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Abstract Protein thermodynamic stability is intricately
linked to cellular function, and altered stability can lead
to dysfunction and disease. The linear extrapolation model
(LEM) is commonly used to obtain protein unfolding free
energies (AG%_}D) by extrapolation of solvent denaturation
data to zero denaturant concentration. However, for some
proteins, different denaturants result in non-coincident
LEM-derived AG(;I_)D values, raising questions about the
inherent assumption that the obtained AG%ﬁD values are
intrinsic to the protein. Here, we used single-molecule
FRET measurements to better understand such discrepan-
cies by directly probing changes in the dimensions of the
protein G B1 domain (GB1), a well-studied protein folding
model, upon urea and guanidine hydrochloride denatura-
tion. A comparison of the results for the two denaturants
suggests denaturant-specific structural energetics in the GB1
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denatured ensemble, revealing a role of the denatured state
in the variable thermodynamic behavior of proteins.
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Proteins are the major workhorses among biomolecules in
living systems, carrying out their functions through an intri-
cate interplay between their structure and interactions. Glob-
ular proteins are normally required to adopt specific folded
conformations to carry out their functions. The conversion
of linear polypeptide chains into compact three-dimensional
structures is driven by the inherent thermodynamic propensi-
ties of their amino acid sequences, modulated by the biomol-
ecules’ physicochemical environment and molecular interac-
tions (Anfinsen 1973; England and Haran 2011). The role
of conformational stability in the protein structure—function
relationship is highlighted by the observed association of
several diseases with mutations that cause protein stability
alterations (Casadio et al. 2011). Consequently, the applica-
tion of solvent denaturation to study the equilibrium thermo-
dynamics and conformational energetics of folded proteins
has been of considerable interest among protein chemists for
more than six decades (Schellman 2002).

Protein conformational stability for a two-state fold-
ing protein exhibiting native (N) and denatured (D) states
is defined thermodynamically in terms of the Gibbs free
energy change of denaturation (AGy_,p). The experimental
determination of AGy_, using solvent denaturation typi-
cally involves linear extrapolation of empirically observed
free energy changes in the denaturation transition region to
the limit of zero molar denaturant concentration (Greene

and Pace 1974). The extrapolated value, AG%_}D, is usually
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assumed to be an inherent property of the protein under
consideration, and interpreted as a denaturant-independent
measurement of protein stability (Maxwell et al. 2005).
Whereas this assumption of denaturant independence holds
true for some proteins (Greene and Pace 1974; Santoro and
Bolen 1988), the AG%éD values obtained from unfolding
experiments using urea and guanidine hydrochloride (Gdn-
HCI), the two most commonly used chemical denaturants,
have been reported to be different for other protein systems
(Bolen and Yang 2000; Ferreon and Bolen 2004; Monera
et al. 1994; Pace 1986; Pace and Hermans 1975; Pace et al.
1990; Pace and Vanderburg 1979; Pfeil 1986).

To characterize why some proteins give denaturant-
independent AG&_}D values whereas others do not, Bolen
and coworkers monitored proton inventories (a thermody-
namic parameter) of several proteins upon GdnHCI dena-
turation (Bolen and Yang 2000), and classified proteins into
three classes on the basis of their thermodynamic character
(Ferreon and Bolen 2004): (a) proteins where individual
states (N/D) are unaffected by the denaturant (fixed thermo-
dynamic behavior); (b) proteins where individual state(s)
are perturbed outside the cooperative transition region
(variable thermodynamic behavior outside the transition
region); and (c) proteins where individual state perturba-
tion occurs simultaneously with the denaturation transition
(variable thermodynamic behavior within the transition
zone). The latter two categories of proteins can give rise to
different LEM-derived AGON_)D values for solvent denatura-
tion experiments due to their denaturant-specific structural
thermodynamics.

