposed globule states of bovine and horse cyts-c permit us to
hydrophobic clusters which are known to be present in the conclude that this state is stabilized by both secondary
molten globule L, 35). Our observations suggest that the structure and hydrophobic interactions.

fluorescence intensity and wavelength maximum of ANS 151y authors have reported that the acid denatured h-cyt-c
. . h here i ianifi h in th hban regain almost all native secondary structure on addition
native proteins, whereas there is a significant change in the (i) neutral salts 4, 38, 42), (ii) low concentrations of

intensity and a blue shift in the emission maximum of ANS GdnHCl i) ANS (8) and (iv) sugar43). The molten
in the presence of the protein in the X state (see Figure 2)'eg obule t(r?zjys(fgrmed ga)s the i(nt)rinsi% v;(sc)é)sity of 3.5 mL

These results suggest that the X state has a molten globule,_; . :

characteristic, namely, loosely packed hydrophobic core thatgroéé)s’ tfpgztgstgfs%¥;2t£?50f 415724%)'&3(2&19():’ noc;ng %lfr

increases the hydrophobic surface accessible to solient ( 0.4 kcal mot™ K- (7, 9) for ihé r(;cess MG Copnforrﬁation

35, 36). Another known structural characteristic of the molten D conformation 'These strScturaI and thermodvnamic

globule is the absence of most of the specific tertiary structure . : y

produced by tight packing of the side chains in the native characteristics of the molten globule state _of h-cyt-c at pH 2
are comparable to those observed here in the presence of

protein @7, 38). The near-UV CD spectral measurements | trati f LiCl and Cach tral pH
of horse cyt-c show that the characteristic native interactions ow concentrations of LICl and Caghear neutral pH.

are completely lost in the X state, for the CD spectra of the ~ To analyze N« X < D transition for thermodynamic

X state in both denaturants, are within experimental errors, parameters of bovine and horse cyts-c at 5 two
identical to that of the randomly coiled state (see Figure 2B). assumptions, namely, a two-state mechanism of LiCl- and
Furthermore, a comparison of these CD spectra with thoseCaCb-induced denaturations and a linear dependenaeGpf

of the molten globule of h-cyt-c reported earli&7) also on [denaturant] were introduced. One of the criteria to test
suggests that the intermediate state X is a molten globule.the validity of a two-state transition is to see whether one
A comparison of the near-UV CD spectra of the X state of gets comparable values of thermodynamic parameters as-
b-cyt-c with those of the N and D states of the protein sociated with the transition curve monitored by different
suggests that the characteristic native tertiary interactions arestructural probes. It can be seen in Figures 1D and 6D that,
only partially lost in the X state (see Figure 2D). This finding for each transition of both proteins, values AfG from

is consistent with the reports that there is remarkable diversity different optical methods fall on the sam&G versus
among the molten globule states of homologous proteins, [denaturant] plot, suggesting that a two-state assumption
and there is substantial native-like tertiary packing in molten seems to be valid. A more authentic test for the validity of
globule of some proteindl]. To further characterize the X  the two-state assumption is to compare the total Gibbs free
state, intrinsic viscosity of N, X, and D states of bovine and energy change associated withN X <> D observed here
horse cyts-c were measured under appropriate experimentalyith that from the DSC measurements for a two-state>N
conditions (see Figure 2C,F). These measurements show thap transition. It is interesting to note that the values of
[7] of the X state is about 2625% more than that of the  calorimetric Gibbs free energy change forND transitions,
native state. That is, the compactness of the X state in termsyhjich are 10 and 11 kcal mol for h-cyt-c and b-cyt-c41,

of radius of gyration is about 1015% more than that of 44y respectively, are in excellent agreement with those
the nat!ve state. It_ is mterestmg. to note that the increase |n(AG|o + AGfl() obtained from optical methods (see Table 1).
the ra}(_j|us of gyration of h-cyt-c is about 26&8| upon the_ Thus, a two-state assumption for<d X and X< D at pH
transition from native to the MG state at pH 2. One possible 6.0 and 25C is valid. Another assumption thAGy is linear

explanation for the smaller value of the radius of gyration function of the [denaturant] seems to be justifi
justified, for values
\?\;I:\Atfi (:T?gre(;\;exd gﬁéee' dcg:JIdeg ?he;ﬁ:?e n-%yt\-/%/:émcggc)lu de of AG, (or AG)) estimated for the heat-induced denaturation
P P PH ©. of protein in the presence of LiCl and Ca@ll on the same

that t_he |ntermed|ate state X of the foldirrg “F‘fo'd'”g line drawn from the denaturation results obtained af@5
reaction of bovine and horse cyts-c induced by LiCl or GaCl L
(see X's in Figures 1D and 6D).

