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Abstract: All globular proteins undergo transitions from their native to unfolded states if exposed either to
cold or to heat perturbation. While the heat-induced transition is well described for a large number of proteins,
in media compatible with natural environments, the limited number of examples of cold denatured states
concern proteins artificially destabilized, for instance, by the presence of denaturants, ad hoc point mutations,
or both. Here, we provide a characterization of the low temperature unfolded state of Yfh1, a natural protein
that undergoes cold denaturation around water freezing temperature, in the absence of any denaturant.
By achieving nearly full assignment of the NMR spectrum, we show that at -1 °C, Yfh1 has all the features
of an unfolded protein, although retaining some local, residual secondary structure. The effect is not uniform
along the sequence and does not merely reflect the secondary structural features of the folded species.
The N-terminus seems to be dynamically more flexible, although retaining some nascent helix character.
Interestingly, this region is the one containing functionally important hot-spots. The �-sheet region and the
C-terminal helix are completely unfolded, although experiencing some conformational exchange, partly
due to the presence of several prolines. Ours is the first step toward a full characterization of the low
temperature unfolded state of a natural protein, reached without the aid of any destabilizing agent. We
discuss the implications of our findings for understanding cold denatured states.

Introduction

Understanding the forces that govern protein folding and
stability constitutes a major challenge, which has involved and
still involves generations of biophysicists. It is well-known that
the temperature range in which proteins retain their native fold
can vary significantly for different proteins and is determined
by the complex balance of mutually competing stabilizing and
destabilizing forces. However, while many decades of biophysi-
cal studies have led to the identification of the main forces that
lead to protein unfolding caused by thermal denaturation, many
phenomena that are connected with the action of intramolecular
forces at low temperature remain poorly understood.

Yet, it is now widely recognized that proteins also undergo
“cold denaturation”, which is a transition from the folded to
unfolded state, at temperatures below room temperature.1 It is
a property of globular proteins well predicted by the Gibbs-
Helmholtz equation and believed to be driven by the hydration
of polar and nonpolar groups as well as the decrease of
hydrophobic interactions.2 Cold denaturation has been well
characterized thermodynamically by various techniques such as
CD and calorimetry.1 However, to date, still little is known at
a detailed structural level of cold denaturated proteins. The main

reason why cold denaturation has not been explored more
thoroughly is that this process is difficult to study because, for
most proteins, it occurs at temperatures well below freezing of
aqueous solutions. To circumvent this difficulty, several re-
searchers have tried either to design ways to keep water in a
supercooled condition or to raise the temperature of cold
denaturation, mainly by destabilizing the protein through
mutations and/or addition of denaturants.3-5 The obvious
drawback of approaches based on artificial denaturation of
proteins is the difficulty of extrapolating the results to physi-
ological conditions.

Recently, we have serendipitously identified a protein, Yfh1,
whose cold denaturation occurs at temperatures above 0 °C and
at physiological conditions.6 Yfh1 is the yeast orthologue of
frataxin, a mitochondrial human protein responsible for the
neurodegenerative disease Friedreich’s ataxia.7 The frataxin
family is highly conserved both in sequence and in structure
from bacteria to humans and is essential for life. Despite their
conservation, the thermodynamic stability of different ortho-
logues varies appreciably.8 Of the three best characterized
orthologues, Yfh1 is the protein with the lowest and the highest
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thermal stabilities at high and low temperatures, respectively,
having the two melting points around 5 and 35 °C when in its
apo form.6 These features, together with the fact that Yfh1 is a
protein from natural sources rather than an “ad hoc” designed
mutant, make it a system uniquely suited for an extensive
characterization of the cold transition and of the factors
influencing its stability as a function of temperature. For
instance, using this system, we have been able to show that
alcohols, rightly considered as denaturing agents at high
concentrations, behave as stabilizers of native protein folds at
low concentration and low temperature.9

Here, we present a structural characterization of the cold
denatured state of Yfh1 using NMR studies in solution, a
technique that allows a detailed study of protein fold also when
it is in a highly dynamical state. We have assigned the spectrum
of Yfh1 at -1 °C, a task per se quite demanding. From our
results, we show that at this temperature the protein is unfolded,
although there are indications that it retains local, residual
secondary structure in regions that map around functionally
important hotspots. This is to our knowledge the first example
of such an analysis for a naturally occurring protein without
the need of solvent and/or fold perturbation.

