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ABSTRACT. Free energy change®\Gy _.,) obtained by denaturant-induced unfolding using the linear
extrapolation method (LEM) are presumed to reflect the stability differences between native (N) and
denatured (D) species in the absence of denaturant. It has been shown that with urea and guanidine
hydrochloride (GdnHCI) some proteins exhibit denaturant-indeperti€iit.,. But with several other
proteins urea and GdnHCI give differeMiGy ., values for the same protein, meaning that the free
energy difference between N and D is not the only contribution to one or&Gfn., values. Usingl1,

a mutant form of the protein G B1 domain, we show that both urea- and GdnHCI-induced denaturations
are two-state and reversible but that the denaturants give different valuesSfpr,. While spectral
observables are sensitive to the shift between N and D states (between states effect), they are not sensitive
to denaturant-induced changes that occur within the individual N and D states (within state effect). By
contrast, nonspectral observables such as Stokes radius and thermodynamic observables such as proton
uptake/release are often sensitive to both “between states” and “within state” effects. These observables,
along with spectral measurements, provide descriptions of urea- and GdnHCI-induced denaturation of
BL. Our results suggest that in the predenaturation concentration range GdnHCI changes the free energy
of the native ensemble in a nonlinear manner but that urea does not. As with RNas@-Aaatahlobulin,

Bl exhibitsvariable two-statebehavior with GdnHCI-induced denaturation in that the free energy of the
native ensemble in the predenaturation zone changes (varies) with GdnHCI concentration in a nonlinear
manner.

In the field of protein folding, the linear extrapolation shows that the free energy differenc&Q = Gp — Gy)
method (LEM} is a frequently used procedure for obtaining between the native3y) and denatured3p) states is a linear
the difference in stability between the native (N) and function of denaturant concentratioh)(A simple way for
denatured (D) states of a proteiti{(3). Protein stability is AG to be a linear function of denaturant concentration would
expressed as a free energy chany&y_.,) obtained upon  be for the respective free energies of the native and denatured
linear extrapolation of cooperative unfolding free energy data states Gy andGp) to also be linear functions of denaturant
to zero denaturant concentration, wheX&y ., is said to concentration. In such a case, a plot@f and Gp versus
represent the free energy difference between N and D specieslenaturant concentration will result in two intersecting
in the absence of denaturant. More often than not, with many straight lines of negative slope. The difference between the
proteins AGy,_.p values obtained for the same protein using two lines at each denaturant concentration gi¥&3 as a
urea and guanidine hydrochloride (GdnHCI) are found to linear function of denaturant concentration, and the inter-
be different 4—8), and this raises serious questions about section point define€;,,, the denaturant concentration at
the interpretation of this most basic description of protein the midpoint of the N— D transition.
stability. The concept of the individual free energies of native and

To gain insight into the origins oAGy, ., differences  denatured states being linear functions of denaturant con-
obtained using urea and GdnHClI, it is useful to consider the centration provides a plausible explanation of underlying
LEM and how a linear free energy relationship between phenomena leading to the LEM. Assuming that linearity of
native and denatured protein might arise. As shown by GreeneGy andGp with denaturant concentration constitutes the basic
and Pace, cooperative two-state denaturation empirically principles behind the LEM, the question is whether deviations
from these linear relationships are responsible for the lack
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! Abbreviations;31, T2Q 16A T44A protein G B1 domaim\Gy o, what actual molecular processes these values describe.
oo eneray change of unfoling, LEM, incar extrapolaion 2% in previous studies, we defined three classes of proteins
size exclusion chromatograpHgs, partition coefficient; DLS, dynamic based on their thermodynamic responses to urea and GdnHCI
light scattering; DSC, differential scanning calorimetry. (8). By thermodynamic responses, we mean that denaturants
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affect the thermodynamics of N and D in more than one These thermodynamic changes occurring “within” the native
way. Denaturants most certainly shift thesND equilibrium, ensemble are taking place within the same concentration
but they can also change the thermodynamic behavior of therange that the denaturant is shifting the ratio between N and
individual N and D ensembles nonlinearly with denaturant D. The dual thermodynamic effects taking place in the
concentration. The three classifications of proteins are basedransition zone result in &Gy _., value from GdnHCI-
on whether the thermodynamic behavior of the N and/or D induced denaturation that does not have the molecular level
ensembles becomes nonlinear with respect to denaturantneaning commonly ascribed to it. Because the ratio between
concentration and, if so, whether such changes take placehe native and denatured states is changing while the
within the cooperative transition zone or outside the transition thermodynamic character of the native state itself is also
zone. changing, the transition represents no specific=ND

The three classifications are important in interpreting equilibrium in which the end states (N and D) are fixed or
AGy,_p values obtained using the LEM. The first of the distinct; rather, it represents a constantly changing (variable)
three classes of proteins exhibits no evidence of their N or set of N< D equilibria, with the native ensemble at the
D ensembles being anything other than linearly dependentbeginning of the transition beirtgermodynamically different
on urea or GdnHCI concentration. The denaturant-induced from the native ensemble at the end of the transitig)n (
unfolding of this class of protein is said to exhifiked two- Because spectroscopic observables are very useful in
state behaior, and the AGR ., values obtained via the detecting the interconversion of N and D states, they enjoy
LEM using urea and GdnHCI are found to be identi@&l (  widespread use in denaturation measurements. Although they
For this class of proteinsAGR ., is a property of the  are sensitive in detecting what may be defined as “between
protein alone and can be interpreted solely in terms of the states” effects, which are the population shifts between N
N < D equilibrium. Fixed two-state behavior is what most and D ensembles occurring in the denaturation transition
everyone trusts their particular protein exhibits. zone, spectroscopic signals are not particularly sensitive to

At denaturant concentrations in the range preceding thethermodynamic changes that denaturants can induce within
spectrally observed onset of the cooperative transition, the individual N or D ensembles, changes that we define as
GdnHCl is often found to alter the thermodynamic behavior “within state” effects. Denaturation focuses on the shifts in
of the N state ensemble, and proteins that exhibit this populations of N and D states, so there has been a natural
behavior comprise a second class of protein denaturationstendency to focus only on between states effects. This
(8). This effect of GdnHCI on the native state ensemble emphasis has left the subtle but nonetheless important within
results in different values foAGR_, determined from  state effects relatively unrecognized or undetected. Because
urea- and GdnHCl-induced denaturation measurements. Theof the relative insensitivity of spectral observables to within
thermodynamic consequence of this GdnHCI effect on the state effects, it is necessary to detect and investigate such
N ensemble is that thé\Gy ., obtained via the LEM  effects by alternative means. Through trial and error, we have
contains free energy contributions not only from the shift found that thermodynamic observables and/or physical
between N and D species but also as a result of GdnHCI's characterizations are much better suited for detecting and
specific action on the N state. By specific action on the N monitoring within state effects on the N and D ensembles.
state we mean that at zero GdnHCI concentration the In particular, we note that Stokes radius measurements
principal species is N, but with addition of GdnHCI in the provide a sensitive way of characterizing the individual (N
pretransition range the N state is converted to N*, a and D) ensembles and that determination of proton uptake/
structurally similar but thermodynamically distinct species. release of the ensembles as a function of denaturant
So long as the effect of GAnHCI on convertingNN* is concentration can also be an excellent way to monitor their
completed before the onset of the denaturation transition, thermodynamic characters.
the AGy_p value obtained from the LEM is interpretable in Here, we undertake a comprehensive study of a protein
terms of the equilibrium N*> D. For this class of protein  that exhibits within state and between states effects of

denaturations, GdnHCI is said to indueariable thermo- denaturants on the thermodynamics of denaturant-induced
dynamic character in the natt ensemble outside the unfolding. The protein, which is referred to herefs is a
transition zone This effect causes differences NGy .5 mutant form of the protein G B1 domaifil has no disulfide
values obtained from urea- and GdnHCI-induced denaturationbonds or prolyl residues and denatures in GdnHCI with a
of proteins 8). low Cy/, value that is characteristic of proteins that exhibit

