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Abstract

The molten globule model for the beginning of the folding process, which originated with Kuwajima’s studies of
a-lactalbumin (Kuwajima, K., 1989, Proteins Struct. Funct. Genet. 6, 87-103, and references therein), states that,
for those proteins that exhibit equilibrium molten globule intermediates, the molten globule is a major kinetic in-
termediate near the start of the folding pathway. Pulsed hydrogen-deuterium exchange measurements confirm
this model for apomyoglobin (Jennings, P.A. & Wright, P.E., in prep.). The energetics of the acid-induced un-
folding transition, which have been determined by fitting a minimal three-state model (N & I & U; N = native,
1 = molten globule intermediate, U = unfolded) show that I is more stable than U at neutral pH (Barrick, D. &
Baldwin, R.L., 1993, Biochemistry 32, in press), which provides an explanation for why I is formed from U at
the start of folding. Hydrogen exchange rates measured by two-dimensional NMR for individual peptide NH pro-
tons, taken together with the CD spectrum of 1, indicate that moderately stable helices are present in I at the lo-
cations of the A, G, and H helices of native myoglobin (Hughson, F.M., Wright, P.E., & Baldwin, R.L., 1990,
Science 249, 1544-1548). Directed mutagenesis experiments indicate that the interactions between the A, G, and
H helices in I are loose (Hughson, F.M., Barrick, D., & Baldwin, R.L., 1991, Biochemistry 30, 4113-4118), which
can explain why I is formed rapidly from U at the start of folding. These experiments are consistent with the ex-
planation proposed earlier (Baldwin, R.L., 1989, Trends Biochem. Sci. 14, 291-294) for the stabilization of na-
tive secondary structures in molten globule intermediates, namely that each unit of native secondary structure has
a hydrophobic face, and the hydrophobic surfaces of two units of secondary structure can interact loosely to pro-
vide mutual stabilization. These topics are discussed here in the light of some additional results.
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It is now generally agreed that structured intermediates
are observable during the kinetics of folding of most small
proteins. If they are on-pathway intermediates, then it
is possible to determine the folding pathway by charac-
terizing their structures. The method of pulsed H/D ex-
change, which measures the exchange rates of individual
peptide NH protons in a folding intermediate using the
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2D '"H-NMR spectrum taken after folding is complete,
gives detailed structural information about folding inter-
mediates. We argue here, in agreement with the analysis
by Kuwajima (1989, and references therein), that equi-
librium molten globule intermediates are probably early
intermediates in the kinetic process of folding (see also
Jennings & Wright [1992 and in prep.] and Baldwin [1993]).
Molten globule intermediates have compact structures
and substantial amounts of secondary structure, but little
if any fixed tertiary structure (Ptitsyn, 1987; Kuwajima,
1989). Because the structure and behavior of an equilib-
rium intermediate can be determined accurately, we focus
attention on equilibrium molten globule intermediates. By
studying them, it is possible to connect the results with
kinetic studies of the folding process and obtain in-depth
information about the initiation of folding.



870

Structural information about
kinetic folding intermediates

Studies of the kinetic folding pathways of seven proteins,
monitored by pulsed H/D exchange, have now been re-
ported from six laboratories and studies of more proteins
are in progress (Baldwin, 1993). Representative data are
shown in Figure 1A for barnase (Bycroft et al., 1990) and
in Figure 1B for T4 lysozyme (Lu & Dahlquist, 1992). The
kinetics of folding are monitored individually for various
NH protons in the polypeptide backbone. Resistance to
exchange with solvent is determined at each time point.
The exchange rate of a NH proton in the native species
depends chiefly on whether it is H-bonded in secondary
structure, either in an «-helix or 3-sheet, and on the ex-
tent of burial of the NH proton inside the protein, away
from solvent (see reviews: Woodward et al., 1982; En-
glander & Kallenbach, 1984). These factors are expected
to determine the exchange rates of NH protons in fold-
ing intermediates.

