REVIEW ARTICLES

Early eventsin proten folding
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Many proteins take at least a few seconds to fold, but
almost all proteins undergo major structural transi-
tions within the first millisecond (ms) of folding. Un-
derstanding the nature of the product of the first ms
of folding isimportant because it sets the stage for the
major folding reaction that follows. The past decade
has seen major advances in methodologies that have
enabled temporal and structural resolution of events
happening in the first ms of folding. An important
very early event appearsto be the collapse of the poly-
peptide chain to form a compact globule. A specific
structure also appearsto form within the first ms, and
it appears for several proteins that this happens only
after the initial chain collapse reaction. Hence, when
studied at the first ms of folding, the compact globule
appears to be a specific folding intermediate. The
accumulated kinetic data suggest that structure forma-
tion in the first ms may be highly non-cooperative and
may occur in many steps. Multiple folding routes
appear to be available, and the nature and extent of
structure formation in the first ms may depend on the
dominant route utilized under a particular folding
condition. There is now evidence suggesting that the
energy barrier encountered by the collapsing polypep-
tide chain can be as small as ~kgT, bringing out the
possibility that initial chain collapse and structure
formation may even be gradual transitions. Under-
standing how such continuoustransitions can still lead
to the development of a specific structure during sub-
ms folding reactions poses a difficult experimental
challenge.

Keywords: Cooperativity, intermediate, polypeptide chain
collapse, protein folding, specificity.

ForM begets function in life. At the molecular level, the
information required to sustain life is stored only in a
one-dimensional form, namely the DNA sequence. This
information becomes of potential use only when it is
transferred first to a RNA sequence and then to a protein
sequence. Precision in these steps is ensured by the use of
templates. The final productive step in information trans-
fer is from the one-dimensional protein sequence to a
precise three-dimensional protein structure, which con-
fers a specific function to the protein. In the final step, it
is the unique amino acid sequence of a protein that appears
to serve as a self-guiding template for folding to the
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unique structure. Understanding the development of a
significant form as a protein folds, has remained one of
the fundamental problems of modern biology.

The problem really is to determine how an unfolded
polypeptide chain searches out its final native conforma-
tion from an inconceivably large number of available
conformations. A polypeptide chain of 101 amino acid
residues would have to sample 3'® = 5x 10*" conforma-
tions, if each bond connecting two consecutive residues
has only three possible configurations. If the sampling
takes place at a rate equal to that of bond vibrations, i.e.
10" s, then it would take 10’ years for an unfolded
polypeptide chain to complete the search for its native
conformation®. The discrepancy between this large time
estimate and the real folding times of proteins, which are
in the seconds timescale or faster, is commonly referred
to as the Levinthal paradox®. Although not all possible
conformations are accessible to a polypeptide chain®, and
hence not sampled, it is commonly assumed that the solu-
tion to the Levinthal paradox liesin the protein using spe-
cific pathways to fold. A folding pathway defines a
particular sequence of structural events, and understand-
ing this sequence of events has been along-standing chal-
lenge for experimental biochemists.

The most poorly understood aspects of protein folding
reactions are the initial sub-millisecond (ms) folding
reactions which result in partial® or, in a few cases, com-
plete® folding of proteins. Sub-ms folding reactions that
lead to partial folding of proteins, involve a fast collapse
of the unfolded polypeptide chain. In this review, the cur-
rent status of knowledge about sub-ms folding events is
presented, with emphasis on the initial collapse reaction.
Its cooperativity and specificity are discussed. Experi-
mental methodologies are described briefly. The contri-
butions of structure in the unfolded state, as well as of the
elementary events that start-off structure formation, in the
initiation of folding reactions are also discussed.

How do proteinsfold?

Experimental studies of protein-folding mechanisms have
been steered by several conceptual models® (Figure 1).
The framework model suggests that during the initial
stages of protein folding, local interactions dominate and
guide the formation of secondary structural elements’™.
This is followed by random diffusion—collision of these
local elements of the secondary structure until stable native
tertiary contacts are made’®™2. The hydrophobic collapse
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Figure 1.
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Models of protein folding. In the nucleation model, a structure develops around a local nucleus of the

secondary structure. In the framework model, the secondary structure forms before the development of any terti-
ary contacts. In the hydrophobic collapse model, the folding reaction begins with a collapse of the unfolded poly-
peptide chain which precedes the formation of any structure.

mechanism postulates that the folding of a protein begins
with an entropically driven clustering of the hydrophobic
amino acid residues™™®. The formation of a collapsed
intermediate with restricted conformational space facilitates
the formation of the secondary structure and consolida-
tion of tertiary contacts. The nucleation model postulates
the formation of a local nucleus of the secondary struc-
ture by a few key residues in the polypeptide chain. The
rest of the structure then propagates around the nucleus
without encountering any energy barrier’. Thus, in this
model, the formation of a nucleation site is the rate-limiting
step. An extension of the nucleation model, the nuclea-
tion—condensation model, envisages a more diffuse nucleus,
and that the collapse of the polypeptide chain occurs in
parallel with structure formation'”*®, This model was
proposed to describe the mechanism of folding of pro-
teins that appear to fold by a ‘two-state’ N <U mecha-
nism, in which all physical interactions appear to develop
in a concerted manner*®.

A more recent view of the protein folding mechanism
is the energy landscape model®®?. According to this
model, all folding protein molecules are guided by an
energy bias to traverse an energy landscape towards the
native conformation. The concomitant decrease in confor-
mational entropy leads to a funnel-shaped energy landscape
(Figure 2). Many different folding trajectories for indi-
vidual protein molecules are envisaged and hence, multiple
folding pathways are expected to be operative. Inter-
mediates, when present, are considered as kinetic traps
which slow down the folding reaction. This view also
predicts the existence of downhill folding scenarios in
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which the energy barrier to folding disappears and the
folding reaction occurs at its speed limit.

It is useful to examine the different models of protein
folding in the context of how proteins begin their search
for the native conformation. The nucleation model appears
to be inapplicable to folding reactions, because it does
not predict the early intermediate forms seen during the
folding of many proteins®. Secondary structural elements
do not appear to form unless some stabilizing tertiary
contacts are made. Hence, a framework model is also
unlikely to be a common mechanism by which proteins
fold®. By contrast, the observation that a fast (sub-ms)
collapse reaction precedes the formation of a secondary
structure during the folding reactions of several pro-
teins*?*?8 suggests that many proteins indeed fold by the
hydrophobic collapse mechanism. Nonetheless, the simul-
taneous occurrence of collapse and structure formation in
the case of afew apparently two-state folding proteins'®%
is difficult to explain by the classical hydrophobic col-
lapse mechanism. For such proteins, the nucleation—
condensation mechanism may better describe how folding

occurst’*8.