In contrast to GdnHCI, in the limited number of cases we “variable” thermodynamic characte8,(9). Using urea and
have investigated, the free energies of N or D ensemblesGdnHCI, our objective is to characterip& denaturation in
always exhibit a linear dependence on urea concentrationterms of its denaturation thermodynamics, with emphasis on
(8). Consequently, with this second class of proteins, the the evaluation and interpretation of between states and within
AGy _.p obtained from urea-induced denaturation is pre- state effects.
sumed to be a property solely of the protein and not of the
denaturant). MATERIALS AND METHODS

In the third class of proteins previously defined, GdnHCI ~ Chemicals. Ultrapure GdnHCI was purchased from
is observed to alter nonlinearly the thermodynamic character Amresco, high-purity urea was obtained from Nacalali,
of the N state ensemble (and possibly the thermodynamic Tesque, Inc., sodium chloride was from Fisher, and sodium
character of the D ensemble) but with the effect on the N acetate was from Mallinckrodt. All other chemicals used
state ensemble occurring within the transition zone. That is, were of either analytical or reagent grade. Concentrations
for this class, GdnHCI is inducingariable thermodynamic  of GdnHCI and urea solutions were determined from refrac-
character in the natie ensemble within the transition zone tive index measurements at 25t00.1 °C on a Milton Roy
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refractometer with the temperature controlled by a water bath, acetate, pH 5.0), and protein solution (e.g., 1 mg/fiL,
using the relationships: dialyzed exhaustively against 0.2 M NaCl, 20 mM sodium
acetate, pH 5.0), followed by incubation at 25 for 4—12
[GANHCI] = 57.147An + 38.68An° — 91.6An° (1) h and spectral determination. Unfolding measurements
involving the use of urea were completed within 24 h after
[urea]= 117.66\n + 29.75An° + 185.56\n> (2)  preparation of the urea solutions.

Fluorescence measurements were conducted using a SPEX
whereAn is the difference between the refractive index of FluoroMax spectrofluorometer. Fluorescence intensity (nor-
the denaturant solution and the buffer soluti@ ( malized to the lamp intensity) was monitored at excitation

Protein Expression and PurificationThe plasmid con-  wavelengths of 275 and 295 nm, and emission at 340 nm,
struct for the T2Q, 16A, T44A protein G B1 domaip) with excitation and emission bandwidths of~3 nm,
was kindly provided for us by Prof. Lynne Regan. Details depending on the protein concentration (abotl8ug/mL).
on the preparation of the construct were described previouslyFluorescence recordings were made gsirl cmpath length
(9). The construct was checked for the correct insert by cuvette, maintaining temperature at 23:M.1 °C. Correc-
sequencing (DNA Sequencing Laboratory, UTMB) and tions were made for buffer and denaturant contributions to
transformed into théscherichia coliT7 expression strain  the fluorescence intensity.

BL21(DE3). Purification ofs1 was performed on the basis CD measurements were carried out using an Olis RSM
of Regan’s description with modifications described below CD spectrometer. Ellipticity was monitored at 222 nm using
(9). Transformed cells were grown in LB media at 32 a 0.1 cm path length cuvette thermostated at 25M1 °C.

with shaking until the Ol reached about 0:60.7 (4-5 Protein concentrations used ranged from 0.2 to 0.3 mg/mL.
h) and then induced by adding IPTG (1 mM final concentra- All measurements were corrected for buffer and denaturant
tion). Cells were grown for about an additional 2.5 h, CD contributions.

harvested and collected by centrifugation, resuspended in pH Absorbance spectra were recorded using a Model 14DS
7 buffer (20 mM Tris-HCI, 1 mM EDTA), frozen at-80 AVIV UV —vis spectrophotometer equipped with a Peltier
°C, thawed, sonicated, and then centrifuged to remove cellautomated temperature control unit, with all measurements
debris. The crude lysate was mixed with poly(ethylenimine) conducted at 25.@ 0.1 °C, using protein concentrations
(~0.4% v/v) to precipitate contaminating nucleic acids and ranging from 0.2 to 0.3 mg/mL. Spectra were recorded from
centrifuged to separate the precipitate. The supernatant wass20 to 250 nm every 0.1 nm with 1 nm bandwidth and 1 s
passed through a 0.4Bm filter and then mixed with averaging time, using a pair of matched tandem 1 cm path
Q-Sepharose (Pharmacia) beads (using about 100 mL oflength cuvettes. SavitzkyGolay filtering was performed
hydrated resin/5 L culture) preequilibrated in pH 7 buffer. twice on the spectral data using AVIV software to acquire
After the pH was adjusted to 9, the mixture was incubated second-derivative UV spectrdd). The first filtering in-

in ice with stirring overnight. The matrix was then packed volved using a 20-pt moving window size for third degree
in a glass column, washed with 1 column volume of buffer polynomial approximations, with zero-order derivatives
adjusted to pH 8, washed again with-8 column volumes  taken. The second filtering involved using a 25-pt moving
of pH 7 buffer, and then eluted with pH 7 buffer containing window for third degree polynomial approximations, and
50 mM NaCl. Elutions were concentrated either by filter second-order derivatives were taken.

centrifugation or by putting the solution inside 3 kDa MW The degree of protein tyrosine exposure was calculated
cutoff dialysis tubing and then covering the solution-filled from the second-derivative spectra as described previously
dialysis bag with solid 20 kDa poly(ethylene glycol). The (14). The parameter,, is defined as the ratio between two
concentrated protein solution was purified further by size peak-to-peak distances (i.e., one between the maximum at
exclusion chromatography with a Sephadex G-50 (Sigma) ~287 nm and the minimum at283 nm and one between
column, using pH 7 buffer containing 50 mM NaCl. The the maximum at-295 nm and the minimum at290.5 nm),
purity of the final product was verified using SBSAGE which, for a given protein tyrosine and tryptophan composi-
and analytical size exclusion chromatography. The moleculartion, is determined mainly by the polarity of the tyrosine
weight was verified using matrix-assisted laser desorption/ environment. The degree ¢fl tyrosine exposuren) was
ionization time-of-flight (MALDI-TOF) mass spectrometry  calculated using the equation:

(Mass Spectrometry Facility, UTMB). Purified protein solu-

tions were stored in 50 mM NaCl, 20 mM Tris-HCI, 1 mM o= —r)(r,—ry 3
EDTA, and 15% glycerol, pH 7 at80 °C.

