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The folding of globular proteins occurs through intermediate states whose characterisation provides information about the mechanism of folding.
A major class of intermediate- states is the compact ‘molten globule’, whose characteristics have been studied intensively in those conditions in
which it is stable (at acid pH, high temperatures and intermediate concentrations of strong denaturants). In studies involving bovine carbonic
anhydrase, human a-lact-albumin, bovine f-lactoglobulin, yeast phosphoglycerate kinase, f-lactamase from Staphylococcus aureus and recombinant
human interleukin 18, we have demonstrated that a transient intermediate which accumulates during refolding is compact and has the properties
of the ‘molten globule’ state. We show that it is formed within 0.1-0.2 s. These proteins belong to different structural types (8, «+ 8 and «/f),
with and without disulphide bridges and they include proteins with quite different times of complete folding (from seconds to decades of minutes).
We propose that the formation of the transient molten globule state occurs early on the pathway of folding of all globular proteins.

Protein folding; Folding intermediate; Folding kinetics; Framework model

The stable molten globule states obtained under mild
denaturing conditions have been shown to be con-
sistently much more compact than state U by viscosity,
sedimentation, diffuse X-ray scattering, quasielastic
light scattering and urea gradient electrophoresis for
CARB [4], SLase [5,6] and oL A [1,2,7]. It is almost as
compact as state N [1-7] and has a pronounced secon-
dary structure [1-4,6,8]. This secondary structure can
be N-like and the molten globule may have some
features of the N fold [9]. However, this state differs
from state N by the absence of close packing through-
out the molecule and by a substantial increase of fluc-
tuations in side chains as well as of larger parts of the
molecule [1-3]. In agreement with these data, the
equilibrium molten globule states for SLase [10] and
CAB both have Ves on FPLC gel exclusion that are in-
termediate between the Ves for N and U states. This
permits the use of FPLC not only for the evaluation of
the compactness of these states but also to monitor the
kinetics of the formation of state N in refolding ex-
periments [10].
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Fig.1 presents the results of the refolding of 3 pro-
teins studied using FPLC. The elution profiles of SLase
in the N and U states as well as the molten globule state
stable at intermediate concentrations of urea, earlier
termed the ‘H-forms’ [5], are shown in fig.1a. The H-
forms of SLase and CAB (not shown) have closely
similar elution volumes that are substantially larger and
therefore considerably more compact than the fully un-
folded forms.

During refolding of #Lase and CAB from state U, us-
ing conditions under which state N is stable, aliquots
applied to the FPLC column at times following initia-
tion of refolding are eluted as two peaks. One of these
peaks corresponds to state N and the other to the
kinetical intermediate which has been termed state I by
analogy with the compact intermediate state identified
by urea gradient gel electrophoresis [12,23]. Fig.1b,c
shows that Ve for state I lies between those for states N
and H, and that therefore the kinetical intermediate is
even more compact than the equilibrium one. Kinetical
intermediates with the same elution volumes have also
been observed for fLase and CAB in the cases where
protein renaturation starts from state H rather than
from state U.

Fig.1b,c shows that the rates of the I — N transition,
measured by change of elution volume for all 3 proteins
under the stated conditions, are slow enough to be
monitored by FPLC techniques. It is important to note
that the rates of formation of state N for these proteins
are similar to the rates of regain of the molar ellipticity
in the near UV region as well as of enzyme activity. In
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these experiments and also when the protein in state U
or state H is applied directly to the FPLC column
equilibrated with refolding buffer, only state I and state
N are seen in proportions depending on the column con-
ditions. No peak corresponding to state H is found
under any refolding conditions. Thus, the collapse from
state U (or state H) into state I must occur within the
first minute of refolding. Further, state H is not
significantly populated during refolding.

Thus, the refolding of CAB and #Lase involves the
rapid collapse and accumulation of a state that is more
compact than state H but more expanded than state N.
That this type of folding intermediate is not restricted to
proteins that exhibit a stable equilibrium type H in-
termediate is demonstrated by the folding of IL-15. The
reversible equilibrium unfolding of this protein is a two-
state process [13] but the kinetics of its refolding show
that it rapidly collapses to state I which accumulates
and transforms more slowly to the native state (fig.1d).