Protein folding: timescales and barriers

Proteins fold on a timescale that ranges from a few micro-
seconds (us) to several hundred seconds. It is difficult to
explain billion-fold differences in the folding times seen
with different proteins. According to transition state theory,
which is commonly applied for analysing protein
folding kinetics, a dominant free-energy barrier describ-
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able on a single reaction coordinate, slows down the folding
reaction from a folding speed limit®**. The differences
seen in the folding rates of different proteins can be ex-
plained by different barrier heights encountered by dif-
ferent folding polypeptide chains. But there is no direct
way to calculate the absolute size of this free-energy bar-
rier because a reliable value of the pre-exponential factor
is not known for protein folding reactions.

In the presence of a sizeable barrier, the folding reac-
tion is expected to be cooperative, which implies that the
detection of intermediate conformations, which a folding
polypeptide chain adopts en route, would be extremely
difficult. Several proteins show single exponential fold-
ing kinetics consistent with a cooperative barrier-crossing
reaction®®. On the other hand, the folding kinetics of many
other proteins is multi-exponential®=* which implies
that intermediates populate the folding pathways of these
proteins. There are several known examples in which a
folding reaction appears non-cooperative when studied
using either multiple spectroscopic probes®™®3 or site-
specific probes® . Thus, the folding reactions of pro-
teins appear to be far too complex to be understood com-
pletely in terms of a simple first-order, small-molecule
chemical reaction like the barrier-crossing mechanism*.
Nevertheless, in the absence of easily applicable alterna-
tive models, transition state theory is commonly used to
describe protein-folding kinetics.

A magjor recent thrust of protein-folding research has
been the identification of downhill folding scenarios pre-
dicted by the energy landscape view of protein folding.
While the classical transition-state folding scenario in-
volves only two co-existing and inter-converting states
separated by a dominant free-energy barrier, a barrier-less
folding scenario is expected to involve multiple steps
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Figure 2. The energy landscape view of protein folding. A protein
can find its native conformation via multiple routes. A feature common
to all the folding trajectories in the landscape view is a reduction in
conformational entropy as the folding molecules travel along the
downward slope of the landscape. Different routes may differ in the

degree of ruggedness they present to a polypeptide chain en route to
folding. From Chan and Dill?** with permission.
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with small distributed barriers instead of a single domi-
nant activation barrier (Figure 3)%. The downhill folding
mechanism allows a detailed description of different
steps involved in the folding reaction of a protein®®3#4243,
On the basis of experimental observations, a folding
speed limit of N/100 us has been suggested for the folding
reaction of a protein of N residues™. Many recent studies
have examined ultra-fast folding reactions, which result
in complete or partial folding of different proteins within
a few us. The height of the activation barrier for such
fast-folding reactions is expected** to approach ksT, a
regime where diffusive conformational search is expected
to dominate the folding reaction, because the barrier is
readily crossed®. It is not clear how suitable transition
state theory is for describing a process with a marginal
activation energy barrier, because the species at the barrier
top might populate to an extent greater than that envisaged
for afirst-order chemical reaction®*,

It is important to study protein-folding reactions which
occur on atimescal e between the molecular speed limit of
folding and that of a folding reaction involving a dominant
activation barrier (> 3 ksT). The folding reactions of several
ultra-fast folders, and the sub-ms folding reactions that
result in the partial folding of many non two-state folding
proteins, are examples of such reactions.
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Figure 3. Energy surface for (a) two-state and (b) downhill protein
folding scenarios. In the presence of a dominant free energy barrier
(>5ksT) separating two species (here shown as the completely un-
folded form, U and an early folding intermediate, I¢), the folding transi-
tion appears to be cooperative because the intermediates do not
populate. In a downhill folding scenario, there is no significant barrier
between U and lg. In such a case, the transition between U and Ie is
expected to be a gradual one with multiple steps, each involving small
free enerrgy barriers (~ksT).
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Ultra-fast foldersfold completely in lessthan a
millisecond

Several proteins can fold completely in afew usto severa
hundred ps>3#547 0 presumably because their free-
energy landscapes are smoother. Some of the ultra-fast
folders show non-exponential folding kinetics, which are
usually taken as a signature of barrier-less folding® ™. It
should, however, be noted that downhill folding reactions
may also show exponential kinetics, depending on the
roughness of the free energy surface®**®. Some mutant
variants of the A-repressor fragment, Ae.gs, fold on atime-
scale close to the protein folding speed limit**3%, By
tuning the protein stability through mutations, solvent or
temperature, the kinetics of a downhill folding reaction
can be switched from exponential to non-exponential and
vice versa®. In a NMR-monitored, atom-by-atom analy-
sis of the equilibrium unfolding transition of Naf-BBL, a
protein that folds in the sub-ms time domain, the equili-
brium unfolding transition of the protein appeared to be
highly non-cooperative as to be a downhill transition®**’.
Surprisingly, the folding reactions of many of the other
ultra-fast folding proteins appear to be ‘two-state’, and
not barrier-less. These proteins show exponential folding
Kinetics, their folding rates are temperature-dependent,
and the equilibrium unfolding reactions appear coopera-
tive™>®, Thus, it appears from the available evidence that
folding at or near the speed limit may not necessary mean
a barrier-less folding transition. However, the size of the
free-energy barrier encountered during the microsecond
folding of an ultra-fast folder is usually close to kgT,
which would mean that high-energy intermediate con-
formations are likely to be more populated than in typical
folding reactions (energy barrier ~5-10 kg T)*. In arecent
experiment with a 35-residue subdomain from the villin
headpiece, it was seen that the ultra-fast folding rate con-
stant was independent of the concentration of the chemi-
cal denaturant®®. This observation was explained on the
basis of a large movement of a small free-energy barrier
(~ksT)*>*%° even though the ultra-fast folding reactions
of other proteins do not show this kind of movement of
the folding transition state. An equally probable explana-
tion would be that the folding reaction of this protein
proceeds in the absence of any free-energy barrier.

Elementary eventsin protein folding reactions

Since ultra-fast folding proteins can fold completely in
<1ms, it is obvious that elementary folding events such
as the formation of loops, turns, o~helices and £
structures, must occur on a shorter or comparable time-
scale. Several reports have presented estimates of the rate
of intramolecular loop formation in short peptides. By
laser-flash triplet-triplet energy-transfer measurements
over arange of timescales, different motions in unfolded
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polypeptides could be studied®, including local motions
on the 100 ps timescale, and end-to-end loop formation
on the 10-100 ns timescale. The timescale of the forma-
tion of loops was seen to correlate with their length®.
The loop formation rate scales as N¥?, where N is the
loop length defined by N residues®® .

