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ABSTRACT. This work determines the ratio @&H,y /AHcq for staphylococcal nuclease (SN) denaturation

in guanidine hydrochloride (GdnHCI) to test whether GdnHCI-induced denaturation is two-state. Heats
of mixing of SN as a function of [GdnHCI] were determined at pH 7.0 and@5The resulting plot of

AHnix vs [GdnHCI] exhibits a sigmoid shaped curve with linear pre- and post-denaturational base lines.
Extending the pre- and post-denaturational lines to zero [GdnHCI] gives a calorimétrid\Hca) of

24.1 £ 1.0 kcal/mol, for SN denaturation in the limit of zero GdnHCI concentration. Guanidine
hydrochloride-induced denaturation Gibbs energy changes in the limit of zero denaturant concentration
(AG°n-p) at pH 7.0 were determined for SN from fluorescence measurements at fixed temperatures over
the range from 15 to 3%C. Analysis of the resulting temperature-depende@ty-p data defines a van't

Hoff denaturation enthalpy chang&H,n) of 26.4 + 2.8 kcal/mol. The model-dependent van't Hoff
AHyn divided by the model-independeniH., gives a ratio of 1.1+ 0.1 for AHyw/AHca, @ result that

rules out the presence of thermodynamically important intermediate states in the GdnHCI-induced
denaturation of SN. The likelihood that GdnHCI-induced SN denaturation involves a special type of two-
state denaturation, known as a variable two-state process, is discussed in terms of the thermodynamic
implications of the process.

The interpretation of urea- or GdnH@hduced denatur-  analysis using a two-state mode3).( A ratio of AHu/
ation of staphylococcal nuclease (SN) is a highly contro- AHca = 1 provides evidence that the model adequately
versial issue in protein foldindlt-6). Shortle proposed that  represents the observed data. To determineAtigy/AHca
wt SN and most all SN mutant proteins undergo two-state ratio, we report here the development of a calorimetric means
denaturation induced by either guanidine hydrochloride to evaluateAH., for GdnHCI-induced denaturation and the
(GdnHCl) or urea, and that the denatured ensembles of thesaletermination ofAH,; from GdnHCI-induced denaturation
SN proteins differ significantly from one another in terms under the same solution conditions using fluorescence-
of the surface area exposed on denaturatlo2 (6, j. Based detected denaturation.

largely on thermal denaturation data, Carra and Privalov  \yhile the enthalpy ratio of unity is regarded as a definitive

proposed the contrasting vievx_/ that urea or GdnHCI denat_ures[est of the adequacy of the two-state assump#ritshould
wt SN andm- SN mutant proteins by a three-state mechanism e recognized that the test also makes certain assumptions

(N = 1= U), and that the unfolded ensembles (U) of these 5t the nature of the denatured ensemble. Namely, it
proteins are identical to one anoth&p). o assumes that the denatured state is an ensemble whose
To distinguish between the two opposing views, it is clear thermodynamic properties (e.g., enthalpy, proton inventory,
that the queStion Of Whether denaturant'induced denaturatiorbtc_) do not Change with denaturant Concentration; i_e_' it

of wt SN is two-state or multistate must be resolved. The ggsumes the thermodynamic properties are “fixed}”§j.
most accepted test of whether a protein exhibits two-state This is a condition that indeed holds for such proteins as
denaturation is theAH ratio test. In this test, a model- RNase A andx-chymotrypsin ), but it is not believed to
independent parameter such as an enthalpy change fohoig for SN proteins §). In fact, the thermodynamic
denaturation, determined by calorimetyH.a), is compared  properties of the denatured ensembles of SN proteins are
to the AHw for denaturation determined by van't Hoff  pejieved to “vary” with denaturant concentratio, (6).
Taking into account the properties of “fixed” and “variable”
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The calorimetric measurements reported here are consistendf 2.50 mL of SN solution was delivered into a 1x01.0
with two-state GdnHCI-induced denaturation of wt SN, with  cm quartz cuvette fitted with a water-tight cap. The cuvette
a strong likelihood that the mode of denaturation is of the was thermostated at the set temperatute® 1 °C) reported.

