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Molten globules are compact proteins with fluctuating tertiary
conformations that contain substantial amounts of secondary
structure.1 Cytochromec (cyt c) undergoes a transition from an
acid-denatured form to a molten globule, or A state, at high salt
concentrations.2 The hydrodynamic dimensions of this state are only
slightly greater than those of the native protein.3-6 Studies have
indicated that the A state has native-like helix content and possesses
some native tertiary contacts.7 Although its NMR spectrum does
not exhibit the chemical shift dispersion indicative of a static
conformation,8 hydrogen exchange NMR experiments have revealed
considerable protection of amide protons inN-, C-, and 60s helices.9

Native-like tertiary interactions between theN- andC-helices also
have been observed in the cytc A state.9,10

We are employing fluorescence energy transfer (FET) kinetics
to probe the structural features and heterogeneity of dynamic protein
structures.11,12 Here we focus on the properties of the dynamic A
state of five dansyl-labeled (Dns) Cys mutants ofSaccharomyces
cereVisiaeiso-1 cytc (Figure 1a). All five variants exhibit structures
and stability similar to those of the wild-type protein.12 The
covalently bound Fe(III) heme group quenches Dns fluorescence
by energy transfer; the critical length,R0, of this donor (D)-acceptor
(A) pair is 36 Å for the acid-unfolded state and 39 Å for the native
and A states.12 In the absence of specific information about its
structure and heterogeneity, we have chosen model-independent
approaches to analyze A-state FET kinetics. The Dns fluorescence
decay is described by a discrete Laplace transform; inversion of
this series provides a distribution function (P(k)) describing the
probability that an exponential term with rate constantki contributes
to the observed Dns fluorescence decay. Inversion of the transform
using a constrained linear least-squares method (LSQNONNEG
algorithm in MATLAB) produced the narrowestP(k) distributions.
In a second approach, the entropy of theP(k) distributions (S )
-∑k P(k)ln[P(k)]) was used as a regularization parameter, and the
P(k) distributions were determined by simultaneous minimization
of ø2 and maximization of the entropyS. The maximum-entropy
(ME) regularization method broadensP(k) distributions but does
not substantially change the positions of the local maxima (Sup-
porting Information). The two methods of analysis yielded the two
limits (narrowest and widest) for theP(k) distributions consistent
with our data. TheP(k) distributions are readily transformed to
distance distributions (P(r)).12

We have extracted distributions ofD-A distances from measure-
ments of FET kinetics with the acid-unfolded protein (pH 2) and
under conditions favoring the molten globule (pH 2 and high
[SO4

2-])13 (Figure 1b and Supporting Information). The conversion
to the A state was confirmed by both far-UV CD and visible
absorption spectroscopy.11 The acid-unfolded protein is a hetero-
geneous ensemble of unfolded structures. Comparison of theseP(r)
distributions to those of the GuHCl-denatured protein12 suggests
that the acid-unfolded state is more compact, consistent with SAXS
measurements.3 As the salt concentration increases, we observe a
decrease in the mean and root-mean-squared distances, as well as

in the variances of theP(r) distributions. The trend is the same for
all variants, with the exception of Dns4cyt. For the latter protein,
theP(r) distributions are very similar in the native, molten globule,
and unfolded states, suggesting that the Dns label always remains
close to the heme.12 FET kinetics are a sensitive indicator of
conformational heterogeneity: at lower salt concentrations, sub-
populations of compact and extended structures are clearly evident
(Figure 1b). TheP(r) distributions confirm that the nature of the
polypeptide ensemble strongly depends on the salt concentration.

At high salt concentrations, our experiments with five Dns
variants consistently show that theD-A distances in the molten
globule are essentially the same as in the native state (Figure 2
and Supporting Information); these results are consistent with our
preliminary study of the native protein labeled at position 102.11

The equilibriumP(r) distributions can be transformed into potential
energy functionsU(r)14 that underscore the striking resemblance
of the two states. The similarity of the two potentials accounts for
the extremely fast conversion of the molten globule to the native
configuration.8 Taken together with reports from other laborato-
ries,6,9,10 the combined data suggest that the cytc molten globule
is a highly structured state with a substantial number of native
interactions.

