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Guamdme hydrochlonde L1Cl and LiBr denaturanons of cytochrome-c have been followed by
observing changes in difference spectral intensities in the visible and UV regions and by circular

- dichroism. It has been observed that the former induces a highly cooperative and reversible trans-
ition between the native and denatured conformations. On the other hand, lithium salts induce a
three-state transition in the protein. Characterization of the native state, X (intermediate) state and

. theend products ‘measurements of all’ optlcal properues and intrinsic viscosity suggests (i) that in
_each denaturant the end product is a randem coil, and (i) that the X state corresponds to a highly

~. folded conformation in which hemeseems to be completely exposed to the solvent. It has been ob-
: ion. ing ed by the action of lithium salts corresponds to the unfolding
- of the polypepnde backbone. ‘Measurements of the free energy change associated with all transitions
* suggest that protein polypeptxda cham cannot exist in the folded conformation without the interac-

tion between heme and globm

If protein stability (A GHP) is defined as the gain
in Gibbs energy during the transition between the
 structureless denatured (D) conformauon and the
native (N ). conformation in water (or dilute buf-
fer), it is then obvious that the evaluation of

A G " is connected to the study of unfoldmg by ! - S
~cyanide, and dialysed extensively against several

a denaturant that induces a cooperatlve reversible
transition between N and D conformations, for
equlhbnum between N and D states cannot be
measured in water. This is one of the reasons why
proteins were treated with different kinds of de-
naturants. A large number of data 'suggest that
different denaturants may give rise to different
denatured states of a protein!"®. A question arises:
Why do proteins behave like that? We thought

that this could be due to the presence of two or

more independent  stable substructures that a
“folded protein may contain. If this is so then
treatments of cytochrome-c (cyt-c) which contains

only one domain’® with different denaturants

should give only one denatured state. This is the
first such study in which we report results of de-
‘naturation of cyt-c by inorganic salt denaturants.
From these equilibrium results a possible mechan-
ism of denatura‘uon by hthmm salts has been sug-
gested L : e

Materials and Methéds A
Horse heart cyt-c, type VI Jwas; purchased fmm

TPresented at the IUPAC—NOST Entemanonal Symposmm on
“Enzymes in Organic Synthesis” held in New Delhi during
January 6-9, 1992, L ~ SR

Sigma Chemical Company. Its purity was checked
by gel chromatography. Ultrapure GdnHCI was
obtained from Schwarz/Mann, Biotech. All other
chemicals purchased from Aldrich Chemical
Company were analytical grade reagents.

Cyt-c was oxidized with 0.1% potassium ferri-

changes of 0.1 M KClI solution (pH 7.0) in the
cold. Concentration of the stock solution of cyt-c
was estimated spectrophotometrically using a va-
lue of 106 x10° M~! cm™! for the molar extinc-
tion coefficient at 410 nm”°.

Stock solutions of denaturants were prepared in

0.03 M cacodylate buffer containing 0.1 M KCL
Concentrations. of the stock solutions of

- GdnHC1® and LiCl'! were determined by mea-

sunng the difference refractive index of each solu- .
tion and 0.03 M cacodylate buffer (pH 7.0) con-
taining 0.1 M KCL Concentration of LiBr was de-
termined by weighing dry powder.

Cyt-c solutions containing denaturants Wwere
prepared as follows: For unfolding experiments,
known amounts of stock protein solution, buffer
and denaturant solutions were mixed and incubat-
ed overnight which was sufficient for completion
of the reaction. A similar procedure as used in
unfolding experiments was employed in preparing
the solutions for refolding experiments with the
only exception that cyt-c was first denatured in
concentrated denaturant solution and then diluted
with the buffer. pH of each solution was mea
sured with the help of Consort P-907 pH-meter.




Difference spectroscopic measurements were
omed in Shimadzu 2100 UV/VIS spectro-
ghotometer. The temperature of both cells were
Cined at 25+ 0.05°C by circulating water
fom an external thermostated water-bath (Shi-
sadza TB-85). Viscosity measurements were
gade on an Ostwald type viscometer with a flow
ate of 60 seconds for one mi of distilled water.
Vicometer was kept in a thermostated water-
wh, Al measurements were performed at
#%+005°C. The timing was done manually with
4 siop watch which can be read t0 0.1 sec. 7.,
he reduced viscosity of the protein solution was
clcalated using Eq. (1),

