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Much of our understanding of protein folding mechanisms is derived from
experiments using intrinsic fluorescence of natural or genetically inserted
tryptophan (Trp) residues to monitor protein refolding and site-directed
mutagenesis to determine the energetic role of amino acids in the native
(N), intermediate (I) or transition (T) states. However, this strategy has
limited use to study complex folding reactions because a single
fluorescence probe may not detect all low-energy folding intermediates.
To overcome this limitation, we suggest that protein refolding should be
monitored with different solvent-exposed Trp probes. Here, we demon-
strate the utility of this approach by investigating the controversial folding
mechanism of ubiquitin (Ub) using Trp probes located at residue positions
1, 28, 45, 57, and 66. We first show that these Trp are structurally sensitive
and minimally perturbing fluorescent probes for monitoring folding/
unfolding of the protein. Using a conventional stopped-flow instrument,
we show that ANS and Trp fluorescence detect two distinct transitions
during the refolding of all five Trp mutants at low concentrations of
denaturant: T1, a denaturant-dependent transition and T2, a slower
transition, largely denaturant-independent. Surprisingly, some Trp
mutants (UbM1W, UbS57W) display Trp fluorescence changes during T1
that are distinct from the expected U→N transition suggesting that the
denaturant-dependent refolding transition of Ub is not a U→N transition
but represents the formation of a structurally distinct I-state (U→ I).
Alternatively, this U→ I transition could be also clearly distinguished by
using a combination of two Trp mutations UbF45W-T66W for which the two
Trp probes that display fluorescence changes of opposite sign during T1
and T2 (UbF45W-T66W). Global fitting of the folding/unfolding kinetic
parameters and additional folding-unfolding double-jump experiments
performed on UbM1W, a mutant with enhanced fluorescence in the I-state,
demonstrate that the I-state is stable, compact, misfolded, and on-pathway.
These results illustrate how transient low-energy I-states can be character-
ized efficiently in complex refolding reactions using multiple Trp probes.
© 2007 Elsevier Ltd. All rights reserved.
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Introduction

In the last decade, the general determinants of
protein folding rate and mechanism have started to
emerge from the comparison of numerous experi-
mental studies on small proteins that fold without
the accumulation of intermediate (I) states.1–5 In
contrast, studies on proteins that fold through one or
more populated I-states have frequently resulted in
controversies,6 due mainly to the low structural
d.
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Figure 1. Ub refolding probed by Trp45 fluorescence.
Refolding traces of UbF45W (filled symbols) and its proline-
less mutant (open symbols) are better modeled with the
sum of three exponential functions between 3.2 ms and 1 s
at 0.45 M GdnHCl. Amplitudes and rate constants of the
different transitions (T) are shown insert. It has been
demonstrated that T1 displays the characteristics of an
apparent two-state transition,17 and rapid unfolding-
folding experiments18,21 suggest that T3 represents a
small population of slow-folding proteins likely attribu-
table to non-prolyl cis-trapped polypeptide.8 T2 could
either represent a parallel channel involving around 15%
of slower folding proteins (US or IS: two-state mechanism
with parallel pathways) or the structural rearrangement of
a sequential I-state (three-state mechanismwith sequential
I-state). In this latter case, T1 and T2 should display very
different refolding amplitudes depending on the probe
location on the protein (ex: location A or B). The presence
of a faster folding transition, inferred from a burst phase, is
also the subject of debate.17,18,20,21
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resolution of the probes that are commonly used to
monitor fast folding reactions. For example, trypto-
phan (Trp) or 8-anilino-1-naphtalenesulfonate (ANS)
fluorescence spectroscopy, circular dichroism (CD)
and absorbance spectroscopy cannot be used to
assess whether additional folding transitions
detected during protein refolding are due to non-
obligatory transitions that often accompany “two-
state” folding proteins (for example: proline cis-
trapped unfoldedmolecules,7 non-prolyl cis-trapped
unfolded molecules,8 small fraction slower folding
proteins9–12), or are related to the presence of
sequential I-states in a three-state mechanism.13,14

