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ABSTRACT:. We have carried out denaturation studies of bovine cytochio(aogt c) by LiClO,4 at pH 6.0

and 25°C by observing changes in difference molar absorbance at 400.«&uas)( mean residue ellipticities

at 222 nm (P]222 and difference mean residue ellipticity at 409 niX{{]s09). The denaturation is a
three-step process when measured\eyyo and A[6]40s and it is a two-step process when monitored by
[0]222. The stable folding intermediate state has been characterized by near- and far-UV circular dichroism,
tryptophan fluorescence, 8-anilino-1-naphthalene sulfonic acid (ANS) binding, and intrinsic viscosity
measurements. A comparison of the conformational and thermodynamic properties of theiboiced

molten globule (MG) state with those induced by other solvent conditions (e.g., low pH, LiCl, ang) CaCl
suggests that LiCl@induces a unique MG state, i.e., (i) the core in the Ligi@uced state retains less
secondary and tertiary structure than that in the MG states obtained in other solvent conditions, and (ii)
the thermodynamic stability associated with the Ligi@duced process, native state MG state, is the

same as that observed for each transition between native and MG states induced by other solvent conditions.

The process of protein folding, while critical and funda- has been extensively investigated, and, therefore, the con-
mental to virtually all of biology, remains a mystery. It is formation, stability, and mechanism of stabilization have
important to elucidate the hierarchy of interactions that been understood in great detail{9). A broad body of
stabilize the native state. Characterization of folding inter- information on conformation of MG state of various proteins
mediates provides an insight into the understanding of how reveals that this intermediate has a large pool of conforma-
and when different forces come into play to direct protein tional variations %, 6, 8, 11, 12). This has raised new
folding. The development of a broad range of techniques questions regarding how many intermediates can be covered
has led to the identification and characterization of stable py the term MG. Contrary to the data available on acidic
intermediates in several proteing<4). One such stable MG, there are very few reports available in the literature
intermediate state termed the molten globule (M@s been  apout the MG state induced at or near physiological pj (
shown to be a compact collapsed structure that has pro-13 14). It may be noted that the MG state of a protein is
nounced secondary structure but largely disordered tertiaryalso shown to be present in the living cells where they are
structure §, 6). Some structural similarities between the MG jnyolved in many physiological processes 6). Thus, the
and native states of proteins also seem to have a significantG generated at a low pH condition may bear little relevance
bearing on understanding the protein folding probléfn ({0 the MG state found inside cells at physiological pH. It is

The molten globule state of cytochrorgcyt c) can be  therefore necessary to characterize extensively the MG states
induced at low pH values (called acidic MG) by reducing near neutral pH and understand the interactions that stabilize
the electrostatic repulsion8,(9) and near neutral pH upon  them at physiological pH. This will enhance our understand-
unfolding by weak salt denaturantdj. The acidic MG state  ing not only of protein folding in vitro and in vivo but also
of many cellular processes such as protein translocation or
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1 Abbreviations: CD, circular dichroisng, molar absorption coef- denaturants. In our earlier communicatiol0), we have

ficient; Aeaoo, difference molar absorbance at 400 nréi},f, mean shown that MG states generated by LiCl and Ga@ive
residue ellipticity at 222 nmA[6] 400, difference mean residue ellipticity  similar conformational and thermodynamic properties. In this

at 409 nm; ANS, 8-anilino-1-naphthalene sulfonic acid; cytyto- ; i ;
chromec; MG, molten globuleyy, optical property of the native state; study we have investigated the denaturation of Gyt

yo, optical property of the denatured state; GdnHCI, guanidine LICIO4 at pH 6.0 and compared the results with those
hydrochloride. obtained from the LiCl-induced and Ca&hduced de-
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naturations 10). We report that (i) LICIQ induces the MG excitation wavelength was 360 nm, and emission spectra
state that exists on the folding/unfolding pathway, (ii) the were recorded from 600 to 400 nm. For tryptophan flores-
LiClO4-induced MG state retains less native secondary andcence measurements the excitation wavelength was 282 nm,
tertiary structure than that induced by LiCl and Ca@hd and emission spectra were recorded in the wavelength region
(iii) the thermodynamic stability of the LiCl@induced MG 300—-400 nm.