Figure 1 provides examples of structural information
obtained from pulsed H/D exchange studies of folding in-
termediates. In Figure 1A, individual peptide NH protons
of barnase are seen to become protected against H/D ex-
change more rapidly during folding if in native barnase
they form H-bonds within a unit of secondary structure
than if they form tertiary H-bonds, In Figure 1B, T4 ly-
sozyme forms a folding intermediate very rapidly (within
the stopped-flow mixing time) that shows only moderate
protection against H/D exchange, and various NH pro-
tons undergo exchange at different rates, depending on
the stability of the surrounding structure.

Qur attention was drawn to the molten globule model
for early folding intermediates through analyzing the en-
ergetics of a molten globule intermediate of apoMb (Bar-
rick & Baldwin, 1993), The molten globule model for early

D. Barrick and R.L. Baldwin

transient intermediates was put forward by Kuwajima
(1989 and references therein), and it has been supported
by recent work of Jennings and Wright (1992 and in
prep.) who find the same protected NH protons in an
early folding intermediate of apoMb as in the equilibrium
molten globule species. Ptitsyn et al. (1990) proposed that
equilibrium molten globule species are not among the ear-
liest intermediates on the kinetic pathway of folding but
rather occur as later intermediates. Their proposal as-
sumed that the fluorescent dye ANS binds only to mol-
ten globule species; they observed that ANS binding
occurs at a relatively late stage in the folding reactions of
several proteins. Further study showed, however, that
ANS binding also occurs in a burst phase, within the
stopped-flow mixing time {(a few milliseconds) (Semisot-
nov et al., 1991), as well as in a later stage of folding.
Thus, ANS binding occurs both to early and later fold-
ing intermediates.

Molten globule intermediates

Bovine a-ILA has long been the paradigm for studies of
equilibrium folding intermediates (Kuwajima et al., 1976;
Kuwajima, 1977, 1989 and references therein; Dolgikh
et al., 1981; Ptitsyn, 1987). The equilibrium intermediate
or acid form (A-form) is the sole species present at acid
pH, at various salt concentrations, and a similar form
can be observed at neutral pH, as an equilibrium inter-
mediate in the GdmCl-induced unfolding of native «-LA
{(Kuwajima, 1977). Kuwajima (1977) recognized that the
A-form is probably similar to the early intermediate seen
in kinetic folding experiments at neutral pH, and this
proposal was strengthened by the work of Ikeguchi et al.
{1986a), who showed that the stability to GdmCl-induced
unfolding of the early kinetic intermediate is the same as
that of the equilibrium intermediate. The structure of the
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Fig. 1. Observation of kinetic folding intermediates by monitoring the exchange (*H-'H) of individual peptide NH protons
(present as the ZH isotopic form in the unfolded protein) following dilution from 2H,0 to 'H,O at various times after the start
of folding. A, A": Folding of barnase (Bycroft et al., 1990, redrawn) at 1.3 M urea, pH* 6.3, 25 °C. The peptide NH groups
in Tyr 17 and His 18 make H-bonds within an «-helix; those in Ile 25, Ser 50, and Asn 77 make tertiary H-bonds. B: Folding
of T4 lysozyme (Lu & Dahlquist, 1992, redrawn) in 1.5 M urea, 20 °C, pH 5.1. At various times after the start of folding,
2H - 'H exchange was initiated by raising the pH to 9.0 (exchange is base catalyzed). The folding intermediate is formed within
the stopped-flow mixing time, and the different extents of exchange reflect the different extents to which these NH protons are
protected against exchange in the folding intermediate. Ile 27 is in the N-terminal S-sheet, lle 100 is in helix E, Asn 68 is in

helix C, and Ala 129 is in helix G of T4 Iysozyme.
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A-form of guinea pig a-LA is being analyzed by NMR by
Baum, Dobson, and coworkers (Baum et al., 1989; Chyan
et al., 1993). Ptitsyn and coworkers pointed out that the
A-form of a-LA belongs to a general class of equilibrium
folding intermediates that have compact conformations,
high contents of secondary structure measured by CD,
and little if any fixed tertiary structure (Dolgikh et al.,
1981; Ptitsyn, 1987). Ohgushi and Wada (1983) gave the
name “molten globule” to this class of folding interme-
diates when they studied the properties of the acid mol-
ten globule intermediate of horse cyt c.