The timescales of other elementary events in the pro-
tein folding reaction, namely the formation of the a-helix
and the F-hairpin are only marginally slower. Stable
alanine-rich a-helices appear to form in ~0.1-0.5 us and
B-hairpins in the ~5-10 us time domain®3%%" when
detected by temperature-jump experiments. More direct
measurements® suggest that they may form as slowly as
in 150 ps. It should be noted that the helices and sheets
present in the folded structures of proteins are not as stable
in isolation, and hence, in the context of an intact protein
they may form at rates slower than those of their stable,
designed counterparts®.

Methods to study sub-ms protein folding
reactions

A variety of physical signals can be used to probe folding
reactions (Table 1). In most studies of protein-folding
reactions, either one or two spectroscopic probes, which
report on popul ation-averaged properties of the molecular
conformations, are used. It is possible that much informa-
tion related to the nature of the early folding eventsis lost
either because of ensemble averaging, or because the
spectroscopic probe used remains silent to structural
changes in some regions of the protein during folding. An
extremely heterogeneous protein folding process may
appear simple when monitored by probes which report on
global structural changes. For example, it was seen in all-
atom Monte Carlo simulations with protein G that, because
of the asymmetric location of the only tryptophan residue
in the protein, the folding kinetics was mono-exponential
even when the actual reaction involved intermediates and
multiple pathways®™. Conformational heterogeneity in
folding reactions has been detected in several experimental
studies when multiple probes were used® 28407072 Thys,
the use of multiple probes and site-specific probes is an
important consideration in the study of sub-ms protein-
folding reactions.

A sub-ms folding reaction that leads to the partial folding
of aprotein, manifests itself as an unobservable change in
a spectroscopic signal during the burst phase of a kinetic
refolding experiment with ms time resolution. For most
proteins, the product of the burst phase reaction is seen to
be compact, indicating that the unfolded polypeptide
chain collapses during the initial sub-ms folding reac-
tion®*">"°, These burst-phase changes are most commonly
interpreted to represent the formation of an early folding
intermediate”, but they could conceivably also arise
because of non-specific, solvent-induced conformational
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Tablel. Physical measures of protein folding

Probe Structural feature reported Reference
Fluorescence Environment of the intrinsic fluorophores (mainly Trp and Tyr) in a 27,172, 217
protein, or of protein-bound external fluorophores
FRET Intramolecular distances 40, 87, 171
SAXS Overall size and shape of the protein in different conformational states 24,218
Circular dichroism Secondary structure (far-UV CD) and packing of aromatic residues (near-UV CD) 68, 181
NMR Environment of individual residues; dynamics in different conformations 94, 124
Absorbance Environment of the absorbing chromophore 169

HX-MS/HX-NMR
Raman spectroscopy
Infra-red spectroscopy
Force spectroscopy

Secondary structure

Protection from hydrogen exchange due to specific structure formation
Environment of different residues in different conformations of a protein

Forces which glue the three-dimensional structure of a protein

94, 187, 188
66, 86

219, 220
101, 102

rearrangements in the unfolded state’. In order to analyse
properly the earliest folding events, it is necessary to
measure directly the kinetics of folding processes occur-
ring in the sub-ms time domain. High-resolution spectro-
scopic probes need to be used in conjunction with fast
mixing/relaxation methods that can initiate folding reac-
tions in <1 ms. Methodologies currently being employed
for the study of sub-ms protein-folding reactions include
fast temperature-jump methods, laser-flash photolysis,
continuous-flow mixing, NMR methods and single-
molecul e techniques.

Temperature (T)-jump method

This method has been used widely*>"""8. A dead-time as
short as 5 us can be achieved using T-jump instruments
based on resistive heating”®. With the laser T-jump tech-
nique, a dead-time as short as 2 ps is achievable’”®. The
starting state is usually cold-denatured protein. In spite of
a very low dead-time, the main caveat of the T-jump
method is that complete unfolding of many proteins may
not be achieved in the cold denaturated protein®®:.

Laser-flash photolysis method

In this method, a pulse of light is used to cleave abond in
a photo-activable reagent in order to produce reactive in-
termediates. Flash photolysis of a CO ligand attached to cyto-
chrome ¢ has been used extensively to study folding with ns
time resolution®®2, The main disadvantage of this method is
that it cannot be used with all proteins because of the non-
availability of suitable photo-dissociable ligands. It is also
not straightforward to distinguish conformational changes
which arise due to the refolding reaction from those
which take place due to ligand dissociation. A more
recent approach has been to enable very rapid pH jumps,
and to study the consequent conformational changes®.

Continuous flow mixing

The main principle behind the working of a continuous
flow mixer is the generation of turbulence in the mixing

CURRENT SCIENCE, VOL. 96, NO. 8, 25 APRIL 2009

of two liquids®™. The theoretical limit for the shortest
dead-time that can be achieved with this technique® is
close to 10 us. The sub-ms kinetics of several proteins has
been measured®” ¥ using a continuous-flow capillary
mixer with a mixing dead-time of 20-120 us. Recently,
by introducing turbulence before the point where the two
liquids collide, a dead-time of ~11 ps has been achieved™.
Although not superior to the methods discussed above in
terms of the dead-time, the continuous flow method can
be used to study the refolding reactions of all proteins
which can be unfolded by chemical denaturants, or by pH.

NMR methods

Dynamic NMR methods are useful for the study of fast
protein-folding reactions which take place in the sub-ms
time domain. NMR resonances are sensitive to exchange
processes which occur on the 10 ms-10 us timescale®;
both the shape and position of the NMR peaks change
due to exchange between conformationally distinct forms.
For example, the folding reaction of the N-terminal frag-
ment of A repressor (As.gs), which folds completely in
<1 ms, was successfully monitored using this technique™.
Motions within the native or the unfolded conformations
which occur on the ps-ns timescal es can be studied by the
measurement of NMR relaxation times™.

Single molecule methods

The heterogeneity inherent in the unfolded state and in
early folding intermediates makes it difficult to characterize
different sub-populations and transitions using steady-state
methods. Single-molecule methods allow the identification
of sub-populations which are otherwise undetectable due
to population averaging in bulk experiments. Single-
molecule methods utilizing fluorescence resonance energy
transfer (FRET)*®" and fluorescence correlation spectro-
scopy (FCS) methods™®® as well as atomic force micro-
scopy®®%2 have provided useful insights into the nature
of the early events in protein-folding reactions. Although
the time regime of <1 msis still not accessible in kinetic
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experiments utilizing single-molecule methods, these
methods provide information on the sub-ms dynamics of
unfolded proteins, which are important determinants of
the rates of the fastest initial steps of folding reactions™.
The development of new methods which allow monitoring
of the same molecule over an extended period of
time'®'% is expected to make single-molecule experi-
ments more informative.