Experimental Section

Sample Preparation. Recombinant S. cereVisiae Yfh1 was
produced as previously described in detail.10,11 In short, the protein
was expressed in Escherichia coli BL21-(DE3) cells grown at 37
°C, induced in 1 mM IPTG for 6 h, lysed with a French press, and
sonicated. The soluble, overexpressed protein was purified by two
ammonium sulfate precipitation steps with a 40% cut to precipitate
contaminating proteins and a 65% cut to precipitate Yfh1. After
dialysis, the protein was subjected to anion exchange chromatog-
raphy using a Pharmacia Q-Sepharose column with a gradient to 1
M NaCl, followed by a Pharmacia phenyl-Sepharose column with
a decreasing 1 M ammonium sulfate gradient. An EDTA-containing
protease inhibitor cocktail tablet (Roche) was added before the cells
were lysed and at each purification step. EDTA and salts were
removed by dialysis prior to concentration of the protein. 15N-
labeled and 15N,13C double-labeled samples were produced by
growing the bacteria in minimal medium using ammonium sulfate
and glucose as the sole source of nitrogen and carbon.

NMR Spectroscopy. 15N- and 15N,13C-labeled Yhf1 samples used
for NMR studies (∼0.5 mM) were dialyzed to 20 mm Hepes at
pH 7.0 and 2 mm DTT, containing 10% (v/v) D2O. Multidimen-
sional NMR experiments were carried out at -1 °C on a Varian
Nova spectrometer operating at 14.1 T and equipped with an inverse
triple-resonance single-axis gradient probe. 1H, 15N HSQC,12 15N-
TOCSY-HSQC13 (70 ms mixing time), 15N NOESY-HSQC14 (200
ms mixing time), HNCA,15 HN(CO)CA,15 HNCACB,16 and
CACB(CO)HN17 experiments were performed to enable sequence-

specific backbone assignment and to assign the protons and the
13C� of the side chains. Each residue was assigned only after
observing a perfect match between all the described backbone
experiments. Water was suppressed by the Watergate pulse se-
quence.18 Proton chemical shifts were referenced to the water signal
fixed at 5.0 ppm. 13C and 15N chemical shifts were referenced
indirectly using the 1H, X frequency ratios of the zero-point.19 All
spectra were processed using NMRpipe/NMRDraw20 and analyzed
by Easy/CARA21 and Sparky22 software. A Gaussian window
function was applied to process the 1H dimensions of the 2D HSQC
and the 3D NOESY experiments.

Chemical shift indices (CSI)23 and secondary structure propensity
(SSP) scores24 were calculated using the http://www.bionmr.
ualberta.ca/bds/software/csi/latest/csi.html and the http://pound.med.
utoronto.ca/software.html servers, respectively. Helix propensity
was estimated using the AGADIR program.25

The assigned chemical shifts of Yhf1 at -1 °C are deposited in
BioMagResBank (http://www.bmrb.wisc.edu) under accession num-
ber 17068.

Results

Cold Denaturation of Yfh1 Is Highly Cooperative. We have
previously demonstrated that Yfh1 undergoes unbiased cold
denaturation at temperatures around 0 °C.6 Because the exact
temperature of cold denaturation can slightly vary as a function
of ionic strength, we were very careful in excluding even minute
quantities of spurious salts in the preparation of the NMR
sample.

