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Protein unfolding can be induced both by heating and by cooling  We recorded 1D and 2D NMR spectra of Yfhl either in TRIS
from ambient temperaturdsAccurate analysis of heat and cold at pH 7.0 or in HEPES at pH 7.0 in the temperature rangeto
denaturation processes has the potential to unveil hitherto obscure45 °C. Typically, 0.3-0.5 mM unlabeled o*N uniformly labeled
aspects of protein stability and dynamfdsor instance, while heat  protein samples were used. Thanks to the vibration-free environment
denaturation is generally highly cooperative, cold denaturation has afforded by NMR spectrometers, it proved easy to keep the solutions

been suggested to occur in a non-cooperative fastidinis view even below O°C for extended periods. NMR spectra were recorded
has been recently supported by an NMR study of ubiquitin in on a Varian INOVA spectrometer operating at 600 MM
reverse micelles at very low temperatutebut this is still frequency.

controversial since Van Horn et dlgn the basis of similar NMR Figure 1A shows the comparison of ti-1H HSQC correlation

data, and Kitahara et &.by an NMR study at 2 kbar, found a  spectrum of Yfh1 in 20 mM HEPES at 2@ with the correspond-
simple two-state behavior for the low-temperature unfolding of ing spectra at the two extremes of the temperature range. Spectra
ubiquitin. at —5 and 45°C are collapsed, in agreement with a completely
To reach a consensus on this debate and other general issues, {infolded state. The small differences can be easily accounted for
is necessary to investigate cold denaturation further. However, sincepy the different exchange rates of the amide protons at different
the cold denaturation of most proteins occurs well below the temperatures.
freezing point of water, full access to the cold denatured state is  The 1D regions of Figure 1B show the concomitant change of
normally limited for the obvious reason that water freezes™®.0  several ring current shifted resonances, arising from aliphatic groups
The most common approach to circumvent this difficulty has been cjose to aromatic rings in the hydrophobic core of the protein.
to try to raise the temperature of cold denaturation using destabiliz- Changes in their relative intensity can be directly linked to changes
ing agents such as extreme pH values, chemical denaturantsqf the tertiary structure of the protein. Several high-field peaks were
cryosolvents, or very high pressure? Alternatively, some labo-  accurately integrated and calibrated with respect to a standard

ratories used proteins destabilized by a combination of point reference peak. Integrals were then normalized for each peak using
mutations and denaturing ageftShe main drawback of these he highest measured value.

approaches is that it is not generally easy to extrapolate results to Figure 2 (righty-axis) shows the plot of the integrals of four
physiological conditions. On the other hand, there are methods well-separated high-field peaks, that is, those marked as a, b, c,
aimed at kt_aepin_g water in asupergc_;oled condition, but these studies;q ¢ in Figure 1 as a function of temperature. All points fall on
have also invariably used destabilized protéins. the same curve, consistent with a low-temperature transition at ca.

Following a different approach, we looked for a protein whose 7 o¢ gnq g high-temperature transition at ca.°& To further
cold denaturation could be studied without the need for destabiliza- validate these findings we used CD measurements.

tion in a normal buffer at physiological pH within a temperature Far-UV CD measurements were made using a Jasco J-715
range accessible to several techniques. Here we describe the cold o qronolarimeter equipped with a PTC-348WI Peltier temperature
and heat denaturation of yeast frataxin (vf1) measufrerclzl beth bY controller. Thermal unfolding curves were obtained by monitoring
NMR_ and CD spectroscopies. Ir_l_a systematic stl_de of the factors ellipticity at 222 nm using 2 mm path-length cuvettes and a heating
that influence the thermal stability of the frataxin fold, we had rate of 1°C/min (Figure 2, lefty-axis). The CD curve in HEPES

previously shown that glthough they shgrg the same fold, three is essentially superimposable to that recorded in TRIS (data not
orthologues fromE. coli (CyaY), S. cereisiae (Yfhl) and H. shown)