state is the same as that of the Gai@tuced and LiCl- Viscosity Measurement/iscosity measurements were

induced MG states. carried out in an Oswald type viscometer with a flow rate
of 60 s for 1 mL of distilled water. Viscometer was kept in

MATERIALS AND METHODS a thermostated water bath to maintain the temperature of

samples at 25.& 0.1 °C. Protein concentration used was
Commercially lyophilized chromatographically purified in the range 2.625.0 mg mL%. As described earlier19),
bovine cytochrome (cyt c) was purchased from Sigma the reduced viscosityfeq) of the protein was determined at
Chemical Co. Since protein gave a single band on SDS different protein concentrations using the relation
PAGE, it was used without further purification. Lithium
perchlorate, sodium salt of cacodylic acid, and 8-anilino-1- Nreqg= (t — t )/t ,C+ (1 — V0.0 2
naphthalene sulfonic acid (ANS) were also purchased from
Sigma Chemical Co. NaCl was purchased from Merck wheret, andt are the times of fall of 1 mL each of the solvent
(India). These and other chemicals were analytical-grade and protein solution, respectivelyjs the protein concentra-
reagents and used without further purification. tion in g mL™%, 9, is the partial specific volume of cyt
Preparation of SolutionsCyt ¢ was oxidized first by  which is 0.724 mL g* (20), and p, is the density of the
adding 0.01% potassium ferricyanide as described earliersolvent.
(15). The concentration of the oxidized aytvas determined
experimentally using a value of 106 000 Mcm™* for the RESULTS
molar absorption coefficiente at 409 nm {6). The
concentration of the stock solution of ANS was determined  To understand the unfolding mechanism of cyin the
spectrophotometrically using a value of 5000'Mm™ for presence of LiCIQ we have studied LiCl@induced dena-
e at 350 nm {7). For optical measurements all solutions turation of the protein by observing changes in the absorption
were prepared in 0.03 M cacodylate buffer containing 0.1 at 400 nm and in circular dichroism (CD) at 222 and 409
M NaCl at pH 6.0 and incubated overnight at room nm atpH 6.0 and 25C. The unfolding profiles are presented
temperature. in Figure 1A-C. It can be seen in Figures 1A and 1C that
Absorbance and CD Measuremenisothermal denatur-  the denaturation transitions monitored Nys00 and A[6] 409
ation of cytc by LiClO4 at 25.04+ 0.1°C was measured in  are composed of two distinct processes. The first transition
a Shimadzu 2100 UV/vis spectrophotometer and in a Jascois centered in the [LiCIg], molar concentration of LiCIQ
spectropolarimeter (model J-715) equipped with a Peltier- range 6-1.85 M and is represented here by the reaction N
type temperature controller (PTC-348 WI). Protein concen- < X, where X is the thermodynamically stable intermediate
tration used for the absorption measurements was in the rangatate of the protein between its N (native) and D (denatured)
7—10 uM, and that for the CD measurements was in the states. The second transition occurs in the [Ligl@nge
range 18-20 uM. Cells of 0.1 and 1.0 cm path length were 1.85-3.3 M and is represented here by the reactior.
used for the measurements of the far- and near-UV spectra|t is also seen in Figure 1B that there is no changeiap
respectively. The CD instrument was routinely calibrated in the [LiCIO,] range corresponding to the 4 X transition
with p-10-camphorsulfonic acid. The results of all the CD monitored byA[6]400 (Figure 1C) andAesqo (Figure 1A).
measurements are expressed as mean residue ellipidify (( Figure 1 also shows that, (optical property of the native
in deg cn? dmol™ at a given wavelength (nm) using the  state) andyp (optical property of the denatured state) are
relation well defined, and their dependencies on [LiG]Qvere
determined by fitting the data in the pre- and posttransition
[6], = 6,M,/10cl 1) regions, respectively, using linear least-squares analysis. Solid
lines shown in Figure 1 depict the [LiClpdependence of
where 6; is the observed ellipticity in millidegrees at yyandyp. Itis also seen in Figure 1A that the X state exists
wavelengthl, M, is the mean residue weight of the protein, in a very narrow concentration range, and the dependence
c is the protein concentration (mg/émand| is the path of yx on [LiClIO,4] cannot be determined from these results.
length (cm). It should be noted that each obseredf the For the determination of the [LiCl{Pdependence ofx, we
protein was corrected for the contribution of the solvent. have used the procedure described earlier for LiCl- and
Reversibility of the isothermal denaturation by LiGl@as CaClb-induced denaturationd Q). That is, we have carried
checked using the procedure described earlié). Revers- out heat-induced denaturation of aytin the presence of
ibility of the thermal denaturation was checked by matching LiCIO, in the concentration range 1.28.70 M. All heat-
the optical properties before and after the denaturation.  induced denaturation curves in the presence of a fixed
Fluorescence Measurementuorescence spectra were [LiCIO,4] in this range were biphasic, k- X < D (results
measured in a Perkin-Elmer L-5 spectroluminescence meternot shown). It was also observed that the absorption property
in a 5 mmquartz cell at 25°C, with both excitation and  of the X state is independent of temperature and depends on
emission slits set at 12 nm. Protein concentration for all the [LiCIO4] only (see inset in Figure 1A). This dependence of
experiments was in the range-T0 uM. For the ANS yx on [LiClO4] is shown by a straight line in Figure 1A.
fluorescence in ANSprotein binding experiments the The inset in Figure 1C shows the [LiCl[Ddependence of
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Ficure 1: LiClO4-induced denaturation curves of ayat pH 6.0 and 28C. Denaturation curves were measured by observing changes in