15N HSQC spectra are considered one of the fingerprints of
a given protein. The 15N HSQC spectrum of Yhf1 at -1 °C
has all the features typical of an unfolded protein, with overall
poor resonance dispersion, especially in the 1H dimension
(Figure 1A). The degree of unfolding could be estimated
analyzing symptomatic peaks: the resonances of the side chain
indole groups of the two tryptophans (W80 and W98), which
are well distinct in the folded state, collapse into a unique
resonance at 10.2 and 129.5 ppm in the HSQC spectrum of the
low temperature denatured state.

The intensity of the high field resonances at -0.65 and -0.45
ppm, present in the 1D proton spectrum of folded Yfh1, also
decreases abruptly around the transition temperature,6 leading
to a complete absence of the resonances at -1 °C (Figure 1B).
These high field peaks typically originate from aliphatic residues
in persistent spatial proximity of aromatic groups, which provide
an additional local magnetic field and are highly diagnostic for
correct folded proteins.

Taken together, these results suggest that the cold denaturation
process is highly cooperative and leads to a mostly unstructured
state.

NMR Spectral Assignment Suggests Different Dynamical
Properties along the Yfh1 Sequence. Peak picking of the
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(25) Muñoz, V.; Serrano, L. Nat. Struct. Biol. 1994, 1, 399–409.

J. AM. CHEM. SOC. 9 VOL. 132, NO. 45, 2010 16241

Low Temperature Unfolded State A R T I C L E S



of 190 peaks that is appreciably more than the total number of
expected resonances (i.e., 138 when considering 114 nonproline
residues, 2 tryptophan indoles, and 11 H2N side chain groups)
(Figure 1A). The peak intensities are, however, greatly variable
with intense sharp peaks in copresence with weak resonances.

Unambiguous sequential assignment (1H, 15N, 13C) could be
achieved, despite the severe resonance overlap, for 81% of the
residues (Figure 1C) by using the 15N NOESY-HSQC and triple
resonance experiments to trace the backbone assignment (Figure
S1, Supporting Information). A relatively small set of residues
(M1, E61, K72-L81, F91-L94, E97, W98, L101, N103, K106,
I110, L111, and T112) remained partially or completely
unassigned because their resonances could not be traced in the
spectrum. These residues are mostly clustered in the �-sheet,
suggesting that these structural elements are affected by some
conformational exchange. When peak intensities were plotted

as a function of the sequence, it became evident that the sharper
and more intense peaks belong to N-terminal residues (Figure
2A). They correspond to the signal peptide, which imports Yfh1
into mitochondria and which is likely to be unfolded and flexible
also in the native structure, and helix 1.7 In addition to peaks
from the main species, almost completely assigned, 60 additional
unassigned peaks could be identified in the 15N HSQC. The
intensities of all the additional resonances are, however,
comparably weaker (Figure 2A, inset). These observations
provide independent evidence of a different dynamical behavior
of different regions of Yfh1 in the cold denatured state.

Cis/Trans Proline Isomerization in the Cold Denatured
State. Assignment allowed us to clarify the role of at least some
of the additional resonances. While some of them might well
be noise, others are clearly double species having the same spin
system and the same connectivities of already assigned residues.

Figure 1. Characterization of the cold denatured state of Yfh1 from its NMR spectrum. (A) Close-up of high-resolution 15N HSQC spectrum of Yfh1 in
20 mM Hepes at pH 7.0 at -1 °C and 600 MHz, labeled with assignments. Inset: The whole 5N HSQC spectrum. The spectrum was collected using 256
increments in the nitrogen dimension and a 2K spectral width in the direct dimension. (B) Comparison of the high-field regions of the Yfh1 spectra recorded
at -1 and 20 °C and 600 MHz. (C) Sequence of Yfh1 annotated for the secondary structure elements.11 Helices and strands are indicated with ribbons and
arrows, respectively. Assigned residues are indicated in blue, residues for which only partial assignment could be done are in red, and unidentified residues
are shown in gray.