Protein concentrations were determined spectrophotometri-where ri = [(02A/0A%)287 — (0?AI0A?) 283 [[(0?AI0A?) 295 —
cally using the Edelhoch metho@@—12). Extinction coef- (02A10A?)904; ru is therp of the protein when completely
ficients of 9530 and 5970 M cm™ were used for 280 and  unfolded;r,is ther, of a mixture containing the same molar
288 nm, respectively. Protein concentrations determined atratio of aromatic amino acids as the protein and dissolved
the two wavelengths were always in agreement (with less in a solvent possessing the same properties as the interior of
than 3% difference), suggesting the absence of spectrallythe protein. Using ethylene glycol as a model for the protein

detected impurities. interior, the following equation was used to estimatél4):
Protein Unfolding Measurements Using Spectroscopic
Methods Denaturation measurements were performed by r,= (—0.1&+ 0.64)/(-0.04 + 1) 4)

mixing appropriate proportions of stock denaturant solution
(e.g., 7.5 M GdnHCI, 0.2 M NaCl, 20 mM sodium acetate, wherex is the ratio between the number of tyrosine and the
pH 5.0), buffer solution (e.g., 0.2 M NaCl, 20 mM sodium number of tryptophan residues on the protein. On the basis
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of the properties of model compounds 6 M GdnHCl,r, solution ([Tris]), the concentration of HCI in the titramilc)
was estimated using the equatidr); can then be calculated as

r, = (0.20x + 0.66)/(~0.0% + 1) (5) Myq = [Tris](Vy)/Vs (8)

Data from unfolding measurements (detecting spectral or The second method involves plotting vs Viici, whereW
nonspectral observables) were analyzed using the two-statdS defined as
linear extrapolation model and nonlinear least-squares fitting
(3). All nonlinear least-squares analyses were performed
using Origin (OriginLab) and/or Kaleidagraph (Synergy).
Av Measurement Apparatuéll Av measurements were
carried out using a pHM85 Precision pH meter (Radiometer)
equipped with a temperature probe and a calomel combina- — _
tion electrode (model GK473901, Radiometer), along with W=—ct dVie) (10)
a Metrohm E415 pH-stat titration vessel. The titration vessel V, is the value ofVug at W = 0 (i.e., c/d). Myc is then
was thermostated at 25& 0.1 °C and was constantly  cqicyjated in the manner as that described above (eq 8).
flushed with purified nitrogen gas previously passed through  yc) itrant concentration calibrations were performed
three successive scrubbers: the first containing alkaline 1multiple times, employing the two forms of Gran plots each
M BaCl,, the second containgn2 M phosphoric acid, and  ime for better determination of titrant concentrations. Since
the third containing a solution identical in nonprotein  he o methods described make use of different regions of

composition_ with the solution being titrated..Titrants Were he titration data, agreement between the methods serve to
delivered using MICROLAB dispensers (Hamilton) equipped zjigate calibration results. Deviations between the two

with either a 250 or 100@L Hamilton syringe. Solutions  mathods are always less than 2% of the calculated titrant
being titrated were stirred at a constant rate with a Teflon- .ncentration. Least-squares analyses of the Gran plots, as

coated magnetic stirring bar. _ described by eqgs 7 and 10, were performed using either
Prior to titration measurements, pH meter readings were origin or Kaleidagraph.

standardized using certified standard buffer solutions from 4, MeasurementsChanges in the number of moles of

Compliance Technology Inc. (pH 4.0800.002, pH 7.000  yrot0ns bound per mole of proteimvg) with increasing
+ 0.002, pH 3.00Gt 0.002, and pH 10.00& 0.005). Two- - GgnHC| concentrations were monitored in 0.2 M NaCl, pH
point calibrations were performed using the pH 4 and 7 3 500 4t 25.0: 0.1°C, taking 0 M GdnHCl as the reference.
standard buffers. Linearity of pH metgr readings outside the pqtein samples (35 mg/mL) were dialyzed against deion-
pH range of 47 was then tested using the pH 3 and 10 ;¢4 distilled water (18.2 N-cm) multiple times at 64
buffers, with deviations being less than 0.01 pH unit. No °C, pH ~3.6. Solutions of 7.5 M GdnHCI, 0.25 M NaCl,

W=V, x 10" ©)

As Vi approache¥, from the preequivalence point region,
W varies linearly withVc, andW may be expressed as

sodium ion error correction was necessary until pHO. pH ~7.1, and 0.25 M NaCl, pH-3.7, were prepared using
The manufacturer of the calomel electrode used recommendseghly dégassed 18.2@®kcm water. The previously dialyzed
correction at pH>12. protein solution (1.00 mL) was dispensed into the titration

HCI Titrant Concentration Determinatiol€oncentrations  \,assel. After thermal equilibration of the protein solution,

of HCI titrants were calibrated using ultrapure Tris base {4000 — ([GAnHCI}/7.5) x 500G uL of 0.25 M NaCl
(ICN) as the primary standard. Tris solution was volumetri- ¢\ tion was added, where [GdnHCI§ the target final
cally prepared by dissolving preweighed Tris base (0ven- GgnHcl molar concentration. The proteiNaCl solution
dried at 60°C overnight) and NaCl (0.2 M) in freshly a5 ajlowed to equilibrate to 253, adjusted to exactly
degassed Mlll|—Q yvater (18.2. -cm). A 5.00 .mL_vqume pH 3.500, and then mixed with([GAnHCI}/7.5) x 500G
(VTris) Of Tris sc_>|ut|c_)n was dehvere_d into the.t|trat|or_1 vessel 4L of 7.5 M GdnHCI and 0.25 M NaCl solution. The final
and flushed with nitrogen for 5 min. The Tris solution was pqtein-NaCl-GdnHCI solution was allowed to equilibrate
titrated using fixed volume aliquots of & of HCI titrant at 25.0°C for at least 5 min and then was titrated back to
(0.2 M NaCl) with a 15 s time interval between each aliquot, pH 3.500. The volume of HCI titrant addé¥yci(protein}
recording the total volume of HCl titrant addeWdyc) and 55 recorded. In general, at acidic pH, protein unfolding
the corresponding pH. Tr)e equivalence point was determined,eqits in proton uptake. To account for nonprotein contribu-
using two forms of Gran's graphical methatHj. The first tions in the proton uptake process, the same titration
method involves a plot ob againsVici, where® is defined  gyneriment as described above was conducted on the
as dialysate. The volume of HCI titraftVici(blank)} needed
oH to titrate back to exactly pH 3.500 was also recorded.
@ = (Vs + Vie) x 10 (6) [GAnHCI}, was chosen to span a range from 0 to 4 M
GdnHCI, and enough data were obtained to describe the
Below the equivalence pointVf), @ is approximately  protein N to D transition. Knowing the total number of moles
constant, but beyonde, @ varies linearly withViei and is  of protein present in the experimenty was then calculated
expressed as using the equation

