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ABSTRACT: To provide a model for understanding the unfolding of proteins by the chemical denaturant
guanidine hydrochloride, we have measured helix unfolding for homologous series of peptides with the
repeating sequence Ala-Glu-Ala-Ala-Lys-Ala and chain lengths from 7 to 50 residues. The free energy
for helix unfolding varies as a function of guanidinium chloride (GdmCI) for all the peptides. The slope
of the linear plot of the free energy of helix formation as a function of the molar concentration of GAmCI,
termed themrvalue, was found to be strongly dependent on the total ionic strength of the solution. A
comparison of then-value for urea denaturation of the same series of peptides [Scholtz, J. M., Barrick,
D., York, E. J., Stewart, J. M., & Baldwin, R. L. (1998roc. Natl. Acad Sci U.SA. 92, 185-189]

reveals that, under many conditions, GdmCI is roughly twice as effective as a denaturant than urea on a
molar basis, in agreement with many studies on proteins. However, when the ionic strength of aqueous
GdmcCl is controlled with additional NacCl, it is possible to separate the obsenveslue for GdmCI
solutions into two components: one that is identical to that found for urea and a second which depends
only on the molar concentration of the chloride anion. Therefore, for these peptides, an equimolar mixture
of urea and NacCl is nearly as effective as GAmCI in unfolding the helical conformation.

Guanidinium chloride (GdmCl)and urea are two agents system to understand how urea acts as a protein denaturant
commonly employed as protein denaturants. Analysis of (Scholtz et al., 1995). Here we investigate the effects of
solvent denaturation curves, using urea or GdAmMCI as denaturthe other popular protein denaturant, GdmCI, on helix
ants, can provide a measure of the conformational stability formation in the same set of peptides and arrive at some
of a protein (Pace, 1975, 1986). Despite the widespread usevery interesting conclusions. At least for the peptide studied
of solvent denaturation curves, a molecular description of here, it appears that urea and guanidine are equally effective
the interaction of urea or GdmCI with proteins is lacking, as helix-unfolding agents, when the ionic nature of aqueous
due in part to the complex structures of folded proteins. GdmCI solutions is taken into account. The ramifications
Simple peptides that are able to adopt specific secondaryof these results for protein folding and stability studies are
structure, like thex-helix, can serve as good model systems discussed.
for understanding the physical basis for the effects of
denaturants on protein stability. MATERIALS AND METHODS

The observation that short, alanine-based peptides form
monomeric helices in aqueous solution (Marqusee & Bald- Peptides Studied The peptides, ranging in length from
win, 1987) has permitted the determination of the energetics14 to 50 residues, have the general sequence AcY(AE-
of many aspects of helix formation including helix propensity AAKA) n-F(NH), where the N- and C-termini are blocked
measurements for the twenty amino acids that occur in with acetyl and carboxamide groups, respectively. The
proteins, determination of specific electrostatic side-chain details of the design, synthesis, and purification of the
interactions, including chargealipole effects and helix  peptides are described in an earlier report (Scholtz et al.,
capping parameters, the hydrophobic interactions between1991a). In addition, a single 7-residue peptide, ACYAE-
side chains [for reviews see Scholtz and Baldwin (1992, AAKA(NH ), was prepared using standard FMOC chemistry
1995), and Chakrabartty and Baldwin (1993, 1995)]. A and solid-phase peptide synthesis. The details of the peptide
recent report has used simple helical peptides as a modekynthesis and purification methods are identical to those

described earlier (Scholtz et al., 1993).
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phosphate, sodium borate, and sodium citrate (CD buffer) 40000 ' ' :
and the indicated amount of sodium chloride and denaturant. ~
A solution of approximately 8 M ureaor 6 M GdmClIinCD ¢
buffer was prepared fresh daily. The concentration of urea .’
or GdmClI in these solutions was determined with refractive E
index measurements (Pace, 1986). In all cases, the pH wasz [
adjusted by the addition of HCl or NaOH to pH 7.0 at room & 14000 ¥
temperature. '

The concentration of the peptide stock solution was o &
determined by ultraviolet absorbance of the single tyrosine
chromophore using the extinction coefficient given by 00 05 10 15 20 25 a0 as
Brandts and Kaplan (1973). The effect of denaturant on the [GdmCI] (M)
helicity of the peptides was determined by adding an aliquot
of the concentrated denaturant solution in CD buffer to the
sample of peptide in CD buffer and adjusting for volume
changes after each addition. The reversibility of the transi-
tion was determined by diluting a sample of peptide in
concentrated denaturant into CD buffer. In all cases the
reversibility of the transition wag 98%.