Figure 2. Plot of the resonance intensities, as estimated from the high-resolution 15N HSQC spectrum and mapping the effects onto the native structure. (A)
Parent plot: The intensities of the assigned peaks are plotted as a function of the protein sequence. The secondary structure is indicated on the plot for
reference. Inset: The intensities of the extra unassigned resonances are plotted using arbitrary peak numbers. (B) Ribbon representation of the tertiary
structure of Yfh1 (PDB code 2ga5) at 25 °C. The fold contains an N-terminal import signal (residues 1-12) followed by two helices (helix 1 and helix 2),
which sandwich a six-strands �-sheet. The side chains of proline residues are indicated.
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Their chemical shifts are well distinct from those of the same
residue in the native species, thus ruling out the possibility that
they could arise from the copresence of folded and unfolded
species in slow equilibrium (Figure 3A). We could, for instance,
clearly detect double resonances for residues like V10, L19,
S41, D46, D50, S54, A64, A82, N95, V115, E116, S120, and
S122. Interestingly, five of these residues directly precede or
follow a proline, suggesting that the duplicate species arise from
cis/trans isomerization (Figure 3B). In support of this view is
the observation that at least three species are present for D46,
a residue that is sandwiched between two prolines (Figure 1C).
Because no isomerization has been reported for the native
state,11 the effect is likely to become detectable only in the
unfolded state.

Analysis of the CR and C� chemical shifts of the prolines at
-1 °C suggests that in the main species they all represent trans
conformations, with the only possible exception for P84, which
has an upfield shifted CR (62.1 ppm) and a low-field shifted
C� (32.6 ppm) as compared to literature values (i.e., 61.9 and
30.6 ppm for a trans proline and 61.4 and 33.0 ppm for a cis
proline).26

Indications of a Solvation Effect at Low Temperature. To
discriminate among sequential, structural, and/or solvation
effects on the chemical shifts, the 15N and 13C HSQC spectra at
-1 °C were compared to the corresponding simulated spectra,

obtained by plotting random coil values at room temperature,27

corrected for next neighbors effects28 (Figure 4).
Simulated and experimental spectra present interesting simi-

larities and differences. In HR-CR spectra (panel A), the
differences between the simulated spectrum (right panel) and
the experimental one at -1 °C (left panel) are small. Overall,
the same residue type remains in both spectra in roughly
corresponding regions of the spectrum, although the actual
distribution may be different. The small spread of the resonances
in the experimental spectrum apparently suggests that the low
temperature state does not have marked conformational
preferences.

On the contrary, differences between corresponding clusters
of the same residue are rather pronounced for the proton-nitrogen
correlation spectra (Figure 4B). Outstanding examples are the
Glu, Gln, and Ser residues, whose values differ up to 1.0 and
10 ppm in the proton and nitrogen frequencies, respectively. In
addition, it is possible to notice that there is also an overall
downshift tendency, both for 1H and for 15N values. It is
tempting to attribute this effect to a much more efficacious
hydration at low temperature. This comparison strongly suggests
that the marked differences between experimental and random
coil values must reflect not only sequential effects but also
specific features of the conformational ensemble at low
temperature.

Residual Secondary Chemical Shifts Indicate Residual Heli-
cal Propensity. The secondary chemical shifts, that is, the
difference between the tabulated27 random coil values at 25 °C
and the observed ones, were analyzed for HR, CR, and C�
atoms, because these groups have a higher sensitivity to the
secondary structure. Plots of HR chemical shifts for the regions
1-20 and 40-123 show that they are shifted upfield by a
maximum of ∼0.1 ppm, whereas in the region 21-39 the ∆δ
values are ∼0.23 ppm upfield. Consistently, CR chemical shifts
of the regions 19-42 and 97-123 are shifted ∼0.5 ppm
downfield as compared to the random coil values, whereas the
CR chemical shifts for the majority of the other residues are
randomly shifted upfield and downfield by ∼0.2 ppm. To make
sure that what we observe is independent from referencing, the
∆δCR-∆δC� differences were also considered (see Figure S2,
Supporting Information). In all three plots, the main outliers
are V10, L17, H44, I48, I62, S83, and G87. Interestingly, these
residues all precede a proline.