Approximately 85% of the far UV ellipticity of CAB
[14,15], BLase and IL-18 [13] is regained within the
usual dead time for measuring ellipticity (<1 min). The
remainder of the native ellipticity is regained with the
same rate constants as for near UV c.d., activity and
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Fig.1. Gel exclusion chromatography of refolding proteins. (a) Elu-
tion profiles of SLase equilibrated at 15°C in 0.01 M Na-phosphate,
0.09 M NaCl, pH 7.0 (state N), and with the addition of 2.0 M urea
(state H) and of 4.0 M urea (state U). The thermostatted Superose 12
column was equilibrated and eluted in each case with the respective
buffer at 15°C. (b) Refolding of SLase from state H (2.0 M urea) by
dilution to 0.5 M urea in the pH 7 phosphate/NaCl buffer under
which conditions the protein refolds to state N. After dilution, 50 .1
aliquots containing 1-3 M protein were applied at the times (mins)
shown to the column, equilibrated and eluted with refolding buffer.
Identical elution profiles and kinetics were obtained on refolding
from U and H states. (c) Bovine CAB refolding initiated by dilution
from state U in 5§ M GdmCl to 0.96 M GdmCl in 0.01 M MES, 0.09
M NaCl, pH 6.7 at 15°C. Some aggregated material was eluted before
state I but linear first-order plots for kinetic measurements were ob-
tained from consideration of the peaks corresponding to states I and
N. The equilibrium state H elutes at 12.4 ml. (d) Refolding of IL-14
by dilution from 2 to 0.8 M GdmCl in 0.01 M MES, 0.09 M NaCl, pH
6.6 at 5°C. Proteins were eluted using the FPLC apparatus (Phar-
macia) at a flow rate of 0.5 m!/min.

native elution volume. The results obtained by stopped-
flow techniques for ribonuclease [16], LA [17-19],
lysozyme [17], cytochrome ¢ [20], SLG [20] and par-
valbumin [21] show that secondary structure is formed
early in protein folding before N structure formation.
These results demonstrate that a substantial amount of
N-like, secondary structure is present in the compact
state I.

On the other hand, compact kinetical intermediates
of CAB [14,15,22], SLase and IL-18 {13] have no near
UV c.d.. Moreover the high-resolution NMR spectrum
of state I, shown here for fLase (fig.2), demonstrates a
dramatic reduction in the stable tertiary interactions
present in state N. This is confirmed in the aromatic
region also. The high field methyl resonances are par-
ticularly noticeable by their absence in state I in both
BLase (fig.2) and CAB [22]. In addition, the activity of
CAB [14,15,22] and SLase [12] is completely absent in
state I.

It follows that the early compact kinetical in-
termediate in protein folding (state I) has all the proper-
ties of the molten globule state. The existence of the
molten globule state as a kinetical intermediate was first
described for CAB [15,22]. It is now established also for
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Fig.2. High resolution NMR spectra of the kinetic intermediate I state. Refolding of fLase was initiated by diluting a 45 mg/ml solution in 2.0

M urea, 0.01 M Na-phosphate, 0.09 M NaCl to 0.7 M urea in buffer at 0°C. The solution was immediately transferred to a cooled NMR tube

and the spectrum measured at 15°C within 3~4 min. During this time, there was only a small accumulation of state N judged by gel exclusion and

by near UV c.d. More than 90% enzyme activity was recovered on allowing refolding under these conditions to proceed to completion. Upper spec-
trum, N state; lower, I state. (a) Aromatic region; (b) aliphatic region.

BLase and IL-18, as well as for aL A, FLG and PGK
(sece below).

Unfortunately, FPLC like all other non-optical
methods cannot be used for investigating fast processes
and therefore one cannot apply this method to measure
the time of formation of the molten globule state. We
have therefore used a hydrophobic probe ANS whose
fluorescence sharply increases upon its binding to a pro-
tein molecule. It has been shown that the fluorescence
of ANS in the presence of LA and CAB [24] as well as
of ALase is much stronger under conditions in which
these proteins are in the molten globule state, as com-
pared with their N and U states. We have suggested
[22,24] that ANS binds much better to the I and H
states because non-polar groups in the molten globule
are more accessible to solvent than in state N. Fig.3
shows the changes of intensity of ANS fluorescence
during the refolding of 5 proteins. The existence of
maxima on these curves reflects the formation of the
molten giobule state and its subsequent slower transi-
tion to state N. ANS binding to a protein in the molten
globule state occurs within the dead time of the stopped
flow experiment (0.002-0.02 s) [24]. Therefore, the
observed increase in the intensity of ANS fluorescence
reflects formation of the molten globule I state, i.e, the
formation of a non-rigid hydrophobic core. This point
of view is confirmed by the kinetics of CAB refolding
monitored by other methods.

The rate of increase of ANS fluorescence has been
shown to be essentially the same as the rate of molecular
compactization of CAB measured by another empirical
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method, the intensity of electron spin resonance signals
of spin labels, as well as by the more direct method of
energy transfer from tryptophan residues to dansyl
labels randomly attached to the protein molecule [22].
On the other hand, the rate of decrease of the intensity
of ANS fluorescence, reflecting its desorbtion from the
protein, is close to the rates of formation of state N
measured by the regain of N Ve (this paper), near UV
c.d., enzyme activity and the slow phase of the regain of
N absorbance [22].