Aegoo (A), [0]222 (B), and A[6]409 (C). Inset in panel A shows the

temperature dependence of the optical property of Xyg)ata (

[LiCIO4). Inset in panel C shows the plot for the dependence of the optical property of the Xysfata (LiCIO,4] on the expanded scale.

the CD at 409 nm of the X state of the protein. It has been
observed that both transitions, & X and X < D, are
reversible.

Assuming that the process N X, designated here as
transition |, follows a two-state mechanism, results shown
in Figures 1A and 1C were used to determine valuef of
(fraction of molecules in the intermediate state) ax@,

analyzed forAG\° (AG, value at zero [LiCIQ]) and m,, the
slope PAG/S[LICIO4]), using the relation
AG, = AG” — m [LICIO ] (4)

Table 1 shows the values 8G,°, m,, andCy,, the midpoint
of the transition | £AG,%m).

(Gibbs energy change associated with the transition I) using  Assuming that the process ¥ D, designated here as

the relations

fi == YW/(yx =) (3A)

AG, = —RTIn[(y — y\)/(yx — ¥ (3B)
whereR is the universal gas constaft,is the temperature
in kelvins, andy is the observed optical property correspond-
ing to transition . Values ofi and those oAAG, in the range
—1.3 < AG,, kcal mol* < 1.3 are plotted as a function of
[LiICIOg4] in Figure 2. TheAG, versus [LiCIQ] plot was

transition 11, is also of a two-state type, results shown in
Figures 1A-1C were used to determine valuedpffraction

of molecules in the D state) an¥G, (Gibbs energy change
associated with transition II) using the relations

fi = = ¥/(¥p — ¥x) (5A)

AGy = —RTIn[(y = yx)/(yp — ¥)]

wherey is the observed optical property corresponding to
transition Il andyp is the optical property of the denatured

(5B)
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FiIGURE 2: Normalized transition curves ais, and AG; versus 03 6 9 121518 21 24 27 30

