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The study of Morjana et al. (1) on a
partially unfolded intermediate of protein
disulfide isomerase (PDI) raises a num-
ber of important points concerning the
nature of folding intermediates of globu-
lar proteins. PDI is believed to possess
two internally homologous domains (2).
When subjected to guanidine hydrochlo-
ride denaturation, circular dichroism,
and fluorescence spectroscopy indicate
the presence of a partially folded equilib-
rium intermediate containing about 40%
of the native state's secondary structure.
Consistent with this amount ofsecondary
structure, these authors suggest that the
intermediate may result from unfolding
of one of the two structural domains.
Based on the fact that the far-UV spec-
trum is not similar to the native state,
these authors argue that this equilibrium
intermediate is not a molten globule, a
folding intermediate state whose proper-
ties have been the subject of much atten-
tion and debate (3-5). While one might
have expected that all intermediates have
similar characteristics, as the PDI study
points out, there are many types with
rather diverse physical properties; the
origins of these differences are not well
understood. What differentiates them are
the amount of native secondary structure
and the degree of side-chain packing
specificity. They range from fragments
whose properties are essentially identical
to the native molecule (6) to those where
only a small portion of the molecule has
loosely contacting native-like secondary
structure (7). In what follows, we sum-
marize what is known about the various
types of folding intermediates, discuss
what experimental information is re-
quired to better characterize them, and
describe recent theoretical advances that
may provide a fuller understanding of the
protein folding process.
Perhaps the most expected intermedi-

ates are those where a domain or subdo-
main folds independently and adopts
both the native secondary and tertiary
structure within this folding unit; i.e., it
constitutes a native-like folding module
(8-10). PDI may be such a case. How-
ever, the best characterized of these na-
tive-like modules is the equilibrium fold-
ing intermediate seen on urea denatur-
ation of the a-subunit of tryptophan

synthase (6, 11) whose native conforma-
tion is a single-domain eight-member
a/p-barrel (12). This intermediate is lo-
cated at the N terminus and is composed
of six of the eight p-strands plus associ-
ated helices. Moreover, the N-terminal
fragment folds independently, with prop-
erties very similar to the equilibrium in-
termediate of the entire molecule. Possi-
ble insights into the origin of the stability
of this intermediate may be obtained
from the recent computer simulations of
Godzik et al. (13). In these simulations,
the local secondary-structure biases are
assumed to be consistent with the folded
state, but the folding pathway is pre-
dicted. These simulations correctly pre-
dict the structure of the equilibrium in-
termediate and indicate that the N-termi-
nal fragment is substantially more stable
than the corresponding C-terminal frag-
ment. The equilibrium intermediate basi-
cally possesses the secondary structure
of the native molecule, but the helices at
the fragment interface oscillate and at
times cover the exposed hydrophobic
core of the molecule. Thus, they act as a
cork to impede further assembly. These
simulations predict that many, but not
all, of the side-chain contacts are identi-
cal to those found in the native state. It
would be very interesting to see whether
this prediction can be verified by exper-
iment.
More generally, it appears that the

formation of secondary structure found
in the native state and the adoption of
well-defined patterns of side-chain con-
tacts characteristic of folded proteins are
interrelated but separate processes (3-5).
Indeed, in the molten-globule state, the
molecule is compact, with a volume
about 20% larger than native, and has the
native-like secondary structure but
poorly defined tertiary contacts (10). A
key point is whether the entire molecule
adopts native-like secondary structure or
whether a portion remains unfolded. In
both cases, it is unknown whether or not
there is a continuous or discrete spec-
trum of backbone conformations.
We first describe the situation when

most, if not all, of the native-state sec-
ondary structure is present as an intact
globule. One example is provided by bar-
nase (14, 15), which prior to the rate-
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limiting step in folding exhibits an inter-
mediate containing most of the second-
ary structure present in the native state.
A de novo-designed four-helix bundle of
DeGrado and coworkers (16, 17) is an-
other example. The molecule contains a
leucine core and is exceptionally resis-
tant to thermal denaturation. It has well-
defined secondary structure, but, as as-
sessed by its ability to bind a hydropho-
bic dye, has poorly defined tertiary
packing (18). Moreover, there is evi-
dence that both right- and left-turning
bundles are isoenergetic (T. M. Handel,
S. A. Williams, and W. F. DeGrado, per-
sonal communication). Thus, this mole-
cule has secondary-structure specificity
but lacks side-chain packing specificity.
Additional insights into the properties of
this molecule are provided by a recent
series of de novo folding simulations of
this sequence that provide independent
predictions in very good accord with ex-
periment (19). Both right- and left-turning
bundles are predicted to be isoenergetic.
For each bundle type, the folded confor-
mations lack uniquely defined tertiary
interactions and move within a set of
three distinct roughly isoenergetic struc-
tures. This characterization of the mol-
ten-globule state awaits experimental
verification. Additional de novo simula-
tions on a modified sequence, containing
aromatic, isoleucine, and valine substitu-
tions at 14 of the 73 sites (17), predict the
existence of a native four-helix bundle
that is unique, low-temperature, and
right-turning. It has well-defined tertiary
contacts and a 20% smaller volume than
in the molten-globule state, in spite ofthe
fact that bulkier aromatics are in the
hydrophobic core. On the basis of the
degree ofagreement with experiment, we
conclude that there are now theoretical
tools available that will permit more de-
tailed study of molten globules.

Finally, there are folding intermedi-
ates, which we term fragmentary glob-
ules, where only a portion of the mole-
cule adopts native-like secondary struc-
ture, and the tertiary contacts between
these elements are poorly defined. Ex-
amples include the two compact states of
apomyoglobin existing at neutral and
acidic pH (7, 20), the A form of a-lactal-
bumin (3, 21), the N- and C-terminal
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helices in a cytochrome c intermediate
(22-24), and a ribonuclease A intermedi-
ate (25, 26).
Given the wide variety of possible fold-

ing intermediates, more careful experi-
mental characterization is required. It is
essential to establish the amount and iden-
tity of the secondary structure present.
Compactness alone is a poor criterion, as
both intact and fragmentary globules can
have similar hydrodynamic properties.
One must determine whether or not the
side-chain packing is well-defined. For
native-like modules, studies of their fold-
ing kinetics should be undertaken to as-
certain whether these intermediates them-
selves have kinetic intermediates that are
fragmentary and/or intact globules. Fur-
thermore, the cooperative process re-
sponsible for side-chain fixation needs to
be better understood. De novo studies of
designed molecules offer the possibility of
exploring the packing requirements for
side-chain fixation. For example, in the de
novo proteins studied by Raleigh and De-
Grado (17), one can engineer a variety of
mutants that span the range of the 14
residue substitutions and attempt to as-
certain which subset ofthese substitutions
provides for well-defined side-chain pack-
ing. The newly developed de novo models
of protein folding should prove very use-

ful to guide experiment. Thus, in the next
few years, the prognosis for making major
progress in the understanding of protein
folding is quite good.
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