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Abstract Cold and heat denaturation of the double
mutant Arg 3 fi Glu/Leu 66 fi Glu of cold shock
protein Csp of Bacillus caldolyticus was monitored using
1D 1H NMR spectroscopy in the temperature range
from �12�C in supercooled water up to +70�C. The
fraction of unfolded protein, fu, was determined as a
function of the temperature. The data characterizing the
unfolding transitions could be consistently interpreted in
the framework of two-state models: cold and heat
denaturation temperatures were determined to be �11�C
and 39�C, respectively. A joint fit to both cold and heat
transition data enabled the accurate spectroscopic
determination of the heat capacity difference between
native and denatured state, DCp of unfolding. The ap-
proach described in this letter, or a variant thereof, is
generally applicable and promises to be of value for
routine studies of protein folding.
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Introduction

The accurate thermodynamic characterization of protein
stability (Jaenicke 2000) is of central importance for
unraveling the relation between amino acid sequence
and tertiary fold of a polypeptide chain. Despite ad-
vances in recent years (Buchner and Kiefhaber 2005),
our current understanding of protein folding pathways
is far from enabling us to predict protein structures. In
fact, the entirety of structure prediction methods we
have at hand today is based on previously solved
experimental atomic resolution structures (Rost et al.
2003). One might argue that the complexity of the
folding problem is at least comparable to the structural
complexity of proteins (Szyperski 2002, 2005). In turn,
this suggests that a ‘semi-empirical solution’ of the
protein folding problem in the framework of structural
genomics is required (Montelione 2001; Szyperski 2002).
Irrespective of the open questions regarding the nature
of the solution to the protein folding problem, efficient
methodology is needed to thermodynamically charac-
terize the folding process. Such studies are invaluable
complements for both a putative algorithmic and/or a
semi-empirical solution of the folding problem, and they
are pivotal for future rational protein design.

Thermodynamics of protein (un)folding can be
studied at increased temperatures (‘heat denaturation’)
or at very low temperatures (‘cold denaturation’). For
reversibly unfolding proteins, heat denaturation can be
readily assessed by various experimental techniques and
has been studied in detail for a larger number of systems.
Cold denaturation, in contrast, can be expected for most
proteins to occur at temperatures well below the freezing
point of water at 0�C and 1 atm (Privalov 1990). Vari-
ous approaches have been developed to overcome the
obstacle of studying a system at temperatures where the
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solvent’s thermodynamically most stable state is the
solid state. Those include the use of cryosolvents
(Franks 1995), the application of high pressure (Jonas
2002), the generation of supercooled aqueous solutions
in water/oil emulsions (Franks 1982, 1995), or the
addition of chaotrops (Agashe and Udgaonkar 1995;
Katou et al. 2001). All these approaches, however, are
beset by the possibility that the folding reaction is not
proceeding in an unperturbed aqueous solution. For
example, cryosolvents can artificially stabilize native
proteins (Jacob et al. 1997) and high pressure evidently
impacts on the cold denaturation of proteins (e.g.,
Kitahara et al. 2001; Mills and Szyperski 2002), while
denaturants and/or chaotrops interact differently with
cold and heat denatured state (Griko and Privalov
1992). Alternatively, one may destabilize the protein by
a change in pH (Privalov 1986), or generate cold-sensi-
tive mutants (Chen and Schellman 1989) to enable
observation of cold denaturation.

Recently, the feasibility of NMR-based structural
biology in supercooled water was demonstrated (Ska-
licky et al. 2000, 2001; Mills and Szyperski 2002): the use
of capillary tubes (Poppe and van Halbeek 1994) allows
one to supercool aqueous solutions of biological mac-
romolecules, which are placed in the vibration-free large
magnets of high-field NMR spectrometers, down to
temperatures around �15�C for long periods of time.
Here we explore the use of NMR spectroscopy in su-
percooled water for studying the cold denaturation of
proteins. Specifically, we show that such studies pave the
way to accurately determine the heat capacity difference
between native and denatured state, DCp, when com-
bined with monitoring the heat denaturation transition.
Since DCp is an essential thermodynamic parameter for
characterizing the subtle balance of driving forces lead-
ing to the distinct spatial fold of a protein, the protocol
presented here can be expected to be of broader interest.

