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The Protein Folding
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NTIL RECENTLY, THE “PROTEIN FOLDING PROBLEM” AP-

peared to be a largely esoteric subject. The complexity of

protein structures made them difficult to comprehend and
impossible to predict. The other aspect of the problem, of how
linear polypeptide chains actually folded into these complex three-
dimensional structures, was primarily a matter of spcculatxon Little
experimental information was available; unfolded proteins and
incomplete structural domains appeared to be random coils. Most
folding transitions that were examined were cooperative, and par-
tially folded intermediates that would define the folding pathway
were never present in substantial quantities. Kinetic attempts to
elucidate folding pathways were bedeviled by the heterogeneity of
the unfolded protein, which was caused by slow cis-trans isomeriza-
tion of peptide bonds adjacent to proline residues. Folding occurred
in vivo so efficiently that it was effectively invisible and virtually
impossible to study.

That much has changed became clear at a special 3-day seminar at
the AAAS Annual Meeting in Boston. A large and enthusiastic
audience was treated to a broad survey of the field, ranging from the
conformational properties of small peptides to in vivo folding and
assembly of complex viral proteins, from the quest for a better
detergent (in this case, an improved subtilisin) to the medical
consequences of defects in collagen folding.

It is not yet possible to predict a three-dimensional structure from
just the amino acid sequence, except by homology with a protein of
known structure. Nevertheless, understanding the basic rules of
protein architecture is now well advanced, and it is becoming
possible to design folded structures de novo. The group of W.
DeGrado (Du Pont) has designed a polypeptide of relatively simple
sequence that appears to adopt, at least approximately, the intended
“four-helix bundle” conformation. Most impressive was the stability
of this conformation. Under optimal conditions, it has a net stability
of about 15 kcal/mol, which is greater than that of most natural
proteins of similar size. Once its folded conformation is determined’
in detail, this simple protein should be ideal for examining systemat-
ically the basis for its stability; it might even be modified to
incorporate biological functions.

The new technology of protein engineering has made it possible
to produce and study experimentally any protein (whether natural,
modified, or totally synthetic) and has given a major experimental
impetus that was evident in many of the presentations. Often, the
greatest difficulty is deciding which of the vast number of possible
alterations to make. The prudent investigator, if in doubt, devises
elegant genetic procedures to select for those replacements that give
the desired effect. Besides amino acid changes that alter protein
stabilities, J. King (Massachusetts Institute of Technology) showed
how mutations that block folding and assembly pathways can be
isolated and characterized.
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Unfolded proteins are statistical ensembles of many different,
interconverting conformations, but just how random they are is
difficult to assess. Nevertheless, local nonrandom conformation has
now been demonstrated unambiguously in some peptides. Some
short a helices are more stable in isolation than would be predicted
by the classical helix-coil parameters; the parameters have been
measured using the host-guest technique, however, and their rele-
vance to short peptides of mixed sequences is uncertain. Extensive
work on the relatively stable o helix of the ribonuclease S peptide has
enabled S. Marqusee and R. L. Baldwin (Stanford University) to
design peptides 16 residues long that are up to 80 percent helical in
water. Furthermore, two examples of B turns in penta- and hexapep-
tides that are significantly populated in water at low temperatures
were demonstrated by P. Wright (Scripps Clinic) using nuclear
magnetic resonance (NMR).

Whereas some feel that the presence of such small elements of
local structure in an unfolded protein must be significant for
initiating folding, others point out that a sequence of five residues
has no substantial tendency to adopt the same conformation in
unrelated protein structures; also, the 8 turns observed in the small
peptides are not present in the known folded conformations of
proteins that contain these sequences. Experimental studies of
protein folding have almost invariably demonstrated that, in the
absence of aggregation or covalent modification, the rate of folding
is independent of which type of unfolded protein is used. Except for
the cis-trans isomerization of proline, unfolded proteins appear to
equilibrate rapidly under refolding conditions, often through com-
pact but nonnative conformations that may approximate the recent-
ly recognized “molten globule” state. Subsequent folding occurs by
a very limited number of pathways, and the rate-limiting step usually
appears to occur very late, upon approaching the final folded
conformation. The popular theoretical models of folding that
involve local nucleation events followed by rapid completion of
folding appear to be incompatible with most experimental observa-
tions.

Partially folded intermediates that would define a folding pathway
are usually unstable and not populated at equilibrium; exceptions to
two-state behavior are generally either due to a stable molten
globule state or to multiple, independently folding structural do-
mains that are apparent in the folded state. One remarkable excep-
tion was reported by C. R. Matthews (Pennsylvania State Universi-
ty). The tryptophan synthetase alpha subunit can be cleaved proteo-
lytically and separated into two folded fragments that appear to
unfold independently within the intact protein. Nevertheless, only a
single domain is apparent in the crystal structure of this protein (1),
which comprises an eight-stranded o/ barrel of alternating o helices
and B strands, of the type first found in triosephosphate isomerase.
The two proteolytic fragments correspond to as/B¢ and as/B,
elements of secondary structure of the ag/Bg barrel. The most likely
conclusion from this is that partial B barrels are much more stable
than would have been expected. It is tempting to suggest that this
indicates that ag/Bg barrels and other o/ structures may be con-
structed from relatively stable substructures. This may be why os/Bs
barrels have been found at least a dozen times in apparently
unrelated proteins; they would then be the most probable candi-
dates for convergent evolution to the same protein conformation.
Much remains to be determined about the conformational proper-
ties of protein fragments, which are not always unfolded.

Pathways of folding, defined by the intermediates and the transi-
tion states by which the intermediates are formed and disappear, can
be determined when the folded conformation requires disulfide
bonds, since disulfides can be trapped. Understanding the most
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detailed known pathway, that of bovine pancreatic trypsin inhibitor
(BPTI), requires further information about the conformations of
the disulfide intermediates. The major one-disulfide intermediate,
with the only disulfide bond between residues 30 and 51, was
shown by T. G. Oas and P. S. Kim (Whitehead Institute) to be
approximated remarkably closely by two synthetic peptides, corre-
sponding to residues 20 to 33 and 43 to 58, linked by that single
disulfide bond. Using genetic engineering techniques with intact
BPTI, D. P. Goldenberg (University of Utah) demonstrated that
drastic single amino acid replacements of internal residues made
varying, but often substantial, alterations of up to 6 kcal/mol to the
relative free energies of the various intermediates, the transition
states, and the final folded conformation. The conformational
properties of such partially folded intermediates may now be
clucidated using NMR techniques; when combined with genetic
engineering technology, this should permit the conformational
forces that direct folding pathways to be elucidated experimentally.

Protein folding in vivo as a biological phenomenon is becoming
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increasingly amenable to study. Investigations of in vivo gene
expression are uncovering many phenomena where folding (or the
absence of folding) of the polypeptide gene product is apparent.
These include (i) the need to prevent or reverse folding prior to
translocating a polypeptide chain through a membrane, (ii) folding
and assembling it once across the membrane, and (iii) targeting it to
its appropriate cellular location. The involvement of other proteins
in many of these steps suggests that it is dangerous to extrapolate
protein folding from in vitro to in vivo circumstances. In any case,
folding in vivo is certain to come under increasing experimental
scrutiny. Finally, the dramatic medical consequences of single site
mutations that alter procollagen assembly and folding in humans,
described by P. Byers (University of Washington), left no doubt
that the problem of protein folding is of more than academic
interest.
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