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ABSTRACT: Structural analysis of the initial steps in protein folding is difficult because of the swiftness
with which these steps occur. Hence, the link between initial polypeptide chain collapse and formation of
secondary and other specific structures remains poorly understood. Here, an equilibrium model has been
developed for characterizing the initial steps of folding of the small protein barstar, which lead to the
formation of a productive molten globule in the folding pathway. In this model, the high-pH-unfolded
form (D form) of barstar, which is shown to be as unstructured as the urea-denatured form, is transformed
progressively into a molten globule B form by incremental addition of the salt Na2SO4 at pH 12 . At very
low concentrations of Na2SO4, the D form collapses into a pre-molten globule (P) form, whose volume
exceeds that of the native (N) state by only 20%, and which lacks any specific structure as determined by
far- and near-UV circular dichroism. At higher concentrations of Na2SO4, the P form transforms into the
molten globule (B) form in a highly noncooperative transition populated by an ensemble of at least two
intermediates. The B form is a dry molten globule in which water is excluded from the core, and in which
secondary structure develops to 65% and tertiary contacts develop to 40%, relative to that of the native
protein. Kinetic refolding experiments carried out at pH 7 and at high Na2SO4 concentrations, in which
the rate of folding of the D form to the N state is compared to that of the B form to the N state, indicate
conclusively that the B form is a productive intermediate that forms on the direct pathway of folding
from the D form to the N state.

Molten globule-like folding intermediates, whether kinetic
(1-6) or equilibrium (7-11), have been implicated as
productive intermediates in the folding of many proteins, and
their importance has been validated by many theoretical
studies (7, 12-14). Little is understood, however, about the
nature of the transition that separates the initial partially
folded molten globule form from the completely unfolded
form on the folding pathway. Thermodynamic studies of
equilibrium molten globules have been unable to resolve
explicitly whether the transition between the completely
unfolded and molten globule forms is a first- or higher-order
transition (15, 16). Moreover, although their temporal
resolution has now improved sufficiently to cover the relevant
time domain (17), kinetic studies still lack the structural
resolution to allow a detailed analysis of the steps leading
to the formation of molten globule (18). Elucidation of these
steps in structural detail is vital to an understanding of the
conformations that are accessible for sampling by a polypep-
tide chain as it folds to a molten globule on its route to the
native state.

The 89 amino acid residue protein barstar has proven to
be a useful model protein to study the initial steps in protein
folding. In marginally stable refolding conditions, a hydro-
phobic collapse has been shown to precede formation of
specific structure (19), and molten globule-like intermediate

forms are populated not only at equilibrium (20, 21) but also
transiently on the major folding pathway (22, 23). Barstar
provides an unique opportunity for developing an equilibrium
model for the steps that lead to the formation of a molten
globule because (1) it can be completely unfolded in the
absence of chemical denaturant at high pH and (2) a suitable
manipulation of solvent conditions can be used to enable
formation of a molten globule from the completely unfolded
form under equilibrium conditions.

Here, equilibrium studies have been used in conjunction
with kinetic studies of a mutant form of barstar, W38FW44F,
which contains a single Trp, Trp53, in the core of the fully
folded protein, to study the mechanism of formation of a
molten globule that populates the direct folding pathway.
Barstar has a charge of-18 at pH 12. The electrostatic
repulsions between the negative charges keep the high-pH-
unfolded D form as expanded as the high-urea-unfolded U
form (24, 25). The ability of a salt such as Na2SO4 to shield
electrostatic interactions when added at low (<0.1 M)
concentrations has been exploited to minimize the electro-
static repulsions, so as to drive the D form into a collapsed
P form. It is shown that the P form has near-native
compactness but no specific secondary or tertiary structure.
Then, the well-known ability of Na2SO4 to strengthen
hydrophobic interactions (26), when added at high concen-
trations, has been exploited to drive the collapsed P form
into the molten globule B form. It is shown that the transition
from the P to B form is highly noncooperative. Finally,
kinetic studies, in which the fluorescence of Trp53 has been
used to monitor folding, have been used to demonstrate that
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the B form is populated on the direct pathway of folding
from the D form to the N state.