A case in point is long-standing debates on the
mechanisms of folding of the model protein ubiqui-
tin (Ub), which have clearly highlighted this limita-
tion over the years.15–21 For example, various
analyses of Ub refolding using the fluorescence of
the genetically inserted Trp45 (UbF45W) to probe
structure formation led to the proposals that this
protein could fold either via an early hydropho-
bic intermediate,15,16,21,22 an apparent two-state
mechanism,17,18,23,24 parallel folding pathways,21 or
through formation of some protein aggregates
(Figure 1).19 These ambiguities are not likely re-
solvable by using other spectroscopic techniques,
since structural changes in small proteins do not
often provide sufficient CD or absorbance signal
changes to allow for efficient detection, and the ANS
probe, despite its high sensitivity, may alter protein
folding kinetics.14,25 Alternative approaches using
NMR spectroscopy to provide site-specific informa-
tion on I-states have been developed and exploited
with great success. On the other hand, equilibrium
deuterium/hydrogen exchange experiments cannot
determine whether the I-state is on-pathway,26,27

pulse deuterium/hydrogen-exchange experiments
are quite difficult to perform quantitatively,28,29and
relaxation dispersion NMR experiments30 necessi-
tate that at least 0.5% of the I-state population is
observable at equilibrium. Our ability to characterize
complex refolding reactions would therefore be
greatly improved if we could: (1) efficiently detect
all the transient low-energy I-states that accumulate
during protein folding; and (2) characterize the
structural nature of the different transitions that are
detected during a refolding kinetic experiment.
Here, we show that we can meet these criteria by

monitoring protein refolding using the intrinsic
fluorescence of several Trp mutants in which the
inserted Trp substitute residues whose side-chains
are solvent-exposed on the surface of the protein.
Previous examples in the literature of Trp substitu-
tion as probes of folding or unfolding were done by
conservative mutations of partially or completely
buried aromatic residues to Trp or vice versa.15,31–36
The strategy described here is more flexible, in that
the Trp substitution can be made anywhere on the
surface, allowing structural transitions in any
region of the protein to be probed with high
efficiency, with minimal or no apparent perturba-
tion of refolding pathways. Specifically, we use
different Trp probes in order to discriminate
between folding transitions that represent confor-
mational changes that occur in the entire protein
population versus those that correspond to parallel
folding pathways (Figure 1). For example, the
relative folding amplitude of two transitions repre-
senting parallel pathways should remain relatively
constant regardless of the probe used, since the
amplitude of these transitions reflects mostly the
fraction of molecules going through each path
(Figure 1: two-state mechanism with parallel
pathways).14 On the other hand, one should expect
that some Trp probes manifest refolding amplitudes
that are distinct from the U→N fluorescence
change for transitions that represent the formation
and/or rearrangement of a structurally distinct I-
state (Figure 1: three-state mechanism with sequen-
tial I-state. Trp fluorescence should display different
sensitivity to T1 and T2, depending on whether it is
located in the protein at position A or B).
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We apply our strategy to analyze the controversial
refolding mechanism of the small ββαββαβ mam-
malian Ub (Figure 2(a)), a 76 amino acid residue
protein that contains no natural Trp, no disulfide
Figure 2. Equilibrium characterization of the single
Trp mutants. (a) Ribbon representation of Ub structure.
Amino acids with displayed side-chains are mutated to
Trp in the present study (PDB code 1UBI38). (b) Fluores-
cence spectra of the Trp mutants in 0.45 M and 6.0 M
GdnHCl (inset). Filled circles represent the fluorescence
spectrum of an equimolar solution of N-acetyl-tryptopha-
namide (10 μM). Wild-type Ub (+) showed no significant
intrinsic fluorescence when compared with the other
single Trp mutants (inset). (c) Equilibrium stability curves
of the different Trp mutants monitored using Trp
fluorescence intensity (320 nm cut-off filter). Extrapolated
free energies of unfolding in water (ΔGH2O) and their
denaturant dependence (m-value) obtained from the best
fits are reported in Table 1.
bond and possesses three proline residues in the
trans conformation in the N-state.37 Recently, Krantz
et al.17 demonstrated that the rate constant of the
main refolding transition of UbF45W, T1, displays
the characteristics of an apparent two-state transition
in the absence of a burst phase. Since then, this
denaturant-dependent transition has been character-
ized extensively using both Φ and Ψ-value
analysis.23,24,40 However, Searle and colleagues
demonstrated recently that two additional minor
slower folding transitions, T2 and T3, are detected in
a proline-less mutant form of Ub, suggesting that
these transitions cannot be attributed to rate-limiting
cis-trans prolyl isomerization events (Figure 1).21
Rapid unfolding-folding experiments performed by
us18 and by Crespo et al.21 suggest that T3 represents
a small population of slow-folding proteins likely
attributable to non-prolyl cis-trapped polypeptide,8
but the nature of T2 is unknown. In the present work,
Ub refolding was monitored using five different Trp
probes in order to characterize both T1 and T2, the
first and second folding transitions detected when a
conventional stopped-flow instrument is used to
trigger refolding. Surprisingly, we found that some
single Trp mutants displayed refolding amplitude
during T1 that are distinct from the expected U→N
fluorescence. This suggests that T1, the denaturant-
dependent folding transition, leads Ub to a structu-
rally distinct I-state that rearranges in the N-state
only through T2, a second rate-limiting step. Global
fitting analysis of the rate constants and amplitudes
of T1 and T2, and additional folding-unfolding
double-jump experiments performed with the help
of an I-state-sensitive Trp probe allowed us to
determine the stability, level of compaction and on-
pathway nature of the late I-state. In addition, three
out of the five Trp probes studied displayed a
significant burst phase during Ub refolding at low
concentrations of denaturant, providing further
evidence for accumulation of early species within
the dead time of our stopped-flow instrument
(b3.2 ms).20 The approach described here demon-
strates how several solvent-exposed Trp probes can
provide unambiguous evidence to characterize the
different transitions detected during protein refold-
ing with minimal perturbation of the protein folding
landscape.
Results