=ty 1=V 00
Wt
where 1, and ¢ are the times of fall of one ml sol-
yent and one ml protein solution, respectively, ¢
s the protein concentration in g/ml, v, the partial
specific volume of cyt-c and o, the density of the
sivent, Avalue of 0.724 ml/g for v, was used".
Circular dichroism measurements were made in
500-A spectrophotometer at 25+ 0.01°C.
1 residue ellipticity at 222 nm ([8],,) was
ted from the measured ellipticity 6 at the
wavelength using Eq. (2):

(1)

10 le - (@)
is the mean residue weight of the pro-

; path length in cm, and ¢ the protein
entration in mg/ml.

sis of the transition curves

naturation transition curves of cyt-c fall

categories, and these were analyzed as

ows: The transition curve ingduced by GdnHCl

5 wssumed to follow a two-state mechanism,

A%D, The state of equilibrium can be represent-
%C%he optical property by the relation

. (3)

) and y,, represent values of y obtained,
Tspectively, for the pure native and denatured
s under identical conditions in which y has
measured. From K, values AG,,, the
, Fm?;g}m for the reaction can be calculated
LLGs) '

¢
: AG
!ii’ 4l “w™ “RTIn K, .o (4)
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where R is gas constant and T is the temperature
in Kelvin.

The denaturation of cyt-c by lithium salts, fol-
lowed by observing changes in the visible region
involves two separable stages, namely, N+ X and
X« D, where X is the intermediate state. It has
been assumed that each stage follows a two-state
mechanism. The equilibrium constants and free
energy changes for the process N« X are given

by Eq.(5),
K=
Yx Yy

AG,= - RTIn K,,
and for the process X <D by Eq.(6)

AGy= - RTIn K, . (6)

For each process, be it NeD, NeX or
X< D, AG values in the range —136<AG
(kcal mol~')=<1.36 were plotted against the molar
concentration of the denaturant. A least-squares
analysis was used to fit the data using the relation
shown by Eq.(7), :
AG = AG™° — m|denaturant] (7
where AG™0 s the value of AG at zero
molar denaturant concentration, [denaturant], and
m is the slope of the line, ie., (0A G /0 [denatur-

ant})p.

Results and Discussion ‘

Different chemical denaturants are known to
give different denatured states of a protein at
room temperature' ®''7. Only urea, GdnHCI and
GdnHCNS give the maximally denatured state in
“which protein is devoid of all the elements of na-
tive conformation, whereas inorganic salts give
rise to partial denatured states whose conforma-
tional properties lie between those of the native
and:maximally unfolded states. At present we are
interested in understanding the question why do
different denaturants give different denatured
states of a protein? One of the proteins which we
have chosen is cyt-c. During the course of this
study. we have observed some very interesting re-
sults on the denaturational behaviour of this pro-
tein which are presented and discussed below.

Fig. 1A shows the GdnHCI induced denatura-
tion of cyt-c followed by observing changes in the
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molar extinction coefficient at 403 nm, which is
the maximum wavelength observed for the hemo-
peptides'®. This spectral property measures the
interaction of heme with the globin. It has been

observed (i) that the denaturation is -reversible,.

(ii) that the- spectral property increases linearly
with the denaturant concentration in. the range
0-1.6 M (pretransition region), (iii) that sigmoidal

change occurs in the range 1.6-32 M (transition

region), and (iv) that Ae,, increases linearly in
the range 3.2-6 M (posttransition region). A line-
ar extrapolation of the results obtained in the
posttransition region to zero [GdnHCI] using a
least-squares ~ analysis gave a  value of
24130256 M~' ecm™' for the denatured state in
the buffer, which is in excellent agreement with

those reported earlier'920, :

GdnHCI induced denaturation of cyt-c was also

followed by observing changes in Ag,qy, which
measures local change in the environment of
tryptophan and heme (see Fig. 1
observed that the transition is completely reversi-
ble and all the three regions coincided with those
given in Fig. 1A. The linear extrapolation of the
posttransition region -

— 13000 M~! em~! for ,;
— 1600 M~! em~! is, however, ‘ one
mole of tryptophan is transferred from protein n-

terior to water?!. As observed earl appears
that the major contribution to f the
denatured protein comes from t iety.
' Fig. 1C shows a plot of the lative

mean residue ellipticity ([0)/[8] )
function of [GdnHCI]: This property measures the
change in conformation, be it a-helix, B-structure,
pB-turn or “unordered” structure?*. It has been ob-
served that the transition sho L 1C
‘completely reversible. Pretransition, ,
posttransition regions are identical to those shown
in Figs 1A and B. A linear extrapolation of
posttransition ‘results to 0 M GdnHCl :
lue of ~2900 deg cm? dmol~
protein in the absence of the ¢
native protein a value of
dmol~* for (6, was observed
lent agreement with that reported by Yang er al2*.
It has been observed that the entire far-UV spec-
trum of the denatured cyt-c is well within the
range of spectra of the randomly coiled polypep-
tides in concentrated solutions of GdnHCI?.
_The product of GdnHCI denaturation was also
characterized by [5] and intrinsic viscosity mea-
surements. Values of 7, measured at different
protein concentrations were analyzed according
to Eq 1. We have observed that the value of [n]
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and McPhie? yielded a value of 14.51 ml/g, Pris