MATERIALS AND METHODS

Protein Purification. The double tryptophan mutant of
barstar, W38FW44F, was purified using the procedure
described earlier (20). The purity of the protein was
confirmed by SDS-PAGE and MALDI-TOF mass spec-
trometry, and was found to be>98% pure. Mass spectrom-
etry was also used to verify that the protein was not
chemically modified by exposure to pH 12.

Buffers.All reagents used to make buffers were of the
highest purity grade; 30 mM sodium tetraborate, 250µM
EDTA, and 0-1 M Na2SO4 were the principal buffer
components. DTT was used in 50-fold molar excess of
protein concentration. The pH was adjusted to 12 using
NaOH. Urea-induced unfolding of the protein equilibrated
at pH 12 with different Na2SO4 concentrations was carried
out by equilibrating the samples with increasing urea
concentrations. Refractive indices were determined using an
Abbe-type refractometer (Milton Roy). Spectroscopic mea-
surements were carried out after 3 h aswell as after 24 h of
incubation. All buffer solutions were filtered through 0.22
µm filters before use. Protein concentrations used were
typically 2 µM for fluorescence, 20µM for far-UV CD and
SEC, and 400µM for near-UV CD and DLS. All experi-
ments were performed at 25°C, and over a 10-fold range of
protein concentrations to rule out any concentration depen-
dence.

Spectroscopic Methods.Far- and near-UV CD measure-
ments were carried out on a Jasco J-720 spectropolarimeter
using a 1 mmpath length cuvette. Intensities were obtained
at 222 and 275 nm, and averaged over 60 s. Spectra were
collected in the 200-250 nm as well as the 250-300 nm
range, with a step resolution of 0.1 nm, a scan speed of 20
nm/min, and a bandwidth of 1 nm. Each spectrum was
averaged over 10 scans. Fluorescence intensities at 320 nm
were obtained on a SPEX fluorolog spectrofluorometer by
exciting the sample at 295 nm. Spectra were recorded from
300 to 400 nm, with a scan speed of 1 nm/s and excitation
and emission bandwidths of 5 nm. Each spectrum was
averaged over 5 scans.

Hydrodynamic Methods.DLS experiments were carried
out on a DynaPro-99 unit (Protein Solutions Ltd.). Samples
were incubated for 3 h in buffers at pH 12 containing 0-1
M Na2SO4. The samples were degassed, spun down at 14 000
rpm for 15 min, and filtered through 0.02µm filters. Data
were acquired over 150 s, where each data point was
averaged over 3 s at asensitivity of 80%. All fluctuations in
scattering intensities greater than 15% were excluded from
data analysis. The DynaLS software (Protein Solutions Ltd.)
was used to resolve the measurements into well-defined
Gaussian distributions. The goodness of fit was verified by
the residuals. Viscosities of solutions were determined from
measured refractive indices.

Data Analysis.The equations used for a three-state, Ph
IB h B, analysis of the Na2SO4-induced structural transfor-
mation of protein from the P to the B form have been
described previously (27). In this analysis, the free energy
changes∆GIP and∆GBI, which characterize the Ih P and
B h I equilibria, respectively, are assumed to have linear
dependences on Na2SO4 concentration.

The linear dependence of the free energy of stability on
Na2SO4 concentration follows from the mode of stabilization
by Na2SO4 being through a preferential exclusion mechanism
(26). Similarly, the free energy of activation of any elemen-
tary step of the folding mechanism is expected to have a
linear dependence on Na2SO4 concentration; consequently,
for each elementary step, log(rate constant) is expected to
depend linearly on Na2SO4 concentration.