The folding landscape of Ub is unaffected by Trp
substitutions at solvent-exposed positions

We have created single Trp mutants at different
residues whose side-chains are solvent-exposed in
the native structure, in order to probe both the local
and global structures of Ub with minimal pertur-
bation. In the present study, amino acid residues
Met1 (first hairpin), Ala28 (α-helix), Phe45 (original
Trp location used to study the folding of Ub15), Ser 37
(310 helix) and Thr66 (fifth β-strand) were chosen in
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order to monitor the formation of different second-
ary structure elements of the protein (Figure 2(a)). In
strong denaturing conditions (6.0 M guanidine
hydrochloride (GdnHCl)), the fluorescence spectra
of all single Trp mutants were found to be similar to
an equimolar solution of N-acetyl-tryptophanamide
(Figure 2(b) inset). In contrast, different spectra were
obtained under native conditions (Figure 2(b))
suggesting that Trp located at surface-exposed
locations can provide sensitive probes to monitor
the folding/unfolding transition. Equilibrium-
unfolding curves of each mutant were then mon-
itored in order to determine that the stability of Ub is
not altered by Trp insertion. All five curves (Figure
2(c)) fit well to a two-state model showing single
transitions of similar steepness (similar m-value; see
Table 1). The extrapolated free energies of unfolding
inwater (ΔGH2O) were also found to be similar to the
values obtained for wild-type Ub using NMR or CD
to monitor unfolding (31 kJ mol−1and 28.0 kJ mol−1,
respectively).15

We then assessed the unfolding kinetics of the
different mutants using GdnHCl-jump experiments
(Figure 3). All kinetic traces fit well to a single
exponential function (Figure 3(a), left) and the
amplitude of the transitions accounted well for the
N→U fluorescence change expected at various
denaturant concentrations (Figure 3(a), right). Un-
folding rate constants of the different mutants fit
well versus denaturant concentration to a two-state
chevron curve model and were found to be similar
within one order of magnitude (Figure 3(b)). Both
the stabilities and m-value estimated from the
chevron curve were found to be similar to values
Table 1. Stabilities and m-values of UbM1W, UbA28W,
UbF45W, UbS57W, and UbT66W obtained using equilibrium
(e) folding (F) or unfolding (U) experiments or kinetic (k)
unfolding experiments at 30 °C

F/U ΔGH2O a mb βT
c

UbM1W F (e) 35.4 (5.2) 10.5 (1.6)
U (e) 26.8 (3.3) 8.3 (1.1)
U (k) 31.8 (1.4) 10.0 (0.5) 0.75 (0.06)

UbA28W F (e) 35.2 (4.6) 10.8 (1.4)
U (e) 30.6 (1.5) 9.5 (0.5)
U (k) 29.1 (0.7) 8.7 (0.2) 0.73(0.05)

UbF45W F (e) 27.1 (24) 8.8 (0.8)
U (e) 26.8 (1.1) 8.7 (0.4)
U (k) 30.3 (1.5) 10.1 (0.5) 0.69 (0.04)

UbS57W F (e) 27.9 (1.7) 9.2 (0.5)
U (e) 34.3 (6.7) 11.0 (2.3)
U (k) 30.9 (1.6) 9.8 (0.5) 0.69 (0.03)

UbT66W F (e) 27.0 (6.1) 9.4 (2.1)
U (e) 23.6 (2.5) 8.1 (1.0)
U (k) 28.6 (4.9) 9.5 (1.7) 0.66 (0.14)

a The free energies of folding (ΔG) are in units of kJ mol−1.
KineticΔG (k) are determined from the folding and unfolding rate
constants extrapolated in water from the chevron curve fits of the
kinetic unfolding experiments: ΔGk=RT ln(kUN/kNU).

b Them-values are in kJ mol−1 M−1. Kineticm-values (k) are the
sum of the slope of the denaturant dependence for the unfolding
and folding rates (mNU–mUN) multiplied by the factor RT (gas
constant times temperature).

c The βT-values are determined from 1 – mNU/me (F).