Later, CD spectra and NH exchange rates measured by
2D NMR showed that molten globule intermediates of
some proteins, including guinea pig «-L A, contain stable
a-helices at the locations where helices are found in the
native protein. This observation strongly suggests that
these “structured molten globules” are plausible interme-
diates on the kinetic pathway of folding. Stable NH pro-
tons are found at the locations of native helices in guinea
pig a-LA (Baum et al., 1989; Chyan et al., 1993), cyt ¢
(Jeng et al., 1990), and sperm whale apoMb (Hughson
et al., 1990).

Structure of the apomyoglobin intermediate

NH exchange results for the molten globule intermediate
(D of apoMDb indicate that helices corresponding to the A,
G, and H helices of Mb are present but that segments
corresponding to the B and E helices are unstructured
(Hughson et al., 1990). Because the A, G, and H helices
form a compact subdomain in Mb, the results at first sug-
gested that this subdomain is stable when the remainder
of apoMb unfolds. Directed mutagenesis was used (Hugh-
son et al., 1991) to find out if the intermediate is stabi-
lized via close-packing interactions between helices, when
side chains of the three helices are interdigitated with each
other at the contact sites seen in the crystal structure of
holoMb (Kinemage 1; Takano, 1977). An A -H helix con-
tact site in native Mb was chosen for study that satisfies
the “ridge-into-groove” helix pairing model of Chothia
et al. (1981): a spiral ridge of side chains from the H helix
fits into a matching groove in the A helix. Ala 130, which
occurs near the center of the site, was chosen for study
(see Kinemage 2). The G and H helices of Mb lie nearly
parallel to each other, connected by a corner loop, with
contact sites involving more than four helical turns. Res-
idues Ser 108 and Phe 123 within these G- H contact sites
were also chosen for study. Phe 123 is a highly conserved
residue in the globin family, whose side chain is buried
in the corner loop connecting the G and H helices
(Kinemage 3); Ser 108 is near the center of the G-H inter-
face (Kinemage 4). The mutations were chosen to test the
effects of varying side-chain size and polarity in disrupt-
ing contacts between helices.

The urea and acid unfolding curves for native apoMb
were measured first to determine if the mutations desta-
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bilize the native structure as expected. Parallel results were
obtained by measuring either the urea unfolding curve at
neutral pH, which does not resolve I, or the acid unfold-
ing curve, which resolves the N e 1 and [ & U transitions.
Introducing either a large nonpolar side chain (Trp) or a
small one (Gly) in place of Phe 123 strongly destabilizes
N. Introducing a charged side chain, such as Lys, in
place either of Ala 130 or Phe 123 strongly destabilizes N.
The results obtained with mutations at Ser 108 gave
anomalously small changes in the stability of N, and
sometimes its stability was increased. There is a cavity
next to Ser 108 in the Mb structure, and the anomalous
results were probably caused by alternative close-packing
arrangements within this cavity.