The immunoglobulin binding B1 domain of streptococ-
cal protein G (GB1) is one of the most extensively studied
model protein folding systems. The single-domain folded
protein shows a two-state unfolding behavior in chemi-
cal denaturation with denaturant-specific AGON_)D values
(Ferreon and Bolen 2004). A previous study by Ferreon
and Bolen characterized GB1 in terms of within-state and
between-state effects of different denaturants on the unfold-
ing equilibrium by monitoring unfolding-associated changes
of a variety of spectral, dimensional, and thermodynamic
observables (Ferreon and Bolen 2004). The study revealed
that GB1 exhibits within state effects on the N state ensem-
ble at the pre-denaturation region upon GdnHCl-induced
unfolding whereas urea-mediated unfolding shows fixed
thermodynamic behavior. However, effects of different
chemical denaturants on the D state ensemble were not
investigated. To further investigate GB1 variable thermody-
namic character and to shed light on the denaturant-specific
interactions of GB1 D ensemble, herein we directly probe
changes in structures and dimensions of protein ensembles
upon solvent-induced protein unfolding, employing a combi-
nation of single-molecule Forster resonance energy transfer
(FRET) and ensemble far-UV CD spectroscopy.
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The folded tertiary structures of globular proteins are
stabilized by a combination of short- and long-range inter-
actions involving the protein backbone and its side chains
in physiological aqueous conditions (Dill et al. 2008).
Chemical denaturants such as GdnHCI and urea disrupt
these interactions either through direct protein interactions
(Makhatadze and Privalov 1992) or indirect effects via the
aqueous environment (Rezus and Bakker 2006), resulting
in the destabilization of folded protein conformations. To
monitor GB1 unfolding, we used far-UV CD spectroscopy
to record changes in protein secondary structures (Greenfield
and Fasman 1969; Greenfield 2006; Holzwarth and Doty
1965). Figure 1 shows the changes in mean residue ellip-
ticity as functions of GdnHCI (a) and urea (b) concentra-
tions. Clear cooperative transitions were observed for protein
unfolding mediated by both denaturants. Each dataset was
fitted to a two-state linear extrapolation model (LEM) of
solvent denaturation using nonlinear least-squares (NLS) fit-
ting as described by Santoro and Bolen (Santoro and Bolen
1988). Clearly, GdnHCl is more effective in denaturing GB1
compared to urea, with C;,, values of 2.17 + 0.16 M and
6.2 + 0.05 M, respectively. This is consistent with previous
observations of denaturant unfolding (Ferreon and Bolen
2004; Pace et al. 2008; Tanford 1968).

The valid application of LEM and determination of mean-
ingful thermodynamic parameters requires proper handling
of the pre- and post-transition baseline parameters. While
the post-transition baseline of GdnHCI unfolding data and
pre-transition baseline urea data were clearly evident, and
could easily be determined programmatically by NLS fit-
ting, determination of the other two baselines required
manual intervention. For the pre-transition baseline of the
GdnHCI unfolding data, the y-intercept was fixed at the
observed MRE at 222 nm for 0 M denaturant. Determina-
tion of the post-transition baseline of the urea denaturation
data required a further set of experiments because GB1
does not completely unfold at the highest urea concentra-
tion employed at pH 5.0 + 0.05 (Fig. 1b). To obtain the
post-transition baseline of urea-unfolded GB1, denaturant-
mediated expansion was studied with alkaline pH-destabi-
lized GB1 at pH 11.0 + 0.1 (Khare et al. 1997; O’Brien et al.
2011). The observed pattern of protein expansion (Fig. 1b) is
similar to previously observed denaturant-induced expansion
of denatured and/or disordered protein ensembles (Baska-
kov and Bolen 1998; Ferreon et al. 2010; Yang et al. 2000).
A linear post-transition baseline for the unfolded ensemble
was obtained by fitting the urea unfolding data of GB1 at
pH 11.0 = 0.1 in the range of 4.4-9.35 M denaturant con-
centration to a linear function, and using the obtained slope
and intercept parameters for the GB1 data at pH 5.0 + 0.05
(Fig. 1b).