has all the common structural characteristics of the molten
globule state 1). It can be seen in Table 1 that about 85% of the total Gibbs
The molten globule state of the protein is not only €nergy change is associated with-NX transition. This is
structurally quite different from the unfolded and native &n important observation, for it suggests that the stability of
states, but also represents a new thermodynamic state, ifhative protein is mainly due to interactions that are absent
addition to the previously known native and denatured statesin molten globule state. As discussed above, the molten
(1). It has been shown by a number of authors that the heatglobule state of cyts-c is devoid of tight packing of the
capacity of the molten globule state is significantly larger hydrophobic side chains, which play a role in the stabilization
than that of the native state (for a review see 4. We of the native stated®). It has been shown that the covalently
have determinedC, of cyts-c associated with the processes bound heme interacts with about 35% of the buried side
N < X (molten globule) and X< D and obtained, chains 46), and that the removal of heme from cyt-c leads
respectively, values of 0.96:0.08) and 0.41+ 0.02) kcal to unfolding of the polypeptide backbond7j. Thus, the
mol~t K= for h-cyt-c and 0.94+ 0.08) and 0.42+ 0.02) packing of hydrophobic side chains and heme play a
kcal molt K~ for b-cyt-c (see Figure 4). Itis seen in Figure dominant role in stabilizing the native state of cyts-c.
4 that sum of these values AIC, for transitions | and Il of Furthermore, contribution to native stability due to the
each protein are in excellent agreement with that obtained presence of secondary structure seems to be very small.
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The heat capacity measurements show th@&} of the values of h-cyt-c from DSC measurements &&3 =
molten globule (X) state of cyts-c is intermediate between 8.5-8.7 kcal mot?, AH, = 70—-80 kcal mot*, AC, = 0.9—
those of the native and unfolded states. It amounts to about1.05 kcal mot! K~ (7). (No such studies are reported from
70% of the total difference between the native and unfolded bovine protein.) We have determined the values of thermo-
states. Because the positiveC, associated with protein  dynamic parameters associated with the process NIG
unfolding is known to be associated with the exposure of from the reversible heat-induced denaturation of the protein
the hydrophobic groups to water, this observation is con- in the presence of LiCl and CaCNalues ofAC,, of both
sistent with the notion that MG retains a part of the native proteins given in Figure 4 are in excellent agreement with
hydrophobic core devoid of water molecules, and the those predicted from the calorimetric measurement®,(
hydrophobic interactions are also important in the stabiliza- 50). Values of ofAH,,; and Ty, in different concentrations
tion of molten globules40). Furthermore, the MG state of  of LiCl and CaC} and that those ohAC,, are shown in Figure
cyts-c retains all the secondary structure present in the native4. For a protein in a given denaturant, valueAd®, were
protein (Figures 1 and 6). These results led us to concludeestimated using eq 7 with the values®fl,,; and T, and
that the MG state of cyt-c is stabilized by hydrophobic AC,; shown in this figure, and\G, values were plotted
interactions and secondary structure. against [denaturant]. The extrapolation of such a plot to O

The nature of the unfolding transition between molten M denaturant concentration gave values\t®, the Gibbs

globule and unfolded states has not yet been well understood€nergy of stabilization, of 9.0% 0.7 and 10.2+ 0.5 kcal

for it is noncooperative for some proteirg8f and a highly mol~* for the h-cyt-c and b-cyt-c, respectively. Thes6;
cooperative and two-state type for othefs 49). The salt values associated with B~ MG transition of proteins are
denaturant-induced denaturation measurements at25 in excellent agreement with those obtained from isothermal
(Figures 1 and 5) and heat-induced denaturation measuremeasurements as well (Table 1). Furtherma&’ of
ments in the presence of appropriate concentrations of LiCl h-cyt-c is in good agreement with that obtained by DSC
and Cad] (e.g., see Figure 3) suggest that the unfolding measurementsr). To compare the calorimetridH,, with
transition of the molten globule state of bovine and horse our values we have determined vaIuesMﬂ?nl, the value
cyts-c is highly cooperative and reversible. As discussed of AHn, in the absence of the denaturant from the extrapola-
above, all the pieces of evidence obtained here suggest thation of the plot of AH,, versus [denaturant] to 0 M
the transition between MG and D states of h-cyt-c and b-cyt-c denaturant. The extrapolated values aret86 and 924+ 7
follows a two-state mechanism at 2&. That the heat-  kcal mol? for AH?m of h-cyt-c and b-cyt-c, respectively,
induced MG<> D process of each protein is also a two- which are in good agreement with those predicted from the
state process is evident from the coincidence of thermody- DSC measurements.