Thus the data presented in fig.3 show that a kinetical
intermediate identified as the compact molten globule
state is formed within 0.1-0.2 s. They show also that
not only CAB, SLase and IL-18, but also aL A, LG
and PGK go through this kinetical intermediate during
their folding to the native structures. These proteins
belong to different structural types including 8, o+ 48
and a/f, both with and without disulphide bridges.
They include proteins which exhibit a molten globule
state at equilibrium in mild denaturing conditions and
those which do not exhibit an equilibrium molten
globule state. The rates of their complete refolding have
been shown to differ by orders of magnitude. These
data suggest that the transient molten globule I-type
compact state occurs generally in the folding of
globular proteins.

In 1973, one of us suggested [25] that protein folding
involves at least 3 steps: (i) the formation of the native
secondary structure in an unfolded chain; (ii) the col-
lapse of these embryos into an intermediate compact
state which is stabilized mainly by hydrophobic interac-
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Fig.3. Refolding of globular proteins monitored by ANS
fluorescence. Refolding from state U was initiated by 2- or 6-fold
dilution of denaturant solution containing protein and ANS. Change
of ANS fluorescence was monitored with a ‘Durrum’ stopped-flow
apparatus {dead time ~ 2 ms) or with a stopped flow fluorescence
spectrometer at 480 nm with excitation at 380 nm. Final concentration
of protein was 5 x 107° M and of ANS 10~* M. Refolding of bovine
CAB from 8.0 10 4.0 M urea (similar results were obtained from 4.0
to 0.7 M GdmCl) in 0.05 M Tris-HC], pH 8.0 at 23°C; yeast PGK
from 2.7 to 1.35 M urea or 2.0 to 0.4 M GdmCl in 0.02 M Na-
phosphate 0.002 M DTT, pH 7.0 at 23°C; 8-LG from 4.0 to 0.07 M
GdmClin 0.1 M NaCl, pH 3.2 at 4.5°C; human oL.A from 9.0to 1.5
M urea in 0.05 M Tris-HCI, pH 8.0 at 23°C; SLase from 1.9 to 0.35
M GdmCl in 0.1 M Na-phosphate, pH 7.0 at 23°C.

tions; (iii) the local adjustment of this intermediate state
to the tightly packed native structure with close van der
Waals interactions. This scheme implies that both S and
state G exhibit essential features present in state N. This
scheme can thus be specified as U = Sy = Gy — N.

The suggestion that native secondary structure is
formed before the tertiary structure (U - S — N) has
since been termed a ‘framework model’ [26]. Many
authors (see e.g. [5,14-21]) have shown that secondary
structure is regained during protein refolding much
faster than its rigid tertiary structure. Recently it has
been shown that amide hydrogen bonds corresponding
to native secondary structures in ribonuclease A [27]
and cytochrome c [28] are formed early in folding, thus
directly confirming the framework model.

This paper presents evidence for the general existence
of another kinetical intermediate, a transient molten
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globule state which corresponds to state G predicted in
1973 [25]. Moreover, there is some evidence which sug-
gests that the formation of secondary structure precedes
the formation of the molten globule state (U — S —» G
— N).

Almost all the far UV molar ellipticity of fer-
ricytochrome ¢ [20], SLG [20] and parvalbumin [21]
and half of the molar ellipticity of oL A [19] are regain-
ed within the dead time of stopped flow circular
dichroism experiments (0.02 s). On the other hand,
ANS binding, which reflects the formation of the
molten globule state, reaches its maximum in 0.1-0.2 s,
i.e. an order of magnitude slower. These results provide
a strong indication that secondary structure is formed
before the molten globule state 1.

In another, yet earlier, suggestion [29], it was propos-
ed that secondary structure is formed before tertiary
structure and also that folding proceeds through a com-
pact, mainly non-ordered state. However, in this
model, it was suggested that helices form within a non-
polar globule and, by implication, after collapse. It
seems likely now that collapse is initiated by interac-
tions between elements of secondary structure as
predicted [25]. It remains to be seen whether the
elements of secondary structure that form more slowly
{19,28] form within the molten globule or by a sequen-
tial collapse onto the globule. We can conclude,
however, that many of the important features of pro-
tein folding which have been suggested earlier [25,29]
are now confirmed by experiment and that we have now
demonstrated the existence of at least one general
kinetic intermediate of protein folding - the molten
globule state.
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