@ = —a+ b(Vye) (7) Av = ({Vyyc(protein) — Vi ¢ (blank)} My,c))/

. . . (mole of protein) (11)
Ve is then determined as the value \6fc; at ® = 0 (i.e.,

a/b). Knowing the concentration of Tris in the initial Tris whereMyg is the molar concentration of the titrant.
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Size Exclusion Chromatograph8ize exclusion chroma-  quenched, solid-state single photon counting module, where
tography (SEC) measurements were conducted using aight is converted to electrical signal. Fluctuations in the
Phenomenex BioSep SEC-S2000 3007.80 mm steel-  scattered light intensity as a function of time are analyzed
jacketed HPLC gel filtration column and a fully automated by autocorrelation. Autocorrelation functions were generated
BioCad SPRINT HPLC system. The column temperature was every 5 s, collecting data for at least 3 min per sample. Data
maintained at 25.@ 0.1 °C using an HPLC column water  analysis was performed using the program Dynamics (Protein
jacket supported by a circulating water bath. Protein solutions Solutions, Inc.). Single-exponential autocorrelation function
(0.4 mg/mLp1) were incubated in the appropriate solution baselines that are not within 1.0800.001 were discarded.
(0.2 M NaCl, 20 mM sodium acetate;8.5 M urea, pH Remaining autocorrelation functions were then analyzed
5.0) for at leas1 h before injection (using a 50L sample using the intensity-weighted regularization model provided
volume) into the column previously equilibrated in the same in the Dynamics software. The output of the analysis is the
solution. All runs were carried out at a flow rate of 1 mL/ translational diffusion coefficientt) of the particles in
min and were reproducible to withig=0.01 mL elution solution, which is then automatically converted to the Stokes
volume. For more accurate characterization of the protein radius Rs) of the particles, assuming Brownian motion and
system, blue dextran and sodium azide were also applied tothe Stokes Einstein equation:
the column under the same condition as the protein samples.

This permitted calculation of the partition coefficient) Rs = (k,T)/(62nD5) (13)
at each urea concentration, as shown in the equation:
wherek; is the Boltzmann constant, is the temperature in
Ky= (Vepfotei”_ Veb'ue deX"é‘ﬁ/(veaﬂde— Veb'ue dextra (1) kelvin, and# is the solvent viscosity. Solvent refractive
indices and viscosities (which are needed in the determination
where \VProtein \/blue dextran gnd \/2zide represent the elution  Of Dr) were provided as inputs for the software. Solvent
volumes of81, blue dextran, and sodium azide, respectively. refractive indices were measured with a refractometer and/

Prior to the experimental measurements, column calibra- Or estimated by employing eq 1 for the GdnHCI solutions
tion was performed to determine the functional relationship or €q 2 for the urea solutions, solving numerically fom,
between the reciprocal of the partition coefficientsk)/ and calculating the refractive index for the denaturant
and protein Stokes radii, using proteins of known Stokes solutions fromAn and the measured refractive index of the
radius either in native conditions or in the presence of 8 M buffer in the absence of denaturants. Refractive index
urea, as reported in the literature and as compiled by Uverskyestimations resulted in deviations that do not exceed 0.2%
(16) and Corbett and Rochel]). As models for folded  of the value, in cases where both measurement and estimation
proteins, BSA, chymotrypsinogen A, Cytochrom$_|acto_ were performed. Solvent viscosities in the presence of
globulin, myoglobin, and ribonuclease A were chromato- GdnHCI and urea, on the other hand, were estimated
graphed in 30 mM MOPS, 0.1 M NacCl, and 2 mM EDTA, following the suggestion of Kawahara and Tanfat@)( On
pH 7.0. Likewise, to represent urea-unfolded proteins, SEC the basis of their viscosity data, the following relationships
of chymotrypsinogen A, insulinj-lactoglobulin, and ribo- ~ on the molar concentration dependence of the viscosities of
nuclease A was carried out 8 M urea, 20 mM DTT, 30  aqueous solutions of GdnHChdan) and ureafues at 25
mM MOPS, 0.1 M NaCl, and 2 mM EDTA, pH 7.0. With  °C were acquired:
the column used in this study, Kl relates to the Stokes
radius in a curvilinear fashion, with increasing column 7gg,= 0.8904+ 0.0213Mg,,+ 0. 01359 ¢y)° —
sensitivity to dimensional changes as the protein Stokes
radius becomes larger. In the protein size range for the urea- O'OOZlgMGdQ * O'OOOSZMGdr) (14)
induced unfolding 0ff1, 1Ky versus Stokes radius is linear. _ 2
Importantly, SEC data for both the folded and urea-unfolded Murea™ 08828+ 0.0332M, ¢, 0.00275My 9" +
proteins can be described by a single calibration curve, which 0.000285/Iurel,,)3 (15)
suggests that changes i3 wvith increasing urea concentra-
tions can be safely assumed to reflect changes in proteinwhere viscosities are expressed in centipolegn is the
dimensions and not in the column matrix properties. molar concentration of GdnHCI, anMl,e, is the molar

Dynamic Light ScatteringDynamic light scattering (DLS)  concentration of urea (for egs 14 and B3,= 0.99996 and
measurements were conducted at 25.®.2 °C. Prior to 1, respectively). To correct for the viscosity contributions
measurements, protein solutions A5 mg/mLA1) were of other solution components, mainly just 0.2 M NacCl
incubated at the appropriate solution conditions (0.2 M NacCl, (ignoring contributions from the 20 mM sodium acetate
20 mM sodium acetate, pH 5.0, anéd® M GdnHCI or G-8 buffer), the concentration of GdnHCI (0.53 M) or urea (0.46
M urea) for at least 30 min and then filtered through 0.02 M) which alone would give the same viscosity as the 0.2 M
um Anodisc filters (Whatman). Duplicates of protein samples NaCl aqueous solution was determined on the basis of
at each denaturant concentration were prepared. DLS mealiterature data on the viscosities of NaCl solutions af@5
surements were performed using a DynaPro-MS/X dynamic (19). GdnHCI or urea solutions were considered to have
light scattering instrument (Protein Solutions, Inc.) equipped effective concentrations equal to the actual concentrations
with a 248-channel autocorrelator with multi-tau scheme plus 0.53 M (for GdnHCI) or 0.46 M (for urea). The
starting at 0.48:s delay time and an automated temperature calculated effective concentrations were then used as inputs
control unit. A semiconductor laser of 822.6 nm provides for eqs 14 and 15 to calculate solution viscosities.
the light source, with the scattered light collected at an angle Differential Scanning Calorimetrylhe thermal unfolding
of 90° and guided via a fiber optic cable to an actively behavior of31 in the presence of varying concentrations of
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Table 1: Thermodynamic Parameters for the GdnHCI- and Urea-Induced Unfoldjpitf of

observable AGy,_p (kcal/mol) m-value (kcal mott M—1) Ciz (M)
GdnHCI Denaturation Parameters
fluorescencelex= 275 NM;Aem= 340 nm) 276+ 0.13 —2.204+ 0.09 1.26+ 0.0
fluorescencelex= 295 NM;Aem= 340 Nm) 2.74:0.18 —2.18+0.02 1.264+ 0.04
far-Uv CD (222 nm} 2.31+0.13 —1.954+ 0.07 1.18+ 0.07
far-UV CD (222 nm) 2.77+0.07 —2.21+0.06 1.25+ 0.04
second-derivative UV 2.53+0.39 —2.00+ 0.22 1.27+0.19
tyrosine exposure 2.720.61 —2.27+0.38 1.23+0.28
Urea Denaturation Parameters
fluorescencelex= 275 nm;lem= 340 nm) 3.92+ 0.54 —0.87+ 0.08 448+ 0.21°
fluorescenceAex= 295 nm;lem= 340 NmM) 3.88+ 0.36 —0.86+ 0.06 450+ 0.15
far-UV CD (222 nm) 3.76: 0.1Z —0.85+ 0.0 4.444 0.06
second-derivative UVY 3.74+0.31 —0.85+ 0.07 4.42+0.12
tyrosine exposure 3.02 0.61 —0.67+0.13 4,514+ 0.28
1/Kq(size exclusion chromatography) 3.620.29 —0.81+ 0.06 4.47+0.12
Stokes radius (dynamic light scattering) 3#40.63 —0.79+0.15 4,39+ 0.26

aUnless stated otherwise, errors reported are fitting erPdgstors reported are the standard deviation of four measurenteintrs reported
are the standard deviation of triplicate measuremérisiors estimated by propagating the reported error &Gy _., and the mrvalue.
¢ Predenaturation baseline defined by the nonlinear least-squares fitting program (larger slope in FiguPeetiBpaturation baseline defined by
the operator (smaller slope shown in Figure 1Bgrrors reported are the average of fitting errors derived from the independent nonlinear least-
squares analysis of unfolding data at different wavelengths.

