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For many proteins, compact conformations are known to accu-
mulate in advance of the rate-limiting step in folding. To under-
stand the nature and significance of these early conformational
events, we employed ultrarapid mixing methods to fully char-
acterize the kinetics of folding of the 57-residue B1 domain of
protein G. Continuous-flow fluorescence measurements exhib-
it a major exponential phase on the submillisecond time scale
(600–700 µs), which is followed by a slower phase with a denat-
urant-dependent time constant (2–30 ms) observable by con-
ventional stopped-flow measurements. The combined kinetic
traces quantitatively account for the total change in Trp 43 fluo-
rescence upon folding, including the previously unresolved
‘burst phase’ signal. The denaturant dependence of the two rate
constants and their relative amplitudes are fully consistent with
a three-state mechanism, U I N, where I is a pro-
ductive intermediate with native-like fluorescence properties.
The relatively slow rate and exponential time course of the ini-
tial folding phase indicates that a substantial free energy barri-
er is encountered during chain condensation, resulting in a
partially organized ensemble of states distinct from the initial
unfolded conformations.

Information on the rates and temporal sequence of the confor-
mational steps associated with the folding of simple model proteins
is essential for understanding the mechanism by which a disor-
dered polypeptide chain can acquire the biologically active native
structure. While the dynamics and mechanism of α-helix and 
β-hairpin formation in model peptides has been studied extensive-

ly1–7, there have been few direct observations on the folding of
intact proteins on the submillisecond time scale8–10. Thus, the for-
mation of tertiary interactions and compact structures during early
stages of folding and their mechanistic importance remain less well
understood.

Although there is a growing list of small proteins that can reach
their native state in a single concerted step without detectable inter-
mediates (reviewed in ref. 11), the kinetic behavior of many others
is inconsistent with a simple two-state folding reaction (for exam-
ple, refs 12–17; for earlier examples, see ref. 18). When an optical
signal, such as intrinsic or extrinsic fluorescence or far-UV circular
dichroism (CD), is used to monitor the kinetics of refolding on a

Fig. 1 Tryptophan fluorescence changes during refolding of GB1 (20 µM)
at 1.12 M GuHCl (0.4 M Na2SO4, 20 mM sodium acetate, pH 5), measured
in matching continuous-flow (circles) and stopped-flow (diamonds)
experiments at 20 ¡C, plotted on a logarithmic time scale (lower panel).
The fluorescence of the initial state (traces labeled U) was measured at a
constant GuHCl concentration of 5 M, and the signal of the refolded
state (N) was measured on the solution collected in continuous-flow
refolding experiments. The solid and dashed lines represent double- and
single-exponential fits to the combined data, respectively, with the cor-
responding residuals shown in the panel above.
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stopped-flow instrument, one often finds that a significant fraction
of the total change occurs within the dead time of the experiment
(typically a few milliseconds). In many cases this so-called burst
phase is accompanied by a pronounced curvature in the rate profile
(log(rate) versus [denaturant]), which deviates at low denaturant
concentrations from the linear behavior expected for a simple two-
state folding process. These phenomena occur even in the absence
of complicating factors, such as prolyl peptide bond isomerization
or ligand binding, and thus reflect intrinsic conformational events.
These observations are consistent with a folding mechanism
involving rapid (<1 ms) accumulation of intermediate states in
advance of the rate-limiting barrier in refolding19–21. However, it
has also been argued that, in analogy to the behavior of homopoly-
mers22, the burst phase may reflect a nonspecific collapse of the
polypeptide chain triggered by the change in solvent condi-
tions23–26. Such a continuous collapse model has been proposed to
explain the observation that the fluorescence and CD properties of
a cytochrome c fragment and reduced ribonuclease A, which are
unable to assume a specific native structure, mimic the burst phase
behavior seen in stopped-flow measurements on the unmodified
proteins27,28. However, these results do not address the key question
whether early conformational events lead to a thermodynamic
state distinct from the initial state, or whether they are part of a
broad ensemble of denatured states. Resolution of this basic ques-
tion will require kinetic measurements on the submillisecond time
scale under strongly stabilizing conditions in order to observe
directly the conformational changes associated with the burst
phase. Recent advances in rapid mixing29,30 and detection31 meth-
ods have made it possible to extend fluorescence-detected mea-
surements of solvent-induced refolding reactions into the 10 µs
time regime, which enabled us to observe the barrier-limited for-
mation of compact states during folding of cytochrome c 10.