Materials and methods

For the present study, we focused on the Arg 3 fi Glu/
Leu 66 fi Glu double mutant of cold shock protein Csp
from Bacillus caldolyticus, a small b-sheet protein com-
prising 66 residues (Müller et al. 2000). Thermodynamic
parameters derived by use of circular dicroism (CD)
spectroscopy (Perl and Schmid 2001) from the heat
denaturation transition predict that cold denaturation
occurs around �26�C, suggesting that the onset of the
cold denaturation can be observed at temperatures down
to � �15�C (which can be routinely achieved when
using capillary tubes).

1D 1H NMR spectra were recorded for a 0.1 mM
Csp solution (85% H2O/15% D2O; 20 mM sodium
cacodylate/HCl; pH 7.0) filled in nine 1.0 mm OD cap-
illary tubes as was described (Skalicky et al. 2000, 2001;
Mills and Szyperski 2002). The cacodylate buffer ensures
that pH shifts with temperature can be neglected
(Deutscher 1990). The spectra were recorded on a Var-

ian INOVA 500 spectrometer and the water NMR line
was suppressed using the Watergate scheme (Piotto
et al. 1992). Between 256 (T=70�C) and 4,096 transients
(T=�12�C) were accumulated, yielding a total mea-
surement time of about 40 h.

Figure 1 shows the high-field region (which com-
prises methyl group resonances) of 1D 1H NMR spectra
recorded for the R3E/L66E-Csp capillary sample be-
tween 70�C and �12�C. The spectral region annotated
as ‘integral’ contains solely signals arising from the na-
tive, folded protein. As described in the following, the
integral I(T) of this region allows one to measure the
fraction of native protein, fn(T), as a function of the
temperature, T, and enables one to determine the heat
capacity difference between native and denatured state,
DCp.

Previous CD measurements (Perl and Schmid 2001)
indicated that even at the temperature of maximal
stability, Tmax�25�C, a few percent of the Csp protein
remain unfolded, that is, fn(Tmax)<1. After normal-

Fig. 1 High-field region of 1D 1H NMR spectra recorded for the
Arg 3 fi Glu/Leu 66 fi Glu double mutant of cold shock protein
Csp from Bacillus caldolyticus at various temperatures. 1H chemical
shifts are relative to 2,2-dimethyl-2-silapentane5-sulfonate (DSS)
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ization with the total intensity of the aliphatic region, Itot
ali

(T), one obtains

fnðT Þ ¼
IðT Þ

IalitotðT Þ

� �
� fnðTmaxÞ

h i

IðTmaxÞ
IalitotðTmaxÞ

� � ð1Þ

with fu(T)=1�fn(T) representing the fraction of un-
folded protein. Considering that the equilibrium con-
stant of unfolding is defined as

KuðT Þ ¼
fuðT Þ
fnðT Þ

ð2Þ

one has with fu(T)=Ku(T)/[1+Ku(T)] and

KuðT Þ ¼ exp �DGuðT Þ=RT½ � , DGuðT Þ ¼ �RT lnKuðT Þ
ð3Þ

that

fuðT Þ ¼
exp½�DGuðT Þ=RT �

1þ exp½�DGuðT Þ=RT � ð4Þ

where DGu(T) denotes the Gibbs free energy of unfold-
ing at a given T, and R represents the universal gas
constant. Provided that the molar heat capacity differ-
ence between native and denatured state, DCp, is tem-
perature independent, the free energy difference is given
(Privalov and Gill 1999) by

DGuðT Þ ¼ DHuðThÞ �
Th � T

Th

� �

� DCp Th � T þ T � ln T
Th

� �� �
; ð5Þ

where Th indicates the temperature at the mid-point of
heat denaturation. Substitution of Eq. 5 into Eq. 4
yields fu as a function of T, DHu, Th and DCp. A least-
squares fit of to experimental fu-values then allows one
to obtain DHu(Th) and DCp. To obtain fn(Tmax) of Eq. 1,
a grid search for minimal v2 yields the optimal value for
fn(Tmax).