- rome-c in its linearly random coiled state gives

having covalently linked heme behaves as a linear
~ Isothermal denaturation of cyt-c by LiCl w
followed by observing changes in difference spec
‘tral intensity in both visible and UV regions an

lipticity (see Fig. 2). Difference molar extinction
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Fig. 1—GdnHCI denaturation of cyt-c at 25 + 0.05°C and
7.0, followed by observing changes in Atyy (A), Agyy (
. and [0]/[6]\ (C) as a function of denaturant concentration.

increased from 2.67 ml/g, obtained for the native
protein, to a value of 14.61+0.19 ml/g for
protein in 3.5 M GdnHCL This is in excell
SR ,

- olutions of GdnHCl and urea!®!3?¢, Furthe
this value of [#] is also in excellent agree-
th the values calculated from the empir
juations given earlier; Eq. 18 in Tanford
value of 14.3 ml/g and Eq. 2 in Ahm

alov et al?® have recently shown that apocytoch:

value of 15 ml/g for [#]. Thus, [#] measuremen
provide strong evidence that the denatured cyt

randomcoil.

by measuring changes in relative mean residue el



es at 399 nm at which peak occurs
s plotted as a function of LiCl concentration.
seen in Fig. 2A that the difference molar
oefficient increases linearly with an in-
Cl concentration from 0 to 4.0 M.
1hi linear increase is described by the relation
.1322 (£ 61} [LiCl]. As shown below (Figs 2B
|, no change in the conformation of the
wetein oceurs in the range 0-4.0 M. This region

uiken as pretransition region. Above 4.0 M a
sidal increase occurs upto 6 M where the va-
¢+ of the optical property is 24000 M~ ¢cm™', a
oshserved for GdnHCI denatured protein in
e buffer {see Fig. 1A). It is interesting to note
I Ae decreases with an increase in the dena-
wmat concentration above 6 M. This change in
e range between 6-7.84 M is sigmoidal. It
wens that this represents another change in the
on of the protein. Ae above 7.84 M
to be linear and can be described by a
line y,=24311 (+682)-1076 (+76)
Here again the value of y, is 24311 M ™!
in the absence of denaturant (see Fig. 2A).

shown in Fig. 2A clearly suggest that LiCl
naturation of cyt-c involves at least two
eiygwx, where X is the intermediate

f o

Fig. 2B shows the denaturation transition curve
by observing changes in Ae,y, as a func-
LiCl concentration. In the region 0-4.0 M
ion there is no change in the dif-
spectral intensity. This suggests that there
ge in the environment of.heme and
. Change in the environment of heme
i occurs above 4.0 M and is com-

7.84 M LiCl concentration. The
ation of all the results above
1 value of ~13000 M~ cm~! for
dentical to what has been found for
atured cyt-c. Contrary to the results
- 2A no separable intermediate oc-

denaturation was followed by observ-
265 in the relative mean residue ellipticity,
ohserved that the CD property does not

1 the range 0-6 M [LiCl]. Melting of sec-

- Concentrations above 6 M. This change
i m@mlfﬁnnauon is, however, complete at
_ ~~ Measurements strongly suggest that

‘

i the secondary structure of cyt-c oc-

s NeX transition, and XD trans-
"Presents the unfolding of the polypeptide

Sticture can. be seen when LiCl was
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Fig. 2Plots of changes in Ay (A) Ay, (B) and relative

mean residue -ellipticity (C) as a function of LiCl concentra-

tion at pH 7.0 {0.03 M cacodylate buffer containing 0.1 M
' KCl) and 25 £ 0.05°C.

