


associations formed at this stage depend on the type and
order of secondary-structure elements in the sequence. All-
helical structures may associate fairly independently, one
nearest-neighbor pair at a time. It is proposed that f—a—f8
structures fold concertedly by throwing up loops. Antipar-
allel 8 structures probably form two-stranded ribbons from
nearest-neighbor strands separated by turns; they can then
add on strands or pairs of strands to either side of an initial
ribbon, or they can coil up a very long ribbon into a Greek
key. At the end of this second stage all of the major regular
structures are in place, sometimes in a more complete or
more regular form than in the final native structure.

The third stage is a process of many readjustments to
settle down into a comfortable, stable overall structure.
At this stage disulfides are joined in their final native pair-
ing, metals and prosthetic groups are bound,  bulges are
formed, and cis-trans isomerization of prolines occurs if
necessary (see Brandts et al., 1975, 1977). Side chain con-
formations are adjusted to provide optimal fit, and some
main chain conformations are also adjusted. Occasionally
this might produce additional secondary-structure interac-
tions, but it is much more likely to disrupt some of the pre-
existing secondary structure; mainchain hydrogen-bonding
lost at this stage is more than compensated by side chain in-
teractions. This third, readjustment, stage of folding would
normally be expected to be very much slower than any of
the other steps. For a one-domain, single subunit protein
the folding process would then be complete (unless proteo-
lytic cleavages or some other modifications are needed). It
may be that the kind of major reshuffling seen during the
folding of pancreatic trypsin inhibitor (Creighton, 1977)
can be considered as an especially pronounced example of
these final readjustments, although the fact that the incor-
rect intermediates are not very compact suggests that they
may represent a rather different process that can happen in
addition to the steps considered here. In general, the final
structures of the small S—M proteins suggest that they un-
dergo more extensive rearrangement than other proteins.

The fourth stage of folding is the association of domains
(and/or subunits). Sometimes association might start at the
end of the second stage, but in general it would probably
happen only after readjustments within domains were fairly
complete. Domains primarily associate as rigid bodies, but
there are usually adjustments of side chains at the contact
surface, and “arms” that clasp opposite domains cannot old
mto their final conformation until this last stage. Associa-
tion of subunits is equivalent to association of domains, ex-
cept for the difference in kinetics produced by the covalent
attachment.

The most characteristic features of this proposed
folding scheme are the proposal of different kinds of nucle-
ation for the different major structure types, the postulation
of some rather large-scale concerted folding units, and the
prediction of folding intermediates with somewhat greater
amounts of the same sort of secondary structure found in
the final nahve protein. The last effect might turn out to
be most pronounced in those proteins with very irregular
secondary structures.

In the final analysis protein folding will be really un-
derstood only with the aid of much more extensive, direct
experimental evidence. Speculatlve hypotheses can be use-
ful, however, in suggesting potentially fruitful questions for
experimental investigation. Probably the most important
idea suggested by the above schema is that there are likely
to be considerable systematic differences in the kinetics of
foldmg between the various major structural categories of
proteins.