To reveal possible indications of residual secondary structure
in the cold denatured state, we analyzed the chemical shift
indexes along the sequence.23 The indices of the HR protons
could suggest some helical propensity in correspondence of helix
1 (Figure 5A). However, the consensus values over HR, CR,
and C� atoms indicate no secondary structure propensity along
the whole sequence.

Because chemical shift indices could be a rather insensitive
method, as they involve a yes-or-not answer, we used two
additional approaches. We first calculated the smoothed second-
ary shifts of HR protons according to the method suggested by
Pastore and Saudek.29 Smoothing is sufficient to average out
the noise introduced by local environmental factors, providing
a sensitive and specific way to detect secondary structure
elements. This method suggests some helical propensity in the
region 20-40, near the C-terminus and in correspondence with
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Figure 3. Evidence for multiple conformations. (A) Superposition of the
15N HSQC spectra of Yfh1 recorded at -1 °C (red peaks) and at 25 °C
(black peaks). Both spectra were recorded using 20 mm Hepes solution at
pH 7.0 at 600 MHz. (B) Close-up of a small portion of the spectrum in (A)
showing the double peaks observed for several resonances, for example,
N95, and triple peaks observed for D46. The assignments at 25 °C are those
of He et al.11 The peaks indicated with asterisks are unassigned peaks. Extra
peaks do not correspond to resonances observed in the native spectrum.
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some of the loops between the �-strands (Figure 5B). Similar
results were obtained using the SSP indices,24 which show
residual helical propensity mainly in correspondence with helix
1 (Figure 5C). Interestingly, the region 20-40 comprises helix
1, which seems to have a lower helical propensity than helix 2
as estimated by the AGADIR program25 at -1 °C (Figure 5D).

NOE Effects at Low Temperature. The quality of the 15N-
NOESY-HSQC at low temperature is excellent despite spectral
overlap. Practically all residues are visible and have NOESY
effects, although mostly local and/or sequential (Figure 6A).
Several observations can be made on the basis of this spectrum.
Virtually in all strips, the sequential HRi-HNi+1 are more
intense than the intraresidual connectivity, indicating extended
structures. No HR resonances have chemical shifts below 5 ppm,
which are typical of �-sheet conformations, thus suggesting
absence of this secondary structure, in agreement with the
secondary chemical shift analysis. If we assume instead the
presence of HNi-HNi+1 effects as diagnostic for residual, albeit
local, secondary structure (e.g., turns or nascent helix), the
residues can be classified into three distinct classes (Figure 6B):
(a) residues that do not have sequential HN-HN; (b) residues
that have sequential HN-HN connectivities as they do also at
25 °C; and (c) residues that do not adopt helical or helical like
structures at 25 °C but have an HN-HN connectivity at -1
°C. The first class comprises the large majority of the residues
all along the sequence, regardless of the structure they have in

the folded species. The second class comprises most but not all
residues of helix 1 and practically almost no residues of helix
2, suggesting that the former has a stronger nascent helix
character than the latter. This is interestingly at variance with
what is expected from calculations of helical propensity by the
AGADIR program,25 which gives for helix 2 a much higher
propensity than for helix 1 at all temperatures. The third class
comprises ca. 16 residues.

Among them, the most interesting are the N-terminal residues
in the signal peptide, and up to seven additional residues, which
are in the �-sheet in the folded species. These residues indicate
some tendency to adopt non-native like structures at low
temperature.