The effects of the mutations on the stability of I were
surprising: increasing the size of a nonpolar side chain did
not destabilize I. The effects of the mutations were mon-
itored by changes in the pH,, of the I & U transition.
Small increases in the stability of I relative to U were usu-
ally found when a larger nonpolar side chain was intro-
duced (Fig. 2). Introducing a charged side chain was found
to destabilize I relative to U, but the change in the pH,,
of the ] & U transition was always smaller than the change
in pH,, of the N & I transition (Fig. 2). We concluded
that the A, G, and H helices in I are stabilized by some
mechanism other than the close-packing interactions be-
tween helices seen in the structure of native myoglobin
(Hughson et al., 1991). Although surprising, this conclu-
sion fits in with evidence from other studies of molten
globule intermediates that indicates that fixed tertiary
structure is absent (Ptitsyn, 1987; Kuwajima, 1989). Ew-
bank and Creighton (1991) reported that breaking a spe-
cific disulfide bond in «-LA produces a molten globule
species at neutral pH and more than one disulfide pair-
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Fig. 2. The pH midpoint of the I < U transition of apoMb is plotted
against the pH midpoint of the N & I transition for a series of muta-
tions at contact sites between helices in native Mb (data from Hughson
et al., 1991: see their Table 1). The figure contrasts the effect of increas-
ing the size of a nonpolar side chain (O) (destabilizing for N < [ but
stabilizing for I & U) with substituting a more polar side chain (@) (de-
stabilizing both for N & 1 and I & U). The data point for wild-type
apoMb is marked by X. An increase in pH_, above the value shown by
wild-type protein represents a decrease in stability.
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ing is compatible with the molten globule conformation,
as expected if the molten globule is stabilized in some way
other than by fixed tertiary interactions.

It should be pointed out that the folding intermediate
of apoMb is unusual in two respects, when compared to
other molten globule intermediates. First, it unfolds when
the pH is lowered below 3, and it represents the only case
so far of a molten globule intermediate that can be caused
to unfold by exposing it to low pH. Second, I is stable at
low salt concentrations (2 mM Na citrate is used in the ex-
periments discussed here), whereas typical molten glob-
ule intermediates occur at high salt concentrations, where
they are stabilized by anion binding (Goto et al., 1990).
The acid-unfolded form of horse apoMb at pH 2 does be-
come a molten globule species when 0.5 M KCl is added
(Goto & Fink, 1991). The fact that the I form of apoMb
is stable at low salt concentrations at pH 4 means that it
is an unusually stable molten globule species.

Energetics of the apomyoglobin
folding intermediate

To test the conclusion that close-packing interactions be-
tween helices are lost in the N < I transition of apoMb,
and to measure quantitatively the stability of I in refold-
ing conditions, we undertook a study of the energetics of
the N & [ @ U unfolding transition of apoMb (Barrick &
Baldwin, 1993). Acid unfolding curves were measured at
a series of urea concentrations, and urea unfolding curves
were measured at a series of pH values. The results were
fitted globally to a minimal three-state model (N &1 < U).
The model has as its unknown parameters the pK, values
and number of titrating groups responsible for the N &
I and I © U unfolding reactions, plus two parameters for
each unfolding reaction, AG® (0) and m, that describe
the linear dependence on urea concentration of the dif-
ference between N and I, or I and U, in Gibbs free energy
AGO,

The acid unfolding transitions measured at different
urea concentrations are shown in Figure 3, together with
the curves obtained by fitting the data to a three-state
model. The agreement between the fitted curves and the
data is good over a wide range of pH and urea concen-
trations. Thus, the fitted three-state model can be used to
explore the behavior of I in various conditions. A basic
question is whether or not the molten globule conforma-
tion is stable relative to U at neutral pH. Equilibrium mol-
ten globule species are typically populated at low pH,
because N must become unstable before the molten glob-
ule species can be populated. Figure 3 shows that I is pop-
ulated at progressively higher pH values as the urea
concentration is increased; in 3 M urea 1 is populated at
pH 6. Fitting the data to the three-state model shows that
I is definitely more stable than U at neutral pH: AG? for
the formation of I from U is —2.1 kcal/mol at O M urea,
pH 8.0, 0°C.