Contrary to popular belief, kinetic complexities at early times of
refolding are not limited only to large proteins or proteins with
multiple structural domains. A particularly striking case is the
immunoglobulin-binding domain B1 of streptococcal protein G
(GB1). Despite its small size (57 amino acids), simple architecture
(a four-strand β-sheet and an α-helix surrounding its well-packed
hydrophobic core32,33) and lack of proline residues or disulfide

bonds, its folding kinetics, monitored by means of the
protection of amide protons34 or the burial of a trypto-
phan residue within the hydrophobic core of GB1
(ref. 35), show clear deviations from the behavior expect-
ed for a two-state reaction. In particular, we observed a
large increase in the fluorescence of Trp 43 in the ∼ 3 ms
dead time of stopped-flow refolding measurements
under strongly native conditions, indicating that the
tryptophan side chain reaches its solvent-shielded envi-
ronment in advance of the rate-limiting step for folding35.
The continuous-flow capillary mixing apparatus recently
developed in our laboratory31 now makes it possible to
extend the refolding measurements into the microsecond
time range, permitting us to measure the complete time
course of folding, including the previously unresolved
fluorescence changes (burst phase). The fluorescence-
detected folding kinetics, triggered by rapid dilution of
solvent-denatured GB1 to low denaturant concentra-
tions, exhibit two distinct exponential phases with time
constants of about 600 µs and several milliseconds,
respectively, a result that is fully consistent with a three-
state folding mechanism, U I N, where I
represents an ensemble of compact states with native-like
fluorescence properties. The relatively slow rate of the ini-

tial folding event in the β-sheet containing GB1, compared to two
α-helical proteins (cytochrome c and myoglobin)9,10, indicates that
it represents a specific conformational event that reflects particular
features of the sequence and topology of these proteins.

Biphasic folding kinetics of GB1
For both continuous- and stopped-flow experiments, GB1 was
fully unfolded in 5 M GuHCl, and refolding was triggered by rapid
dilution of the denaturant to various concentrations in the native
baseline region (0.45–2 M GuHCl, pH 5.0, 20 °C). The time course
of refolding was monitored by measuring the increase in fluores-
cence emission associated with the burial of Trp 43 within the
hydrophobic core. A plot of a representative continuous-flow
refolding trace at 1.12 M GuHCl (Fig. 1) is combined with a
stopped-flow trace recorded under matching conditions, along
with control experiments at constant GuHCl concentrations of
5 M and 1 M, respectively. Both traces are scaled with respect to the
fluorescence of the native protein and are plotted on a common
logarithmic time scale. The combined kinetics is well described by a
sum of two exponential phases (solid line) with time constants of
~0.8 and 4 ms (standard error of estimate = 0.0024) while a single
exponential (dashed line) leads to a much poorer fit (standard
error of estimate = 0.0163). The observation of a second exponen-
tial process with a five-fold faster rate by continuous-flow mixing is
fully consistent with the three-state folding mechanism postulated
in our earlier work35. Extrapolation to zero time yields an initial flu-
orescence of 0.3, which corresponds closely to the relative fluores-
cence of the unfolded protein at equilibrium (in 5 M GuHCl). The
observed kinetics thus accounts for the total change in fluorescence
between the initial and final states, and there is no indication for
additional fluorescence changes on a shorter time scale.

Representative results (Fig. 2) are provided for continuous-flow
(left) and stopped-flow (right) refolding experiments as a function
of denaturant concentration. The combined kinetic traces at final
GuHCl concentrations below 2 M were fitted to two exponential
phases, whereas a single exponential was sufficient to fit the
stopped-flow refolding and unfolding experiments at higher
denaturant concentrations. The rate constant of the initial folding
phase (squares in Fig. 3a) shows little variation with denaturant