Results

Comparison of 1D 1H NMR spectra (Fig. 1) recorded
for Csp mutant Arg 3 fi Glu/Leu 66 fi Glu shows that
both protein cold denaturation in supercooled water and
heat denaturation are registered with the same NMR
sample. fu(T)-values (Fig. 2) obtained from the NMR
spectra reveal that at �12�C more than 50% of the
protein chains are unfolded. Moreover, a spectrum re-
corded at 25�C after the partial denaturation in
supercooled water (data not shown) proved that the cold
denaturation of the Csp mutant is reversible. The func-
tion fu(T, DHu, Th, DCp) (Eqs. 4, 5) was fitted to
experimental fu(T)-values (solid line in Fig. 2) assuming
‘mirror image thermodynamics’ for cold and heat
denaturation. This yielded with fn(Tmax)=0.92:

Tl=�11±0.5�C, Th=39±0.5�C, DHu(Th)=152±6 kJ
mol�1, and DCp=5.8±0.3 kJ mol�1 K�1, where Tl

defines the temperature at the mid-point of the cold
denaturation transition. The goodness of the fit reveals
that both high and low temperature data are well rep-
resented by the fitted curve. This can also be visualized
(Fig. 3) by comparing the temperature dependence of
DGu(T) in Eq. 5 with DGu(T) values calculated from
fu(T) (Eqs. 2, 3); the curvature of DGu(T) is rather well
defined when having experimental data over a temper-
ature range of >80�C covering both transitions.

The comparison of our thermodynamic parameters
with those previously derived from CD heat denatur-
ation data is impeded by the fact that the two studies
were performed with different buffers and ionic strength,

Fig. 2 Fractions of unfolded Arg 3 fi Glu/Leu 66 fi Glu double
mutant of cold shock protein Csp, fu, registered by 1D 1H NMR
spectroscopy (Fig. 1) versus temperature, T. The solid line indicates
a fit (Eqs. 4, 5) to the plotted data points using the program GraFit
4.0. The values thus obtained for Tl, Th, DHu(Th), and DCp are
indicated

Fig. 3 Temperature dependence of the Gibbs free energy of
unfolding, DGu(T). The circles represent DGu(T) derived from the
NMR data (Fig. 1), and the solid line was calculated from Eq. 5
using the thermodynamic parameters derived from the joint fitting
of cold and heat transition data
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which modulate the thermodynamic stability of Arg
3 fi Glu/Leu 66 fi Glu Csp (Perl and Schmid 2001).
Importantly, however, the previous determination of
Th=44.6±0.5�C and DHu(Th)=154±1 kJ mol�1 relied
on the assumption that DCp=4 kJ mol�1 K�1 to obtain
a high-quality fit to a curve representing a two-state
model. The comparison with our parameters (Fig. 2)
suggests that a reliable spectroscopic determination of
DCp may well depend on the joint characterization of
heat and cold denaturation transitions. Possibly as a
consequence of the comparably inaccurate DCp-value, Tl

was underestimated by �15�C. In contrast to DCp,
about the same value was obtained for DHu(Th), indi-
cating that this value is less sensitive to inaccuracies of
DCp-value.

Conclusions

Our study demonstrates that joint characterization of
cold and heat denaturation transitions by NMR enables
one to accurately measure an essential thermodynamic
parameter of protein stability, that is, the difference in
heat capacity of folded and unfolded state, DCp. The
advantage of studying cold denaturation has long been
recognized (Privalov et al. 1986). However, only samples
kept in an essentially vibration-free environment (which
is required to retard formation of nucleation sites for
freezing) such as heavy magnets of highest-field NMR
spectrometers allows one to preserve supercooled aque-
ous solutions without adding chemicals or applying high
pressure for an extended period of time. Moreover, most
unfolded proteins do not exhibit methyl proton reso-
nances upfield to 0.7 ppm, so that the approach intro-
duced here can be expected to be quite generally
applicable. An advantage of studying cold denaturation
is certainly due to the reduced likelihood to encounter
aggregation often preventing reversible unfolding. Since
novel atomic resolution insights into the phenomenon of
protein folding is also desirable, we thus expect that
NMR in supercooled water shall contribute to charac-
terizing the solution structure of folding intermediates.
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