RESULTS AND DISCUSSION

Collapse of the Polypeptide Chain.Dynamic light scat-
tering (DLS) measurements show that the N state of barstar
at pH 7 has an effective hydrodynamic radius of 1.90( 0.05
nm, a value similar to that obtained previously from time-
resolved anisotropy decay measurements (28). Figure 1a
shows that the D form at pH 12 has a hydrodynamic radius
of 3.9 ( 0.15 nm, similar to that of the U form in 6 M
GdnHCl at pH 7, and that upon addition of 0.05 M Na2SO4,
the D form collapses into a pre-molten globule, or P form,
with a hydrodynamic radius of 2.35( 0.15 nm. Figure 1b
shows that no change in the far-UV CD occurs upon addition
of 0.05 M Na2SO4, and that the P form, whose volume
exceeds that of the N state by only 20%, resembles the D
and U forms in being devoid of any specific secondary
structure. Size-exclusion chromatography (SEC) measure-
ments show that the P form is more compact than the D
form: the elution volumes for the D form at pH 12, the P
form at pH 12 in 0.05 M Na2SO4, and the N state at pH 7
were 15, 16.8, and 16.8 mL, respectively, on a Superose 6
column. These results confirm the results of the DLS
measurements that the P form has near-native compactness.

FIGURE 1: Collapse precedes secondary structure formation. (a, c)
Hydrodynamic radius of the salt-induced forms at pH 12 as
monitored by DLS, plotted as a function of Na2SO4 concentration.
The dashed line at 1.9 nm corresponds to the hydrodynamic radius
of native protein at pH 7. (4) represents the hydrodynamic radius
for the U form at pH 7, 6 M GdnHCl. (b, d) Salt-induced changes
in the mean residue ellipticity at 222 nm for the D form. The dashed
line is the value for native protein at pH 7. The dotted line is the
value for the U form in 8 M urea at pH 7. The values represent the
averages, and the error bars represent the standard deviations from
three separate experiments.
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The intrinsic fluorescence intensity at 320 nm of Trp53 is
the same in the P, D, and U forms. Nevertheless, the emission
maximum shifts from 357 nm for the D or U forms to 352
nm for the P form, suggesting that Trp53 may not be as
completely hydrated in the latter as it is in any of the former.
The near-UV CD properties of the P form are similar to those
of the D and U forms, suggesting that the P form is indeed
a structure-less globule.

The Transition from the Pre-molten Globule P Form to
the Molten Globule B Form.Upon a gradual increase in Na2-
SO4 concentration, from 0.05 to 1 M, the polypeptide chain
retains the compactness of the P form (Figure 1c), while
secondary structure is seen to develop in an apparently
cooperative manner (Figure 1d). The P form transforms into
the molten globule B form, in 1 M Na2SO4. In 1 M Na2SO4,

the ellipticity at 222 nm of the B form has the same value
as does the molten globule-like A form of barstar which
forms at pH 3 (20). Figure 2a shows that the far-UV CD
spectra of the protein in different concentrations of Na2SO4

in the range 0.05-1 M exhibit an isodichroic point at 205
nm. This would normally suggest that the Ph B transition
is two-state, and Figure 2b shows that the B form achieves
65% of the secondary structure of the N state.

The near-UV CD spectra (Figure 2c) do not display an
isodichroic point, and a peak at 270 nm develops progres-
sively upon addition of Na2SO4. Figure 2d shows that upon
gradually increasing the Na2SO4 concentration, the near-UV
CD ellipticity at 275 nm increases from a value of near zero
(which corresponds to the value of the D, U, and P forms)
to a value corresponding to 40% of the value of the N state.