“variable two-state” type. The 50ug/mL SN stock solution for fluorescence measure-
ments was prepared in 25 mM phosphate containing 0.1 M
MATERIALS AND METHODS NacCl buffer (PBS, pH 7.0) as wasel M GdnHCI titrant

The strain ofEscherichia colicontaining the lambda/AR solution. The protein solution in the cuvette was titrated with
120 expression system for wild type SN was a gift from Dr. theé 4 M GdnHCI solution, using a PB600 dispenser (Hamil-
David Shortle, and the protein was overexpressed andt©n CO.) eéquipped with two 106L Hamilton syringes. An
purified using Shortle’s methodL), The protein used in ~ &liquot of from 10 to 4QuL of the protein solution was
fluorescence measurements was further purified using afémoved from the cuvette, and an aliquot of the exact same
Pharmacia FPLC system equipped with a Source-S (Phar-volume of tle 4 M GdnHCI solution was added to the
macia) column. Protein concentrations were determined CUVette, maintaining a total volume of 2.50 mL solution in
spectroscopically usindzso = 0.93 fa a 1 mg/mL solution the cuvette. Thorough mixing of the solution was achieved
(12). by magnetic stirring from the bottom with a “cross-shape”

Ultrapure GdnHCI from Amresco was used without further Teflon covered stirring bar. After each addition of GdnHCI,
purification. Concentrations of GdnHCI were determined & time interval of from 10 to 30 min was observed before
from refractive index measurements at 2%@®.1 °C on a the equilibrium fluorescence intensity was recorded. A blank
Milton Roy Tabletop refractometer (Abbe 3L) with temper- titration was performed in the same manner described above,
ature controlled by a waterbath. The relationship between €XCe€pt the PBS buffer replaced the protein solution. After
the refractive index and the concentration of GdnHCI given each titration step involving equivolume removal of solution
here was from Pace, wheran represents the difference and addition of the GdnHClI titrant, the protein concentration

between the refractive index of the GdnHCI solution and N the cuvette was calculated. The observed equilibrium
the buffer solution 12): fluorescence intensity was corrected by subtraction of the

blank, and the data were normalized in terms of fluorescence
[GANHCI] = 57.147An + 38.68AN% — 91.6AN3 L) intensity per mole of proteirFQ. The f_Iu_orescence in_te_n_sity
at each GdnHCI concentratiorr)( divided by the initial
Isothermal Titration CalorimetryHeats of mixing of SN fluorescence intensity at zero GdnHCI concentratibg) (
as a function of GdnHCI concentration were determined at gives the fluorescence rati&/Fo), which was then plotted
pH 7.0 and 25+ 0.1 °C using an OMEGA lIsothermal  as a function of GdnHCI concentration.
Titration Calorimeter (ITC) (MicroCal Inc.). Stock solutions The fluorescence ratio measurements of SN denaturation
of SN as well as a series of GdnHCI solutions with different by GdnHCI were performed at different fixed temperatures
concentrations were separately prepared in 25 mM phosphat€15, 20, 25, 30, and 33C). Since denaturation was found
buffer containing 0.1 M NaCl (PBS, pH 7.0). The ITC to be slower at low temperature, the longest delay time (30
experiments were performed by four injections (usirgle min) between addition of GdnHCI and fluorescence mea-
uL of a 40 mg/mL stock solution of SN per injection) into  surement was used for data gathered at@5The resulting
the calorimeter cell (ca. 1.5 mL) containing a specified fluorescence-detected denaturation profiles were analyzed
GdnHCI concentration. Control experiments involving injec- using the nonlinear least-squares method described previ-
tions of PBS buffer into GdnHCI solution and injections of ously, giving AG°y—y, m, and C, parameters at each
stock SN solution into PBS buffer were also conducted. For temperature 13).
each GdnHCI concentration, heats of mixing experiments
for SN solution with GdnHCI solutionQs), PBS buffer with RESULTS
nHCI solution nd SN solution with PB ff N . .
ﬁgre gelsazgtgler%eZS?Jrid.sgﬁé onet tc:alori?nl()ettjrice Qh(gat of Determination of the Calorimetric Enthalpytea) of SN

o ; _ : . Denaturation in GdnHCIHeat of mixing AHmix) results of
;nmng of SN with GdnHCI QHm;) was obtained using eq native SN (pH 7.0) and acid-denatured SN (pH 3.0) with