sapiens(hfra), are character?zed, under the same condition_s, by a For a simple two state equilibrium between folded and unfolded
remarkable variation pf melting temperatufé¥shi, the one with . forms of a protein of the size of frataxin, the fraction of protein
lowest heat denaturation temperature, seemed a promising Cand'datSresent in the folded form at any temperatde€T), is a function

i 15N] -
fc;r iOId dgr;;_:turaﬂon e(ljbov?i‘ﬁ):.dth)thandt ;é?seleg \r{|fht|1 \;]veref of AG°(T), the Gibbs free energy for unfolding. If the heat capacity
expresse - COll as described by e e ce variations o difference between the folded and unfolded formnasC,, is

ionic strength lead to significant increases in the melting temper- . S ;

. . S . independent of temperature, the free energy is given by the Gibbs
ature, we restricted the present investigation to solutions of Yfhl . o )
in salt-free buffers Helmholtz equation modified so that the reference temperature is

) the midpoint of the high-temperature transitidiy).* A nonlinear

! National Institute for Medical Research. least-squares fit to the observ&dT) values then allows one to
Mb{,’;;ﬁ":ga‘t’g'aﬁ?\?e'?&y determineTy, AH°(Ty), and AC,. The corresponding values for
#Universitadi Napoli Federico I1. low-temperature unfoldingT{ and AH°(T,.)), can then be deter-
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Table 1. Thermodynamic Parameters Averaged over NMR and
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Figure 1. Representative NMR spectra of Yfh1 in the temperature range
—5to 45°C: (A) °N-1H HSQC correlation spectra of Yfhl in 20 mM

HEPES at pH 7.0 at three representative temperatures; (B) high field portions .

of 1D spectra of Yfhl in 20 mM HEPES at pH 7.0 at seven representative

CD Data
low melting high melting
T/°C 7+15 30.5£ 2
AH°/ kJ molt —85+ 10 89.5+ 8
AS/JmoltK—1 —305+ 35 295+ 25
ACy kJ mof1K~1 7.57+0.15 7.57+0.15

determined, a back calculation yields a figure~e67% for the
fraction folded at the temperature of maximum stability.

Table 1 summarizes the thermodynamic parameters of this
analysis. It can be appreciated that since both NMR and CD data
were fit by the same equation (red lines in Figure 2), it is possible
to say that the disruption of the hydrophobic core is exactly
paralleled by a decrease of the secondary structure content. As
expected, cold denaturation has “thermodynamic anomalies”: both
AH and AS are large and negative for this transition.

We have shown that a protein with a native low stability, can
undergo a low-temperature melting without the need of destabilizing
it by chemical or physical means or by introducing arbitrary point
mutations. Yfhl is an excellent model system to study low- and
high-temperature transitions in a range accessible to many tech-
niques, and thus it promises to reveal new insights on the influence
of several parameters on protein unfolding. For instance, although
it has been postulated that the effect of hydration entropy can be
intrinsically different for cold and heat denaturatitit is generally

temperatures. The sample used for quantitative measurements was extendifficult to detect such an asymmetry experimentally. Thanks to

sively dialyzed and contains TSP for reference (0 ppm) and calibration.
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Figure 2. Plots of NMR and CD signals of Yfhl as a function of
temperature. Relative integrals of the highest field peaks of Yfh1 in HEPES

at pH 7.0 are shown as circles (right-hand side scale). Far UV absorbance

in the CD spectra of Yfhl in 20 mM Tris at pH 7.5 corresponds to the
left-hand side scale.

mined from a plot ofAG°® against temperatufé.Values of the
entropy change af. and Ty can be obtained from the relationship
AG°® = AH°® — TAS. In principle, thefr values can be calculated
by dividing the difference between the observed CD or NMR signal

the short range in which the two transitions occur for Yfhl, we
can expect that even small variations in environmental parameters
can reveal differential effects on the two transitions.
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