Figure 3. Unfolding kinetic characterization of the
different single Trp mutants. (a) Left: unfolding kinetic
traces of the different Trp mutants in 5.05 M (orange),
4.14 M (red), 3.45 M (green), 3.02 (blue) and 2.15 M
GdnHCl fit to single-exponential functions. Right: fluor-
escence signal extrapolated at the initiation (crosses) and
end-point (circles) of the kinetic unfolding trace fit well to
the expected N-like signal (dotted line) and a two-state
equilibrium curve, respectively. (b) Unfolding rate con-
stants of the Trp mutants versus GdnHCl concentration fit
to a two-state mechanism (chevron curve). See Table 1 for
thermodynamic parameters extrapolated from the best
fits.
obtained in equilibrium experiments (Table 1). This
suggests that no folding I-state is populated sig-
nificantly during folding/unfolding of Ub above
2 M GdnHCl. The different mutants also displayed
similar unfolding rate denaturant dependence. Their
estimated βT-values (Table 1), which provide a
measure for the relative compactness of the transi-
tions-state, were similar to that of UbF45W (0.69)



Table 2. Rate constants (k) and amplitudes (A) of the
transitions detected during the refolding of Ubwt, UbM1W,
UbA28W, UbF45W, UbS57W, and UbT66W in 0.45 M GdnHCl
using Trp or ANS as fluorescent probes

Probes kf1 kf2 A0 A1 A2 AU-N

ANS wt 146 21.0 – 0.58 0.42 1
M1W 114 15.0 – 0.60 0.41 1
A28W 156 25.0 – 0.57 0.43 1
F45W 151 20.8 – 0.61 0.39 1
S57W 128 17.7 – 0.66 0.34 1
T66W 120 20.9 – 0.60 0.40 1

Trp wt – – – – – –
M1W 327 11.5 −0.56 −0.58 0.64 −0.50
A28W 162 17.5 −0.40 −0.36 −0.08 −0.84
F45W 178 15.6 0.11 0.75 0.20 1.06
S57W 121 13.7 0.00 −0.08 0.65 0.57
T66W – 13.9 −0.40 – −0.64 −1.04

The rate constant (s−1) and refolding amplitudes of the two
folding transitions detected during Ub refolding between 3.2 ms
and 300 ms of refolding time in 0.45 M GdnHCl using ANS or Trp
fluorescence as probes. kf1, kf2, A1, and A2 represents the rate
constants and refolding amplitudes of T1 and T2, respectively. A0
represents the difference in amplitude between the fluorescence
signal extrapolated at the initiation time of refolding and the
expected unfolded fluorescence signal (burst phase). AU-N
represents the refolding amplitude expected for the U→N
transitions, which was set to 1 in the case of the refolding traces
monitored with ANS. The error is b10% for rate constants and
b0.01 for the refolding amplitudes.
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(values near zero or 1 indicate a level of compaction
similar to the U-state or the N-state, respectively).3

These results suggest that above 2 M GdnHCl, the
folding/unfolding transition-states of all mutants
have similar compactness and that Trp insertions at
solvent-exposed locations on the protein do not
perturb the folding/unfolding mechanism signifi-
cantly. To ensure that the different Trp insertions do
not alter the folding landscape of Ub at low
concentrations of denaturant, the folding kinetics of
all mutants were also studied using ANS fluores-
cence as a probe (fluorescence quantum yield of this
dye increases markedly when bound to exposed
clusters of hydrophobic residues in partially folded
proteins).41 All mutants showed a comparable
biphasic decrease of fluorescence during refolding
in 0.45MGdnHCl (Figure 4) and the rate constants of
both transitions detected, kf1 and kf2, were found to
be similar to the rate constants of T1 and T2 (Table 2
and Figure 1). Taken together, these results suggest
that Trp insertion at solvent-exposed positions has
little impact on either the stability or the folding/
unfolding landscape ofUb and provide sensitive and
structure-specific probes to monitor its refolding.