Use of the ZimmBragg Model to Quantify Helix Forma-
tion. The denaturant-induced unfolding curves were fitted
by the Zimm-Bragg model for the helixcoil transition ;
(Zimm & Bragg, 1959). To determine the equilibrium 3 2 S
constant for helix formation (termesivalue), the observed 00 05 1[(; 4mC (|\1/|; 20 28
mean residue ellipticity,f]o,s must be converted to frac-

; i ; Ficure 1: (A) Guanidine hydrochloride-induced helix to random
2821;;?;‘53%} f, for each peptide at each denaturant coil transitions in the peptides as monitored by the change in the

CD signal at 222 nm. The solution contained 1 M NaCl and 1
mM each of sodium phosphate, sodium citrate, and sodium borate

30000

20000

-

Ins

[e]obs_ [e]c at pH 7.0. The peptides vary in chain length but otherwise have
W=Tn (1) the same general sequenc®) 60; (®) 32; (a) 26; @) 20; (¥)
(6], — [6] . ") © _
H C 14; (x) 7 residues. The solid lines are the best fit to the LEM,
and the dashed lines are the fit to the thermodynamic binding model
where Py and P]c, the [9] values for helix and coil,  (see text for details). (B) A free energy plot of the best fit helix
respectively, are defined as equilibrium constant (Irs) for the peptides shown in panel A at 1

M NacCl as a function of the molar concentration of guanidine

2 hydrochloride. The solid line shows the linear fit to the data,

[Q]H = Ho(l — _5) + HD[denaturant] 2 corresponding to the LEM, and the dashed line is the fit of the
n data to the thermodynamic binding model (see text for details).

[6]c = C, + Cp[denaturant] (3) confidence intervals (Johnson, 1983) were determined in
fitting the data by the indicated model (see below).
The coefficients of the last two terms in eqs 2 andH3, The observed fraction helix at any solution conditifp,
andCy, provide the denaturant-dependence of the ellipticities calculated as shown in eq 1, is used to determine the Zimm
of the helix and coil, respectively, and thiy andC, terms Bragg helix-coil transition theory parametessando using

are the ellipticities of the helix and coil at’C in the absence f=

of denaturant. A chain length dependence—«2.5h) to H

Hois also included (Chen et al., 1974; Scholtz et al., 1991b).  ¢gs { nd?—(+2)$"+(n+2s—n @

In this analysisHo andHp were varied or, alternativelyo 13 NPt _

was fixed to—42 500 deg crhdmol™, the value found in (s=1) \n{l +los/(s = 1y]ls™ 4+ n—(n+1)s]}

the previous report (Scholtz et al., 1995). Likewis@]c[ wheren is the number of amide groups in the peptidés

as defined by eq 3, could be determined from the least- the propagation parameter, andis the helix nucleation

squares analysis of the data or measured directly for theparameter. This equation is from the ZimiBragg model

7-residue, unstructured peptide, under each of the experi-for helix formation (Zimm & Bragg, 1959) in which peptides

mental conditions. The direct measure dfld for the are treated as homopolymers and only one helical stretch of

7-residue peptide is shown in Figure 1A for GAMCI and in residues is allowed in each chain. This model is identical

the figures in the supporting information for all of the other to the full treatments of helix formation for peptides of these

denaturant combinations. For all of the data, the two chain lengths [see Qian and Schellman (1992)]. Besides the

methods for determining the base lines (egs 2 and 3) gavepropagation parametes, the other parameter that is required

similar estimates for cardinal parametess, m, or k (see for the analysis in eq 4 is, the helix nucleation constant.

below). The value ofo has been determined previously (Rohl et al.,
Circular dichroism data were fitted by the above equations 1992; Scholtz et al., 1991b), and we find that 5-fold changes

using a version of the nonlinear least-squares procedurein ¢ do not affect eitheg, the denaturant dependencespf