NaCl was investigated via differential scanning calorimetry  Figure 1 presents a summary of data obtained using the
using a Microcal VP-DSC instrument. Scanning from 25 to mentioned spectral observables to monitor the GdnHCI-
100 °C, a scan rate of 1 deg mihwas employed in the induced unfolding of31. Specifically, Figure 1A provides
experiments, which is enough for the protein system to reachrepresentative fluorescence data (275 nm excitation, 340 nm
equilibrium since a scan rate of 0.5 deg mligave virtually emission), Figure 1B presents data on far-UV CD, and panels
the same results, within error limits. Rescans of previously C—E of Figure 1 show data on second-derivative UV
scanned samples showetl thermal denaturation to be spectroscopy. Figure 1F presents a summary of the GdnHCI
reversible, even when the initial scans were carried out to unfolding data, showing the degree of coincidence of the
~100% completion (i.e., withr 90% recovery of the signal).  fractional ratio (D/N) as monitored by the various spectral
Protein concentrations ranged from 0.22 to 0.24 mM. observables. The reversibility 6 GdnHCI-induced unfold-
Calorimetric profiles were analyzed using the Microcal ing was assessed by including reversibility points for a
Origin software (Microcal Software, Inc.), employing atwo- number of the GdnHCI denaturation measurements per-

state model. formed (as shown, for example, in Figure 1B,E). The
reversibility points, obtained by refolding denatuyet are
RESULTS observed to coincide with unfolding data obtained for the

GdnHCl-induced unfolding gf1. Thermodynamic evalua-

In evaluating the equilibrium thermodynamics of protein tions of the data in Figure 1AE are provided in Table 1.
denaturation, it is essential to first establish whether the In all cases except CD-monitored GdnHCI-induced dena-
denaturation is two-state and reversible. One of the principal turation the results show overlap &Gy ., values.
tests of two-state behavior involves demonstration that the Dynamic light scattering (DLS) was used to monitor the
same ratio of N and D species is obtained as a function of Stokes radius of the protein as a function of GdnHCI
denaturant concentration regardless of which observable isconcentration. The protein Stokes radius, as presented in
used to monitor the N> D transition. Two-state denaturation  Figure 2, provides physical characterization of the N and/or
requires the transition to be all or none; i.e., at equilibrium D ensembles in GdnHCI and in urea, respectively. The DLS
the protein is comprised of two populations (N and/or D data for GAnHCI unfolding was not analyzed using the LEM
states) with no substantive populations of partially folded due to nonlinear behavior in the predenaturation baseline and
states. Monitoring various protein properties that report on because, ab@?2 M GdnHCI, denaturefll gives erratic DLS
different parts of the protein can be helpful in determining results, presumably because of denatured prefgiotein
whether all parts of the protein denature coordinately as association at the high protein concentrations{2% mg/
required of the two-state hypothesis. To observe tertiary mL) needed in these experiments. Thus, we were only able
structural characteristics, we used fluorescence spectroscopyo track the Stokes radius ¢gfl to slightly above 2 M
to monitor changes in the fluorescence properties of the GdnHCI. At low GdnHCI concentrations {0l M), the
single tryptophan residue @fL by itself (with the excitation ~ Stokes radius data f@tl appear to be hyperbolic from 0 to
wavelength set at 295 nm) and in coordination with the 0.5 M GdnHCI, before beginning to take on the usual
fluorescence properties of the three tyrosine residugilof sigmoid dependence expected in protein unfolding. For
(excitation wavelength set at 275 nm). Changes in the comparison, the fraction of unfoldetll as calculated from
secondary structure ¢fl were detected by means of far- the fluorescence data of Table 1 is superimposed on the
UV CD spectroscopy, monitoring ellipticity at 222 nm. In  Stokes radius data in Figure 2A. The deviation of the Stokes
addition, second-derivative UV spectroscopy was used toradius data between 0 and 0.5 M GdnHCI indicates a
detect changes in the polarity of the tyrosine environments measurable expansion of the N state ensemble, occurring
upon denaturation. within the first 10% of the unfolding transition. With the
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Ficure 1: 1 GdnHCI-induced denaturation monitored by different spectroscopic techniques. GdnHCI-induced unfolding measurements
were performed in 0.2 M NaCl and 20 mM sodium acetate, pH 5.0 at*Z5.0sing fluorescence, far-UV CD, and second-derivative UV
spectroscopy. Tryptophan and/or tyrosine fluorescence was monitored as a function of GAnHCI concentration using excitation wavelengths
of 275 and 295 nm, respectively, and an emission wavelength of 340 nm. Four separate fluorescence experiments were carried out four
times, giving the representative data in (A). Shown in (B) are 222 nm CD dgia @udnHCI-induced unfolding. Two linear predenaturation
baselines are shown: (1) the solid baseline is operator-defined and is a linear least-squares fit of all points in the predenaturation concentration
range, and (2) the dashed line was defined by a nonlinear least-squares fit of all of the CD data to the LEM. (§1) sfaoemd-derivative

UV spectra at different GdnHCI concentrations, with samples at higher GdnHCI concentrations exhibiting blue-shifted spectra relative

to that of samples at lower concentrations. Four regions of the second-derivative spectra were analyzed as slices of constant wavelength and
varying GdnHCI concentrations, i.e., 28+.882.6, 284.6-285.5, 285.5-287, and 288.1£290 nm. The data shown in (D) represent the

slices in the 281.5282.6 nm region. Unfolding data at each wavelength were analyzed indepenedently using the LEM. In (E) are results
representing the dependence of the solvent accessibilii dfrosine residues on GdnHCI concentration, calculated from the second-
derivative spectra as discussed in the Materials and Methods section. Sigmoid curves shown in (A), (B), (D), and (E) are the LEM nonlinear
least-squares best fits of the respective data, assuming linear baselines. [The sigmoid curves in (B) represent fitting results where the
predenaturation baseline slope parameter is either floated (blue) or defined so that the predenaturation baseline coincidesvith the 0

M GdnHCI data points; the straight lines are the corresponding predenaturation baselines, using the same color scheme.] (F) represents a
summary of the described GdnHCI unfolding measurements, showing all of the fluorescence and far-UV CD spectroscopy data and
representatives for each analyzed spectral region in the second-derivative UV spectroscopy data, plotting the fraction of unfolded protein
as a function of GdnHCI concentration. Also shown in (B) and (E) are reversibility points. (For details on the protein concentrations used,
refer to Materials and Methods.)