Fig. 2 Effect of GuHCl concentration on the kinetics of refolding of GB1 in the pres-
ence of 0.4 M Na2SO4 (pH 5, 20 °C). a, Continuous-flow and b, stopped-flow traces
are shown on separate linear time axes. All the traces have been scaled relative to
the fluorescence of the protein in the absence of denaturant (N). Solid lines repre-
sent biexponential fits to the combined data obtained by nonlinear least squares
analysis. The time constant of the initial phase is in the range of 600–700 µs, while
that of the second phase ranges between 2 and 30 ms.
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concentration (1,500–2,000 s-1), except for a slight drop at interme-
diate GuHCl concentrations. By contrast, the rate constant for the
second phase (circles in Fig. 3a) decreases ~500-fold on addition of
GuHCl and goes through a minimum at 3.5 M (the midpoint of the
equilibrium unfolding transition). The nonlinear behavior (‘roll-
over’) seen at low denaturant concentrations (<1 M) is consistent
with a mechanism involving at least one transient intermedi-
ate20,21,36,37. The limiting rate constant of the second phase (∼ 600 s-1)
reflects formation of the native state under conditions in which the
intermediate is well populated. This interpretation is further sup-
ported by the denaturant-dependence of the relative amplitudes
for the two phases (Fig. 3b). The fast phase dominates the kinetics
at low denaturant concentration (<1 M) where the intermediate is
stable, but the rate-limiting process on the millisecond time scale
gains amplitude with increasing GuHCl concentration, which is
characteristic of a kinetic mechanism involving sequential rather
than parallel steps. The decrease in amplitude at GuHCl concentra-
tions >3 M reflects the diminishing population of the native state in
the equilibrium transition region.

Kinetic model
All of our observations, including the rates and amplitudes of fold-
ing and unfolding, as well as the equilibrium unfolding transition
(Fig. 3), can be modeled quantitatively on the basis of a simple
three-state folding mechanism,

kUI kIN

U I N (scheme 1)
kIU kNI

where U and N represent the unfolded and native states, respective-
ly, and I represents an ensemble of intermediate states on a direct
path between U and N. The denaturant dependence of the rate
constant for each elementary step, kij, is described by

ln kij = ln kij° + (mij
‡/RT) × C (1)

where kij°, mij
‡ and C represent the elementary rate constant in the

absence of GuHCl, the GuHCl dependence of the rate constant
(kinetic m value) and the GuHCl concentration, respectively. The
four rate constants and corresponding kinetic m values are suffi-
cient to calculate the observable rate constants (eigenvalues) and
the populations of each state in scheme 1 versus denaturant con-
centration, using standard numerical methods (for example., ref.
21). The kinetic amplitudes also put constraints on the intrinsic
fluorescence yield in each state.

The solid lines in Fig. 3 indicate the best simultaneous ‘fit’ to
both the rate and amplitude data obtained by systematic variation
of the elementary rate constants and their dependence on denatu-
rant concentration (dashed lines in Fig. 3a). The kinetic parame-
ters thus obtained are listed in Table 1. To fit the normalized
fluorescence amplitudes (Fig. 3b), we assigned relative fluorescence
values of 0, 0.05 and 1.0 to N, I and U, respectively. Since the initial
phase was not directly observable in our previous stopped-flow
study, we were able to determine only the pre-equilibrium constant
(KUI) and corresponding m value (mUI) for the U I transi-
tion35. With complete kinetic data, it is now possible to resolve the
individual elementary rate constants, kUI and kIU, and correspond-
ing m values, mUI

‡ and mIU
‡ (Table 1). Despite the shallow denatu-

rant dependence of the rapid phase, these parameters are well
constrained by the combined rate and amplitude data (mUI

‡ out-
side of the range -0.65 to -0.55 and mIU

‡ outside the range 1.10 and
1.20 yield a poor fit). The parameters for the U I transition,

KUI = kUI/kIU = 33 and mUI = mIU
‡ - mUI

‡ = 1.75 kcal mol-1 M-1

derived from the present kinetic results (Table 1), are within error
of those obtained in our previous pre-equilibrium analysis35. The
fact that the kinetic simulation also accounts quantitatively for the
equilibrium unfolding transition (diamonds in Fig. 3b) confirms
that our three-state model (scheme 1) is sufficient to describe the
folding/unfolding behavior of GB1.