The denaturant-dependent folding transition
leads to a structurally distinct late I-state

We then assessed how the different Trp probes
report Ub folding transitions (Figure 5). At low
concentrations of denaturant, two exponential terms
were sufficient to model the recovery of native-like
fluorescence of all mutants between 3.2 ms and
300 ms of refolding time with the exception of
UbT66W, which required only a single exponential
(Figure 5(a) and (b); see Material and Methods for
fitting procedure). The two folding transitions
displayed rate constants similar to those obtained
with ANS fluorescence: at 0.45 M GdnHCl, kf1
varied from 121 s−1 to 327 s−1 depending on the
Figure 4. Folding kinetic traces of the different Trp
mutants monitored using ANS fluorescence in 0.45 M
GdnHCl (395 nm cut-off filter). All traces were well fit
with the sum of two exponential functions. The line
represents the fit obtained for the wild-type Ub refolding
trace. Rate constants and amplitudes of the two transitions
detected are reported in Table 2. Refolding traces contain
fewer points in order to distinguish all mutants.
mutant (average value obtained with ANS, 134 s−1),
and kf2 varied from 11.5 s−1 to 17.5 s−1 (average
value obtained with ANS, 19.9 s−1) (Table 2). At low
concentrations of denaturant, kf1 fit well to the
expected two-state folding transition (Figure 5(c):
open circles fit to black dotted line), and the
denaturant dependence of kf2 was found to be
relatively independent of the concentration of
GdnHCl (open squares). The only folding transition
detected with Trp66 displayed a rate constant and
denaturant dependence similar to the second transi-
tion (13.9 s−1 in 0.45 M GdnHCl). Signs of apparent
burst phase amplitude were detected at low
concentrations of denaturant for UbM1W, UbA28W

and UbT66W, since a discrepancy was observed
between the fluorescence signal extrapolated to the
initiation time of the folding reaction, F0, and the
linear extrapolation of the U-state fluorescence
(dotted line; Figure 5(b)). This suggests that an
additional folding transition could take place during
the dead-time of the stopped-flow instrument.20,42
Concerning the refolding amplitudes of the two
detected transitions (A1 and A2), both were found
to vary strongly depending on probe location.
The majority of the expected refolding amplitude
occurred during T1 for UbA28W and UbF45W while
most or all of the expected refolding amplitude was
detected during T2 for UbS57W and UbT66W, respec-
tively (Table 2 and Figure 5(b)). Surprisingly, A1 was
opposite to that for the expected U→N transition
for UbS57W. In contrast, the fluorescence signal of
UbM1W increased during T1 to a level that is twice
the value of its N-state signal (Figure 5(b): F1 versus



Figure 5. Folding kinetic characterization of the different single Trp mutants monitored using Trp fluorescence
(320 nm cut-off filter). (a) Refolding traces obtained between 3.2 ms and 300 ms at various concentrations of GdnHCl
(orange, 0.45 M; red, 0.80 M; purple, 1.19 M; blue, 1.55 M; green, 1.89 M; black, 4.02 M). (b) Fluorescence values
extrapolated at the initiation of refolding (F0), after T1 (F1), and after T2 (F2); F2 fits well to a two-state folding model using
the parameters obtained from the equilibrium experiment (black line). The red line corresponds to a two-state fit of F1, the
fluorescence signal obtained after T1. The broken line corresponds to the linear extrapolation of the expected fluorescence
of the U-state. Apparent burst phases can be detected by comparing F0 with this latter value. (c) Rate constants of folding
transitions T1 and T2 (kf1 and kf2) together with the unfolding rate constant (kU). The broken black line corresponds to a
two-state chevron curve fit of kf and kU under the apparent two-state conditions ([GdnHCl]N2 M). Red lines correspond to
the three-state on-pathway fit of the data (see Materials and Methods for the fitting procedure and Table 3 for parameters
obtained from the best fits).
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F2) before decreasing to the native-like level during
T2. These refolding profiles obtained at a protein
concentration of 15 μM at pH 7.0 were similar at
different concentrations of protein (down to 1 μM)
and at lower pH (5.0) (see the Supplementary
Data). In summary, all Trp probes detected two
transitions in Ub refolding (with the exception of
Trp66, see the section Protein kinetic I-state high-
lighted using a combination of Trp probes, below),
and T1 and T2 showed similar rates but very dif-
ferent relative amplitudes depending on the Trp po-
sition (Table 2).
Knowing that the different Trp mutations do not