Discussion

We have presented here a detailed NMR analysis of the
properties of the cold denatured state of Yfh1, a small yeast
protein whose human orthologue is associated with undergoing
cold and heat denaturation at temperatures closer to room
temperature than those of most proteins. There is sparse
information about proteins at low temperature mostly because
these conditions are outside the physiologic range for most
proteins. This is especially true for NMR studies, considering
that low temperatures increase spectral line broadening and
disfavor through-bond connectivities. As illustrated by Figure
S3 (Supporting Information), which reports the distribution of

Figure 4. Estimate of the next neighboring effect in HSQC spectra of cold denatured Yfh1. (A) Comparison of a simulated 13C HSQC spectrum (right) with
the experimental spectrum (left). Random coil shifts are corrected for the nature of the previous and following residue.28 Different residues are indicated in
different colors as shown in the legend on the right. (B) Comparison of a simulated 15N HSQC spectrum (right) with the experimental spectrum (left).
Random coil shifts are corrected for the nature of the previous and following residue.28 The dotted line oval in the left spectrum corresponds to the total area
span by all peaks in the simulated spectrum. Different residues are indicated in different colors as shown in the legend on the right.
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proteins whose NMR spectral assignment is available in the
BRBM database, there are very few examples of proteins
characterized at low temperature by NMR, particularly at
temperatures close to 0 °C. The few examples available are
mainly intrinsically unfolded proteins or proteins from psy-
chrophilic organisms. To our knowledge, Yfh1 is therefore the

first example of a full-length natural protein that can undergo
cold denaturation at temperatures accessible to NMR analysis,
without the need of addition of destabilizing cosolvents and/or
introduction of ad hoc mutations. We thus exploited these
properties to characterize the cold denatured state and addressed
the question of whether and, in case, how much does the cold
denatured state retain the features typical of the folded one. A
virtually full assignment of the NMR spectrum of Yfh1 at -1
°C allowed us to draw a number of conclusions.

An important result of our work is that we do not observe
any marked similarity between the cold denatured state and the
native one, as proven by the difference in chemical shifts, which
do not support any possible copresence of the native and
denatured state.

This poor similarity is at variance with a recent study of
I98A-CTL9, a destabilizing point mutant of the C-terminal
domain of the ribosomal protein CTL9.5 In this study, the
authors suggest that the low temperature unfolded state has many

Figure 5. Secondary structure indicators at -1 °C and helical propensity
plotted versus the Yfh1 sequence. (A) CSI indices of the HR protons.23

(B) Smoothed plot of the secondary chemical shifts of the HR protons.27

(C) SPP values of Yfh1, as calculated from HN, N, HR, CR, and C�
chemical shift values at pH 7.0 and -1 °C (blue line) and 25 °C (black,
values from He et al.11).24 (D) Helical propensity at -1 °C as estimated by
the AGADIR software.25 The secondary structure of the native protein is
indicated on the top for reference.

Figure 6. Indications of residual secondary structure from NOE effects.
(A) Representative strips of a 3D 15N NOESY-HSQC spectrum of Yfh1 at
-1 °C and 600 MHz. Blue lines mark HN-HN, red lines indicate HA-HN,
and green lines indicate HB-HN NOEs, respectively. (B) HNiHNi+1 effects
observed along the sequence and their correlation with the secondary
structure observed at 25 °C. The “b” on residue i indicate the presence of
an HNiHNi+1 connectivity. The “O” indicate residues for which the diagonal
peaks have the same chemical shifts, making the presence of a connectivity
impossible to exclude.
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of the conformational features typical of the folded one. While
this could be in principle due to different dynamical properties
of the Yfh1 and CTL9 proteins, it is useful to bear in mind that
the NMR assignment of the unfolded state of CTL9 was
performed at a temperature close to the mid point of the cold
transition, that is, a state that, by definition, should contain ca.
50% of folded protein in equilibrium with the unfolded form.
In addition, I98A-CTL9, although being an interesting model
system, like many older literature cases is not a native protein,
leaving the doubt that the results of its study could not allow
straightforward extrapolation to a generic native protein. Similar
considerations apply also to another case of full NMR assign-
ment of a cold denatured protein, that of a double mutant of
Barstar.4 The authors used the full assignment (1H, 15N, 13C) of
this protein in 3 M urea at 5 °C to assess residual structure,
using a variety of secondary structure indicators. They also
found a good correspondence with the structure of the folded
species, particularly in the regions corresponding to the first
and the second helices and near the end of the second �-strand
of native barstar. However, it is difficult to compare their results
with ours because, as previously pointed out, we did not add
denaturants to our solutions.