Initial folding events in GB1 are barrier limited
The fact that the time course of refolding on the submillisecond
time scale is well described by a single exponential phase indicates
that the initial fluorescence-detected event during folding of GB1 is
limited by a kinetic barrier. By contrast, a diffusion-limited collapse
of the polypeptide chain is not expected to give rise to exponential
kinetics38. Moreover, the observed rate of the initial phase
(1,500–2,000 s-1) is nearly two orders of magnitude slower than the
rate of the diffusion-controlled formation of a small loop estimated
on the basis of the kinetics of heme ligation in denatured
cytochrome c 9,40. Thus, the first ensemble of states characterized by
a high fluorescence yield is separated by a substantial free energy
barrier from the initial GuHCl-denatured state. As in our earlier
work on cytochrome c10,41, these findings justify the description
of this ensemble of states as a folding intermediate and the use of
the chemical kinetics approximation to describe the dynamics of
folding.

Muñoz et al.3 recently used laser temperature jump methods to
characterize the dynamics of β-structure formation in a peptide
fragment corresponding to the C-terminal β-hairpin of GB1
(residues 41–56). Using Trp 43 as a fluorescence probe, they mea-
sured a time constant of 6 µs for the formation of the isolated 
β-hairpin structure. Although the time constant of this local struc-
tural event is well within the dead time of our instrument, their

Fig. 3 Variation of a, rates and b, amplitudes of the two kinetic phases
involved in GB1 folding with GuHCl concentration. Squares and circles in
(a) and (b) represent rates and amplitudes of the corresponding phase,
respectively. Diamonds in (b) represent the normalized fluorescence of
GB1 at infinite times, which corresponds to the fluorescence of the pro-
tein at equilibrium. The observable rate constants and amplitudes pre-
dicted by a three-state model (Scheme 1) are shown as solid lines. The
elementary rate constants corresponding to this global fit are indicated
by dashed lines (Table 1).

a

b
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results predict a ∼ 50% increase in the amplitude of the phase
observed in the continuous-flow measurements, relative to the
fully unfolded state. Our finding that the kinetic data approach the
level of the initial unfolded state on the 100 µs time scale (Fig. 2)
has several possible explanations. (i) The β-hairpin may be present
even under the initial conditions of 5 M GuHCl, which is consistent
with hydrophobically stabilized residual structure evident in other
proteins42. (ii) The population of the β-hairpin is too low and the
resulting change in fluorescence is too small to be detectable under
the conditions of our experiment. Alternatively, (iii) formation of
the β-hairpin may be slower in the full-length protein.

Structure of intermediates and transition states
Our three-state analysis of the kinetic amplitudes (Fig. 3b) implies
that the fluorescence yield of Trp 43 in the intermediate is within a
few percentage points of that of the native state. Thus, the trypto-
phan ring becomes buried as early as the initial stage of folding.
This confirms our previous stopped-flow evidence for the rapid
formation of a native-like core35. Further insight into the average
properties of intermediates and transition states can be gained by
considering the denaturant dependence of the individual rate con-
stants (Table 1), which is related to the changes in solvent-accessi-
ble surface area between the ground state and transition state
ensembles43, as well as intermediates21. For each state along the
folding pathway we define an α value as follows: αU = 0; αTS1 = 
-mUI

‡/mUN; αI = (mIU
‡ - mUI

‡)/mUN; αTS2 = 1 - mNI
‡/mUN; αN = 1

(mUN is the kinetically derived ‘equilibrium’ m value, mIU
‡ - mUI

‡ +
mNI

‡ - mIN
‡). A free energy diagram, calculated from the kinetic

parameters in Table 1, is given in Fig. 4, along with the α values for
the various states encountered as the folding proceeds from U to N
through the intermediate I. Although TS1 is the highest point along
the free energy profile obtained in the absence of denaturant, the
transition from I to N through TS2 represents the rate-limiting step
under all conditions. The high α value for I, αI = 0.85, implies that
it represents a compact set of conformations with a solvent-
exposed surface area only slightly larger than that of the native
state, which is consistent with its native-like fluorescence proper-
ties. Comparison with other proteins for which αI values have been
determined on the basis of stopped-flow data (compiled in ref. 18)
shows that the intermediate in GB1 is unusually compact. This is
probably a consequence of the fact that the hydrophobic core of
GB1 is comparatively large for its size.