GdnHCIl at 25°C are shown in Figures 1 and 2, respectively.
AH., = (Qs— Q, — Qy/P (2) The data presented in Figure 1 demonstrate a distinct
denaturation transition with a midpoint GdnHCI concentra-
where P represents the total moles of SN added in each tion (Cy) of 0.77 M. In the pre- and post-denaturation
injection and the other symbols are as described above. Theg€gions, AHmix of native SN is shown to be linearly
final concentration of SN in the titration cell after four dependenton [GdnHCI]. To evaluate the model-independent
injections of SN solution was about 1 mg/mL. calorimetric enthalpyAHc,) from these data, the linear post-
Heats of mixing (AHmy) of acid-denatured SN as a denaturation base line was extended to zero concentration
function of GdnHCI concentration were also determined at of GdnHCI, and the difference between the pre- and post-
pH 3.0 and 25+ 0.1°C in 25 mM citrate buffer containing ~ denaturation intercepts at zero GdnHCI concentration was
0.1 M NaCl, using the same procedure as described abovedetermined. This difference represents the calorimetric
for pH 7.0. enthalpy AHca) for conversion of native SN to denatured
Intrinsic Fluorescence Intensity Measureme@sinHCI- SN at zero concentration of denaturant, and was found to
induced denaturation of SN was monitored by tryptophan be 24.1+ 1.0 kcal/mol.
fluorescence emission (excitation at 295 nm, emission at 335 The rationale for linear extension of the post-denaturation
nm) using a SPEX FluoroMax spectrofluorometer. A volume base line in Figure 1 is the following: (1) the heat of mixing
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FiGUrRE 1: Heats of mixing AHmix) of SN with GdnHCI at 25.0

concentration is about 1 mg/mL. Open circleS) (represent
experimental data, and the solid line is the nonlinear least-squares30.0 °C (filled diamonds), and 35.6C (filled triangles). Dotted
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L : Ficure 3: Fluorescence ratid=(Fg) of SN in 25 mM phosphate
°Cin 0.1 M NaCl and 25 mM phosphate buffer (oH 7.0). Final SN plus 0.1 M NaCl (pH 7.0) as a function of GdnHCI concentration
at 15.0°C (open triangles), 20C (filled circles), 25.0°C (crosses),

best fit of the data using the LEM. The dotted and dash lines are lines are the nonlinear least-squares best fits of the data at different

the LEM-determined extensions of post- and pre-denaturational basetemperatures using the linear extrapolation method. The SN

lines, respectively. concentration is around 5@/mL. The wavelengths of excitation
and emission are 295 and 335 nm, respectively.

I T T ! T T T ! r I
0 J Table 1: GdnHCI-Induced Denaturation of wt SN in 25 mM
_ Phosphate plus 0.1 M NaCl, pH 7.0, at 15, 20, 25, 30, anfic35
—g -20 . temp CC)  AG°y_p (kcal/mol)  m(kcalmoF*M)  Cn, (M)
= 15.2 5.10+ 0.04 5.65+ 0.04 0.90
£ 40 ] 20.0 4.79+ 0.02 5.72+ 0.02 0.84
= 7 25.0 4.77+0.04 6.00+ 0.04 0.80
IE -60 1 30.0 4.15+ 0.03 5.78+ 0.04 0.72
< 7 35.0 3.61+ 0.02 5.884+ 0.03 0.61
-80 .
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FiGure 2: Heats of mixing AHpx) of pH 3 acid-denatured SN £
with GdnHCI (filled circles) at 25.0C in 25 mM citrate plus 0.1 3 r .
M NacCl buffer. Final SN concentration following four additions L
of 6—10 uL of protein stock is about 1 mg/mL with a total k& 14~ 7
calorimetric cell volume of 1.5 mL. Heats of mixing data for other g L -
proteins with GdnHCI were taken from Table 2 of Makhatadze
and Privalov 15), and include reduced and carboxymethylated 12 - ]
derivatives of RNase A (open circles), hen lysozyme (open squares), L J

and bovine heart cytochrome (open triangles). The solid lines L L
are linear least-squares best fits to the data. 325 330 835 340 345

