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Robert L. Baldwin
Two new studies address contradictions about the use of the hierarchic mechanism for the folding process in both
two-state and three-state folding reactions.

Do proteins fold by a single mechanism or
do separate classes of proteins fold by different mechanisms? This question has fascinated the protein folding community for a
decade, particularly after the discovery of
small ‘two-state’ proteins which fold without observable intermediates (see ref. 1 for
review). Their behavior is in sharp contrast
to the folding reactions of ‘three-state’ proteins which display transient folding intermediates. Several three-state folders clearly
fold by the hierarchic mechanism in which
folding begins in the polypeptide backbone
(ref. 2 and reviewed in refs 3,4), forming
first local structures of only marginal stability, which can then interact with more distant partners. On the other hand, early
work on the mechanism of two-state folding by CI2 suggested that the process begins
with a tertiary nucleation event5,6 which, if
strictly correct, would imply that its folding
begins in a nonhierarchical manner. New
light is thrown on these issues by two
papers, one7 on page 151 of this issue and
the other8 in the January issue of Nature
Structural Biology. The transient formation
of excess α-helix in the folding reaction of
β-lactoglobulin (βLG), a predominantly
β-sheet protein, is found to be essentially a
side issue, not a major barrier to the main
folding process7, while the populated transient intermediate in the folding reaction of
Im7 is found to be on-pathway, not offpathway, by measuring the kinetics in conditions in which the folding reactions of the
intermediate and the native state are closely
coupled8.
β-lactoglobulin folding
The folding mechanism of β-lactoglobulin
has been a prime source of concern with
regard to the generality of the hierarchic
mechanism. When the folding kinetics of
βLG are monitored by stopped-flow circular dichroism (CD), an overshoot occurs at
wavelengths used to observe α-helix formation9,10. The results indicate that substantially more helix is formed at early times
than is present in the final native structure.
βLG has a ‘clam’ or ‘sandwich’ structure
with nine antiparallel β-strands, one major
helix and four short helices. According to
92

the CD-monitored folding kinetics, early
events include the formation of substantial
non-native helix, which must be converted
later either into β-strands or nonsecondary
structure. This is in contrast to the usual
formulation of hierarchic folding which
specifies that only native-like structure is
stabilized by the folding process3,4,11.
The nature of the folding process of βLG
has now been analyzed by Kuwata, Shastry
et al.7. They use submillisecond mixing,
with folding monitored by tryptophan fluorescence, in a continuous-flow instrument12. This enables them to measure the
first folding event (140 µs) detected by Trp
fluorescence. Formation of the native structure takes 330 s, so the folding process spans
six orders of magnitude in time. The
authors obtain structural information
about secondary structure present at various stages of folding by stopped-flow
hydrogen-deuterium (H/D) exchange,
combined with 2D 1H-NMR analysis after
folding is complete to determine the locations of protected peptide NH protons. The
relative locations of protected peptide NH
protons in the amino acid sequence of a
helix versus a β-hairpin are quite different.
The exchange results allow the authors to
detect a particular secondary structure in a
transient intermediate when it occurs at the
same location as in the native protein and to
make inferences about secondary structures
present transiently at other locations.
Importantly, the protection factor of each
protected proton can be determined, providing a direct measure of the stability of
the structure that affords protection against
exchange.
The authors find a core of stably protected peptide NH protons within 2 ms of
refolding, located within the F, G and H
strands of the native β-sheet and also in the
native α-helix near the C-terminus. They
also find some weakly protected NH protons close to the N-terminus, within the
segment 12–21, and they suggest that these
protons are protected by a non-native helix
early in folding. The 12–21 polypeptide segment is known to have a good helix propensity in peptide studies13 and a simulation of
secondary structure early in the folding of