The nature of the unfolded state may dictate
early eventsin folding

A proper understanding of the earliest events in protein
folding not only involves a characterization of the events
during folding, but also requires a detailed description of
the structure and dynamics of the starting species, i.e. the
unfolded state. Understanding the conformational hetero-
geneity present in the unfolded state is also important
because a large number of conformations implies that a
large number of microscopic pathways may be operative
in protein-folding reactions %%,

Topology of the unfolded state

Unlike the native state, the unfolded state is a heteroge-
neous ensemble of different unstructured forms’9710710°,
The unfolded state in high denaturant concentrations is
usually treated as an unperturbed random coil***,
However, a major drawback of the unperturbed random-
coil model is the omission of the excluded volume effect.
This would mean that impossible conformations like two
or more non-bonded atoms in the chain occupying the
same space at the same time are not excluded™*?.

While the unfolded states of some proteins do not appear
to possess residual structure™ 34 there is increasing
evidence for the presence of residual structure in the un-
folded states of other proteins'*>™°. Thus, the validity of
a statistical random-coil model to describe the starting
species of a protein-folding reaction may appear inappro-
priate®®?%'21 On the other hand, it appears that the pres-
ence of residual structure may have little or no effect
on the random-coil statistics of an unfolded polypeptide
chain'?.

The unfolded state may possess a native topology even
under highly denaturing conditions™®', For example, in
the case of lysozyme, a single tryptophan residue was
shown to stabilize a network of hydrophobic clusters in
the unfolded state*®. Recently, a pre-existing, hydropho-
bically collapsed conformation with both native-like and
non-native interactions was shown'* to exist in the un-
folded state of a Trp-cage miniprotein, TC5h. Several
proteins show conformational preferences even at high
denaturant concentrations™"**®, including local hydro-
phobic clustering**>***!% and helical structures®>*%.
Such residual structures could serve as the seed for the
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development of the native fold, once the unfolded protein
istransferred to refolding conditions.

Dynamics within the unfolded state ensemble

The unfolded state is a highly dynamic state'?®, because
different conformers in the heterogeneous unfolded state
ensemble differ only marginally in their stabilities. Under-
standing the dynamic behaviour of the unfolded state is
important for an assessment of the conformational en-
tropy at the beginning of a protein-folding reaction, as
well as for the determination of the fastest rate with
which different conformations can interconvert within the
unfolded state population.

There is much data available from NMR experiments
on conformational fluctuations in the unfolded state™. In
the case of apomyoglobin, for example, fluctuations on
the us—ms timescale were observed within some regions
of the unfolded polypeptide chain with helical propen-
sity’®. The fact that these local elements of structure are
highly dynamic and unstable'®® suggests that rapid inter-
conversion of different conformers occurs within the
unfolded-state ensemble.

Studies utilizing methods such as single-molecule
FRET®%0 gnd FCS®**! have aso provided useful insights
into the dynamics of the unfolded state. FCS measure-
ments of the equilibrium structural fluctuations in unfolded
apomyoglobin® have shown complex relaxation chara-
cterized by three time constants of 200, 30 and 3 us. The
3 and 30 us relaxations were attributed to motions within
the U conformations, and the longer relaxation time
(200 us) was attributed to fluctuations which are common
to both U and I. For ribonuclease H (RNase H), a chain
reconfiguration time of 20 us was measured, which is
comparable to the 30 us relaxation observed in the case
of apomyoglobin®®. Intriguingly, transitions between un-
folded conformations on the seconds timescale were also
seen for RNase H*°. On the other hand, for an apparent
two-state folder, the cold shock protein from Thermotoga
maritima (CspTm), a chain reconfiguration time of
~50 ns was reported™®?, which is much faster than the
values reported for apomyoglobin and RNase H. Thus,
there seems to be some variation in the measured recon-
figuration times of unfolded polypeptide chains. The dif-
ferences in chain dynamics may be due to a varied degree
of ruggedness of the free-energy surface which describes
the different unfolded conformations.

Unfolded state in refolding conditions

The heterogeneity and dynamic behaviour of the unfolded
state makes it likely that the conformation of the unfolded
state is altered when the unfolded chain is transferred
to refolding conditions. Random polymers are known to
change their conformation when placed in different sol-
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vent conditions; they adopt extended conformations in
‘good solvents', random flight conformations in ‘theta
solvents’, and collapsed conformations in ‘bad solvents 1%,
Intrinsically unstructured proteins are known to exist in
collapsed conformations in the absence of denaturants™.
Polypeptide chains that are kept unfolded by high pH*®
truncation™>**® or reduction in the disulphide bond*’,
adopt collapsed conformations when transferred to condi-
tions that favour the native structure. For example, in the
case of the pH 12-unfolded form of barstar, the addition
of salt results in a collapse of the unfolded protein mole-
cules*®. An engineered mutant of Drosophila Engrailed
Homeodomain (EnHD), L16A, exists as a compact dena-
tured form at physiological ionic strengths™**°. Thus,
unfolded polypeptide chains appear to behave like ran-
dom polymers in terms of their interaction with different
solvents. This suggests that the early folding events may
be dominated by non-specific interactions of the polypep-
tide chain with solvent molecules. Often, compact
unfolded conformations of proteins appear to have accu-
mulated elements of structure**®**, The interesting ques-
tion is when and how specific interactions within the
polypeptide chain develop during the initial folding rea-
ction of a protein?

Initial collapsein protein-folding reactions

The observation that the unfolded state in native condi-
tions is compact suggests that the folding reaction begins
with a solvent-driven collapse of the unfolded polypep-
tide chain. The occurrence of such a collapse reaction
before the main folding reaction of proteins was also ob-
served in several lattice model simulations of protein
folding®'*. In these simulations, the collapse of the
random-coil unfolded form resulted in a reduction of con-
formational entropy, as there were fewer conformations
in the collapsed form than in the completely unfolded
form. This highlights the role of the initial collapse reac-
tion in solving the conformational search problem.