FIGURE 2: Spectroscopic characterization of the pre-molten globule to molten globule transition. (a) Dependence of mean residue ellipticity
on wavelength in the peptide region as a function of Na2SO4 concentration. The solid line represents the native protein spectrum with
maxima at 208 and 220 nm. (b) Relative ellipticity at 222 nm plotted as a function of Na2SO4 concentration. (c) Dependence of mean
residue ellipticity on wavelength in the aromatic region as a function of Na2SO4 concentration. The solid line represents the native protein
spectrum with a maximum at 268 nm. (d) Relative ellipticity at 275 nm plotted as a function of Na2SO4 concentration. (e) Fluorescence
emission spectra recorded as a function of increasing Na2SO4 concentration, upon excitation at 295 nm. The solid line represents the native
protein spectrum at pH 7, with aλmax at 329 nm. The inset shows the Na2SO4 dependence of theλmax of protein. (f) Relative fluorescence
of tryptophan at 320 nm plotted as a function of Na2SO4 concentration. The dotted lines in panels a, c, and e represent the unfolded protein
spectra. Spectra were also obtained after addition of 0.1, 0.25, 0.55, and 1 M Na2SO4 to the unfolded protein as shown in panels a, c, and
e. All values in panels b, d, and f have been obtained by normalizing to the native protein value.
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Like for the D and U forms, the P form has an intrinsic
tryptophan fluorescence intensity which is about 10% of that
of the N state. When the Na2SO4 concentration is gradually
increased from 0.05 to 1 M, the fluorescence emission spectra
show increasing blue shifts (Figure 2e) with the emission
maximum changing from 352 nm for the P form in 0.05 M
Na2SO4 to 330 nm for the B form in 1 M Na2SO4 (Figure
2e, inset). Thus, the wavelength of maximum fluorescence
emission is the same for the B form and the N state.
Throughout the range of Na2SO4 concentrations, the fluo-
rescence emission spectra completely overlie each other
beyond 360 nm. The intensity of tryptophan fluorescence at
320 nm increases with increasing Na2SO4 concentration, from
a value in 0.05 M Na2SO4 corresponding to 10% of the
fluorescence of the N state, to saturate by 0.6 M Na2SO4 at
a value corresponding to 30% of the fluorescence of the N
state. The lower intensity seen for the B form as opposed to
that seen for the N state could be due to the lack of defined
packing interactions which bring the Asp52 side chain in
close proximity to the indole group of Trp53, quenching its
fluorescence. All Na2SO4-induced structural transitions were
found to be completely reversible, and identical results were
obtained over a 10-fold range of protein concentration.

Other observations also rule out possible protein aggrega-
tion artifacts: (1) negligible aggregation was observed in
the DLS experiments at any Na2SO4 concentration; (2) no
aggregation was observed in SEC experiments at any Na2-
SO4 concentration (data not shown); and (3) time-resolved
measurements of the fluorescence anisotropy decay of Trp53
show that the anisotropy decays to zero within 16 ns at any
Na2SO4 concentration (unpublished results). Since the rota-
tional correlation time of the N state, and also of the B form,
is 5.5 ns, this result indicates that there are no high molecular
weight forms present, because otherwise longer rotational
correlation times would have been observed.

Collapse Precedes Formation of Secondary Structure. The
data in Figures 1 and 2 clearly indicate that collapse of the
polypeptide chain precedes formation of any specific struc-
ture during the salt-induced formation of the molten globule
B form of barstar at pH 12. In an earlier study of the folding
of barstar in 1 M GdnHCl at pH 7, it had been shown that
the initial step of folding was a hydrophobic collapse that
was not accompanied by formation of secondary structure,
all of which formed afterward (19). The measurements
carried out here provide direct evidence for the existence of
a globally collapsed state devoid of secondary structure,
under equilibrium conditions. It is not clear as to what extent
subsequent secondary structure formation is facilitated by
the collapse, because it must proceed through the rearrange-
ment of groups in a highly viscous interior (29). Cytochrome
c is the only other known example of a protein which can
be transformed into a relatively compact form with essentially
no secondary structure, albeit by removal of the covalently
bound heme group (30), but the earliest studied kinetic
intermediate on its folding pathway does have significant,
although little, secondary structure(31).