AT (1/K)*10°

Ficure 4: Plot of AG°\—p/T versus 1T to determine the van't Hoff
AH of SN denaturation in GdnHCI at 25C and pH 7.0. Open

experiments of acid-denatured SN (pH 3.0) with GdnHCI at
25 °C give a linear plot ofAHmix versus [GdnHCI], (see
Figure 2), suggestive of a linear dependenceAblyix on circles represenAG°y_p values obtained from Table 1, and the
[GdnHCI] with acid (0-2 M GdnHCI range); (2) the  solid line represents the nonlinear least-squares best fit of the data
generally accepted linear extrapolation method provides ausing eq 3.
precedent using linear extensions of pre- and post-denatur-
ation base lines to evaluatés°y_p (14); and (3) calorimetric in Figure 3 are nonlinear least-squares fits of the transitions
titration of reduced and carboxymethylated (denatured) forms to the “two-state” model using the LEM.8). As a function
of RNase A, lysozyme, and cytochronseall give linear of temperature, the fitted parameters derived from the fittings
AHpix Vs [GAnHCI] over the 82 M GdnHCI range (see  are listed in Table 1 and includ®G°n-p (the denaturation
Figure 2) (5). Gibbs energy change in the limit of zero GdnHCI concentra-
Determination of the:an’t Hoff Enthalpy (AHoH) of SN tion),.Qrn (the GdnHCI con.c.e'ntration at the midpoint of the
Denaturation in GdnHCI.The data presented in Figure 3 tranS|t|on),.andn(the sensitivity of denaturation to GdnHCI
show fluorescence ratio-detected GdnHCl-induced denatur-concentration, d\G/d[GdnHCI]).
ation transitions of SN at pH 7.0 at fixed temperatures in  Figure 4 shows a plot oAG°n-p/T versus temperature,
the range from 15 to 3%C. All the transition curves appear and a van't Hoff type analysis was performed to evaluate
to have a symmetrical sigmoid shape characteristic of anthe AH,4 of SN denaturation at 23C by means of eq 3.
apparent “two-state” cooperative process. The dotted linesNonlinear least-squares analysis of the data to eq 3 gives
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Table 2: GdnHCI-Induced LEM Parameters of SN Denaturation at
25°C and pH 7.0

AG°n-p (kcal/mol) m (kcal mol/M) Cm (M)
calorimetry 5.02t 0.44 6.50+ 0.52 0.77+0.09
fluorescence 4.7%0.04 6.00+ 0.04 0.80+ 0.01

AGy_p(T)/T = [AH,4(25°C) — AC,298.15]T —
AC, In(T) + const (3)

with AC, = 1.8 + 1.0 kcal/(motdeg) andAH,x(25 °C) =
26.4+ 2.8 kcal/mol as fitting parameters. Within errdic,
and AH,4 are found to be identical, and a ratio AH,n/
AHca (1.104 0.12) near unity is obtained.
Multivariability Test.The multivariability test is frequently

Biochemistry, Vol. 38, No. 34, 19991219

zero concentration of denaturant. Moreover, Makhatadze and
Privalov have conducted calorimetric studies of the interac-
tions of urea and GdnHCI with three proteins (RNase A,
lysozyme, and cytochron@ (15). These proteins have been
forced to exist as denatured ensembles in buffer solution
because of reduction and carboxymethylation of their di-
sulfide bonds. Makhatadze and Privalovsiix data, also
shown in Figure 2, are observed to be linear over th 0

M GdnHCI concentration range, the same GdnHCI concen-
tration range encompassed by the heat of mixing data in
Figure 1 (L5). Thus, in cases that involve denatured proteins
in buffer solution,AHnix is found to be a linear function of
GdnHCI in the concentration range of interest-@ M).
These data provide a strong rationale for linear extension of
the post-denaturatioAHnx data to zero denaturant concen-

used to determine whether “two-state” behavior can be tration.