βLG, before tertiary structure is formed4,
predicts that the last part of the 12–21 segment is helical. The authors cannot find as
many protected NH protons as are predicted from CD-monitored folding kinetics,
and they suggest that some segments
observed as helical by CD have too low stability to be detected by H/D exchange.
Although the interplay during folding
between the FGH core and the putative
non-native helix is complex, the exchange
results make a clear distinction between
weakly protected non-native structure and
stably protected core structure The authors
interpret their results to mean that the folding process of βLG is dominated by the
hierarchic mechanism, but that weakly stable, non-native helices form transiently in
polypeptide chain segments which have not
yet assumed their native structure in the
hierarchic folding process.
Im7 folding
Some simulations of protein folding suggest
that folding intermediates result from
kinetic traps in which partly folded species
accumulate because of barriers to further
folding, while the actual folding process
that forms the native structure bypasses
these traps14,15. Other folding simulations
suggest the opposite, namely that the major
folding process does proceed via populated
folding intermediates16. This controversy
has focused interest on the problem of
proving experimentally whether the populated folding intermediates seen in threestate folding reactions are on-pathway or
off-pathway. Simple calculations reveal
that, if the intermediate is formed within
the dead time of the kinetic method (usually stopped-flow, with a dead time of 2–
5 ms), it is practically impossible to decide
by conventional kinetic methods alone
whether the intermediate is on-pathway or
off-pathway.
The situation changes if the kinetics of
folding and unfolding the intermediate are
measurable, and the introduction of submillisecond mixing devices has made it
possible to measure the folding/unfolding
kinetics of submillisecond intermediates in
some protein folding reactions12,17,18. Even
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so, the conditions for deciding from the
kinetics alone whether an intermediate is
on-pathway or off-pathway are quite
restrictive, as Capaldi, Shastry and coworkers describe in a new submillisecond mixing
study8 of Im7, a four-helix bundle protein.
Not only must the intermediate accumulate
within a measurable time range, the rates of
forming the intermediate and the native
state must be close enough to provide
kinetic coupling between the two reactions.
Then, by extending the time window into
the 100 µs range and by using urea to vary
the relative rates of the two reactions (thereby changing the extent of accumulation of
the intermediate from high to low) the
authors are able to decide between the onpathway and off-pathway mechanisms by
modeling. Their results clearly show that
the off-pathway model cannot fit the data
while the on-pathway model does fit satisfactorily over the entire range of urea concentration. Thus the older concepts of
‘folding pathway’ and ‘productive folding
intermediate’ remain useful today, although
there is good evidence for competing pathways being used simultaneously in several
folding reactions (see for example refs
19–21), a phenomenon that emphasizes the
usefulness of the ‘energy landscape’ view of
folding (for review, see ref. 22).
Two basic facts about the probability of
molten globule intermediates being onpathway or off-pathway have been evident
for some years. First, the structures of
molten globule intermediates (for review,
see ref. 23) resemble those of the corresponding native proteins in important
respects, including native-like (although
weak) tertiary side chain interactions. This
conclusion means that, although kinetic
molten globule intermediates might be
caught in traps caused by barriers to further
folding, the intermediates nevertheless
result from a folding process that produces
native structure. Second, some kinetic
molten globule intermediates are stable at
equilibrium in non-native conditions (for
review, see ref. 23). Consequently, they
accumulate transiently during folding in
native conditions because, first and foremost, they are stable relative to the denatured forms present at the start of folding.
Of course, the kinetic barrier posed by the
difficulty of reaching the folding transition
state is a factor governing the extent of
accumulation of the intermediate.
The results in the two new papers7,8 are a
tribute to the usefulness of the microcapillary, ultrarapid mixing method12 used in
this work. By extending the time range to
100 µs, the authors are able to include all
major folding events detected by Trp fluo-

rescence in these two folding reactions.
Moreover, by introducing a mixing method
that is generally applicable, they should be
able to tackle whatever folding problem
comes along. The value of characterizing
secondary structure, as well as measuring
its stability, by pulsed and competition H/D
exchange is also well demonstrated in the
βLG study7.
Tertiary nucleation?
Now that Kuwata, Shastry et al.7 have clarified the role of the hierarchic mechanism in
the folding of βLG, what can be said about
tertiary nucleation versus the hierarchic
mechanism in two-state folding reactions?
New light has been shed on this issue from
an unexpected source. Plaxco et al.24 have
examined the folding rates of various twostate folders with the aim of finding structural properties that correlate with folding
rate. By employing folding rates measured
at constant stability, they find a surprisingly
good correlation between log folding rate
and native-state topology. The variable
used to express the effect of topology is the
contact order, the average distance in the
amino acid sequence between pairs of
residues that make contact, normalized by
sequence length. The correlation between
log folding rate and contact order spans an
impressive million-fold range of folding
rates. Because the folding rate depends by
definition on structure present in the folding transition state, the success of this correlation implies that the transition state
structure depends on the topology of a substantial part of the native protein, and not
just on a limited nucleus. In recognition of
this point, Fersht has replaced his earlier
‘nucleation-condensation’ model5 for the
transition state in two-state folding with an
‘extended nucleus’ model25.
Other recent developments implicate the
hierarchic mechanism in forming the transition state structure in two-state folding.
One of the two β-turns of protein L is present in the folding transition state, according to mutational evidence, and recent
NMR experiments show that specifically
this turn can be detected at a very early stage
in folding, when the denatured protein is
examined in 2 M guanidinium chloride26.
Thus, backbone structure formed early in
folding is present in the transition state of
this two-state folder. A second example is
provided by the effects of certain mutations
on the rate of forming the 14–38 disulfide
bond in reduced, unfolded BPTI27. The
results indicate that the disulfide closure
rate depends sensitively on the stability of a
β-hairpin containing a cluster of nonpolar
side chains present in the backbone struc-
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ture of the native protein. The fractional
amount of the β-hairpin is quite small in
reduced BPTI, and probably it could not be
detected by standard spectroscopic techniques. Results such as these are reminiscent of Anfinsen’s use of antibody
detection28 to search for minute levels of
‘native format’ in denatured proteins. In the
hierarchic mechanism of folding, initial
folding events may individually give very
low levels of structure but nevertheless be
mutually reinforcing when two folding
events are coupled, so that the first observed
folding event is likely to depend on the sensitivity of the assay used to test for it.
Folding simulations
Progress in the simulation of folding has
resulted from the use of the hierarchic
mechanism to predict transition state structures and folding rates. At least four different research groups have recently used
models based on the hierarchic mechanism
for predictions of this kind, with some success (for review, see ref. 29). Objections are
now fading fast to the concept that both
two-state and three-state folding reactions
occur by the hierarchic mechanism.
Whether the hierarchic mechanism will
also apply to currently mysterious folding
reactions such as amyloid fiber formation,
when they are elucidated, remains to be
seen.
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It takes two to tango
Robert E. Blankenship
Transient complexes between electron transfer proteins are essential to the function of biological energy storage
systems. A new structure between ferredoxin and one of its reaction partners, ferredoxin-NADP+ reductase,
reveals how these proteins interact with each other.