(Johnson & Frasier, 1985), which has been implemented for or the quality of the overall fitting. Therefore, we haid

a Macintosh personal computer by Brenstein (1991). The constant in all fittings at the previously determined value of

best fit values for the variable parameters and their 67% 0.003 (Rohl et al., 1992; Scholtz et al., 1991b).
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Analysis of Denaturant-Induced Unfoldinghere aretwo  a NaCl concentration of 1.0 M. An increase in the
physical models that can be used to analyze urea- andconcentration of GdAmCI causes a gradual change in the CD
guanidine-induced protein denaturation curves (Pace, 1986;signal for these peptides, indicating a transition from peptides
Schellman, 1987, 1994). These include the thermodynamicwith stabilized helical segments at low [GdmCI] to those
binding or solvent exchange models, in which the interaction that approximate an unstructured random coil as indicated
of the denaturant with the protein can be treated as specificby the characteristics of the CD spectra at the extremes of
binding (Aune & Tanford, 1969; Schellman, 1955, 1987) or either [GAMCI] or peptide chain length (CD spectra not
a solvent exchange event, where the interaction of both theshown). Since we have employed homologous peptides that
solvent (water) and the cosolvent (urea or GAmCI) with the only differ in chain length, we can make use of the
protein is treated explicitly in an expression that involves homopolymer version of the ZimisBragg model for the
the interchange between both components at a particularhelix to random coil transition (eq 4) and the expressions
interaction “site” on the protein (Schellman, 1990). For the for the CD base lines (eqs-B), to find the dependence of
denaturation of helical peptides, where the thermodynamics, the helix stability constant, on [GdmCI]. These results
unit is the peptide residue, these two models have theare shown in Figure 1B, where each data point represents

following general forms: the best fits-value at the indicated GdmCI concentration
binding: using egs 1 and 4 only, without any implicit form for the
_ denaturant dependence on thealue. The line in Figure
Ins=Ing—In(1+ka) ) 1B is the linear fit to the LEM (equation 8) and provides an
solvent exchange: m-value of 50 cal moi* M (GdmCI)™L. Since the data in
Ins=Ins, — In(A; + KA (6) Figure 1B show some curvature, suggesting a deviation from

the LEM, we have also analyzed the data with the binding
Ins=Ing—[Inf,+In(1+ (K —1)g  (7) model (eq 5). The dashed curve in Figure 1B is the best

nonlinear fit to the data wherk = 0.2, and the GdmCI
wheres, is the s-value for the homopolymeric residue in  concentration is expressed as molar activity (eq 5).
the absence of denaturarit,is the binding constant for Although it appears that the binding model provides a
denaturant to a residueg is the molar activity of the  better description for the effects of GAmCI on these peptides
denaturant solutiond; and Az are mole fraction activities  than the LEM, a second comparison of the two methods,
of water and denaturant; is the mole fraction activity = provided by a global analysis of the raw data to egst1
coefficient for waterys is the mole fraction of the denaturant  and either 5 or 8 as shown by the curves in Figure 1A, affords
solution, andK andK’ are the exchange equilibrium constants nearly identical deviations (varianée= 1200 for LEM and
for the indicated concentration scale. Denaturant activity is 1630 for the binding model). Since the use of the LEM is
determined using the relationships between denaturant mo-widespread and given its simple form, we have elected to
larity and molar activity given by Pace (1986). The use the LEM to analyze the rest of our data. Also, since the
derivations of these models and the physical basis for their curvature observed in Figure 1B, and hence the apparent
forms are given by Schellman (1987, 1990, 1994). The deviation from the LEM, is dependent on the ionic strength
previous report (Scholtz et al., 1995) indicated that, for the of the solution (see below), it is not evident how best to
case of these peptides, these two thermodynamic models aréreat this effect, so we will analyze these data with the simple
equivalent, and therefore, we will employ the simple binding LEM. It should be noted, however, that the conclusions that
model (eq 5) as one way to analyze our data. follow are still valid if we use the binding model instead of

An alternative method for quantifying denaturation curves the LEM.