excluded as a possible model for denaturatB)nTwo-state

The second question deals with whether the observed

behavior requires that all observables, each of which may enthalpy difference between pre- and post-denaturation
be sensitive to different characteristics of native or denaturedintercepts in the limit of zero GdnHCI is equal to the
protein, must change in unison as the fraction of native or denaturant-independent calorimetric enthalpy chang&.)
denatured protein changes with denaturant concentration. Thefor the transition from native to denatured protein. Because
nonlinear least-squares fitted values X6G°y—p, mandC, the denatured state of a protein has more surface area exposed
were obtained from analysis of the two sets of data by meansto solvent than does the native state, the number of denaturant

of the LEM using eq 4 (13):

= {(° + my[C]) +
(I°p + mp[C]) exp[—(AG°\_p — MC]/(RT]}
{1+ exp[-(AG®\_p — MCD/I(RT]} (4)

Here | is an observable that can be eith®Hnix or the
fluorescence ratio; [C] is the molar concentration of the
denaturant (GdnHCI)I°y and 1°p represent the intercepts
and my and mp the slopes of the linear pre- and post-

molecules interacting with the denatured state is expected
to be greater than that interacting with the native state. In
Figure 1, this is reflected in the smaller slope observed for
the GdnHCI interaction with the native state compared with
the denatured state. In the transition region Al values

of native and denatured proteins can be obtained by extending
the post- and pre-denaturation base lines into the transition
zone. The difference between native and denatuiedx
values includes not only the i D conformational enthalpy
change in the limit of zero GdnHCI concentratiohHca)

but also the denaturant concentration-dependent GdnHCI

denaturation base lines. Table 2 shows that within error the shinding” heats Q*, p andQ*p,x) due to any conversion of

two observablesAHmix and fluorescence) track identically

native to denatured protein in the mixing experiment (see

with one another, a result consistent with two-state behavior. gq 5):

DISCUSSION

The primary goal of this work has been to determine the

ratio of AHyw/AHca for GdnHCI-induced denaturation of SN

AH AHmix,N - AHca| + (Q*b,D - Q*b,N) (5)

mix,D

The question is hov®@*, p andQ*, y depend on GdnHCI

to test whether the denaturation can be described as two-as mixing heat?\Hmix p and AHnixn are extrapolated back

state. Key to this determination is the evaluation of the
model-independent calorimetric enthalpyHca) from heat

of mixing data. There are two critical questions involved in
evaluation ofAHq,: (1) is the heat of mixing of denatured
protein linear with GdnHCI concentration, and (2) is the

to zero denaturant concentration. From the data in Figures 1
and 2, it is clear that the magnitude of denaturant binding to
native or denatured states ultimately reduces to zero as the
denaturant concentration goes to zero. ThusAHsixp —
AHnixn is extrapolated back to zero denaturant concentration,

observed enthalpy difference between the pre- and post-Q*,p and Q*,n both vanish in the limit of zero GdnHCI,

denaturation intercepts in the limit of zero GdnHCI concen-

leaving AH°n—p, the model-independent SN denaturation

tration equal to the denaturant-independent enthalpy changeenthalpy change in the limit of zero denaturant concentration.

for the transition from native to denatured protein?

Using intrinsic fluorescence, the denaturation free energy

With respect to the first question, experimental support change of SN in the limit of zero GdnHCI concentration

for linear extension oAHnx of SN in the post-denaturation
region b 0 M GdnHCI comes from heats of mixing
experiments with acid-denatured SN (pH 3.0). SN acid
denatures at low pH (pH 3) and is substantially unfolded

(AG°n-p) was determined under the same solution conditions
as in the calorimetric measurements, but over a range of
different set temperatures. Because a “two-state” model was
used in estimatindG°y-p by the LEM, a quantity evaluated

(about 80% unfolded in terms of native secondary structure in the limit of zero GdnHCI concentration, the van’'t Hoff

and fully unfolded by near-UV CD)1§). In this sense, acid-

denaturation enthalpy change is, by definition, a model-de-

denatured SN may serve as a model of GdnHCI-denaturedpendent thermodynamic parameter. The van't Hoff (26.4

SN, and the linear dependence AHmnx with 0—3 M
GdnHCI observed in Figure 2 provides a rationale for