Early experimental evidence regarding the occurrence
of an initial collapse reaction was based on the observa-
tion of a burst-phase loss in the signals of different spec-
troscopic probes in ms measurements™>!*14149  The
observed burst-phase change was attributed to the forma-
tion of an early collapsed intermediate*™. The presence of
specific structure in these initial intermediate forms was
inferred from observations of burst-phase changes in cir-
cular dichroism (CD) and amide proton protection at a
few ms of the folding reaction'™. The identification of
molten globule (MG) intermediates in equilibrium experi-
ments™***?, and the similarity of the kinetically detected
burst-phase folding intermediates to these MG-forms, led
several studies to conclude that the MG-forms of proteins

are equilibrium analogues of the initial kinetic intermedi-
at%145’151’153.
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When the hydrophobic dye, 8-anilino-1-naphthalene
sulphonic acid (ANS) was used as a probe to detect struc-
tural transitions during protein-folding reactions, a sig-
nificant enhancement of the ANS fluorescence was seen
to occur in the < 1 ms time domain® ">, This suggested
that solvent-exposed hydrophobic patches develop during
the sub-ms refolding reactions of these proteins®***. The
involvement of hydrophobic interactionsin the initial col-
lapse reaction was also inferred from mutational analyses
of the burst-phase signal amplitude'****. The burst-phase
amplitude decreases upon substitution of a hydrophobic
amino acid residue by alanine’***. These studies sug-
gested a possible role of hydrophobic interactions during
sub-ms folding reactions. Consolidation of the hydropho-
bic core appears to occur only during the later stages of
the folding reaction, after the initial collapse reaction****’,
This suggests that the initial hydrophobic collapse
reaction is likely to result in the formation of loose hydro-
phobic clusters in the collapsed form, which remains
largely hydrated during the initial few ms of fold-
ing®'%81%9 |nterestingly, the initial hydrophobic collapse
reaction precedes any structure formation in the case of
barstar®®, when folding is carried out in marginally stabi-
lizing conditions.

Surprisingly, a few proteins do not appear to undergo
an initial sub-ms collapse reaction at all*®°. Stopped-flow
SAXS measurements showed that both common-type
acyl-phosphatase and a mammalian ubiquitin (Ub) variant
FA5W do not undergo any reduction in chain dimensions
when transferred from a high denaturant concentration to
folding conditions. It is unlikely, as suggested®, that
pure water can be as good a solvent for the unfolded state
as a concentrated denaturant solution. One explanation
could be that the collapsed forms are unstable high-
energy conformations on the folding pathways of these
‘two-state’ folding proteins and hence not populated.
Another possibility is that the coupling between collapse
and structure formation is so strong in such sequences
that the two events happen on overlapping timescales. In
some evolutionarily optimized amino acid sequences (as
are the sequences of the apparently two-state folding pro-
teins which fold in less than a ms), the probability of suc-
cessful formation of native contacts may be so high that
structure formation can happen at a timescale which is
practically inseparable from the timescale of chain col-
lapse. At present, it is not clear which features of the
amino acid sequence or tertiary structure are critical for
the occurrence of an initial collapse reaction.

On the other hand, a fast chain collapse appears to pre-
cede structure formation in the case of the Bacillus caldo-
Iyticus cold shock protein (Bc-Csp), apparently a ‘two-
state’ folder'®’. It is possible that chain collapse will be
observed to precede structure formation for other ‘two-
state’ folders as well, provided suitable probes are used.
Since the absence of an initial collapse reaction has been
seen only in SAXS measurements™®*®, and an initial
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collapse reaction is seen in FRET measurements™®®? of

the folding of ‘two-state’ folders, it will be important to
determine if SAXS is as sensitive as FRET in detecting a
collapse of the polypeptide chain.

The folding reactions of many non two-state folding
proteins are slow. One reason for this could be that in
these cases there is a higher probability for wrong con-
tacts to form because the amino acid sequence is not
maximally optimized for fast folding. Consequently, fold-
ing molecules with wrong interactions may encounter an
energy barrier that prevents them from folding quickly to
any stable structure. In such cases, folding may be slowed
down to such an extent that it happens over a much slower
timescal e than the chain collapse reaction.

Cooperativity of theinitial collapse reaction

Does a free energy barrier separate the collapsed form
from the completely unfolded form? The existence of a
free-energy barrier between the collapsed and unfolded
conformations (Figure 4a) would imply that the collapse
reaction is a cooperative all-or-none transition, in which
different interactions in the collapsed conformation
develop in a synchronous manner. By contrast, a barrier-
less unimodal transformation of the unfolded state to a
collapsed state (Figure 4b) is expected to result in a
highly non-cooperative and gradual transition. It is diffi-
cult to experimentally distinguish between these two pos-
sibilities.

In studies with ms time resolution, a sigmoidal
dependence of the burst phase amplitude on the concentra-
tion of the denaturant is usually interpreted as the signa-
ture of a cooperative two-state transition between
the unfolded state and the collapsed intermediate
form’31451491%8 ' A gigmoidal curve is usually considered
as the hallmark of a cooperative structural transition in
analogy with an all-or-none phase transition. But a reac-
tion involving a continuum of conformations, in which
the conformers are related to each other by a linear free-
energy relationship, can also give rise to a sigmoidal
dependence of the burst-phase amplitude on the denatu-
rant concentration'®"*%3, Moreover, the denaturant depend-
ences of the burst-phase amplitude monitored by different
spectroscopic probes are seen to be non-coincident for
some proteins®#0.70144.184 " g,ch ohservations suggest that
the formation of burst-phase products can be a non-
cooperative transition. In fact, in many cases, the depend-
ence of the burst-phase amplitude on denaturant concen-
tration appears to be as gradual as the non-cooperative
melt of isolated helices!3:137144165.166

Several equilibrium studies have indicated that the col-
lapse transition is likely to be a higher-order process. In
the case of orlactabumin and barstar, highly non-
cooperative unfolding transitions were observed for the
equilibrium MG-models of the collapsed form®37:167,
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Single-molecule studies with several proteins, including
RNase H™, CspTm®™**21% and protein L*® have also
suggested that the transition which leads to the formation
of the collapsed state is a gradual one. Interestingly, the
thermal unfolding of the compact (and structured) dena-
tured form of EnHD variant L16A appeared to be gradual
and non-cooperative™. Such a transition is not expected
for a folding intermediate which is separated from the
completely unfolded form by a significant energy barrier.

The extent of contraction of several intramolecular dis-
tances in the burst-phase product formed during the ini-
tial folding reaction of barstar was measured as a function
of denaturant concentration®®*°, and was seen to be non-
sigmoidal and gradual. Different intramolecular distances
appeared to contract in an asynchronous manner. The
results from these studies suggest that sub-ms folding re-
actions may be continuous non-cooperative processes.
Importantly, it also appears from these studies that the
products of the sub-ms folding reaction of barstar are
compact forms with specific structure®. It is not clear as
to how a highly non-cooperative process leads to the for-
mation of products with specific structure.