Transient
noncovalent
associations
between electron transfer proteins are
essential for the function of energy-conserving systems such as photosynthesis
and respiration. A cycle of docking, electron transfer, dissociation and diffusion
takes place, with the specificity and kinetic
competence of the electron transfer chain
controlled partly by the details of the noncovalent interactions among the various
reaction partners1. While the threedimensional structures of many redox
proteins are known, very few structures of
the complexes that they form with each
other have been determined. On page 117
of this issue of Nature Structural Biology,
Kurisu et al.2 report the structure of a
complex between two components of the
photosynthetic electron transfer chain,
ferredoxin (Fd) and ferredoxin-NADP+
reductase (FNR).
A large literature exists on the nature
of the intermolecular interactions that
determine and define transient electron
transfer complexes, beginning with the
pioneering work that defined the ring of
positively charged lysine residues that
surround the heme in many c-type
cytochromes, orienting it and favoring its
docking reaction with negatively charged
reaction partners3. Chemical modifications and site-directed mutations of the
reaction partners coupled with kinetic
analysis of electron transfer rates and
theoretical modeling have been instrumental in mapping out in considerable
detail the molecular interactions that
give rise to specificity in many electron
transfer systems1. However, in all but a
handful of cases these intermolecular
complexes have not been directly
observed.
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Fig. 1 Reaction network of plant-type ferredoxin (Fd) with its reaction partners, including photosystem 1 (PS1), nitrite reductase (NiR), glutamate synthase (GluS), sulfite reductase (SiR), ferredoxin-NADP+ reductase (FNR), ferredoxin-thioredoxin reductase (FTR), ferredoxin-plastoquinone
reductase (FQR).

The first of these complexes to have its
structure determined was cytochrome c
and cytochrome c peroxidase4. Others
include the ternary complex of methylamine dehydrogenase, the copper protein
amicyanin and cytochrome c-551 in
methylotrophic bacteria5, and the
cytochrome P450 complex with its flavincontaining reductase6. Electrostatic interactions, including salt bridges, are
common in these intermolecular complexes, but they also include significant
hydrogen bonding and hydrophobic
components. The observed complexes
usually contain fewer specific interactions than had been implicated by biochemical and kinetic studies, suggesting
that the complex that crystallizes is only

one of a family of kinetically competent
complexes.
One of the most important of the soluble electron transfer proteins in oxygenic
photosynthesis is the 2-Fe, 2-S soluble
ferredoxin (Fd)7,8. This protein, known as
plant-type ferredoxin (although an almost
identical protein is found in cyanobacteria
and algae) to distinguish it from the 4-Fe,
4-S bacterial ferredoxins, is a small highly
acidic protein of ∼11 kDa. It receives electrons from the integral membrane photosystem 1 reaction center complex and
delivers them to the flavoprotein ferredoxin-NADP+ reductase (FNR). The first electron transfer produces a stable FAD flavin
semiquinone in FNR, which is reduced
again by another Fd and in turn reduces
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