Green and Pace (1974) made the empirical observation
that upon denaturation of proteins, the AGy_,, values vary
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Fig.1 Protein G Bl domain (GB1) chemical denaturation using
guanidine hydrochloride (GdnHCI) and urea yields denaturant-
dependent unfolding free energies. Changes in protein second-
ary structure upon unfolding were monitored using far-UV CD
spectroscopy. Presented in a are GB1 GdnHCI unfolding data at
pH 5.0 + 0.05 (O). Shown in b are urea denaturation data at pH
5.0 + 0.05 (O) and pH 11.0 + 0.1 (). The solid curves in a and
b represent the nonlinear least-squares (NLS) fits of the data to the
linear extrapolation model (LEM) as described in the Materials and
methods section in Supplementary file. Dotted and dashed lines rep-
resent folded and unfolded linear baselines, respectively. The LEM-
derived AGRHD and m value parameters are 2.41 + 0.28 kcal mol™!
and 1.11 + 0.09 kcal mol™ M~ for the GdnHCI data and
3.10 + 0.13 keal mol™" and 0.50 + 0.02 kcal mol™' M for the urea
data, respectively. ¢ Experimentally derived values at the unfolding
transition regions are plotted against denaturant concentrations

linearly in the transition region as a function of denatur-
ant concentration. A similar trend was observed for GB1
with both the chemical denaturants (Fig. 1¢). One of the
fundamental assumptions of LEM is that this linear relation-
ship between AGy_, and the denaturant can be extrapo-
lated beyond the transition region to obtain denaturant-
independent AG%_}D values by extrapolating to the limit of
zero molar denaturant concentration. However, extrapola-
tion of our GdnHCI- and urea-induced GB1 unfolding data
resulted in non-coincident AGON_)D values (Fig. 1c). Similar
to the previously studied T2Q/I6A/T44A GB1 (Ferreon and
Bolen 2004), the unfolding of D22C GB1 was consistent
with a two-state transition and gave a higher extrapolated
AG%_}D value for urea-induced unfolding when compared
with GdnHCl-mediated denaturation (Fig. 1c¢).

Bolen and coworkers previously hypothesized that the
observed discrepancies in the AG%_}D values obtained from
GdnHCI- and urea-induced unfolding experiments for a
number of proteins are due to the within-state effects in
the N and/or D ensembles (Bolen and Yang 2000; Ferreon
and Bolen 2004). While a detailed analysis of denaturant-
mediated GB1 unfolding by Ferreon and Bolen (2004) sug-
gested variable thermodynamic nature of GB1 N ensemble,
how different denaturants affect the D ensemble remained
an open question. Here, to probe effects of the two chemical
denaturants on the GB1 ensemble dimensions, we turned
to single-molecule FRET experiments utilizing the dis-
tance dependence of the FRET efficiency (Epggr) between
donor and acceptor fluorophores. To monitor FRET at
single-molecule resolution, we used a confocal detection
setup, recording donor and acceptor signals as individual
donor—acceptor-labeled GB1 molecules diffused through the
sub-fL detection volume (Fig. 2a). Single-molecule FRET
measurements provide the ability to measure Epgpy (and
hence distances) in the presence of labeling mixtures (e.g.,
molecules lacking fluorescent acceptor) and conformational
subpopulations. For both denaturants, we observed a single
non-zero FRET peak, which shifted as a function of denatur-
ant concentration (Fig. 2b, c¢). Our observation is consistent
with the urea-induced expansion of GB1 observed previ-
ously (Chung et al. 2009). The absence of multiple FRET
peaks in the transition region suggests rapid inter-conversion
between the N and D ensembles within the temporal resolu-
tion (500 ps) of these experiments. For both denaturants,
the single non-zero peak shifted towards lower Epgpp values
with increasing denaturant concentration (Fig. 2b, c) sug-
gesting denaturant-mediated protein expansion.

Next, we plotted the non-zero smFRET peak positions
against corresponding denaturant concentrations (Fig. 3).
The data revealed cooperative transitions and were analyzed
using NLS fitting as described in the S. I. section, with fixed
AG%_)D and m values obtained from ensemble experiments
(Fig. 1). For the urea unfolding data (pH 5.0 + 0.05), the
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Fig. 2 Denaturant-induced
expansion of GB1 dimensions
monitored using single-mole-
cule Forster resonance energy
transfer (FRET). a Representa-
tive bursts of donor and accep-
tor fluorescence observed from
individual dye-labeled GB1
molecules. FRET efficiency
(Egger) decreases with increas-
ing denaturant concentrations,
suggesting denaturant-induced
expansion of protein dimension,
a general phenomenon observed
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slope of the post-transition baseline (dashed line; Fig. 3b)
was fixed to the slope of the unfolded ensemble expansion
data at pH 11.0 + 0.1 (dash-dot line; Fig. 3b). All the fits
had adjusted R? value of > 0.995. An independent fit of
the single-molecule unfolding data also suggested similar
extrapolated D ensemble dimensions. Similar to previously
observed urea-mediated expansion of protein ensembles
(Banerjee and Deniz 2014; Ferreon et al. 2012; Huang et al.
2009; Schuler et al. 2002; Tischer and Auton 2013), pre- and
post-transition baselines for both GdnHCI- and urea-medi-
ated GB1 unfolding data had a negative slope suggesting
denaturant-induced expansion in both N and D ensembles
(Fig. 3), albeit to a greater extent for the D ensemble.