@ Two-state transition
r

@ Continuous transition
)

I

Energy

Population

u u U
State distinguishable property

Figure 4. Nature of the initial collapse transition. (a) Cooperative
transition between the completely unfolded form (U) and the collapsed
intermediate form (Ig). Both the states co-exist with a sizeable free
energy barrier separating the two. The two populations are in constant
exchange and their equilibrium ratio is determined by the extent of sta-
bility conferred by the reaction conditions. (b) Continuous transition
involves a continuum of near-degenerate forms of similar densities, and
consequently, no energy barrier exists between U and the collapsed
denatured form (Uc). The population of molecules shows a unimodal
shift from U to Uc, with change in the folding conditions.
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In direct measurements of sub-ms folding reactions by
rapid mixing methods, exponential or multi-exponential
kinetics are usually seen®"#-8169171 The ohservation of
exponential sub-ms folding kinetics has been interpreted
in terms of a cooperative collapse transition®®1%%72,
There is a strong belief that exponential kinetics arises
due to the crossing of a free-energy barrier, and that the
product of such a barrier-crossing reaction is likely to be
a specific structured intermediate®™*®. But gradual transi-
tions can also show kinetics which is virtually indistin-
guishable from single exponential kinetics®*>>163173174 |
a downhill folding funnel, multiple parallel routes can
also result in exponential kinetics because of different
degrees of parallelization of the routes at different time
points of folding™®. Thus, the observation of single expo-
nential kinetics need not necessarily mean a barrier-
crossing event. In the absence of afree energy barrier, the
kinetics can be non-exponential®®™ and probe-
dependent®®%3. But, non-exponential kinetics as well as
probe-dependent kinetics can also arise due to multiple
pathways'™® or due to a distribution of coupled entropic
barriers'”’. It has only now become clear that a barrier-
limited reaction cannot be distinguished from a barrier-
less process, solely on the basis of the reaction showing
exponential or non-exponential kinetics.

Intriguingly, for some proteins, the fast sub-ms rate
constant appears to be essentialy insensitive to denatur-
ant concentration®"8"#%11 For one such protein, bar-
star®, this observation has been interpreted to signify the
absence of a dominant barrier during the initial sub-ms
folding reaction. For another such protein, cytochrome c,
it was concluded that there is a free-energy barrier be-
tween the unfolded state and the collapsed intermediate
form®. But this conclusion was based on the observation
of exponential folding kinetics, and of an activation en-
thalpy of ~3.5 kcal/mol, after correction for the tempera-
ture dependence of the viscosity term in Kramer's
equation*’®. The difficulty in concluding that a reaction is
barrier-limited on the basis of the kinetics being exponen-
tial or not, has been discussed above. The validity of the
conclusion that the collapse reaction of cytochrome c is
barrier-limited is aso doubtful, because even unstruc-
tured fragments of cytochrome ¢ (which remain unstruc-
tured upon collapse) show exponential sub-ms collapse
Kinetics with similar rate constants and a comparable
activation enthal py*’.

An additional difficulty in determining the cooperati-
vity of the initial chain collapse reaction is the observation
of multi-step sub-ms kinetics in several cases??"87180,
For example, in the case of cytochrome c, secondary
structure develops over a slower timescale (~2000 s™),
after a faster chain collapse phase (~15,000 s%)*87181 |t
is not easy to establish if such multi-phasic sub-ms kinetics
arises due to the presence of multiple steps or due to the
existence of multiple routes. Nevertheless, the products
of the folding reaction populated at 1 ms of folding are
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likely to be a mixture of conformations. The structural
heterogeneity present during a sub-ms folding reaction
makes it difficult to infer the exact nature of conforma-
tional transformations.

If theinitial collapse reaction is indeed all-or-none, co-
existence of both the compact and extended unfolded
forms should be observed in experiments'®’*®2 In the
case of cytochrome c, time-resolved FRET-monitored
stopped-flow refolding experiments showed that the dis-
tance distribution has two major components at 1 ms of
refolding, corresponding to the completely unfolded
form, and a compact form with an almost native-like intra-
molecular distance'®. But it could not be ascertained
whether the two forms are in exchange with each other. A
subsequent experiment using multiple FRET-pairs, sug-
gested that the initial sub-ms collapse transition involves
other intermediate forms as well, and the sub-ms folding
reaction is therefore more likely to be non-cooperative®.
Site-specific variations were also seen in direct measure-
ments of the sub-ms folding phase of cyt ¢’ by time-
resolved FRET™,

Thus, asimple ‘two-state’ model may not appropriately
describe the complex sub-ms folding reactions of pro-
teins. There can be two interpretations for the origin of
complexity in the sub-ms collapse reactions. The collapse
can be regarded as a ‘two-state’ transition with static dis-
order, in which case the transition would involve multiple
pathways and several small activation barriers*'®,
Alternatively, it can be regarded as a higher-order reac-
tion with dynamic disorder, which would imply that the
reaction involves several steps™®. Direct kinetic meas-
urements of the sub-ms collapse reaction with multiple
site-specific probes are needed to provide insight into the
exact mechanism of the initial collapse transition.

Initial collapse: specific or non-specific?

A specific collapse reaction would lead to partial forma-
tion of structure that is also present in the final, fully
folded form of the protein. On the other hand, a non-
specific collapse reaction would lead to a compact form
not containing any native-like structure. The question
whether a specific intermediate forms on the folding
pathway at the end of the initial sub-ms folding reaction
of a protein, has been a contentious one*’®. The major
evidence supporting the formation of a specific burst-
phase intermediate (specific collapse) has been the obser-
vation of a ms burst-phase change in a measured spectro-
scopic property (e.g. fluorescence or CD)’046147.158
observation of exponential kinetics in directly measured
sub-ms folding reactions®*"°, non-exponential depend-
ences of folding rates on denaturant concentration®6%,
protection from HX pulse-labelling'®*®8, and a discre-
pancy in the values of AG and m obtained from kinetic
and equilibrium experiments’®. But burst-phase changes
may also originate as the consequence of a solvent-driven
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response of the unfolded polypeptide chain when it is
transferred from highly denaturing conditions to those that
favour folding”. Such a behaviour would be analogous to
that of a random polymer showing different responses to
different solvent conditions'®’. A polymer-like collapse
reaction is expected to be non-specific and the products
of such reactions are likely to be randomly collapsed spe-
cies without any specific structure®*°.

There is some evidence in favour of the initial collapse
reaction being non-specific in nature. In the case of ribo-
nuclease A (RNase A), an unstructured disul phide-broken
analogue of the protein (rRNase A) can reproduce the CD
burst-phase change seen with the disulphide-intact fold-
ing protein**’. When transferred to lower denaturant con-
centrations, unstructured fragments of cytochrome ¢ show
a burst-phase jump in the fluorescence signal identical to
that seen with the intact protein®. Several experimental
artifacts may also suggest the presence of an early folding
intermediate, even when it is actually not present’®. These
include dead-time artifacts, poor signal-to-noise ratio,
aggregation, low HX-protection or, even the use of dif-
ferent instruments to cover kinetics in different time do-
mains’®. It has been suggested that stable folding
intermediates are usually not populated before the forma-
tion of the main transition state, and when they do, it is
only because optional barriers arise on the folding path-
way of proteins®.