[LiCIO 4] plots. The change in the fraction, obtained by observing cx 103, g mr!
changes iMesgp (O), [0]222 (2), and A[6]4ge (O), is plotted as a . o .
function of [LiCIO4] in A. Plots of AG, andAG;, versus [LiCIQ] II\:/II(é;gEri.m eSrt]ELSJctgfratlh(éha};??te(/rgag%ré O:]eV;r_'S%S (Sé‘;‘teéDOf a;y'\tl s
are shown in B. Symbols in panel B have the same meanings as infI c o n
anel A. uorescence (C), Trp fluorescence (D), and reduced viscosity (E)
P at 25°C. Curve numbers 1, 2, 3, 4, and 5 represent the native state,
- — - LiClOs-induced MG state, LiCl@induced denatured state, LiCl-
Table 1: Thermodynamic Parameters Characterizing the LICIO induced MG state, and acid-induced MG state, respectively.
Denaturations of Cyt at pH 6.0 and 25C
AGYAG* 2 m/m, ColCo, induced intermediate (curve 2) and LiGldduced denatured
Probe transition kcalmoF®  kcal mortM—t M (curve 3) states. These figures also show the CD spectra of
Acao N < X 96+05 62101 15+01 MQ states induced by L_|CI at pH 6.0 (curve 4) and NacCl at
X <D 1.2+0.3 —36+02 2.2+ 0.1 acidic pH (curve 5), which are in excellent agreement with
Al0las  N<=X 9.5+ 0.4 —6.1+£0.2 15+0.1 those reported earlieB( 10). It can be seen in Figure 3B
6] ;\‘I *’Q 11+03 —3.7x02  22+£01 that the near-UV CD spectrum of the LiC}@hduced X state
222 - ; . f ;
X <D 16402 44402 234 0.1 is similar to that of the LiCl@induced D state, and the

characteristic negative peaks at 282 and 289 nm of the native
protein that arise from the tyrosyl side chaitg)(are absent

in both X and D states. This figure also shows the near-UV
protein molecule. Figure 2A shows the plot faf versus  cD spectra of MG states induced by LiCl (pH 6.0) and 0.25
[LICIO,4]. Values of AG, in the range—1.3 < AGy, kcal M NaCl (pH 2.0), which are in excellent agreement with
mol™ = 1.3 are plotted as a function of [LiCIDin Figure those reported earlieB(10). A comparison of these CD
2B, where it is seen that the plot &G, versus [LiCIQ] is spectra of the protein with that of the guanidine hydrochloride
linear. A linear least-squares analysis was used to obtain(GdnHCI) denatured proteirl() reveals that the extent of

2 AGX is the value ofAG at [LiCIO4] where the X state exists.

values ofAG,® andmy using the relation exposure of aromatic amino acid residues is almost the same
o _ in the GdnHCl-denatured state and LiGH{Dduced X and

Figure 3C shows the ANS fluorescence when it is added
where subscript Il represents the fact that these parameterso cyt ¢ in the native (curve 1) and the LiClénduced X
correspond to transition 1l, and superscript “0” represents state (curve 2). The excitation was carried out at 365 nm,

the value 80 M LiClO4. Values ofAG,%, the value ofAG;, and emission was recorded in the range-4600 nm. It is
at 1.8 M LiCIO,, my, andCp, y (=AG;%my) are given in seen in Figure 3C that the fluorescence of ANS in the
Table 1. presence of the protein existing in the X state is accompanied

Figures 3A and 3B show respectively the far- and near- by a blue shift with respect to the native state. It should be
UV CD spectra of cyftc in the native (curve 1), LiCIQ noted that fluorescence measurements in the presence of a
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LiC|Q4 Concentration_ that g_i\_/es the D St_ate _COUId_ not be Table 2: Structural and Thermodynamic Properties of Various
carried out due to insolubility of ANS in high LiCIO Molten Globule States of Cyt at 25°C
concentrations. Figure 3C also shows the ANS fluorescence

. - ropert LiCIQ LiCl acid
spectra of the MG state induced by LiCl at pH 6.0 (curve 4) g ;dp ryl 11100 —12200 —12100
and NaCl at low pH (curve 5). These observations are in Higj dgg o ot 7 et 175
excellent agreement with those reported earli€).( [9]416: deg cridmol® —6700 —4500 —4500
Figure 3D shows the Trp fluorescence spectra ofcayt ANS fluorescence intensity ahax  25.2 29.2 35.0
the native (curve 1) and LiCl@nduced thermodynamically /P fluorescence intensity aax f‘;"g 11;'2 115f' 6
stable intermediate (curves 2) states. This figure also shows AGO, kcal mol? 9.6 0.5 0.0F
the emission spectra of MG states of cyinduced by 5.9 AG°, kcal mol?! 1.3 1% 2.8

M LiCl at pH 6.0 (curve 4) and by 0.25 M NaCl at pH 2.0 aTaken from ref8. ® Taken from refl0. ¢ As described in the text,
(curve 5). Trp fluorescence spectra of both the native and R; value calculated from they] reported in ref23. @ Value estimated