2.8 kcal/mol) and calorimetric (24.%& 1.0 kcal/mol) AH
values give a ratioAHn/AHcq = 1.10+ 0.12) near unity,

extension of the post-denaturation base line in Figure 1 to a result consistent with two-state denaturation.
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The Contreersy aver GdnHCI-Induced Denaturation of  fact that theAH,w/AHcq ratios for thermal and GdnHCI-
SN.The issue of whether GdnHCI-induced denaturation of induced denaturation of SN are identical, GdnHCI-induced
SN is two-state is the crux of a long-running debate on the SN denaturation exhibits two-state behavior according to
peculiar properties of GAnHCI denaturation of SN and SN Carra and Privalov's own criteria.
mutant proteins4, 4). Dill and Shortle have claimed that The failure of Carra and Privalov's multistate model in
GdnHCI denaturation of SN is two-state but that the terms of the enthalpy ratio test leaves open the question of
denatured ensemble varies as a function of denaturantwhether the view of Dill and Shortle is viable. To better
concentration; i.e., their model is said to exhibit “variable appreciate the issues implied by Dill and Shortle’s model, it
two-state” character and can be written as>ND variaie) (6). is useful to describe SN denaturation by chemical denaturants
In this model, the denatured ensembles for wt and mutantin these authors’ terms. Dill and Shortle proposed some time
SN proteins can be quite different from one another both ago that “state-distinguishable” properties of the denatured
physically and thermodynamically, a concept very different states of SN proteins (e.g., Stokes radius) vary with denatur-
from conventional views of denaturation. One reason this ant concentration, and they classified proteins whose dena-
model is controversial is that it is at odds with the common tured ensembles behaved this way BN Dariave] as
practice in structural energetics of assuming that the dena-exhibiting “variable two-state ” behavio6). Dill and Shortle
tured states of wt and mutant protein are thermodynamically also proposed a class of proteins whose state-distinguishable
equivalent. Carra and Privalov proposed an alternative view denatured ensemble properties do not vary with denaturant
of GdnHCI denaturation of SN in which the denatured states concentration, referring to these proteins as exhibiting “fixed
of wt and mutant SN proteins are thermodynamically two-state” behavior. The thermodynamic framework for
identical to one another, a model that is consistent with the proteins exhibiting “fixed two-state” behavior was established
assumption commonly applied in structural energet)s ( long ago 8), and in the ensuing years essentially all two-

Carra and Privalov have provided an excellent review of state denaturations of proteins have been evaluated by
the differences between their position and that of Dill and implicitly assuming “fixed two-state” behavior. Denaturations
Shortle @). The model of Carra and Privalov involves a (first- that exhibit “variable two-state” behavior are conceptually
order) two-state conversion of the native state (N) to an quite different from “fixed two-state” behaviol (). And as
intermediate state (1), followed by a (first-order) two-state shown below, the thermodynamic consequences of “variable
conversion of the intermediate to the unfolded state (U). That two-state” behavior differ markedly from the consequences
is, they view the overall GdnHCI denaturation process as that hold for “fixed two-state” protein denaturation.
involving an intermediate species that consists mechanisti- In an effort to understand the dimensional characteristics
cally of two consecutive first order events=RKll = U. Carra of denatured wt and mutant SN proteins, we recently
and Privalov prefer to think of Dill and Shortle’s denaturation evaluated the Stokes radii of wt and three mutant SN proteins
model [N== Dywarianie] as a (first-order) two-state conversion as a function of urea concentratidktd}. Consistent with Dill
of the native state (N) to a compact denatured state (C),and Shortle’s view, we found that the denatured ensembles
followed by a one-state (higher order) transition of C to a of the SN proteins differ dimensionally from one another,
less compact ensemble (D). They formulate Dill and Shortle’s and, most importantly, we determined that the dimensions
model as N= C == D, with the C= D event being a  of their denatured ensembles change significantly in the
denaturant concentration dependent noncooperative procesgansition zone. For example, the Stokes radius of the wt
that has no activation barrier between C and D. In short, SN denatured ensemble at the beginning of the urea-induced