The principal reason why the initial collapse reaction is
considered to be specific is the observation of specific
structure in the product of the burst-phase reaction®44°,
In the case of CspTm, a significant amount of S-sheet
structure accumulates in the product of the sub-ms fold-
ing reaction'®®. The early intermediate I, which is known
to populate the folding pathway of barstar at a few ms of
the refolding reaction, possesses secondary structure, the
extent of which varies with the stabilizing effects of the
solvent conditions™®*, In the case of Escherichia coli
dihydrofolate reductase, the compact intermediate which
accumulates at a few ms of the folding reaction, pos-
sesses a significant amount of secondary structure®®. The
denatured state of the EnHD variant, L16A, also pos-
sesses a specific structure®, and it was suggested that it
is a folding intermediate poised to fold into the native
state. The unfolded state of disulphide-intact RNase A
behaves differently from its non-folding analogue, i.e.
disulphide-reduced RNase A (rRNase A)'*. The folding
RNase A chain, at 22 ms after the commencement of the
folding reaction, is more compact and distinct in shape in
comparison to the rRNase A chain under identical condi-
tions. Moreover, RNase A binds to ANS during the sub-
ms folding reaction, but rRNase does not. In the case
of RNase H, by inducing protein folding/unfolding
by mechanical means, it was suggested that the early in-
termediate form™°, which forms in <10ms, is a
discrete thermodynamic state’™. In the case of monellin,
the shape of the product of the sub-ms folding reaction
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is different from that of the completely unfolded
state®.

In the case of barstar, measurement of 11 intramolecu-
lar distances by FRET, in the early intermediate, Ig, at a
few ms of the folding reaction, shows that some distances
contract only to an extent expected for the unfolded poly-
peptide chain®®*“. However, the contraction of several
other distances, exceeds the extent of contraction expected
from only a solvent-driven response of the unfolded
polypeptide chain®. From the results of these studies, it
appears that the initial sub-ms collapse reaction involves
two components, a non-specific component, which repre-
sents a solvent-induced contraction of the unfolded poly-
peptide chain, and a specific component, which originates
from the formation of specific structure in the product of
the sub-ms folding reaction®*“°. Interestingly, the dimen-
sions of two unstructured fragments of barstar do not
change with a change in the denaturant concentration®.

In an earlier study with barstar, the product of the sub-
ms folding reaction was shown to possess specific secon-
dary structure under strongly stabilizing conditions™,
whereas in marginally stabilizing conditions there was no
detectable structure in the product of sub-ms folding.
Importantly, the structure present in the product of the
sub-ms folding reaction is specific to the specific folding
conditions employed™. This study suggests that, upon a
change in the folding conditions, one or more of the
structural components in the initial intermediate ensemble
can be stabilized preferentially, and that, under different
folding conditions different folding pathways become
operative. Surprisingly, this issue has generally not been
addressed for other proteins.

Collapse and structure formation

Do polypeptide chain collapse and secondary structure
formation occur concurrently, or do the two events hap-
pen on different timescales? This has been an important
guestion. In native-like conditions, the unfolded states of
proteins can be both compact and structured®****°, |n the
equilibrium molten-globule forms of several proteins, like
those of apomyoglobin®™ and bovine o-lactalbumin®,
significant native-like secondary structure is present. The
amount of secondary structure increases progressively as
the polypeptide chain becomes more compact on the
equilibrium folding pathway of apomyoglobin'®. In the
case of barstar, a salt-induced collapse of the high-pH un-
folded form is followed by accumulation of secondary
structure*®*’. Thus, it appears from these studies of
equilibrium models of chain collapse, that increased chain
compaction may facilitate the development of secondary
structure during the folding reaction.

Simulations show that increasing compactness results
in the accumulation of different elements of secondary

structure'®®, The elements of secondary structure accumu-
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late in the compact denatured forms possibly because
these structures are entropically favoured among the dif-
ferent possible conformations in the population of com-
pact molecules'®. There is evidence, both from
experiments and simulations, that helix formation is gov-
erned by a conformational diffusion search in the ensem-
ble of coil conformations®**. The intrinsic helix—coil
equilibrium constant for a six-residue stretch with four
rotatable bonds is 1.05, which corresponds to 0.20 kT in
energy™®. This kind of energy barrier can be easily trav-
ersed through a diffusive search. It is possible that the
packing interactions and tertiary contacts developed dur-
ing the later stages of the folding reaction stabilize the
helical structures, so that a helix becomes favourable over
the coil by 1.7 KT.

Until recently, it was not possible to discern the actual
sequence of events during sub-ms folding reactions, be-
cause they could not be resolved temporally. Neverthe-
less, it was shown in the case of barstar, that a fast
hydrophobic collapse precedes the formation of secon-
dary structure®, for folding in marginally stabilizing con-
ditions. In the case of proteins for which sub-ms folding
has been resolved temporally, such as RNase A and
BBL, afast non-specific collapse is seen to precede struc-
ture formation®®?’. In the case of cytochrome ¢ and
monellin also, it was seen that a significant structure de-
velops only after a fast collapse reaction®*'**'%, |n the
case of apomyoglobin, it was not possible to resolve tem-
porally collapse and secondary structure formation within
the 300 s dead-time of the mixing instrument®; conse-
quently, it could not be ascertained if the collapse reac-
tion precedes structure formation in this case.

It is still unclear whether fast chain collapse preceding
secondary-structure formation is a general feature of pro-
tein-folding reactions. As discussed above, for a few
apparent two-state folders, chain collapse and structure
formation appear to occur in a concerted manner, but for
CspB, a fast chain collapse is seen to precede structure
formation™®. In this context, it is notable that the forma-
tion of secondary structure has not been studied in the
sub-ms time domain for most proteins?-168.180

Arethere multiple pathways for the chain
collapse reaction?

The unfolded state is an extremely heterogeneous ensem-
ble of conformations>'°"%, Do different conformations
in the unfolded-state ensemble trace their own unique
folding trajectories, or do they all converge into a single
folding-competent conformation before the folding reac-
tion begins? In the latter case, different conformations in
the unfolded-state ensemble would have to convert into a
folding-competent conformation. In such a case, the pres-
ence of a large number of folding-incompetent unfolded
conformations may result in a kinetic bottleneck leading
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to a significant slowing down of the folding rate™’, even

when there is fast exchange among them. This suggests
that multiple folding trajectories must be present during
the earliest phases of the protein-folding reactions.
Multiple microscopic routes and pathways are seen in
protein-folding simulations®™%%,  Structural hetero-
geneity seen even during later stages of protein-folding
reactions, is indeed suggestive of multiple folding path-
Ways37'7l'102’2°0‘2°3.