namic parameters obtained frakasg and P]... measurements
(Figure 4) and from the excellent agreement betw&€yp,
values (Figure 4) and calorimetriaC,, associated with
thermal unfolding of MG 9, 50); AC, values of horse and
bovine proteins are 0.4t 0.03 and 0.42- 0.04 kcal mot*
K~1, respectively, and the calorimetrixC,, for the thermal

Folding of a protein in vitro is likely to differ in many
details from that in the cell. However, one feature, which is
common in both in vitro and in vivo folding, is the existence
of the MG state on the folding> unfolding pathway 1,

52). In vitro experiments have shown that acid-denatured
i . " cyt-c is transformed into the MG state on the addition of
unfolding of the MG state is 0.4 kcal molK ™ for h-cyt-c several additivesy( 8, 38). However, there exists no evidence

(9, 50). Extrapolation 0AHm,s andTm, versus [denaturant] 1, spoy the formation of the native state of cyt-c from its

plots (not shown) to the concentrations of a denaturant in MG state that exists at low pH. On the other hand, the MG
WhIICh th‘? géiteinkeX:StS 'plthedM4C; 58'?3 gao\(/:e} resAp:ctNer, state that has been observed in this study near neutral pH
vaéjes Of - ca nc]o ag coal ol and or ARm.i reversibly folds to the native state. Thus, our work on the
andTm,, for h-cyt-c and 30t 2 kcal mol*and 50.3+ 0.5 o racterization of the MG state of cyts-c is expected to have

°C f(cj)r AHm andTm,“gorhb-cyt—cb T_hezefvalues are in very a more physiological relevance than the earlier studies of
good agreement with those obtained from DSC measure- p,, acterization of the MG state of the protein at low pH.

ments; the calorimetric values afeH,, ~ 35 kcal mof? , . . .
and Tm ~ 50 °C (9, 50, 51). Using values 0fAHm 1, T Finally, on the basis of the results obtained in this study

it is possible to conclude that (i) the thermodynamically
stable intermediate on the reversible foldirg unfolding
pathway has all the common structural characteristics of the
molten globule; (ii) although the MG state of proteins retain
the entire native helical structure, it is only marginally more
stable than the unfolded protein; and (iii) the hydrophobic
interaction is important in stabilizing the molten globule state
of proteins, for the MG state retains a part of the native
hydrophobic core devoid of water molecules.

andAC, in eq 8, we obtainedG) values of 1.2-1.5 and
1.1-1.4 kcal mot™ at 25°C for h- and b-cyts-c, respectively.
These values of Gibbs energy change are in excellent
agreement not only with those obtained from isothermal
unfolding (see Table 1) but also with calorimetric value of
1.33 kcal mot?! at 25°C (9). We conclude that the MG state
obtained in the presence of LiCl and Ca@t pH 6 and 25

°C is thermodynamically indistinguishable from that obtained
at low pH in the presence of stabilizing cosolvents and
acetylation of lysine residues of cyt-8)(

Contrary to MG< D transition, thermodynamic param-
eters associated with N> MG of cyt-c have not been We thank Dr. W. Pfeil (Potsdam University, Potsdam,
experimentally determined. However, these were predicted Germany) for a critical reading of the manuscript. We also
from the difference between the values of the parameter forthank Dr. M. A. Baig (Hamdard University, New Delhi,
N < D transition and for MG~ D transition. The predicted  India) for his help with the fluorescence measurements.
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SUPPORTING INFORMATION AVAILABLE

(a) Dependence of optical properties of the native, molten

globule and denatured states of cytochromes-c on [denatur-

ant] and temperature. (b) Thermodynamic paramet® (

m, Cn) of proteins obtained from the transition curves
measured by each of the optical properti&sgo, [(]0s and
[0]222) at pH 6.0 and 28C. (c) Thermal denaturation curves
of h-cyt-c in the presence of different concentrations of
CaCl, monitored byAesg and [z measurements. (d)
Thermal denaturation curves of b-cyt-c in the presence of
different concentrations of LiCl and CaCionitored by
Aegooand P2 measurements. This material is available free
of charge via the Internet at http://pubs.acs.org.
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