We have also shown that at low temperature Yfh1 has
chemical shifts similar to but in many ways also distinctly
different from the random coil values tabulated at 25 °C. The
difference does not simply reflect nearest neighbor effects and
must be explained by other causes such as solvation effects,
which are consistent with the overall downfield shift as
compared to the expected unfolded spectrum. This observation
is particularly relevant for the cold denatured state because,
according to the currently accepted mechanism of cold dena-
turation,1 hydration plays a key role in this process. Privalov1

has shown that cold denaturation is caused by the temperature-
dependent interaction of nonpolar groups of the protein with
water. Counterintuitively, hydration of protein nonpolar groups
is thermodynamically favorable and increases in magnitude at
a temperature decrease. As a result, the polypeptide chain
unfolds at a sufficiently low temperature, exposing internal
nonpolar groups to water. Our direct observation of the strong
hydration of most amide groups in the cold denatured state of
Yfh1 is fully consistent with this model.

Additionally, secondary chemical shifts and NOE effects
strongly suggest the presence of specific regions with nascent
helix character.30 They comprise both regions adopting helical
(helix 1) but also �-structures in the folded protein. These
observations are consistent with the concept of chameleon
sequences:31 it is now commonly accepted knowledge that the
same protein sequence can adopt different secondary structures
when in isolation or in the context of the full-length protein, in
which the tertiary contacts may modulate or even invert the
secondary structure tendency of a given sequence.

We observe, in the unfolded state of Yfh1, a clearly different
dynamical behavior along the sequence. The N-terminus,
approximately up to the end of what forms helix 1 in the folded
state, seems to be the most flexible part, suggesting a more
cooperative collapse of this region upon unfolding. Resonances

from the C-terminus, some of which can hardly be identified,
are overall less intense and possibly undergo conformational
exchange.

These results suggest an interesting caveat concerning the
relationship between flexibility and structure: it seems unwise
to draw conclusions about the conformational preferences of a
sequence on the basis of apparent flexibility alone. At first sight,
the data of Figure 2 might imply that the N-terminal residues
are very flexible and therefore less structured than other parts
of the sequence, as one would automatically assume in the case
of several intrinsically unfolded proteins. However, the analy-
sis of all other secondary structure indicators shows convincingly
that the very same region retains more secondary structure than
the remaining regions of the sequence. The low intensity of the
resonances from the central part of the sequence can be
attributed to conformational exchange among several unstruc-
tured species, dominated by cis-trans proline isomerism. Thus,
it seems fair to conclude that, although helix 1 is the first
secondary structure element to collapse, it is also the most
persistent one in retaining a secondary structure in the cold
denatured species.

Finally, it is very interesting to note that the only significant
element of residual secondary structure present in the cold
denatured species, the nascent helix corresponding in part to
helix 1 of the folded species, contains highly conserved residues
that play a key role in the function of frataxins. It is now widely
accepted that frataxins bind iron and other divalent and trivalent
cations through conserved residues all clustered on helix 1. The
same region was recently demonstrated to be also involved in
interaction with IscS, the desulfurase enzyme central to
iron-sulfur cluster formation.32 It is thus tempting to suggest
that persistence of a nascent helix character can be also
important both for the stability of the frataxin/IscS complex and
for iron binding.

In conclusion, our data provide new insights into the early
events that cause protein folding and give us a glimpse into the
effects that low temperature forces have onto protein structure.
The next important step will be to deepen the dynamical analysis
of the unfolded state of Yfh1 by recording additional NMR
parameters and by comparing the cold and heat denatured states
for the same protein to assess how these two unfolded states
compare with each other.
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