The product of the sub-ms folding reaction appears to
be structurally heterogeneous®"*%#2% for several pro-
teins, and the heterogeneity must arise because of multi-
ple folding routes. In a recent multi-site FRET study of
the folding of barstar, it was seen that the urea depend-
ences of the extent of contraction of different intra-
molecular distances in the initialy collapsed form are
highly uncorrelated®*°. This suggests that the initial
chain-collapse reaction of barstar might occur via multi-
ple routes.

In order to reach the unique native fold, structural hetero-
geneity must reduce during the protein-folding reaction.
It was seen that for the slow folding reaction of barstar,
studied using multi-site time-resolved FRET measurements,
conformational heterogeneity in the late folding inter-
mediate, |, reduces with increasing stability’™. This finding
is consistent with statistical mechanical models which
predict a progressive reduction in structural heterogeneity
during folding reactions™.

Folding along multiple tracks explains why the earliest
events, including the chain collapse reactions are so fast.
Observed folding rates are seen to be proportional to the
number of microscopic routes available to a protein®.
Interestingly, proteins with higher a-helical content ap-
pear to fold faster than o~f or £ proteins. This is also
supported by experimental observations that a majority of
ultra-fast folding proteins are a-helix-rich®*. A possible
explanation is that o~helical proteins have more folding
routes because helix nucleation can occur at multiple
sit&:(,5 whereas f-structures usually nucleate from a single
site™.

How fast istheinitial chain-collapse reaction?

The rate at which an unfolded polypeptide chain col-
lapses cannot be faster than the fastest rate of intra
molecular contact formation®, The formation of a ~60
residue loop in the case of cytochrome ¢ was seen®?* to
take place with a time constant of ~3 us. Based on this
study, an upper limit of 10° s™ was proposed for the rate
of the initial polypeptide collapse reaction®*?%. This is a
useful estimate, but it is unlikely to be a universal limit
for all polypeptide sequences. For example, it has been
observed in some studies that the kinetics of intrachain
loop formation is dependent both on the sequence™ and
the position of the loop-forming residues®®. Moreover, it
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should be remembered that many hundreds of intra-
molecular contacts need to form during the folding of
even asmall protein.

The observed timescale of the collapse reaction for dif-
ferent proteins has a range spanning from afew tens of ns
to several seconds®®?*®’. The timescale for the occurrence
of afast non-specific collapse was experimentally found
to be ~60 ns for BBL%. Similar results were obtained in
single-molecule studies with CspTm, where a chain
reconfiguration time of 50 ns was observed in the un-
folded state™. The ultra-fast collapse transitions which
happen on the sub-us timescale may represent the non-
specific response of an unfolded polypeptide chain upon
a change to refolding conditions. For RNase H, however,
a chain reconfiguration time of 20 us was observed in
single-molecule studies, which is close to the timescale of
the sub-ms folding reaction observed in ensemble meas-
urements'®. The differences seen in the values of the
rates of chain collapse for different proteins possibly
originate from the difference in the roughness of the energy
surface a collapsing polypeptide chain has to traverse.
The ruggedness of the energy surface of a folding reac-
tion is likely to be a complex function of the chain com-
position and chain length. In direct measurements of sub-
ms refolding kinetics, major kinetic phases with rate con-
stants of 65us (cytochrome c), 600 us (protein G),
100 us (acyl-CoA binding protein), 80 us (RNase A) and
150 us (bacterial immunity protein, Im7) were ob-
served*" 8788171 Because these timescales are relatively
long compared to those of the elementary events in pro-
tein folding, it has been argued that the sub-ms kinetics
measured for these proteins represents specific events,
and that the presence of a large barrier slows down the
initial folding reactions'®°.

For a few apparently two-state folding proteins, chain
collapse and structure formation occur concomitantly and
in such cases, the timescale of the collapse reaction is
usually much longer®®®. It is possible that in these pro-
teins the collapse reaction is slowed down because it is
coupled to specific structure formation, the extent of
which may vary from protein to protein. Another possi-
bility is that a fast chain collapse remains undetected in
the case of many such proteins because of the nature of
the probes utilized. For example, in the case of Bc-Csp, a
fast chain collapse precedes the main folding transition
when probed by FRET2% whereas in conventional
fluorescence-monitored folding experiments and thermo-
dynamic analyses, the folding reaction of the protein ap-
peared to be two-state?®%, Surprisingly, the kinetics of
the collapse reaction of Bc-Csp could not be time-
resolved even with a 10 ns dead-time'®%.

It is not clear at present why an initial collapse reaction
is not observed with the ultra-fast folders. For EnHD, the
denatured state is substantially structured***?%, and this
residual structure could possibly be the reason for the fast
folding of EnHD*®. Similar arguments have been made to
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explain the ultra-fast folding of BBL*. TC5b is a small
(20 amino acids) protein, which despite a relatively high
contact order atypical for a protein of this length, shows
ultra-fast folding”®. Photo-CIDNP (chemically induced
dynamic nuclear polarization) NMR measurements, have
shown that the unfolded state of TC5b has residual struc-
ture because of a pre-existing hydrophobic collapse™”.
This observation provides a possible explanation for why
many of the ultra-fast folding proteins do not show an
initial hydrophobic collapse preceding the main folding
transition, upon initiation of refolding.

The observed differences in the timescales of the col-
lapse reaction seen with different proteins appear to be
difficult to explain. It has been suggested that a differ-
ence in topological frustration or roughness of the energy
surface can give rise to differences in the folding rates?*.
The folding rates of proteins are known to correlate well
with the native-state topology*?2*. In a recent analysis,
a striking correlation between some structural parameters
(absolute contact order, chain length and the number of
non-native contact clusters), and the folding rates of both
apparent two-state folders and the non two-state folders
was observed®>#®. Thus, it is also possible that the dif-
ference seen for the rate of the chain-collapse reaction of
different proteins might be a function of the topology and
structure of the protein.

Concluding remarks

The study of initial events during protein folding is cru-
cial to obtain an understanding of protein-folding reac-
tions. It appears now that polypeptide chain collapse
plays a dominant role in shaping the early events. The
nature and extent of chain collapse may determine the
extent of the specific structure that is formed. Since chain
collapse is determined by solvent conditions, the nature
of the product of folding at 1ms is expected to depend on
the folding conditions. If thisis indeed true, then the sub-
sequent folding reaction may follow different routes in
different folding conditions, because the starting col-
lapsed folding intermediate is different for different fold-
ing conditions.

Understanding the nature of the barriers that slow
down the fast folding reactions that complete within the
first millisecond has become an important issue. A single
dominant barrier would dictate that the compact ensemble
at 1 ms coexists with the extended unfolded-state ensem-
ble. Alternatively, it now seems possible that the initial
collapse reaction may be so highly non-cooperative so as
to be a gradual, continuous transition. The latter possibi-
lity raises the exciting possibility that it may become pos-
sible to examine in real time how proteins begin to fold.
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