0.25 M NaCl-induced MG states are in agreement with those using Gibbs-Helmholtz equation with the reported valuds, (= 83
reported earlierZ1, 22). °C, AH, = 107 kcgl mot?, ar_ldACp_ = 1.38 kcal mot? Kfl) givenin
. . . ref 24. ¢ Value estimated using Gibb$1eltmholtz equation with the
Figure 3E shows plo_ts of redgced wscos@e&) versus reported valuesTi, = 36 °C, AHp, = 57 kcal mot?, andAC, = 1.12
concentrationd) of cyt cin the native (curve 1), intermediate  kcal mof? K-2) given in ref25,

(X) (curve 2), and denatured (curve 3) states. A linear least-
squares analysis of these plots gave the values of intrinsic
viscosity ([7]), the value ofyeq atc = 0. It can be seen in
Figure 3E that the value ofj] increases from 2.8& 0.11

mL g for the native protein to values of 4.980.11 mL

g ! for the X state and 14.4 0.2 mL g for the D state.

It should be noted thay] of the native protein is in excellent
agreement with those reported earliéy 10, 21).

tional freedom. These fluorescence results suggest that the
X state has a MG characteristic, namely, a loosely packed
hydrophobic core that increases the hydrophobic surface
exposed to the solvenb,(6). Another known characteristic
of the MG state is the absence of most of the specific tertiary
structure produced by tight packing of side chains in the
native protein %, 6, 21). It is seen in Figure 3B that the
near-UV CD spectrum of cyt in the presence of 1.85 M
LiClO4 (curve 2) is nearly the same as that of the denatured
The reversible unfolding profiles of cyt monitored by ~ state induced by 3.3 M LiCl©(curve 3). This observation
Aéa00 and A[0].0s measurements, presented in Figures 1A suggests that the X state has lost most of its native tertiary
and 1C, are biphasic (N X < D). This equilibrium study interactions involving aromatic amino acid residues.
of denaturation provides direct evidence of the presence of To further characterize the X state, intrinsic viscosities of
a stable folding intermediate at neutral pH, which gets N, X, and D states of cyt were measured under appropriate
populated in an extremely narrow range of [LIGJOA experimental conditions (see Figure 3E)] [s a measure
comparison of denaturation curves monitored Aysoo of the hydrodynamic volume and hence the hydrodynamic
(Figure 1A) andA[6] 409 (Figure 1C) with that monitored by  radius R,). For a solid spher&, is related tdRg, the radius
[6]222 (Figure 1B) reveals that there is very little change in of gyration, through the relatioRs = 3(Re¥/5 (see eq 18
the peptide CD in the denaturant concentration range in 20 in ref 28). We have estimate®s values of the native
which transition | (N« X) is observed; values of)]»», are and X (Table 2) states and found that the X state in terms of
—12 200 and-11 100 for the protein in the N and X states, radius of gyration is about 22% less compact than the native
respectively (Table 2). This comparison suggests that thestate. All the structural characterizations of the stable folding
stable folding intermediate state X populated around 1.85 intermediate state X of cyt induced by LiCIQ led us to
M LiClO4 has one of the structural characteristics of the MG conclude that this state has all the common characteristics
state, namely, the presence of most of the secondary structuref the molten globule staté), namely, (i) the presence of
that the native protein originally had) a pronounced amount of secondary structure, (ii) the absence
The presence of exposed hydrophobic clusters and itsof most of the specific tertiary structure produced by tight
binding with hydrophobic dyes such as ANS is one of the packing of side chains, (ii) compactness of the protein
properties of MG state5j. It has been reported that ANS molecule with a radius of gyration 3B0% larger than that
shows an increase in the fluorescence intensity with a blue of the native state, and (iv) the presence of a loosely packed
shift in the emission maximum on binding with proteins in hydrophobic core that increases the hydrophobic surface
the molten globule stat&). We have successfully exploited ~accessible to the solvent.
this observation in the characterization of the MG state of Various MG-like thermodynamically stable intermediates
cyt c induced by LiCl, CaCl, and NaCl at low pHZ10). To have been observed in cgt(29). Kuroda et al. 25) have
ascertain whether the X state of aytinduced by LiCIQ reported a state called llc, which has MG-like characteristics
has MG-like character, we have carried out fluorescencein 0.5 M KCl at pH 2.0, and moderately high temperatures
measurements of ANS in the presence of the protein. Our (55—60 °C). The addition of neutral sugars or sugar alcohols
observation suggests that there is a blue shift in the emissionto the acid unfolded cyt also induces a MG-like thermo-
maximum of ANS in the presence of the protein in the X dynamically stable intermediat2, 30). Bai et al. 81) have
state without any change in the fluorescence intensity at theshown by hydrogen exchange experiments onccat low
wavelength of emission maximum (Figure 3C). As argued GdnHCI concentrations that the MG-like intermediates are
earlier 6, 27), no increase in the fluorescence intensity of transiently populated under native conditions. A MG state
the X state induced by LiClPmay be due to the extensive of cyt ¢ can also be induced near neutral pH upon
melting of the tertiary structure, leading to large conforma- denaturation by weak salt denaturants (LiCl and GaD).