NoncooperatiVe Nature of the Pre-molten Globule to
Molten Globule Transition.When the data in Figure 2 are
normalized to a value of 0 for the P form and a value of 1
for the B form (Figure 3), the three structural probes yield
nonoverlapping transitions. The two probes used to monitor
global tertiary structure, near-UV CD, and intrinsic tryp-

tophan fluorescence yield coincident transitions, while far-
UV CD, which provides an estimate of the global secondary
structural content, yields a transition curve that is more
sigmoidal and which saturates at a higher Na2SO4 concentra-
tion. Thus, the Ph B transition is not two-state, as suggested
by the observation of an isodichroic point (Figure 2a). It
appears that the observed isodichroic point occurs purely out
of a coincidence of the CD properties of multiple intercon-
verting forms. The data in Figure 3 fit well to a three-state
P h IB h B mechanism, where IB is an intermediate that
possesses relatively more of the tertiary structure and
relatively less of the secondary structure of the B form.
Nevertheless, the data in Figure 3 do not rule out the
possibility that IB represents an ensemble of intermediate
forms whose structures change progressively with a change
in Na2SO4 concentration.

Is the P h B Transition a Continuous Transition?To
determine whether the Na2SO4-induced structural transfor-
mation that accompanies the Ph IB h B transition involves
only one discrete intermediate, IB, equilibrium urea-induced
unfolding curves were determined for the protein incubated
in different Na2SO4 concentrations at pH 12. Figure 4
compares the far-UV CD-monitored unfolding curves for
protein in 0, 0.3, 0.6, and and 1 M Na2SO4 at pH 12. No
unfolding transition is observed in 0 M Na2SO4, and the data
for 0 M Na2SO4 at pH 12 fall on the linear extrapolation of
the unfolding baseline determined for the urea-induced
unfolding curve measured at pH 7 (Figure 4, inset), confirm-
ing that there is no residual structure in the D form that is
dissolved upon addition of urea. When Na2SO4 is, however,
present, unfolding transitions can be observed, and these
transitions occur at higher urea concentrations when higher
concentrations of Na2SO4 are present. Even in 1 M Na2SO4,
however, the unfolding curve, which represents the unfolding
of the B form, appears to be noncooperative relative to the
unfolding curve representing the unfolding of the N state
(Figure 4, inset). Moreover, the shapes of the transitions
change dramatically, and clearly indicate that the unfolding
curves observed in 0.3 and 0.6 M Na2SO4 are not the
weighted arithmetic sums of the unfolding curves observed
in 0 and 1 M Na2SO4. Clearly, IB must represent more than

FIGURE 3: Noncooperative nature of the pre-molten globule to
molten globule transition. Na2SO4-induced changes of ellipticity
at 222 (b) and 275 nm (O) and of fluorescence at 320 nm (4) as
shown in Figure 2 were normalized to each other. For each
spectroscopic probe, the signal,Y, at any salt concentration was
converted tofapp, the fractional change in optical signal, using the
equation: fapp) (Y- YP)/(YB - YP). YP andYB represent the signals
corresponding to the P form in 0.05 M Na2SO4 and the B form in
1 M Na2SO4, respectively. The solid lines through the points
represent a fit to a Ph I h B mechanism (27).

Accelerated Publications Biochemistry, Vol. 41, No. 6, 20021713



one discrete intermediate state between the P and B forms.
Similar results are obtained when intrinsic tryptophan
fluorescence is used to monitor the urea-induced unfolding
transitions (data not shown).