possible exception of the CD measurements in Figure 1B, The population-weighted Stokes radius of the protein as
data from the other spectral observables provide little or no a function of urea concentration (Figure 2B) differs signifi-
corroborative evidence of effects in the predenaturation zone.cantly from that in GdnHCI. Prior to onset of the urea-
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Ficure 2: (1 GdnHCl-induced (and urea-induced) unfolding
monitored by dynamic light scattering. Panel A: GdnHCI unfolding
measurements were performed in 0.2 M NaCl and 20 mM sodium
acetate, pH 5.0 at 25, detecting changes in protein dimension
as a function of GdnHCI concentratio®), The dashed curve
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Ficure 3: Proton uptake byl upon GdnHCIl-induced unfolding
monitored by potentiometryAv measurements were performed as
a function of GdnHCI concentration in 0.2 M NaCl at 250,
using pH 3.500 as the reference pH. Shown as a function of GdnHCI
concentration is the degree of proton uptake,(®), compared to

the fraction of folded protein), calculated using LEM-derived
baseline parameters from GdnHCI unfolding data monitored via
fluorescence spectroscopy in 0.2 M NaCl, 10 mM sodium acetate,
10 mM sodium phosphate, and 10 mM glycine, pH 3.50 at 25.0
°C. For the fluorescence dat#Gy ., and the mvalue were
evaluated to be 1.7€ 0.04 kcal/mol and-1.96+ 0.01 kcal mot?

M1, respectively.

simultaneously, we performedlv experiments at pH 3.5.
At this pH, Kss are shifted, and the results of these
measurements are given in Figure 3. A plot of fractional fold-
ing of f1 determined from fluorescence measurements is

represents the fraction of folded protein determined using fluores- provided in Figure 3 as a guide. It is evident from Figure 3

cence data shown in Figure 1A. Panel B1 urea denaturation

was also performed under the same experimental conditions as liste

above (). The dashed curve is the LEM nonlinear least-squares
best fit curve of the urea-induced unfolding data.

hat significantAv changes occur within the transition zone
between states effects). There is also evidence &f af
small magnitude occurring with the N ensemble (within states
effects) in the range of-80.5 M GdnHCI. The same pattern

induced denaturation transition, there appears to be a smalbf within state and between states effects/of versus

decrease in the Stokes radiuspif over the 6-2 M urea
concentration range. Given the noise of the data within this

GdnHCI concentration has been observed with staphylo-
coccal nuclease, but more data points were possible to obtain

range, the decrease in Stokes radius may only be apparentyith this protein g).

so the result was later investigated using size exclusion

chromatography data (see below), which is of higher quality.
Using the LEM, we were able to fit the urea data shown in

Returning to pH 5, Figure 1B suggests small apparent
GdnHCI-induced changes i1 ellipticity observed at
predenaturation concentrations. The N sidteellipticity

Figure 2B, and the results of the fit are presented in Table changes in the presence of GdnHCI are admittedly small.

1. It is important to note thatt® M GdnHCI, the Stokes
radius of the GdnHCI D ensemble 61 is measurably larger
than the D ensemblai8 M urea. The equivalent volume

However, they are significant enough to cause the GdnHCI-
induced LEM fit to give aAGy_.p that is distinguishably
smaller than theAGy_p values obtained using all other

for the GdnHCI D ensemble as defined by the Stokes radiusspectral observables (see Table 1). One reason for the

in 2 M GdnHCl is on the order of 35% larger than that of
the D ensembleni 8 M urea.

Difficulty in finding observables to detect “within states”
effects on N and D ensembles led us in previous work to
use proton uptake/release as an observabig @0, 21). At
the pH of interest, if the iK,s of one or more titrateable

variation in AGy_.p values using GdnHCI is that the
predenaturation range is short, and it was left to the nonlinear
least-squares fitting program to define the predenaturation
baseline. The predenaturation baseline of steepest slope in
Figure 1B was obtained by allowing the slope and intercept
to float in the fit of the data to the LEM. If an operator-

groups in the N state change when converted to the D state defined baseline of smaller slope (solid straight line) is used

a net proton uptake or releas®y) will be observed. In fact,
the quantityAv is a thermodynamic parameter capable of

as shown in Figure 1B, the resultifgGy,_., and m-value
parameters are well in line with results obtained using other

monitoring within state and between states thermodynamic Spectral observables (see Table 1).
changes occurring outside of and inside the transition zone To assess whether fitting errors can be reliable estimates

(8). Unfortunately, ing1 the g<ss of carboxylic groups at
pH 5 do not change on shifting N to D; thus is zero for

of experimental errors (and to check the reproducibility of
our results), GdnHCI and urea denaturation measurements

the protein at this pH. To illustrate the point that within state were performed on multiple samples, monitoring far-Uv CD
and between states thermodynamic changes can occuand/or tryptophan and tyrosine fluorescence. With the
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Ficure 4: Urea-induce@l denaturation monitored by far-Uv CD 1.0 1
spectroscopysl unfolding measurements were performed in 0.2 B
M NaCl and 20 mM sodium acetate, pH 5.0 at 253 employing 0.8 T

fluorescence, far-UVv CD, and second-derivative UV spectroscopy.

Shown are data from urea unfolding)(and refolding experiments 0.61 1
(O) detected using far-UV CD spectroscopy. The curve represents

the nonlinear least-squares best fit of the composite data to the two-

0.4 p2! -
state linear extrapolation model.

0.2 .
denaturation measurements on multiple samples, the errors
obtained were not found to be significantly different from 0.01 W 1
fitting errors obtained on analysis of single denaturation
profiles. In general, experimental errors in our urea-unfolding
measurements are larger than those in the GdnHCI denatur- . . . o )

RES: A1 urea-induced unfolding monitored via size exclusion

. IGU
ation measurements (see Table 1). The larger errors may b{hromatography. Measurements were performed in 0.2 M NacCl

due to the longer extrapolation involved in using LEM in  and 20 mM sodium acetate, pH 5.0 at 28@ The reciprocal of
the case of urea, a generally less potent denaturant comparegartition coefficient, Iy, is plotted against urea concentration in

to GdnHCI Q). In addition, errors on the estimated thermo- (A). Results of nonlinear least-squares fitting of the data to the
dynamic parameters using tyrosine exposure from the second-EM are given in Table 1. Shown in (B) is the summary of urea

R L denaturation data, plotting the fraction of unfolded protein as a
derivative UV spectroscopy data are significantly larger than g,nction of urea concentration, using representative fluorescence

that of the other data. This is to be expected because then), far-Uv CD (O) and second-derivative UV spectroscopy),(
determination of tyrosine exposure (as described in the and size exclusion chromatograph§)(data.