DISCUSSION
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Furthermore, the addition of a stabilizing anion from the salt is also not perturbed in the LiCl-induced MG state. On the
or acid to the acid-unfolded cyttransforms it into a compact  other hand, there is an increase in Trp fluorescence of the
thermodynamically stable intermediate that has MG char- LiClO4-induced MG state (curve 3 in Figure 3D), suggesting
acteristics §). It may be noted that only NaCl- (pH 2.0), that the quenching efficiency has been reduced most probably
LiCl- (pH 6.0), and CaG}t (pH 6.0) induced MG states are  as a result of increase in distance between heme and Trp
the well-characterized ones, for the structure and thermo-(8). Thus, either the loss of aromatic tertiary interactions
dynamics of these MG states are extensively studied. We(curve 2 in Figure 3B) or some secondary structural elements
shall, however, compare the LiClénduced MG state (pH  (curve 2 in Figure 3A) or both have a destabilizing effect
6.0) with only NaCl- (pH 2.0) and LiCl- (pH 6.0) induced on the structural integrity as well as the heniap distance
MG states, for MG states induced by Ca&hd LiCl at pH of the LiClIO4 MG state.
6.0 and 25°C are shown to have identical structural and  The Soret CD spectrum (46@150 nm) is directly related
thermodynamic propertied.(). to the structure of the heme pocket, and the Cotton effect at
A comparison of the far- and near-UV CD spectra, ANS 416 nm is a probe for measuring the environment near the
fluorescence, and Trp fluorescence of the Ligl@duced Met80—Fe(lll) axial bond 8). Measurements 0ff] 416 of
MG state with those of LiCl- and NaCl-induced states reveals cyt ¢ in the acid MG state and D stat8)(suggested that
several interesting features. It is seen in Figure 3A that the there is a gain of 67% in the Met8@Fe(lll) intermediate
helical content of the MG obtained at 1.85 M LiCl@urve during folding from the completely unstructured (D) state
2) is slightly less than those MG states induced by 5.9 M to MG states. We have measured Soret CD spectra of the
LiCl at pH 6.0 (curve 4) and by 0.25 M NaCl at pH 2.0 LiClOs-induced and LiCl-induced MG and D states of cyt
(curve 5). Itis also seen in this figure that the helical content and estimated values of];6 for both states produced by
of the native protein is retained in the latter two MG states. each denaturant (see Table 2). It has been observed that there
It has been argued that the hydrophobic core composed ofare 44% and 68% gain in the Met86e(lll) ligation during
main helix segments of the native protein is retained in the folding from D to MG states in the cases of LiGJ@nd
acid MG state 32, 33). It is tempting to suggest that such LiCl, respectively. These findings led us to conclude (i) that
helical segments are slightly perturbed in the Ligi@duced the ligation state of Fe(lllyMet80 seems to be same in the
MG state but maintained in the LiCl-induced MG state. Itis LiCl-induced and acid-induced MG states and (ii) that the
seen in Figure 3B that the aromatic tertiary interactions in Fe(lll)—Met80 bond is more extended than the other MG
the MG state induced by LiClQ(curve 2) are much less states.
than those in the LiCl-induced (curve 4) and NaCl-induced  The radii of gyration of various MG states of cygtare
MG (curve 5) states. In fact, the loss of such tertiary givenin Table 2. Itis seen in this table th&g of the LiCIO;,-
interactions in the LiCI@induced MG state is almost the induced MG state is larger than those obtained in other
same as that in the D states obtained in concentrated solutiongxperimental conditions. This comparison suggests that the
of LiClO4 (curve 2 and 3 in Figure 3B). These results show former is less compact than other MG states. Thus, this and
that the exposure of the aromatic side chains in the LIiCIO other pieces of evidence presented above led us to conclude
induced MG state is different from that in the MG states that the LiCIGQ-induced MG state has different structural