perturb the Ub folding landscape significantly, we
compared the refolding amplitudes of T1 and T2
obtained with different Trp probes in order to assess
the nature of these transitions (Figure 1). To begin
with, the analysis of UbS57W demonstrates that T1
cannot represent a direct path from U to N, since A1
is inverted compared to the expected U→N fluo-
rescence amplitude change (AU-N) in the absence of
an apparent burst phase (Table 2). This suggests that
the denaturant-dependent folding transition of Ub
does not lead the protein directly to the N-state but
rather to a structurally distinct late I-state (U→ I).
The term late is used in order to distinguish the I-
state formed during T1 from the state that may be
formed earlier within the dead-time of the stopped-
flow instrument. The stability of this late I-state can
be further inferred from the denaturant effect on
both F1, the fluorescence level obtained after T1, and
kf1, the observed rate constant for the I-state for-
mation (Figure 5(b) and (c): UbS57W). At concentra-
tions above 1.5 M GdnHCl, F1 decreases in a
cooperative manner while kf1 displays an upward
deviation. This suggests that the late I-state becomes
less stable than the U-state at concentrations above
1.5 M GdnHCl and, therefore, no longer accumu-
lates (kf1 increases is attributable to the enhancement
of the I-state unfolding rate).



Figure 6. Folding kinetic characterization of the
double Trp mutant UbF45W-T66W monitored using Trp
fluorescence (320 nm cut-off filter). (a) Refolding traces of
single Trp mutants UbF45W, and UbT66W (black filled
circles), and the predicted (dotted line) and experimentally
determined (red filled circle) refolding traces of the
double Trp mutant UbF45W-T66W. (b) Refolding traces of
UbF45W-T66Wat various concentrations of GdnHCl (orange,
0.45 M; red, 0.80 M; purple, 1.19 M; blue, 1.55 M; green,
1.89 M; black, 4.02 M). (c) Rate constants of the folding and
unfolding transitions. The broken black line corresponds
to a two-state chevron curve fit of kf and kU in the apparent
two-state conditions ([GdnHCl]N 2 M). Red lines corre-
spond to a three-state on-pathway fit of the data (see
Materials and Methods for the fitting procedure and Table
3 for parameters obtained from the best fit). Inset:
fluorescence values extrapolated at the initiation of
refolding (F0), after T1 (F1), and after T2 (F2). F2 fits well
to a two-state unfolding model using the parameters
obtained from the equilibrium experiment (black line).
The red line corresponds to a two-state fit of F1, the fluo-
rescence signal obtain after T1. The broken line corre-
sponds to the linear extrapolation of the expected
fluorescence of the U-state.
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Evidence that T2 represents the rate-limiting re-
arrangement of the late I-state into the N-state
(I→N) is provided by the correlation observed be-
tween kf2 roll over at low concentrations of dena-
turant and the amount of I-state that accumulates
after T1. Specifically, as the late I-state becomes
destabilized above 1.5 M GdnHCl, kf2 displays the
characteristic of an apparent two-state transition
(Figure 5(b) and (c): UbS57W). Similar observations
are obtained from the analysis of UbM1W, with the
exception that Trp 1 cannot distinguish T1 from T2
above the I-state mid-point of denaturation, because
their amplitudes (A1 and A2) become of similar sign
(the formation of less than half of the UbM1W I-state
population displays a fluorescence amplitude that is
smaller than the expected U→N transition), and kf1
and kf2 are too similar to be distinguished (within
threefold). This limitation in probe efficiency
becomes even more apparent and problematic in
the case of Trp28 and Trp45, because these probes
cannot even distinguish T1 from T2 above 1 M
GdnHCl, since their amplitudes change in the same
direction and rate constants are too similar. Inter-
estingly, Trp66 represents an extreme case of probe
inefficiency, since it is not sensitive to the formation
of the late I-state (T1). This suggests that Trp66
displays similar levels of fluorescence in both the U
and I-states, U→ I. Finally, no evidence of correla-
tion is observed between the burst phase and the
other transitions: kf1 does not deviate from linearity
as the burst phase is enhanced in UbM1W or in
UbA28W, and A2 remains similar in UbM1W as the
burst phase disappears around 1.5 M GdnHCl.
These results add further evidence against the
hypothesis that T2 represents a parallel pathway in
which a fraction of the protein slowly rearranges
into the N-state after having been trapped in a slow
folding I-state (burst phase) (see Figure 1). In the
absence of any direct kinetic measurements, and
without any evidence of kinetic coupling with either
T1 or T2, the burst phase remains a subject for further
research (see Discussion).