The B Form Is a Typical Molten Globule. Molten globule
forms of proteins are highly dynamic forms with considerable
secondary structural elements, relatively few tertiary contacts,
and nativelike compactness (9, 32, 33). The data in Figures
1-4 indicate that the B form of barstar possesses many of
these characteristic properties. It is compact, and its volume
exceeds that of the N state by only 20%. It has 65% of the
secondary structure of the N state as judged by far-UV CD,
but very little specific tertiary structure as judged by near-
UV CD. It appears that Trp53, which is completely buried
in the core of fully folded barstar, is also fully buried in the
B form, because water seems to be completely excluded from
the vicinity of Trp53 as judged by its intrinsic tryptophan
fluorescence spectrum. This could be an indication that the
core of the B form is dry, and the B form would therefore
qualify as a dry molten globule. It therefore appears that even
the small number of tertiary interactions present in the B
form results in water being excluded from its hydrophobic
core. At the present time, it is not possible to determine
whether these tertiary interactions are concentrated in the
core. Statistical mechanical models have indicated that a dry
molten globule has a collapsed hydrophobic core stabilized
by hydrophobic interactions that exclude water from the
interior (34, 35), and that such a collapsed form may also
induce helical conformations in the polypeptide chain (34,
36). In contrast, the IB forms resemble more a wet molten
globule (see inset, Figure 2e), whose structure is loose
enough to allow solvent water to penetrate inside (37-39).

The B Form Undergoes NoncooperatiVe Unfolding. The
urea-induced unfolding curve of the B form of barstar in 1
M Na2SO4 at pH 12 is clearly noncooperative (Figure 4),
which is most likely due to the absence of specific interac-
tions between secondary structural units. Similarly, the
unfolding transition of the humanR-lactalbumin molten
globule form at pH 2 is also not two-state (40). In contrast,
the unfolding transitions seen for apomyoglobin (41-43) and

cytochromec (44-46) molten globules, in which the helices
have been shown to interact specifically with nativelike side
chain interactions, are highly cooperative. Amino acid
substitutions that affect the side-chain packing, and hence
the stability of the molten globule form, also change the
apparent cooperativity of the unfolding transitions of several
proteins (41, 44, 46-48) and suggest that there is a definite
correlation between the degree of cooperativity and stability,
for the various molten globules.

The Molten Globule Intermediate Is an On-Pathway
Intermediate.When either the D or the B form is shifted
from pH 12 to pH 7, it folds completely and reversibly to
the N state. It is possible to address the important question
of whether the B form actually populates the pathway of
folding from the D form to the N state, because just as the
D form can be fully populated at equilibrium at pH 12 in
the absence of any Na2SO4, so can the B form be fully
populated at equilibrium at pH 12, in the presence of 1 M
Na2SO4. Both the D and B forms were transferred to identical
refolding conditions at pH 7, and their refolding kinetics
compared.

A total of 85% of the fluorescence change that occurs
during the Df N reaction at pH 7 occurs in a fast phase
with a rate constant of 50( 5 s-1. With increasing Na2SO4

concentration in the final refolding conditions, the observed
rate of the fast phase increases in value to saturate at a value
of 100 s-1 in 0.4 M Na2SO4 (Figure 5a), while its relative
amplitude remains unchanged at 85%. The nonlinear depen-
dence of log(observed rate) on Na2SO4 concentration sug-
gests that at least one intermediate stabilized by Na2SO4

populates the folding pathway from D to N (see below). The
mechanisms of folding from the D and U forms are similar:
the refolding rate at any concentration of GdnHCl in the
range 0.6-1.5 M is identical whether refolding is initiated
from the D form at pH 12 or from the U form in 8 M urea
at pH 7 (data not shown). Salt-induced acceleration of the
fast observed rate is also seen when folding is commenced
from the 8 M urea-unfolded U form, and is attributed
similarly to stabilization of an early folding intermediate by
the salt (L. Pradeep and J. B. Udgaonkar, unpublished
results).

When the B form in 1 M Na2SO4 is shifted from pH 12
to pH 7, it folds completely to the N state; 85% of the
fluorescence change that occurs during the Bf N reaction
occurs in a fast phase with an apparent rate of 120 s-1 (Figure
5a), and the observed amplitude as well as rate are
independent of the concentration of Na2SO4 in the final
refolding conditions.