Materials and Methods section) involves more sources of
error. conclude that urea does not alter the dimensions of the N
Whereas 222 nm ellipticity is sharply dependent on state ensemble. For sake of comparison, Figure 5B shows a
GdnHCl in the predenaturation concentration range (Figure composite plot of thgl fraction unfolded extracted from
1B), no dependence of 222 nm ellipticity is observed urea-induced LEM data obtained using multiple observables.
with urea as the denaturant (see Figure 4). GdnHCI appearsThe results of LEM fits using fluorescence, CD, second-
to cause changes in the Stokes radius and CD in the pre-derivative spectroscopy, tyrosine exposure, size exclusion
denaturation concentration range suggestive of physical andchromatography, and dynamic light scattering as observables
perhaps structural and thermodynamic alterationslinBy are provided in Table 1. As indicated by Figure 5B and Table
contrast, predenaturational concentrations of urea show nol, within the error of the measurements, the multiple
CD changes and little or no changes in the Stokes radius asobservables all give the same valueAdsy, ., for the urea-
determined by DLS. The appearance that GdnHCI causesinduced denaturation ¢fl.
changes i1 at predenaturational concentrations while urea  As mentioned in the introduction, a key aspect of the inter-
does not was investigated further. pretation ofAGy_, depends on whether it is independent
Because of the noise in the DLS Stokes radius measure-of the nature of the denaturant. When GdnHCI- and urea-
ments using urea (Figure 2) and questions raised by theinduced denaturation results &WGy,_., values that are not
apparent decrease in the Stokes radius of the N ensemble indentical, it means that either one or by, ., values
0—2 M urea, size exclusion chromatography was used to contain a denaturant-dependent free energy contribution.
corroborate the effects of urea on the dimensions of the N Figure 6A1-C1 give representative spectral data on the
and D ensembles ¢f1. We have shown previously that the denaturation 0f1 by urea and GdnHCI, and Figure 6A22
reciprocal of the size exclusion partition coefficientidy show the results of LEM fits to these data. Clearly, GdnHCI-
is proportional to the Stokes radius of protei@)( Figure induced denaturation gl extrapolates to AGy_.p value
5A gives a plot of 1Ky for f1 as a function of urea that is about +1.2 kcal/mol less than that obtained from
concentration, and the data were fitted to the LEM with the urea-induced denaturation. We are then left with determining
results reported in Table 1. In contrast to the DLS data of which, if either, of theAGy,_., values is independent of the
Figure 2, the more precise data on the dimensions gfthe  nature of the denaturant.
N and D ensembles reveal no change in the N state ensemble Because GdnHCI is both a denaturant and a strong salt,
dimensions over the 01.5 M [urea] range. Thus, we in explaining theAGy_., discrepancy obtained with urea

Fraction unfolded
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N
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Ficure 6: Comparison of the GdnHCI and urea denaturation profilg&lofShown in (A1), (B1), and (C1) are representative GdnHCI and

urea unfolding data monitored by fluorescence, far-UV CD, and second-derivative UV spectrodcepy286 nm), respectively.
Representations of the results of LEM analysis of the fluorescence, far-UV CD, and second-derivative UV spectroscopy data are shown in
(A2), (B2), and (C2), respectively, plottinrGn—p as a function of denaturant concentration. GdnHCI unfolding data are represented by
(@), while urea denaturation data are representedd)y (

and GdnHCI, an obvious possibility is that a salt effect may denaturation are all linear over a significant urea concen-
be decreasing the stability of the N state ensemble and thatrration range (Figures 2 and—), making it rather easy
the AGy_ differences between urea- and GdnHCI-induced for nonlinear least-squares analysis to givey,_., values
denaturation may arise from a salt effect on the N ensemble.unbiased by the investigator. The results in Table 1 and
Figure 7 provides some indication that NaCl, a neutral salt Figure 5B demonstrate clearly that, regardless of the observ-
that is not generally considered to be a denaturant, has strongble used in monitoring denaturation, the derived thermo-
effects on the thermal stability ¢fl. Between 0.2 and 0.8  dynamic parameters and the unfolding data are fully con-
M NaCl, the temperature of the midpoint of thermal sistent with the conclusion that urea-indugiddenaturation
denaturationTy) is seen to decrease to a minimum at about is two-state and reversible. The same conclusion is drawn
0.8 M NacCl, ands1 becomes stabilized by0.8 M NaCl. for GAnHCI-inducegb1 denaturation at pH 5, but the Stokes
We take this as suggestive evidence that salts can decreasedius results (Figure 2A) show important changes in the N
f1 stability in the range from 0.2 to 0.8 M. state ensemble at GdnHCI concentrations preceding the onset
of denaturation.
DISCUSSION The multiple observable test for two-state denaturation
A1 denaturation induced by urea at pH 5 is much less seeks evidence that states of the protein which are not part
complicated than that of its GdnHCI-induced denaturation. of the N or D ensembles are populated under equilibrium
The pre- and postdenaturation baselines for urea-inducedconditions. As employed here, the rationale behind the test
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65 ——— T selected predenaturation baseline. The LEM results obtained
from the algorithm-selected baseline promote the conclusion
that GdnHCI-induce@1 denaturation is non two-state, while
the operator-selected baseline results are consistent with two-
state denaturation (see Table 1). For reasons of consistency,
we argue in support of the operator-selected CD baseline
because it passes through all the data points in @2 ®M
GdnHCI range, as do the predenaturation baselines of the
other spectral observables used to monitor GAnHCI-induced
denaturation.
It is clear that in defining the effects of GdnHCI much
hinges on the predenaturation baselingbfand in the case
61 R of Figure 1B it is useful to ask why the 222 nm ellipticity
0.0 05 1.0 1.5 20 of f1 appears to decrease in the@5 M GdnHCI range.
[NaCl] (M) The predenaturation baseline is also at issue when the Stokes
Ficure 7: A1 thermal denaturation as a function of NaCl radius is used as an observable in monitoring GdnHCI-
concentration monitored via differential scanning calorimetry. induced denaturation. The Stokes radius data (Figure 2)
Plotted are thermal transition midpoinig,j versus salt concentra- provide evidence that the N ensemble expands its dimensions

tion. Values forT,, were determined from DSC measurements . : .
performed in 20 mM sodium acetate, pH 5.0 at 280 and 0.2, in a hyperbolic manner, changing most markedly over the

0.4, 0.8, 1.2, 02 M NaCl. The curve is drawn to show the trend. Same 6-0.5 M GdnHClI range as do the observed ellipticity
changes. The overall change in 222 nm ellipticity is modest