Protein kinetic I-state highlighted using a
combination of Trp probes

As described in the previous section, only two of
the five Trp probes studied (Trp1 and Trp57) were
sensitive to the formation and rearrangement of the
late I-state during Ub refolding. Trp28 and Trp45
displayed only small fluorescence changes during
the I-state rearrangement into the N-state (T2) and
Trp66 did not detect the formation of the I-state (T1).
However, two Trp probes that display opposite
fluorescence changes during T1 and T2 can be
combined in the same mutant in order to confirm
that the observed transitions represent the formation
and rearrangement of a structurally distinct inter-
mediate and not parallel folding pathways. For
example, Trp45 fluorescence is quenched during the
U→ I transition, while Trp66 fluorescence is
enhanced during the I→N transition (Figure 6(a),
black dots). Therefore, the fluorescence of double
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Trp mutant UbF45W-T66W should provide an ideal
probe to highlight the late I-state, since its fluores-
cence intensity is expected to decrease during the
I-state formation (T1), and increase during its
rearrangement into the N-state (T2) (see Figure
6(a), dotted line). We investigated the refolding of
UbF45W-T66W versus concentration of denaturant
(Figure 6(b)) and found that the rates and ampli-
tudes of both folding transitions were in close
agreement with the values expected from combining
Trp45 and Trp66 in the same protein (Figure 6(a),
compare red filled circles with the black dotted line).
In addition, adding Trp66 to UbF45W, or Trp45 to
UbT66Walso allowed us to clearly highlight the late I-
state in the refolding of both UbF45W, and UbT66W
since Trp66 alone could not detect the formation of
the I-state, and Trp45 alone could hardly distinguish
the late I-state from the N-state.

Global fitting analysis shows that the late I-state
is compact, misfolded, and on-pathway

Having found that the denaturant-dependent
transition does not represent a direct path from the
U to N-states but rather the formation of a struc-
turally distinct late I-state, we needed to confirm
whether this alternative state is on or off-pathway.
To do so, we simultaneously fit kf1, kf2, kU and F1, for
mutants UbM1W, UbS57W, and UbF45W-T66W to both
on and off-pathway models over all concentrations
of denaturant (see Materials and Methods for the
fitting procedure). The similarity between the rates
for formation (kf1) and rearrangement (kf2) of the I-
state allowed us to distinguish between both
mechanisms.43 The kinetic data of all three mutants
fit well to an on-pathway model (red lines in Figures
5(b) and (c), and 6(c)) and the best parameters
obtained for the fits allowed for an estimate of the
stabilities and the m-values of the different mutants
(Table 3). On the other hand, the kinetic data
Table 3. Folding and unfolding parameters obtained from a t
F1 for UbM1W, UbS57W, and UbF45W-T66W

Transitions→

Thermodynamic parametersa

U-N (e) U-Nc (k) U-Ic

UbM1W ΔG 35.4 (5.2) 33.6 (1.9) 16.8 (
m 10.5 (1.6) 11.1 (0.8) 9.3 (0
βT

d – – βI (0.
UbS57W ΔG 27.9 (1.7) 30.4 (2.1) 10.1 (

m 9.2 (0.5) 9.3 (1.7) 8.4 (0
βT

d – – βI=0
UbF45W-T66W ΔG 24 (6) 32.9 (3.2) 19.5 (

m 10 (2) 12.4 (1.8) 10.2 (
βT

d – – βI=0
a The free energies of unfolding in water (ΔG) are in units of kJ mo

values that were determined from equilibrium (e) or kinetic (k) exper
b The rate constant (k) in water are in units of s−1. Kinetic m-valu

transitions multiplied by the factor RT (gas constant times temperatu
c The thermodynamic parameters determined from the best fits of

(kIU kNI)]; mI=mIU–mUI; mk=mIU–mUI+mNI–mIN.
d The βT-value is the degree of compaction of a state or a transition-s

following ratio using mk: βI=mI/mk; βTS1=– mUI/mk; βTS2=(mI+ mUI)
states for the formation and rearrangement of the I-state, respectively
obtained for UbM1W and UbF45W-T66W could not be
fit to an off-pathway mechanism, because the I-state
unfolding rate (kIU) could not be found equal to or
higher than the I-state rearrangement rate into the
N-state (kIN) at low concentrations of denaturant
(data not shown; see also Figure 7(b)).
The denaturant dependence of UI (mUI), F1 (mI),