for proteins is called the linear extrapolation method (LEM)  To explore the salt effects of GdmCI solutions on helix
(Greene & Pace, 1974; Santoro & Bolen, 1988, 1992). This formation, we also performed two additional GdmCl-induced
empirical method expresses the Gibbs energy of folding as helix-unfolding experiments: one with 10 mM added NaCl
a linear function of denaturant molarity. For the helix to and a second in which the total chloride concentration at

random coil transition, the LEM has the general form each point was fixed at 3 M using combinations of NaCl
m{denaturant] and GdmCI. The results of these experiments, as well as a
Ins=Ins,— — RT (8) reproduction of the data from Figure 1B, are shown in the

free energy plots in Figure 2. (The full plots of the raw
wheremis the change in the free energy of helix propagation data, in a form similar to that shown in Figure 1A, can be
per residue as a function of denaturant molaiitis absolute  found in the supporting information.) The addition of NaCl
temperatureR = 1.987 cal mot* K~%, and the other terms  decreases both the slope wrvalue for GdmCI and the
have the same meanings as above. It has been shown thatintercept, the free energy of helix formation in the absence
the physical models (eqs 5 and 6) for the effect of the of GdmCI.
denaturantwater system on protein or helix stability can Since the ionic strength of the solution is expected to alter
be represented by the LEM equation under our conditions the equilibrium between helix and random coil (Scholtz et
(Scholtz et al., 1995). Therefore, we will employ the LEM al., 1991c), we investigated the effects of NaCl alone on helix
for our analysis; similar conclusions can be obtained by formation. Figure 3 shows the free energy plots for the
analyzing the data with the thermodynamic models (see effects of NaCl on helix stability. These data can surprisingly
below). be described with the LEM as well. Also shown in Figure
S S 3 are three combinations of urea and NaCl. The first data
RESULT set, where the urea concentration is varied in 0.1 M NacCl,
GdmClI Unfolding of Helical PeptidesFigure 1A shows is from a previous report (Scholtz et al., 1995). The second
the effects of adding aqueous GdmCI to the six peptides atexperiment shows the effects of increasing concentrations



GdmcCl Effects on Helix Formation Biochemistry, Vol. 35, No. 22, 1996295

0% ' ' ' ' ' Table 1: Analysis of the Individual Helix-Unfolding Transitions

030 g0, ] conditiong Ins® mvalue

0% F ] variable GdmCl in 0.01 M NaCl 0.279 43.4

020 F E variable GdmClin 1.0 M NaCl 0.266 50.4
o I 0 variable GAmCH NaClwith [CI-]=3.0M  0.165 20.0
= o015 | ¢ o 1 variable NaCl 0.297 274

E 23 variable urea in 0.10 M Na€| 0.306 23.7

eto ] variable urea in 3.0 M NaCl 0.155 18.8

005 F 3 5 ] variable ureat NaCl with [urea]= [NaCl] 0.260 37.1

. [ )

000 : l . { . K 2 Each experiment was performed at@ in a buffer that contained

0o o5 o s 20 0t a0 as 1 mM each of sodium phosphate, sodium citrate, and sodium borate at

’ ' ’ ) ' ' ’ ) pH 7.0 with the indicated amount of NaCl or denaturdr@alculated
[GdmCl] (M) from they-intercept of the free energy plots (Figures 2 and 3) using eq

FiGUrRe 2: Free energy plots for helix formation as a function of 8. The error ranges from 0.005 to 0.00Zalculated from the slope

guanidine hydrochloride concentration at different concentrations of the free energy plots (Figures 2 and 3) using eq 8. The error ranges

of NaCl: (©O) 0.01 M; (@) 1.0 M; (m) total CI = 3.0 M. The from 0.4 to 0.7 cal mol* M~%. Thesemvalues are expresseqgkr

solid lines are the results of the analysis of each set of data with residue in cal mol'* M~1. 4 Data from a previous report (Scholtz et

the LEM for the effects of GAmCI on the helix to random coil al., 1995).

transition.