is that, as a function of denaturant concentration, the chancesn the 0-0.5 M GdnHCI range, but the fact that the sign of
of detecting the existence of additional equilibrium states the change is opposite that expected for denaturation suggests
should be enhanced through the use of multiple observablesit is part of a phenomenon involving only the N state
Because it is unreasonable to be exhaustive in the numbernsemble, the dominant protein species in thed. G M
of observables used to monitor denaturation, in practice, therange. Indeed, the fraction unfolded plot in Figure 2 shows
multiple observable test is incapable of delivering definitive that the [D]/[N] population ratio is hardly changed over the
proof in favor of the two-state hypothesis. Despite this flaw, 0—0.5 M range, strongly supporting the conclusion that the
it remains the most readily accessible test of denaturant-Stokes radius and CD changes are reporting on changes in
induced two-state behavior, and we use it here in comparingthe N state ensemble that occur before onset of the
the thermodynamics of urea- and GdnHCIl-induced denatur- denaturation transition. Additional evidence that GdnHCI can
ation of 1. Spectral observables sometimes give pre- and affect the N state ensemble comes from theexperiment
postdenaturation baseline slopes that are nonlinear, and thiconducted at pH 3.5 (Figure 3). As is the case with the Stokes
can complicate thermodynamic analysis. In the presentradius, itis seen that, within the-®.5 M range Av deviates
studies on urea- and GdnHCI-induced denaturatiof3lof from the sigmoid behavior expected for the denaturation
we have assumed pre- and postdenaturation baselines to b&ransition. The result implies that proton uptak&v), a
linear, and we have left it to the nonlinear least-squares fitting thermodynamic paramete8)( is reporting ehermodynamic
algorithm to determine the slopes and intercepts of the LEM change occurring in the N ensemble at the beginning of the
baselines. The parameters shown in Table 1 are the resultdN — D transition that is in excess of the thermodynamic
of such nonlinear least-squares fits to primary data as shift in N and D populations detected by spectral measure-
illustrated in Figures 1, 2, and-6. ments. There is precedence for this kind of behavior in that
The problem of having the nonlinear least-squares algo- the same type oAy phenomenon has been observed in
rithm resolve the slopes and intercepts of pre- and post- greater detail in GdnHCI-induced effects on RNase7} (
denaturation baselines is that when the predenaturations-lactoglobulin 3), and staphylococcal nucleasg),(the
baseline is quite short (as it is with GdnHCl-induced latter of which, likef1, has a lowC,, for GdnHCI.
denaturation of31), small deviations or irregularities in the We take the observed deviations in the Stokes radius,
baseline of an observable can result in an unreasonable fitAv, and 222 nm ellipticity in the ©€0.5 M GdnHCI range
of the baseline slope, resulting in AGy ., value that at pH 3.5 and 5.0 as physical, thermodynamic, and possibly
disagrees with that obtained using other observables. Instructural evidence of GdnHCI-induced within state changes
such cases, an operator-assisted choice of baseline, one thatccurring in the N state ensembleif. These within state
can be rationally defended, provides an alternative meanschanges, involving the expansion of the N state ensemble at
of analyis. By way of example, in Figure 1B the pre- pH 5 and represented as N N*, are distinct from the
denaturation baseline derived from the nonlinear fitting between states thermodynamic shift involving the N to D
routine (the dashed line of steepest slope) is unreasonabldransition. The major change in the Stokes radius in the
in that it intersects only one point in the predenaturation predenaturation range occurs between 0 and 0.5 M GdnHClI,
concentration range. Taking the operator-selected base-a concentration range over which only-2% of the N
line shown in the figure, the dashed line that bisects all the population is converted to D species. These results indicate
points in the range of ©0.5 M GdnHCI, gives a fitted that the protein undergoes two separable transformations:
AGR_p value (2.774+ 0.07 kcal/mol) that agrees with the N — N*, which takes place within the range of-0.5 M
AGJ_p values obtained using other observables while GdnHCI, and N*— D, which occurs at-0.5 M GdnHCI.
being distinctly different from theAGy ., value (2.31+ We propose that the N> N* conversion is a significant
0.13 kcal/mol) determined by means of the algorithm- transformation of the N ensemble, with N being both

63
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dimensionally and thermodynamically different from N*.
The significance of this thermodynamic change from N to
N* is that application of the LEM to the GdnHCI-induced
denaturation data results in%Gy,_. value that represents
the thermodynamic stability differences between N* and D,
not N and D as is commonly assumed and interpreted.
Proteins such as RNase A afidactoglobulin that exhibit

Ferreon and Bolen

Some proteins show identical values AGy ., from
application of the LEM using GdnHCI- and urea-induced
unfolding @, 3), but for many protein systems, GdnHCI and
urea extrapolate to differelGg ., values g, 4, 6, 8, 28).
Several groups have looked into the question of why these
differences arise, with some concluding that ionic or salt
effects inherent to GdnHCI (but not to urea) play an

thermodynamic perturbations of the N state ensemble byimportant role and others indicating that the LEM is

GdnHCI similar to that observed wihil at pH 5 have been

classified as protein denaturations that show variable ther-

applicable to urea but not to GAnH@8, 24, 26, 29, 30).
In all cases, there is strong rationale for the conclusion that

modynamic character in the native ensemble outside theAGy_., obtained from GdnHCI is more prone to inaccura-

transition zone §).

Returning to pH 5 conditions, we find that GdnHCI- and
urea-induced denaturations g1 give different values for
AG{_p (Figure 6). This behavior is readily understood in
light of our proposal that N and N* are thermodynamically
distinct species. At pH 5, the within state-N N* transfor-

cies and extraneous complexities thaty ., obtained
using urea extrapolation. Despite this endorsement of urea-
induced unfolding evaluations &Gy _.p,, it is likely that
GdnHCl-induced unfolding measurements will continue to
appear in the literature and conclusions about protein stability
drawn from LEM analyses. Our view is that the distinction

mation is completed at a GdnHCI concentration that precedesbetween within state and between states effects of denaturants

the between states N* D transition. Thus, LEM analysis
of the between states GdnHCI-induced denaturatiofilof
reports on the N*— D transition while that for urea-induced
denaturation reports on the transition involving—ND. It
follows that if indeed N is thermodynamically different from
N*, the two denaturants must give different values for
AGy_p- The results in Figure 7 indicate that increasing salt
in the 0-0.8 M range significantly destabilize81 with

on the N and D states of the protein and the development of
extra-spectroscopic ways to monitor denaturant-induced
effects on proteins provide a relatively direct approach to
understanding thermodynamic processes associated with
denaturant-induced protein unfolding. The work presented
here is the first in a series of papers 8h providing in-
depth investigations of denaturant-deriva¢y, . values.

Our intention is to seek insight into behavior responsible for

respect to thermal denaturation. Given the observed effectsdenaturant-induced effects in order to better define and

of 0—0.5 M GdnHCI at pH 5 (25°C) on the Stokes
radius of 51 N ensemble, it seems possible that a salt
effect of GdnHCI could be responsible for destabilizing the

AL N ensemble, causing the GdnHCI-induced denaturation

AG{_p value to be less than that determined from urea.
In the context of GdnHCI- and urea-induced protein

denaturation, increasing neutral salt concentration has

been shown to increase the stability of thioredoxin, RNase
T1, RNase A, ubiquitin, and other proteing, 24—27).
By contrast, salt appears to decregiethermal stability
up to a concentration of 0.8 M while increasing thermal
stability at higher concentrations. Thus, our proposal that
the salt effect of GdnHCI in the low concentration range

causes a transformation of the N ensemble to a less stable

form (N— N*) is based on several observations that include
the lower value ofAGy_., obtained for GdnHCIl-induced
denaturation relative to that obtained from urea, the dimen-
sional changes of th81 N ensemble that occur over the

same GdnHCI concentration range, the negatively sloping

222 nm CD baseline fgf1 at predenaturational concentra-
tions of GdnHCI, and the fact that RNase A afidacto-
globulin exhibit within state thermodynamic effects on their

respective native ensembles in the GdnHCI concentration
range preceding the major denaturing transition in a manner

similar to that of31 (8). Like RNase A ang-lactoglobulin,
with GdnHCl-induced denaturatigil exhibits variable two-

state behavior in that the free energy of the native ensemble

in the predenaturation zone changes (varies) with GdnHCI
concentration in a nonlinear manner. This proposal forms

the basis of ongoing studies concerned with a more complete
dissection of the effects of denaturants on various states of

p1, the implications of the effects on thermodynamic
evaluations of stability, and the relationship of denaturant-
induced thermodynamic effects to thermally induced dena-
turation of 1.

understand the underlying molecular processes.
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