D. Barrick and R.L. Baldwin

25,000 T T T

20,000

15,000 -

5,000 |

-[6L,,, (degecm”edmol )

-5,000 L ! L L
0.0 20 4.0 6.0 8.0 10.0

pH

Fig. 3. Acid-induced unfolding transitions curves for sperm whale
apoMb at various urea concentrations, 0 °C, 2 mM Na citrate (Barrick
& Baldwin, 1993). From left (O) to right (A), the transition curves show
unfolding in 0.0, 1.0, 1.5, 2.0, and 3.0 M urea, respectively; the base-
line curve for complete unfolding (A) is measured in 4.5 M urea. The
molten globule intermediate I is most populated near pH 4.5 at 0 M urea
but is populated between pH 5 and pH 6 in 3 M urea. The solid curves
were obtained by fitting the data to a minimal three-state model (N &
I © U), and the fitted model gives the relative concentrations of N, I,
and U in the range of conditions shown here.

Because we have shown that I is more stable than U
in refolding conditions, and I contains helical structure
found in the native protein, I is expected to be an early
intermediate on the folding pathway from U to N, pro-
vided I is formed rapidly from U. This expectation is con-
firmed by the work of Jennings and Wright (1992 and in
prep.), who measured the kinetics of stopped-flow refold-
ing of apoMb at pH 6.1, using both pulsed H/D exchange
and CD at 222 nm. A structured intermediate is formed
within the stopped-flow mixing time: it has protected NH
protons within the A, G, and H helices of Mb, but not
within the E helix, and only a few NH protons in the B
helix show protection. At later times more protected NH
protons are found first within the B helix of Mb and then
within the E helix (P.E. Wright, pers. comm.). These re-
sults indicate that the equilibrium molten globule inter-
mediate of apoMb is formed within the burst phase of
stopped-flow refolding, and afterward folding follows a
sequential mechanism,

The results for apoMb are parallel to early results of
Kuwajima and coworkers (Kuwajima, 1989, and refer-
ences therein) for the molten globule intermediate of «-
LA. They found that the A form is stable relative to the
unfolded form D at neutral pH: AG® for the formation
of A from D is —1.4 kcal/mol at pH 7.0, 25°C, 0.1 M
Na™ (Ikeguchi et al., 1986b). Moreover, they later were
able to measure the stability to unfolding by GdmCl of
the early kinetic folding intermediate (Ikeguchi et al.,
1986a), which equilibrates with the unfolded form before
the next step in folding takes place. The early kinetic in-
termediate has similar spectral properties measured by CD
and tryptophan absorbance to the equilibrium molten
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globule intermediate and both intermediates have the
same stability to GdmCl-induced unfolding (Fig. 4).

Results from David Shortle’s laboratory add to the view
that unfolded proteins form compact intermediates in
physiological folding conditions. Truncated deletion mu-
tants of staphylococcal nuclease are unable to form a na-
tive-like structure unless specific stabilizing ligands are
added; nevertheless they assume compact, partially struc-
tured conformations (Flanagan et al., 1992). Studies of
point mutants (Shortle & Meeker, 1989) show how spe-
cific side chains influence this compact conformation.

To sum up, because molten globule intermediates are
stdble relative to the corresponding unfolded forms at
neutral pH, and because the absence of fixed tertiary in-
teractions makes it possible to form these intermediates
rapidly, molten globules are probable early intermediates
in the kinetic process of folding. If molten globule spe-
cies are more stable than their unfolded forms in folding
conditions, then the commonly used two-state model
(U @ N) of folding is only an approximation to a more
generally applicable three-state model (U © I & N) as
Kuwajima (1989) pointed out. An important reason for
studying the structures and behavior of equilibrium mol-
ten globule intermediates is that they do not change with
time. It is likely that, in some folding reactions, a series
of transient intermediates are populated during the ki-
netic process of folding (see Elove et al., 1992; Radford
et al., 1992; review, Baldwin, 1993). When this is the
case, it is difficult to isolate and study a particular kinetic
intermediate.