035 | . . . . ; - denaturation curves, employing urea or GdmCl as the
chemical denaturant. Like proteins, the structure in helical
peptides is also affected by aqueous solutions of GdmCI and
urea. Unlike proteins, however, the helix to random coil
transition in peptides cannot be treated as a simple two-state
reaction between completely helical molecules and the
unstructured peptide. Fortunately, the helix to random coil
transition can be described adequately by a number of
models, including those of Zimm and Bragg (1959) and
, Lifson and Roig (1961). In these models, the equilibrium
2580 35 40 constant for propagatiors{or w-value, respectively, for the
[Urea and/or NaCl] (M) two models), represents a two-state heliil transition for
Ficure 3: Free energy plots for helix formation as a function of each residue in the peptide. Thereforeslfrom helix—
urea and/or NaCl concentrationa) variable NaCl and no urea;  coil theory is analogous to IKeq from the two-state model
(0)) variable urea in 0.1 M NaCIX) variable urea and NaCl such o4 monly used to analyze protein-unfolding transitions. In
that [urea]= [NaCl] at every point; #) variable urea in 3.0 M . L . .
NaCl. The solid lines are the results of the analysis of each set of (N€S€ studies, we make use of this simple relationship and
data with the LEM for the effects of urea or NaCl on the helix to  can therefore investigate the effects of denaturants on helix
random coil transition. propagation. In a previous report (Scholtz et al., 1995), we
of urea in the presence of a fixed concentration of NaCl (3.0 investigated the effects of urea on the helooil transition
M). Finally, the concentrations of urea and NaCl were varied in these peptides. Here we extend the studies to include the
simultaneously such that the urea concentration is exactlyother popular protein denaturant GdmCl. We also have
the same as the concentration of NaCl at each point. All of investigated the effects of a neutral salt, NaCl, and combina-
the data used to construct Figures 2 and 3 are available agions of urea and NaCl or GdmCl and NaCl in an attempt to
supporting information, with the exception of the urea data separate the denaturant effects of GdmCI solutions from the
in 0.1 M NaCl, which is described in detail in a previous general ionic strength effects.
report (Scholtz et al., 1995). The seven different combinations of urea, GdmCI and
The results of the analysis of the seven free energy plotsNaCl employed are summarized in Table 1. In the results
are collected in Table 1. These results represent thepresented in Table 1, each free energy plot of the type shown
independent analysis of each of the seven data sets usingn Figures 2 and 3 has been analyzed individually with the
the LEM to provide measures of tmevalue or slope ofthe  LEM (eq 8). We have also performed an analysis of the
free energy plot and Iy, the helix equilibrium constant in  data represented by Figures 2 and 3, separating the molar
the absence of denaturant or salt. Thealues for GAmCI concentrations of the components into two species: total
(first three entries) are strongly dependent on the total ionic chloride, from either GAmCI or NaCl, and total denaturant,
strength of the solution as expected since GdmCl is an ionic either urea or the guanidinium cation. A simple expression
denaturant. However, thervalues for urea (last three based on the LEM was then fitted simultaneously to the
entries) also show a rather strong dependence on the ionicseven data sets.
strength of the solution. The ionic strength of the solution

0.30

0.25

0.20

Ins

0.10

0.05

L L L
0.000‘0 0.50 1.0 1.5 2.0

also affects Ins, for all denaturants employed. In the mg[Cl"]  my[denaturant]
following section we attempt to rationalize these results and Ins=Ins — RT RT )
separate the denaturant effects of these solutions from the

general salt effects on helix formation. with In so, mc; andmeenas variable parameters. The best fit

values for these parameters and their 67% confidence limits
DISCUSSION are shown in Table 2. The lines in Figure 4 show the results

A common method employed to determine the confor- of this analysis for the seven sets of experimental conditions
mational stability of a protein is through analysis of solvent  with the data points reproduced from Figures 2 and 3 for
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It is also possible to treat the denaturant effects of urea
and Gdnf as separate terms (eq 10). When this approach
is used, we find that thervalues for urea and Gdmare

Table 2: Global Analysis of the Helix-Unfolding Transitions

best fit valued

parametér  single denaturant tefim separate denaturant terms identical, within error (Table 2) to those found when we
In s 0.286+ 0.006 0.286+ 0.007 group the denaturant effects into a single term.

M 20.4+ 1.0calmof*M~t 20.4+ 1.3 calmoftM?