C = D represents interconversions within the i) transition at pH 7 is 29.2 A, and is increased to 32.8 A by
ensemble of species, and the formulationszND yariabieyand the end of the transition (evaluated from the data in Baskakov
N == C = D are thermodynamically equivalent. and Bolen) 10). Assuming spherical geometry, this repre-
The key difference between the model of Carra and sents a 40% increase in volume and a 25% increase in surface
Privalov (N==1 == U) and of Dill and Shortle [N= Dyyariavie] area of the denatured ensemble, all of which occurs within
is that N== | = U is multistate while N= Darianle)is two- the transition zone. The fact that the denatured ensemble

state 2, 4, 6. Lumry et al. have shown that multistate expands significantly as a function of increased urea
behavior will always result in &H,/AHc < 1 (8), and concentration in the transition zone strongly suggests that
what we have found with SN is that the enthalpy ratio is the thermodynamic character of the denatured ensemble
slightly greater than unity. Thus, the enthalpy ratio test clearly might also be changing.

mitigates against Carra and Privalov’'s<R | == U model. To illustrate better what is meant by the thermodynamic
Lumry et al. have also shown that/H,/AHcy ratio of character of a denatured ensemble, let us consider the
unity is the hallmark of two-state behavior, and Carra and GdnHCI-induced denaturation transitions as monitored by
Privalov claim that a ratio equal to unity is definitive AHnix and fluorescence in light of the fact that the SN-
evidence that a reversible denaturation exhibits two-state denatured ensemble expands significantly with GdnHCI in
character4, 8). The enthalpy ratio we have obtainetH,/ the transition zone. Figure 5 gives plots of the fraction of
AHcy = 1.104 0.12) is identical to thé\H,n/AHc5 = 1.10 denatured SN induced by GdnHCI as monitored by fluores-
ratio obtained by Carra and Privalov from thermal denatur- cence and\Hqx. In the lower GdnHCI concentration range
ation measurements of SN in the absence of chemical(near the beginning of the transition), the denatured ensemble
denaturant 17). Based on the enthalpy ratio, Carra and is compact, and the associated denaturation enthalpy change
Privalov concluded that thermal denaturation of SN is two- will be of a certain value. (For the sake of this discussion,
state 4), and theAH,n/AH, ratio slightly >1 is attributed the enthalpy of the denatured ensemble is taken as a measure
by them to a small amount of protetiprotein association  of its thermodynamic character.) But with increasing GdnHCI

in either the native or the denatured stat&)( Given the concentration, the denatured ensemble increases in size (one-
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T T T — T T 1 terms of the steepness of the transition, it is clear from the
comparison of the fitting parameters in Table 2 that e
value for the calorimetric data is greater than that for the
fluorescence data, with the error limits of thevalues just
barely overlapping. The error analysis does not permit an
unequivocal claim that GAnHCIl-induced denaturation of SN
exhibits “variable two-state” behavior, but given the fact that
the size of the denatured ensemble is changing markedly in
the transition zonelQ), the calorimetric and fluorescence
data clearly suggest that “variable two-state” behavior is
plausible. The noncoincidence of two observables that
R N R S EEEEE S monitor the same denaturation transition (the multivariability
06 07 08 09 10 11 test) @) is conventionally taken to mean that the denaturation
[GdnHCI] (M) process is not two-state. This is a good test that is absolutely

FIGURE 5: Fraction of denatured SN induced by GdnHCI and correct for “fixed two-state” behavior, but will not necessarily
detected by calorimetry (open circles) and fluorescence (filled hold for “variable two-state” denaturation.

circles). The solid lines represent the nonlinear least-squares fit of . . . )
the AHmix-monitored and fluorescence-monitored transitions ex- The differences between variable and fixed two-state

pressed in terms of fraction denatured, using the parameters giverPehavior result in markedly different interpretations of the
in Table 2. All results shown originate from GdnHCl-induced Gibbs energy changeAG°n-p) for denaturation of SN in

denaturation data on SN at 28 and pH 7.0. the limit of zero denaturant concentration obtained using
EM. At a denaturant concentration near the beginning of