From a polymer physics perspective, strong denaturants
are good solvents that interact favorably with the protein
backbone and individual peptide residues (Auton and Bolen
2005), resulting in expansion of proteins to more random-
coil-like dimensions (Tanford 1968). Thus, it is expected that
GdnHCI will be more efficient in expanding protein dimen-
sions when compared to urea. This was indeed found to be
the case as higher slopes were observed for pre- and post-
transition baselines of the GdnHCI data when compared to
those of the urea data in smFRET experiments (Fig. 3). Inter-
estingly, however, the y-intercepts of the post-denaturation
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baselines of the two denaturation data reveal denaturant spe-
cific extrapolated unfolded ensemble dimensions (Fig. 3),
suggesting distinct structural energetics of the two denatured
ensembles (as they exist in and are defined by the transi-
tion regions). Furthermore, the GdnHCl-induced unfolded
ensemble (Dgy,ncr) showed a smaller dimension compared
to the urea-mediated GB1 unfolded ensemble (D,,.,) at the
limit of 0 M denaturant concentration. While this appears
counterintuitive on the first instance, it can be explained by
the salt effect of GdnHCI (Smith and Scholtz 1996). Theo-
retical studies on the effects of salt on charged polymeric
chains suggest that intra-chain electrostatic interactions are
screened by salt ions, resulting in reduced persistence length
and subsequent chain contraction (Dobrynin 2008). Thus, it
is likely that the observed relatively compact denatured state
upon GdnHCl-unfolding is due to the denaturant’s salt effect
on the D ensemble. Our observation also parallels previ-
ously observed non-linear effect of GAnHCI on intrinsically
disordered (Muller-Spath et al. 2010) as well as denatured
globular proteins (Tcherkasskaya et al. 2000).

A major proportion of studies on protein stabilities rely
on the application of LEM to analyze and interpret data
from protein solvent denaturation experiments. However,
LEM-derived thermodynamic parameters obtained for a
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Fig. 3 Denaturant-induced expansion of GBI native (N) and dena-
tured (D) ensembles. Presented in a and b are Epgzpr values plotted
against GdnHCl (O) and urea (O) concentrations, respectively, at pH
5.0 = 0.05. Data for urea-induced linear expansion of GB1 D ensem-
ble at pH 11.0 + 0.1 () is also shown in b. The dash-dot line repre-
sents fit of the protein expansion data to a linear function. Dotted and
dashed lines indicate folded and unfolded baselines, respectively

number of proteins show a dependence on both denatur-
ant nature and concentration, raising questions about the
validity and interpretation of the LEM-derived thermo-
dynamic parameters for these proteins. An explanation of
why some proteins exhibit denaturant-independent ther-
modynamic parameters upon linear extrapolation whereas
others do not, lies in the presence of within state effects
as well as their interplay with between state effects dur-
ing protein denaturation. Here, we showed that GB1, a
model protein for folding studies, shows denaturant-spe-
cific structural thermodynamics of its unfolded ensemble.
Our observations suggest that similar to the previously
reported variable thermodynamics of the GB1 N state
ensemble (Ferreon and Bolen 2004), variable structural
thermodynamics of D state ensembles can also contrib-
ute to the observed discrepancy in linearly extrapolated
AG%_)D values when using different chemical denaturants
for several protein systems. Thus, one has to employ LEM

cautiously taking into account of the possibility of vari-
able thermodynamic character for either one or both of the
protein (N and D) ensembles.
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