Mden 23.4+ 1.4 cal motft M1 - 4

Murea 235+ 1.3 calmottM? ns=Ins. — mg[Cl'] . murea[urea]_ Mg gm[GAM’]
Medm* 23.3+ 1.5calmottM? %o RT RT RT

0.0107 0.0107

2 The best fit value for each parameter is given along with the 67%
confidence interval® Parameters used in the analysis of the data using Furthermore, the Ins, values are identical and, more
either eq 9 or 10. The square root of the variance of the overall fitis jmportantly, the square root of the variance of the fit does
given as the last entry.Tr_lreQ—parameter nonlinear least-squares fit of not change when we use separate terms for urea and Gdm
eq 9 to the data shown in Figures 2 and 3. The denaturant effects of _". ~. . L ;
urea and Gdrhare treated as a single terFour-parameter nonlinear  11iS iS strong evidence for the validity of our conclusion
least-squares fit of eq 10 to the data shown in Figures 2 and 3. The regarding the equivalence of urea and Gdms perturbants
denaturant effects of urea and Gtlmre treated as separate terms. of helix formation in these peptides.

How can we relate these results to protein studies? There
are several features of the helix to random coil transition in
these peptides that are unique and may not apply to protein
unfolding reactions. First, the amount of helical structure,
and the stability of that structure, is quite sensitive to the
ionic strength of the solution (Marqusee & Baldwin, 1987;
Scholtz et al., 1991c, 1993). Most proteins do not show this
strong ionic strength dependence on stability (or structure)
for “neutral” salts, such as NaCl. Second, the overall stability
of the helical form of these peptides is very small when
compared to the conformational stability of even small
globular proteins (Pace, 1975, 1990), presumably due in part
to the lack of a well-developed hydrophobic core and other
tertiary interactions in the helix.

For most small proteins, GdmCI is found to be ap-

] proximately 2.3 times as effective as a denaturant than urea,
a L. ] on the basis of the ratio aftvalues (Myers et al., 1995).
020 | s s E Amino acid solubility studies (Nozaki & Tanford, 1963,

: s ] 1970) also find that GdmCl and urea are both good
% solubilizing agents for amino acids, with GdmCI being2
times more effective than urea at the same concentration.

The results for helix unfolding support this finding (Table
1); under some conditions, however, we find that the
effectiveness of GAMCI and urea as purturbants depends
strongly on the ionic strength of the solution. In fact, an
equimolar mixture of urea and NaCl is almost as effective
as a helix-unfolding agent as a solution of GdAmCI. To our
knowledge, solubility studies on amino acids or model
compounds in urea as a function of total ionic strength (e.g.,
with NaCl) have not been performed.

One major difference between the helix-unfolding reaction,
compared with denaturant-induced unfolding of proteins, is
the large relative contribution that the peptide backbone may
play in the transition. For proteins, the contributions of the
change in accessible surface area upon unfolding for nonpolar
and polar groups are both important. In helix unfolding,
however, the exposure of the peptide backbone is the largest
comparison. From these results, two important points canfactor, since the change in solvent accessible surface for the
be made: (1) for the helix to random coil transition in these side chains is rather small, especially compared to protein
peptides, it is possible to separate the denaturant effects ofunfolding, while the backbone, including the peptide group,
aqueous guanidine hydrochloride solutions into two com- undergoes a large change in accessibility to solvent. For
ponents, an ionic component which is proportional to the this reason, it is instructive to compare the effects of urea,
total molar concentration of chloride and a denaturant NaCl, and GdmCI on the solubility or transfer free energy
component which is linear in the molar concentration of the of the peptide group with effects of these agents on side-

(variancey?