We have measured 7, of cyt-¢c in 6 M LiCl at
which cyt-c is in the X state and 8 M LiCl at
which protein is in the D state, as a function of
protein concentration. Analysis of both sets of da-
ta using Eq. 1, gave values of 3.49 and
14.53 ml/g for the value of [n] of the X and D
states, respectively. vii vk

‘We decided to see whether this denaturational
behaviour of cyt-c¢ in LiCl is shared by another
lithium salt namely, LiBr. It has been observed
that the denaturational behaviour of cyt-c in both
LiCl-and LiBr is same. Fig. 3 shows denaturation
transition curve followed by observing changes in
A3y, as a function of [LiBr]. As can be seen in
this figure, the pretransition occurs in the range
0-2.5 M. The first transition N« X-occurs in the

Tange 2.5-4 M. The second transition occurs in
" the concentration: range 4-6.5-M . above which

the optical property decreases linearly. The linear
extrapolation of all the results above 6.5 M gave
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‘ta to support their argument that transitions
X, * X, do not involve. any change in the po

:LIBF gave 'a value" of
LlBI‘ denatured protel

,and mtnnsw wscosuy measurements suggests that
(i) heme is exposed to the solvent in the interme-
diate state X which retains all the secondary
structure of polypeptlde backbone, ”11) viscosity of
the X state is in the range 3.49-3.96 ml/g which
is very close to the value of [5] observed for the

~but the state of heme-tryptophan, i.e., the deep

‘denaturatlon of cyt-c has been shown by Ikai

{ ‘ﬂ:,osnllated that one of the intermediates fou
during the kinetics of denaturation of cyt-c

is very close to the one obtained for the unfold

lution. Although we do not see more than one
_parable intermediate in cyt-c denaturation, 0

d natutjatlon scheme derived from thermodyn

-amount of ordered secondary structure to the n

state observed here are similar to that of the X
‘state observed here.

‘the final product of denaturation of cyt-c by al
denaturants seem to support the idea that the

native protein, and (iii) that the final product
denaturation by these salts is as unfolded as t]
observed in concentrated solution of GdnHCL.
the basis of difference spectral and CD measu;
ments it may be concluded that the unfolding
cyt-c in lithium salts occurs in two distinct re
sible steps. During the first step heme is expos
to the solvent completely without any change
polypeptide backbone conformation, and the s
ond step, X< D represents the actual unfold
of the polypeptide backbone.

Mayer et al?® have described the folding
cyt-c at neutral pH by a mechanism involving t
intermediates X, and X, on the path between
and D states. They have presented convincing ds

peptide conformation of the protein and the lo
tryptophan at position-59 is exposed to solv

part of the crevice is maintained during the trans:
ition. The presence of intermediates during

al?® and Drew and Dickerson®. Ikai et al'° ha

GdnHCl is highly folded and its spectral prope

protein polypeptide in concentrated GdnHCl s

‘ mhbrmm results are consistent with the over

nd kinetic studies of GdnHCI, urea and alc

t room temperature) of cyt-c has comparab

state?. It seems that the properties of the “A’
- All the measurements on the characterization 0

number of denatured states that a protein can
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Wﬁd& upon the folding pattern of the na-
 protein. The reason for saying this is tha
eyt contains only one domain as revealea
diffraction :sl:uchesm all denaturants gave

¢ denatured state.
h mode of denaturation, normah?auon
asition curves suggested that all data points
4 from the transition curves, followed by
changes in- different optical properties
¢ same curve. The coincidence among
reqults obtained by two or more different con-

nal properties suggest that the denatura-

0 cyt«: by Gd Cl1 and lithium’ salts is hxgh~

It should be noted that this coin-

ther roves nor disproves the exist-

termediate states on the path between

4 DS, We have however, assumed that all

ions NeoX, XD and NeD follow a
e mechanism.

order to assess the contribution of heme to

folded structure of cyt-c, denaturation transi-

shown in Figs 1-3, were analyzed for ther-

ynamic pammetcr‘; usmg appropriate equ-

en under the section of Materials and

Analysis of the GdnHCI induced trans-

¢ followed by all three opucal propertws

lue of 6.9£0.1 keal mol~' which is in

agreement with those reported earli-

is of the lithium salts induced trans-

r the procees Ne X gave a value of

05 keal mol~! for AG'” which measures

ength of interaction between folded poly-

de chain and the heme. The GdnHCI and

lis results seem to suggest that the entire

1y of the holoprotein comes from the heme

lobin interaction. Removal of heme should

fead to the unfolding of protein. This

is concomitant with the finding of

al® and Stellwagen et al.** who report-

the apocyt-c exists in an unfolded confor-

mation in water. Analysis of the transition curve

the reaction X e D gave a value of 1.6 £0.5

keal mol ™. This again suggests that the apocy-

fhe-c &lcme cannot exist in the folded con- 3
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