The continuous-flow measurements of GB1 folding reported
here not only define the time scale of the initial folding event, but
also provide unique insight into the properties of the first kinetic
barrier encountered (TS1). Its α value of 0.29 (Fig. 4) indicates that
TS1 represents a partially condensed, but highly solvated ensemble
of conformations. Although limited in extent, this initial condensa-
tion results in a substantial free energy barrier, suggesting that it has
a major entropic component. A likely scenario is that the unfavor-

able free energy due to the loss in conformational entropy associat-
ed with the partial collapse of the chain cannot be compensated by
favorable solvent interactions and enthalpic contributions until the
bulk of the hydrophobic residues are sequestered, which gives rise
to an entropic bottleneck in the formation of collapsed states10,44.
Our finding that the rate constant of the final folding step, kIN, is
independent of denaturant concentration (Fig. 3) suggests that the
remaining solvent-exposed regions of the protein become buried
only after the final barrier, TS2, has been traversed. The rate-limit-
ing step in the formation of the native GB1 structure is thus limited
to rearrangements among the ensemble of compact states, includ-
ing changes in the rotameric state of key residues necessary to
achieve tight packing of the hydrophobic core.

General implications
It is interesting that the earliest fluorescence-detected folding event in
GB1 is over an order of magnitude slower than the analogous process
in cytochrome c measured by the same technique10. Given that
cytochrome c is nearly twice as large, protein size is apparently not an
important factor in determining the rate of early folding events.
There is also no apparent correlation with the overall hydrophobicity
of the two proteins, since both have a comparable number of
hydrophobic core residues. Thus, the initial barrier encountered dur-
ing folding of these small proteins represents a specific sequence-
dependent conformational event, a finding that further argues
against the domination of the initial stages of folding by a solvent-
induced hydrophobic contraction of the chain27,28. A more likely
explanation is that the slow rate of the initial folding phase in GB1 is
related to the fact that GB1 contains extensive β-sheet structure,
including a pair of parallel strands at opposite ends of the chain,
whose formation is expected to be a slower process than coalescence
of α-helices in proteins such as cytochrome c45. Once this relatively
high initial barrier for formation of a compact intermediate has been
crossed, the native structure is formed at a rate of 600 s-1 (Table 1),
which is faster than that of most β-sheet containing proteins investi-
gated (compiled in refs 11, 18, 45). This reinforces the notion that the
intermediate contains a native-like core and correct chain topology.
Any non-native interactions present at this stage, such as the
hydrophobic contact between Val 21 and Ala 26 detected in a frag-
ment of GB1 (ref. 46), can apparently be resolved without trapping
the protein in long-lived states.

The α value obtained for the rate-limiting barrier during GB1
folding, 0.85 (TS2 in Fig. 4), is near the upper limit of the range of val-
ues obtained for proteins with two-state folding behavior (<α> =
0.71 ± 0.12 for 35 proteins tabulated in ref. 11), indicating that TS2

represents an unusually compact ensemble of states. By contrast, the
initial barrier encountered during folding of GB1 (α = 0.29) repre-
sents a much more solvated set of conformations compared to the
transition state properties of most proteins with two-state behavior.
This can be explained by postulating that a three-state folding mech-
anism is reduced to an apparent two-state mechanism when the
intermediate is destabilized such that its free energy lies above both U
and N states, resulting in negligible population21. For example, when
the intermediate is destabilized in the presence of 2.5 M GuHCl
(lower profile in Fig. 4), we observe two-state (first-order) kinetics

Fig. 4 Free energy dia-
grams under strongly
and marginally sta-
bilizing conditions 
predicted by the three-
state analysis of the
kinetic data in Fig. 3.
The α values indicate
the change in solvent-
accessible surface area
relative to U.