induced by LiCl and NaCl. The ANS fluorescence emission characteristics than those induced by LiCl at pH 6.0 and 0.25
spectra of MG states of cytinduced by LiCIQ at pH 6.0 M NaCl at pH 2.0. Why is the LiCl@induced MG state
(curve 2), NaCl at pH 2.0 (curve 5), and LiCl at pH 6.0 different from others? According to the Hoffmeister series,
(curve 4) also show that the LiCldnduced MG state is  ClO4~ binds to proteins and chloride is excluded from the
structurally different from those induced by LiCl and NaCl. protein surface35). It is known that cosolutes, which are
Cyt ¢ has a single Trp residue at position 59 that is preferentially excluded, do not perturb protein structure,
approximately at a distancé b A from the heme §3). This whereas preferentially binding cosolutes disrupt the structure
heme-Trp distance is largely maintained in the acid MG of the protein 86—38). Indeed perchlorate is shown to bind
state of cytc (34). Trp—heme forms an energy donor cytc (39—41). This binding to the MG state may exert steric
acceptor pair §. The fluorescence of Trp is completely hindrance leading to a more expanded MG state than those
guenched in the native cgtdue to resonance energy transfer induced by Ct in the presence of LiCl, Cagland low pH
to the adjacent heme group, and quenching of Trp fluores- (10).
cence decreases with the increasing distance between heme In order to see whether the structurally different MG states
and Trp B). Thus, Trp fluorescence quenching is a sensitive have different stabilities, we have carried out measurements
method of monitoring the gross conformational change in of transitions between the native and molten globule
this protein. In order to compare the henlgp distance in ensembles (transition I) and between the molten globule and
the LiClIOs-induced MG state with that in MG states induced denatured ensembles (transition Il), and these transitions were
by LiCl (pH 6.0) and NaCl (pH 2.0), Trp fluorescence of all analyzed foAGp. A few comments are, however, necessary.
the three MG states as well as the native state were measure#irst, each transition was analyzed f&° values, assuming
(Figure 3D). As observed earlie2€), the fluorescence that LiCIOs-induced denaturation follows a two-state mech-
spectrum of the native state is the same as that of the acidanism. One of the criteria to test the validity of a two-state
MG state. It has been argued that the heffig distance in assumption is to see whether one gets comparable values of
the native protein is largely maintained in the acid MG state thermodynamic parameters associated with the transition
(21, 35). In our experiments (Figure 3D) the Trp fluorescence curves monitored by different structural probes. It can be
spectrum of the native protein (curve 1) is also similar to seen in Figure 2B that, for each transition, values of fraction
that of the MG state induced by LiCl at pH 6.0 (curve 4), (f) andAG from different optical methods fall on the same
suggesting that the hemd&rp distance in the native protein  f versus [LICIQ] and AG versus [LiCIQ] plots, suggesting
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that a two-state assumption seems to be valid. A moreinduced MG states have different structural characteristics
authentic test for the validity of the two-state assumption is but they have the same thermodynamic stability.

to compare the total Gibbs free energy change associated In summary, our in vitro study shows that eyhas more
with transitions | and Il observed here with that from the than one MG states on its folding/unfolding pathway, and
DSC measurements for a two-statesND transition. It is these MG states have the same thermodynamic stability in
interesting to note that the value of calorimetric Gibbs free terms of AG but different flexibility.

energy changeXG%_p) for the N<> D transition, which is
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