Interactions stabilizing the apomyoglobin
molten globule intermediate

The conclusion that close-packing interactions between
helices are lost when the molten globule intermediate of
apoMb is formed is based on the assumption that the pH
midpoint of the I & U unfolding transition responds sen-
sitively to changes in the stability of 1. To test this assump-
tion, the fitted three-state model was used to generate a
family of curves that show that the effect of destabilizing
only N relative to I (Fig. SA) or both N and I relative to U
(Fig. 5B) by successive increments in —AG? of 0.5 kcal/
mol. These curves show that a destabilizing mutation af-
fecting the stability of N relative to I changes only the
pH_, of the N & I transition; on the other hand, although
a mutation affecting I relative to U does change the pH,,
of the I ® U transition, it may also affect the shape of the
entire N & I © U unfolding transition.

The unfolding curves for some of the mutants at
Ala 130, Ser 108, and Phe 123 (Hughson et al., 1991) are
shown in Figure 6. They have the same shape as the pre-
dicted curves in Figure SA for mutations that affect only
the N & I reaction, and they are quite different from the
predicted curves in Figure 5B, for mutations that affect
only the I & U reaction. Thus, the fitted three-state model
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Fig. 4. GdmCl-induced unfolding transition of the kinetic folding in-
termediate (@) of bovine «-LA compared with that of the equilibrium
folding intermediate (solid line) (Ikeguchi et al., 1986a, redrawn). Con-
ditions: 4.5 °C, pH 7.0, 0.05 M NacCl, 0.05 M Na cacodylate. The re~
folding process at various concentrations of GdmcCl is monitored by CD
at 222 nm.

for the energetics of the N & I & U unfolding transition
supports the conclusion that close-packing interactions
are lost in the N & I transition. Therefore, some other in-
teraction involving the A, G, and H helices must stabi-
lize them in the molten globule intermediate.

The problem of finding the interactions that stabilize the
molten globule intermediate of apoMb has been studied
by molecular dynamics simulations, both by Tirado-Rives
and Jorgensen (1993} and by Brooks (1992). Tirado-Rives
and Jorgensen simulated the unfolding kinetics of native
apoMb and found a populated intermediate that was sim-
ilar to the molten globule intermediate. Brooks simulated
the dynamics of native apoMb and found that the A, G,
and H helices comprise a particularly stable subdomain.

Peptides with sequences corresponding to the individ-
ual A, G, and H helices do not form stable helices in iso-
lation. The wild-type H sequence shows about 25% helix
formation at 0 °C (Waltho et al., 1989; Hughson et al.,
1991) but the wild-type A and G sequences tend to aggre-
gate. An upper limit on the extent of helix formation by
the A and G peptides can be determined from peptides
with variant sequences. The substitutions in Table 1 are
chosen both to enhance helix formation and to reduce ag-
gregation. These experiments show that the wild-type G
sequence is a very weak helix former, as reported earlier
by Hughson et al, (1991), and the wild-type A sequence
is even weaker: its CD spectrum is unlike those shown by
partly helical peptides. Therefore, some interaction be-
tween the A, G, and H helices must stabilize them in the
molten globule species. As argued earlier (Hughson et al.,
1991), a likely stabilizing interaction is a loose hydropho-
bic interaction between the hydrophobic faces of these he-
lices. Mutations that introduce a charged side chain tend
to destabilize I, whereas mutations that introduce a large
hydrophobic side chain tend to stabilize I (Hughson et al.,
1991).

These experiments support the following generalization
(Baldwin, 1989) about the mechanism of protein folding:
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Fig. 5. A family of curves showing the expected effect of a destabiliz-
ing mutation in apoMb that affects either the N & I reaction (A) or the
I & U reaction (B). Successive curves show the effect of decreasing AG®
for either reaction by 0.5 kcal/mol. These curves are generated by the
three-state model used to fit the data in Figure 3. In each case, the most
stable protein is represented by the curve on the far left and the least
stable one by the curve on the far right.