Table 1 Kinetic parameters for a three-state
folding mechanism of GB11

U I I N
kUI° mUI

‡ kIU° mIU
‡ kIN° mIN

‡ kNI° mNI
‡

2,300 -0.6 70 1.15 600 0.0 0.14 0.3

1Units for kij° and mij
‡ are s-1 and kcal mol-1 M-1, respectively.
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with a greatly reduced rate of folding determined by the free energy
difference between U and TS2. The corresponding α value (0.85) is
comparable to that obtained for other proteins, such as CspB47 and a
stabilized mutant of λ repressor48, that exhibit two-state kinetics
under all conditions investigated. In other words, whether interme-
diates accumulate or not, the rate-limiting step in folding generally
involves a highly compact ensemble of states, which is clearly incon-
sistent with the suggestion25 that chain collapse may be the rate-
determining event in folding.

One of the most elusive questions in protein folding has been
whether early intermediates are obligatory states, as implied by
scheme 1, or whether they are nonproductive collapsed states that
need to unfold again for the protein to acquire its native structure
(for example, I U N). Unless a specific experimental
probe is available for measuring the appearance of the native state
during folding, which should show a lag if scheme 1 is correct (see,
for example, refs 14, 15), it is generally difficult to rule out alterna-
tive kinetic mechanisms in which I is not on a direct path to N.
Other methods to measure the appearance of the native state49

would require double-jump mixing on the submillisecond time
scale, a technically difficult procedure. However, in the present case
the two phases are tightly coupled, and our kinetic simulations
showed somewhat different predictions for on-pathway versus off-
pathway mechanisms. The differences are most pronounced at low
denaturant concentrations, where the off-pathway scheme predicts
rates that are significantly higher than those observed for the fast
phase (by about two-fold at 0.45 M GuHCl). Scheme 1 is also sup-
ported by several lines of indirect evidence18,50. If intermediates are
productive, one expects that folding is most efficient under condi-
tions (such as low denaturant concentration) favoring formation of
marginally stable structures, as is observed for many proteins,
including GB1 (Fig. 3). Moreover, some early folding intermediates
were shown to resemble TS2, not only in terms of α values, but also
in terms of their response to mutations21,51–53, suggesting that some
of the interactions important for efficient folding are established
before the final barrier is encountered.

These findings support the idea that folding may generally occur
in at least two physically distinct stages: the formation of a loosely
packed ensemble of compact states with a rudimentary core and
native-like overall fold, followed by the rate-limiting formation of
the unique native structure with its tight-packed core and specific
tertiary interactions. The first stage involves chiefly main chain
degrees of freedom (secondary structure and chain topology),
whereas the second stage is dominated by side chain degrees of
freedom. Whether the two stages can be resolved experimentally
depends primarily on the stability of compact intermediates. This
type of scenario is consistent with the recent molecular dynamics
simulations, which predict accumulations of compact conforma-
tions with a subset of the native contacts and other native-like fea-
tures during folding GB1 (ref. 54) and ubiquitin55.

Methods
The folding reaction was initiated by 11-fold dilution of a solution of
denatured GB1 (220 µM) in 5 M GuHCl with refolding buffer (20 mM
sodium acetate pH 5, 0.4 M sodium sulfate, 20 °C) containing appro-
priate amounts of GuHCl to achieve final GuHCl concentrations in the
range 0.45–2 M. For kinetic measurements on the submillisecond time
scale, we used the continuous-flow capillary mixing method described
by Shastry and colleagues31. As the rate of the initial folding phase was
found to be slower than in our earlier studies10, we worked at lower
flow rates to extend the observation window to longer times, result-
ing in an experimental dead time of 170 µs (calibrated as in ref. 31).
The sole tryptophan at position 43 was excited at 295 nm, and the flu-
orescence emission above 324 nm was collected. Stopped-flow experi-
ments were carried out under identical conditions, using a Biologic

SFM-4/QS instrument (Molecular Kinetics) with a dead time of 3 ms
(ref. 21). Continuous- and stopped-flow traces were individually refer-
enced relative to the fluorescence of the native protein (GB1 in 0.45 M
GuHCl). On this scale, the relative fluorescence for unfolded GB1 is
∼ 0.3 (see Figs 1, 20). Continuous-flow refolding measurements at 0.45
M GuHCl were carried out at final protein concentrations of 10, 20 and
40 µM. The rates (1,630 ± 100 s-1) and amplitudes (-0.75 ± 0.1) of the ini-
tial phase were within error, confirming that it represents a unimolec-
ular process35.
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