The data in Figure 5a can be analyzed according to a
simple D h B f N mechanism of folding, where the B
form is placed as an intermediate on the direct folding
pathway. Since the B form is stabilized by the presence of
Na2SO4, the observed rate of refolding of the D form to the
N state is expected to increase with increasing Na2SO4

concentration. Conversely, if the B form were an off-pathway
intermediate as in a Bh D f N mechanism, the observed
rate of refolding of the D form would be expected to decrease
with increasing Na2SO4 concentration, and the rate of folding
of the B form to the N state would never exceed the rate of
folding of the D form to the N state. Since the rate of folding
of the D form is observed to increase with increasing Na2-
SO4 concentration, and the rate of folding of the B form to

FIGURE 4: Equilibrium urea-induced unfolding of different forms
of barstar. Equilibrium unfolding curves were monitored by far-
UV CD at 222 nm. The inset shows the cooperative transition of
the native protein at pH 7. (O) represents the dependence on urea
concentration of the optical properties of the pH 12-unfolded D
form. (4), (3), and (b) represent urea-induced unfolding curves
of forms populated in 1, 0.6, and 0.3 M Na2SO4, respectively, at
pH 12. The solid lines represent the expected titration as obtained
from the weighted averages of the optical properties of the D and
B forms.
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the N state exceeds that of the D form to the N state at lower
Na2SO4 concentrations, it is clear that the B form must be
on-pathway. Thus, like the equilibrium molten globule forms
of other proteins which also populate direct folding pathways
(1, 18, 49-53), the B form of barstar also appears to be
populated on the direct folding pathway from the D form to
the N state.

Kinetic simulations of the data in Figure 5a, using the
KINSIM program (54), were used to establish that the Dh
B h N mechanism is indeed valid, and, most importantly,
that the alternative Bh D h N mechanism is not, for the
reasons described above. The results of the simulation
according to the Dh B h N mechanism, which accounts
for the observed rates when folding is commenced from
either the D or the B form, are shown in Figure 5b. As
expected, the rate of the Df B reaction increases, and that
of the B f D reaction decreases with increasing Na2SO4

concentration. The nonlinear dependences of the logarithms
of these simulated rate constants on Na2SO4 concentration
suggests that the Dh B reaction is itself not two-state but
multi-state (see Materials and Methods), in support of the
equilibrium experiments (Figures 1-4).

Nature of the Transitions from the D Form to the N State.
The combination of Na2SO4-induced equilibrium folding
experiments in which the highly noncooperative structural
transformation of the D form to B form has been character-

ized, and kinetic folding experiments which clearly place
the B form as a productive intermediate on the folding
pathway of the D form to the N state at high Na2SO4

concentrations, allows a structural dissection of the pathway
of folding of the D form to the N state into the following
steps:

The first step is the collapse of the polypeptide chain to
the pre-molten globule P form, whose volume exceeds that
of the N state by only 20%, but which is, nevertheless,
structure-less. While this first step does not appear to be a
cooperative first-order transition, it has not been possible to
determine conclusively whether it is indeed a second-order
transition. Statistical mechanical models of polymers pos-
tulate that the collapse of a random coil into a compact,
molten liquid-like state proceeds by a change in second-order
derivatives such as heat capacity and compressibility, and
is therefore a second-order phase transition (36-38). It is
expected that structural characterization of the P, IB, and B
forms by three-dimensional heteronuclear NMR methods
(55), now in progress, will allow a better understanding of
these higher-order transitions.

The pre-molten globule P form then transforms to the
molten globule B form, by a noncooperative structural
transition, which has been shown to involve at least two
members of what is likely to be a large intermediate
ensemble, IB. Thus, the transformation of the P form to the
B form appears to be a higher-order transition such as those
seen for homopolymers, which have multiple energy minima
to reside in, making the transitions appear continuous (38).
The transition from the molten globule B form to the N state
appears to be a first-order transition, where the two forms
are separated by a defined energy barrier.
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