1.0

e
®

Fraction of Denatured
o [~}
ES o

o
(V]

state expansion), and the thermodynamic character (enthalpy ; o S .
of the denatured ensemble changes coordinately with the he SN. denaturation transition, the equilibrium is bgtween
expansion of the denatured ensemble. This process has sma‘hednaft't\;]e s;tate ‘_”;.nd a;hcompa%dena’_[urgdtstate, tvr\]/hlle ?.t the
but significant enthalpy contributions resulting from disrup- etnt 0 de ransition %eéqm 'dr;;'m IS de ween I edr_}? |vet
tion of some intramolecular interactions within the compact stale and a more expanded and thermodynamica’ly differen

denatured ensemble and exposure of additional protein fabricdenatureg state. 'I_'h|s situation means that with a vana_ble
to solvent. In this particular case, the small enthalpy two-state _denatunng protein, use of the linear extrapolation
contribution due to expansion leads to a somewhat IargermethoilWIII result tmdabAC;hNiD Itn t.Wh'Ch thell_dt:anatu.red
AH per mole of protein near the high denaturant concentra- NSEMDIE represented by the putative ND equi forium in.
tion end of the transition than occurs at the beginning of the thg I|m|_t of zero denaturant concentration be_ars I|tt|e.re|at|on-
transition. Thus, throughout the denaturation transition, the ship_either strl_,lctu_rally or th_e_rmodynamlc_ally with the_
AH per mole of denatured protein becomes increasingly moredenatured species in the transition zone. This contrasts with

endothermic. An important consequence, then, of the chang—Arf3 N*EE obtbalned fro_mt?] p‘r‘?telg teXh'blt'?g,, flxedttr\]/voc-jstat? q
ing dimensions of the “variable” denatured ensemble in the character, because in the Tixed two-state” case the denature

transition zone is that the denaturatiahl is not a constant ensemble has the same thermodynamic character in the limit
but varies with denaturant concentration. This is in mar|'<ed of zero denaturant concentration as it does in the transition

contrast to “fixed two-state” behavior in which the thermo- 2°"€ ©. 10, 19. _ _ _
dynamic character of the denatured ensemble does not change [f GdnHCI denaturation of wt SN is “variable two-state”,
with denaturant concentration, and the denaturatiéhat then theAH,/AH.4 ratio must be interpreted differently from
the beginning of the transition is the same asAtéat the ~ the way it is usually interpreted. The van't Hoff and
end of the transition. calorimetric enthalpy changes derived for a protein exhibiting
Tryptophan 140 located in the carboxy-terminal helix gives “variable two-state” behavior are not reflecting the enthalpy
rise to the fluorescence in SN, and the change in this change for one reaction; rather they represent derived
observable as a function of [GdnHC|] is Compared with the quanjﬂ!ﬂes from a continuum of reactions that occur in the
AHmy-detected transition in Figure 5. Carra and Privalov transition zone 10).
have argued that denaturation exposes the tryptophan to Enthalpy is only one of several measures of the thermo-
solvent, greatly diminishing the fluorescence, and the dynamic character of a denatured ensemble. We have found
diminished fluorescence is essentially independent of thethat the linkage of proton uptake/release that accompanies
existence of residual structure in the denatured enseriple (  changes in the denatured ensemble is a much more sensitive
Thus, in Figure 5 we have two observables: onél i) index of the thermodynamic character of the ensemble than
that should be sensitive to the expansion of the denaturedenthalpy, and provides an excellent means of distinguishing
ensemble in the transition, and one (fluorescence) that has‘fixed” from “variable” behavior in the denatured ensemble
been argued4) as being insensitive to the denatured (Yang and Bolen, unpublished results). Clearly, a protein
ensemble expansion. Inspection of the data in Figure 5 showghat exhibits “variable two-state” denaturation will require
that the calorimetric data progressively deviate from the interpretation based on a distinctly different paradigm from
fluorescence data, with the deviation (manifested in a sharperthe “fixed two-state” concept that virtually all interpretations
transition) being greatest at the high denaturant concentrationof denaturations have been based. The extent to which
end of the transition. This is a result one would expect of a “variable two-state” behavior is exhibited by proteins is not
“variable two-state” system. known, because few have looked for this type of behavior.
We should note that although the deviation of #id data Shortle gives a listing of a number of proteins that are similar
in Figure 5 is progressive, the fitted data are not outside thein behavior to SN and are likely to exhibit “variable”
error limits of the measurements (see Table 2. However, in behavior 7).
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