That is not to say that there are not subtle structural differences
between cytc native and A states. In general, the widths of the
P(r) distributions are greater for the molten globule, reflecting a
larger number of energetically accessible conformations. In addition
to polypeptide flexibility, equilibration among different ligation
states of the heme also may contribute to the observed conforma-
tional diversity.15 Amide hydrogen exchange studies indicate that
the molten globule contains hydrogen-bonded structures in all three
major helices, while the loop regions remain disordered.9 With five
labeling sites extensively sampling cytc conformations (Figure 1a),
we also find increased structural heterogeneity in the loops. Even
at 1 M Na2SO4, the Dns50cyt variant shows a more prominent
subpopulation of slightly extended structures than the other variants
(Figure 2). The region around this site is apparently susceptible to
large-scale conformational fluctuations. Disruption of tertiary
hydrogen bonding contacts between Tyr48 and the heme propionate
group, observed in resonance Raman experiments,16 is consistent
with this proposal. Our broadened distance distributions directly
reflect the greater conformational diversity of the A state. NMR
spectra suggest that conformational interconversions in the molten
globule occur on the millisecond time scale or faster.2,8

Molten globules are commonly believed to represent intermedi-
ates in globular protein folding.1 We have compared the structural
features of the equilibrium A state to the “burst-phase” intermediate
formed during refolding of five Dns-labeled cytc variants (Figure
2 and Supporting Information). Measurements of FET kinetics
produced snapshots of theP(r) distributions of the transient
species.17 As our data show, the polypeptide ensemble of the folding
protein is much more heterogeneous than a uniformly collapsed
molten globule: there are distinct populations of disparate structures,
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some compact and others more extended. Moreover, local interac-
tions appear to be different as well. Site-specific EPR spin-labeling
studies of cytc refolding have revealed early immobilization of a
spin-label at residue 50.18 By contrast, we find that this site is very
mobile in the molten globule. Clearly, the equilibrium molten
globule is not a suitable model for the early intermediates in cytc
refolding. The conformational properties of this partially unfolded
state may be more closely related to those of late intermediates5,19

or even the native state. Rather than providing a model for folding
intermediates, the cytc molten globule may serve as a valuable
template for understanding the molecular determinants of cooper-
ativity.

Natively unstructured proteins are central to many cellular
processes and may be responsible for some human diseases.1,20

Studies of unfolded, partially folded, and molten globule states are
important for understanding the forces that determine different
protein folds as well as the origin of their malignant behavior. De
novo designed protein models have predetermined secondary
structure and mimic many functional properties of natural proteins,
but often lack rigid frameworks.21 The structural features of these
artificial proteins are reminiscent of those of molten globules:
despite many secondary and tertiary contacts, the potential energy
surface is broad, giving rise to substantial conformational hetero-
geneity. More work needs to be done to understand fully the nature

of key interactions that preferentially stabilize only a limited set of
molecular conformations and thus lead to a stable three-dimensional
protein structure.
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Figure 1. (a) Positions of the labeling sites inSaccharomyces cereVisiae iso-1 cytc. (b) Distributions ofD-A distances,P(r), in Dns50cyt and Dns66cyt
at pH 2.0, 18°C, and different concentrations of Na2SO4 from ME analyses of the FET kinetics. The analyses yielded upper limits for the distribution widths
consistent with our data. At distances longer than 1.5R0, energy transfer rate constants andD-A distances cannot be determined reliably; the structures with
r g 1.5 R0 are represented with a single bar.

Figure 2. Distributions ofD-A distances,P(r) (ME analysis), in Dns50cyt
and Dns66cyt for the native state at pH 7.0 (N); the molten globule, at pH
2.0 and 1.0 M Na2SO4 (MG); the transient species formed 1 ms after
stopped-flow triggered refolding (0.2 M GuHCl, 0.15 M imidazole, pH 7.0)
(I* ); and the unfolded state at 2 M GuHCl, 0.15 M imidazole, pH 7.0 (U).
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