(10)

0.35 T T T
0.30 [
¢

0.25 &

0.20 [

Ins

0.45 [
0.10

0.05

0.00

1.5 2.0 3.0 3.5

[Gdm™] (M)

0.0

0.35 : T T T T
0.30 & B

0.25 |-

Ins
>3

0.15 &
010 [ 3

0.05 [ L e e

O.OOF‘ P RPN BT P B 1
0.0 0.5 1.0 15 2.0 25 3.0

[Urea and/or NaCl] (M)

Ficure 4: (A) Free energy plots for helix formation as a function
of guanidine hydrochloride concentration at different concentrations
of NaCl: (©) 0.01 M; @) 1.0 M; () total CI- = 3.0 M. The
solid lines are the results of the global analysis of all available
data using eq 9 for the independent effects of Gdm urea and
ClI~ on the helix-random coil transition. (B) Free energy plots
for helix formation as a function of urea and/or NaCl concentra-
tion: (a) variable NaCl and no urealdj variable urea in 0.1 M
NaCl; (2) variable urea and NaCl such that [urea][NaCl] at
every point; #) variable urea in 3.0 M NaCl. The solid lines are
the results of the global analysis of all available data using eq 9
for the independent effects of Gdnor urea and Ci on the helix

to random coil transition.

3.5 4.0

guanidinium cation (Gdrf) and (2) the denaturant strength,
as manifested in thexvalue for urea and Gdm on a molar
basis, are equivalent.

chain analogs. There have been several reports that have
addressed this point using a variety of model compounds
(Nozaki & Tanford 1963, 1970; Nandi & Robinson, 1984;
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Liu & Bolen, 1995). Although different model compounds Brandts, J. R., & Kaplan, L. J. (197®8iochemistry 122011
give slightly different quantitative estimates of the transfer _ 2024. _ _

free energy for the peptide group from water to aqueous Brtér;s;fér:}agl.e\].”519911‘)lonL|n for MacintoshRobelko Software,
solutions of urea or GdmClI, the studies all find that the cpakrabartty, A., & Baldwin, R. L. (1993) iRrotein Folding: In
transfer is favorable; that is, the peptide group is more soluble  Viyo and In Vitrg pp 166-177, American Chemical Society,
in an aqueous denaturant solution that in pure water Washington, DC. _ _
[summarized in Table 4 of Liu and Bolen (1995)]. For a Chakrabartty, A., & Baldwin, R. L. (1995)dv. Protein Chem
non-denaturing salt, such as NacCl, Nant_ji and Robinson Chi%,léf_\ggg, J. T., & Chau, K. H. (197®iochemistry 13
(1974a) found that the transfer from water is also favorable.  3350-3359.

Therefore, the peptide group is more soluble in solutions of Greene, R. F., & Pace, C. N. (1978)Biol. Chem 249 5388
urea, GdmCI, or NaCl than in pure water, and thus these 5393. _
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unfolding transition is favored with all three agents inves-  2138-2148.
tigated here. Nandi, P. K., & Robinson, D. R. (1974d) Am Chem Soc 94,
o 1299-1308.
There are several reports of GdmCI and urea providing Nandi, P. K., & Robinson, D. R. (1974) Am Chem Soc 94,
different estimates for the conformational stability of a  1308-1315.

protein [Pace, 1975; but see Yao and Bolen (1995) for a Nandi, P. K., & Robinson, D. R. (1984iochemistry 236661~

possible gxplanatlon]. In some cases, these dlfferences.hav?\lozaki, Y., & Tanford, C. (1963). Biol. Chem 238 4074-4081.
been attributed to the ionic nature of GAMCI. In a striking Noaki' v & Tanford. C. (1970). Biol. Chem 245, 1648-1652.
example, Monera and co-workers have investigated thepace, C. N. (1975¢RC Crit Rev. Biochem 3, 1-43.

effects of urea and GdmCI as denaturants of a syntheticPace, C. N. (1986Methods Enzymoll31, 266—280.
coiled-coil peptide, containing variable numbers of inter- and Pace, C. N. (1990]rends BiochemSci 15, 14-17.
intrahelical electrostatic interactions (Monera et al., 1994). Qlag,QZL, & Schellman, J. A. (1992). Phys Chem 96, 3987~
They found that analysis of urea- and GdmCl-denaturation rop|, . A., Scholtz, 3. M., York, E. J., Stewart, J. M., & Baldwin,
curves provided different estimates of the stability of their ~ R. L. (1992)Biochemistry 311263-9.

peptides and that GdmCI masks electrostatic interactions. OurSag(t)%ré), M. M., & Bolen, D. W. (1988Biochemistry 278063~
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