Table 1. Sequences and ellipticities
of A-, G-, and H-helix peptides

Peptide Sequence? [6]225°

A (Ac) SEGEWQLVLHVWAKY (NH,) Not helical
A, (Ac) SEGEAQLVLHVAAKVY (NH,) Not helical
Gy, (Ac) PIKYLEFISEAITHVLHSR (NH,) N/D

G, (Ac) PIKYLEETSEATTKELHSK (NH,) —5,800
G, {Ac) PIKYLEELSEAIIKELHAK (NH,) —9,400
HW‘ (Ac) ADAQGAMNKALELFRKDIAAKYKE (NHz) —9,600
H, (Ac) ADAQEAMNKALELFRKDIAAKYKA (NH,) —15,500
ApoMb 1 —15,000

2 A, has a sequence identical to residues 3-18 of sperm whale myo-
globin, Gy, is identical to residues 100-118, and H,, is identical to res-
idues 124-148. Sequence substitutions (bold) are designed to increase
helix content, eliminate potential contributions of tryptophan to [6],2;
(A;), and increase solubility (A, Gy, and G,). Peptides were acetylated
on their N-termini and amidated on their C-termini.

b [0]222 was determined at 0 °C, pH 4.4 for A peptides, pH 4.2 for
apoMb, and at 3°C, pH 6.0 for G and H peptides. Values are in
deg-cm?-dmol™!.
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Fig. 6. Acid unfolding transitions of wild-type apoMb (O) compared
with the following mutants: S108L (@), F123W (1), F123G (@), and
A130S (A). Conditions: 10 mM sodium acetate buffer, 0 °C, protein
concentration 1.00 uM. Data are from Hughson et al. (1991, Fig. 2).
Solid curves are drawn by inspection to aid viewing and are not the re-
sult of using the fitting procedure.

units of secondary structure in the native protein, although
unstable in isolation, can be stabilized in early folding in-
termediates by interaction between their hydrophobic sur-
faces before fixed tertiary interactions are formed. This
hypothesis can explain why native secondary structures
are stabilized in molten globule intermediates even if no
fixed tertiary interactions exist between different units
of secondary structure: each unit of secondary structure
typically has at least one hydrophobic face, and loose
interaction between their hydrophobic surfaces will pref-
erentially stabilize native secondary structures over non-
native structures that lack a continuous hydrophobic
surface.

Concluding remarks

The molten globule model for the kinetics of protein fold-
ing applies when the molten globule is more stable than
the unfolded form in refolding conditions and when «-
helices in molten globule intermediates are stabilized by
loose hydrophobic interactions between helices, which al-
lows molten globules to be formed rapidly. Because mol-
ten globule intermediates contain stable o-helices at the
locations of helices in the native protein, they provide a
suitable matrix in which later folding steps can take place,
resulting finally in a close-packed tertiary structure. The
nature of these later steps will have to be the focus of
much future work on understanding the kinetic process
of folding.

The molten globule model for the kinetics of protein
folding was stated convincingly for a-lactalbumin and has
now been demonstrated for apoMb. Nevertheless, many
important questions concerning the model remain unan-
swered. Does the molten globule model apply to proteins
that do not show equilibrium molten globule intermedi-
ates? What are the topologies of helices in molten glob-
ule intermediates? Why are the B and E helices not
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stabilized, as the A, G, and H helices are stabilized, in the
equilibrium molten globule intermediate of apoMb? Are
there a series of populated intermediates in the kinetic
process of folding and, if so, where does the molten glob-
ule intermediate fit into the series? Is it possible for a 8-
sheet protein to form a molten globule intermediate with
native-like secondary structure, resembling in this way the
helical folding intermediates shown by cyt ¢, apoMb, and
a-LA?

These and other unanswered questions show that work
on the role of molten globule intermediates in the kinetic
process of folding is only beginning.

Note added in proof

Stabilization of associated «-helices in a loose arrange-
ment lacking close side-chain packing can be predicted
from a calculation made by Richmond and Richards
(1978: see their Fig. 4) that shows that loss of solvent ac-
cessibility of nonpolar side chains begins at helix-
separation distances as great as 6 A, a distance too large
to permit side-chain packing.
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