and kIN (mIN) obtained from the best fit also suggest
that all three mutants display similar folding
mechanism (Table 3). From the mUI-values, we can
estimate that the relative degree of compaction of
the transition-state for the formation of the late I-
state, βTS1, lies between 0.53 and 0.59, depending on
the Trp position. From the mI-values, one can
estimate that the compactness of the I-state, βI, lies
between 0.82 and 0.90. The stability of this I-state is
also found to be relatively high: its average value
being around half of the N-state stability (15.5 kJ
mol−1), although lower in the case of UbS57W (10.1 kJ
mol−1). Finally, the rate constants for the I→N
transition of each mutant (kIN) were all found to
increase slightly with the concentration of denatur-
ant (positive mIN-values) suggesting that the second
T-state is less compact than the I-state (βTS2, 0.66–
0.79). This suggests that the late I-state rearrange-
ment proceeds through a partial unfolding event,
since, on average, approximately 13% of the buried
surface in the I-state must be re-exposed to the
solvent before folding can proceed to the N-state.
This necessary local unfolding event suggests that
some regions of the Ub structure may be misfolded
in the I-state.

Double-jump experiments on mutant UbM1W

confirm that the I-state is on-pathway

To further characterize the late misfolded I-state,
we took advantage of the fluorescence character-
istics of Trp1 that displays a much higher fluore-
scence signal in the I-state than in either the U-or N-
hree-state on-pathway global fit analysis of kf1, kf2, kU and

Kinetic parametersb

(k) U→ I I→U I→N N→ I

0.9) k 1060 1.3 10.9 0.013
.3) m −6.52 2.78 0.60 2.38
84) βT

d βTS1= 0.59 βTS2= 0.79
0.6) k 284 5.15 9.5 0.003
.7) m −5.16 3.24 2.25 3.13
.90 βT

d βTS1= 0.56 βTS2= 0.66
2.1) k 1012 0.44 6.0 0.030
1.2) m −6.6 3.55 0.75 3.02
.82 βT

d βTS1= 0.53 βTS2= 0.76

l−1. The m-values are in units of kJ mol−1 M−1. (e) or (k) identify
iments, respectively.
es are the slope of the denaturant dependence for the different
re).
the kinetic data. ΔGUI=–RT ln(kUI/kIU); ΔGUN=–RT ln[(kUI kIN)/

tate relative to the U-state (0) and N-state (1) determined from the
/mk; where I, TS1 and TS2 represent the I-state and the transition
.



Figure 7. Characterization of Ub late I-state using
folding/unfolding double-jump experiments on UbM1W.
(a) Kinetic unfolding traces (red dots) obtained following a
rapid jump in the concentration of GdnHCl (from 1.59 M
to 3.76 M) after 101 ms (two unfolding transitions, 45 s−1

and 0.30 s−1) and 261 ms of refolding (one unfolding
transition, 0.35 s−1, similar to the N-state unfolding rate
constant). The concentration of GdnHCl used to refold Ub
was selected in order to minimize the burst phase and
allow sufficient kinetic resolution between T1 and T2.
Inset: unfolding the I-state at different concentrations of
GdnHCl; a magnification of (a). (b) Three-state modeling
of the rate constants obtained from the folding/unfolding
kinetic experiments on UbM1W (the fit is taken from Figure
5(c)). The unfolding rate constant of the late I-state
obtained from the double-jump experiment (filled circles)
fit perfectly with the predicted kIU (red dotted line). (c)
Kinetics of appearance or disappearance of both the I
(circles) and N states (squares) versus folding time fit to an
on-pathway sequential mechanism,3 with the rate con-
stant for formation and rearrangement of the I-state set to
kf1 and kf2 (25 s−1 and 13 s−1, respectively; FI=2.2 FN).
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states. Rapid folding/unfolding double-jump
experiments were performed on UbM1W in order to
directly detect the late I-state unfolding transition
(I→U) and therefore confirm the accuracy of the
parameters obtained from the global fit analysis
(Figure 7). After 101 ms of refolding time in 1.59 M
GdnHCl (no burst phase observed at this concentra-
tion of GdnHCl), a rapid GdnHCl jump to 3.76 M
showed two distinct Ub populations unfolding with
rate constants of 45 s−1 and 0.30 s−1 (Figure 7(a), red
dots). In contrast, after 261 ms of refolding, only the
most stable protein population with an unfolding
rate constant similar to the N-state (0.35 s−1),
remained detectable. The unfolding rate constant
of the late I-state, kIU, and its dependence on the
concentration of denaturant were therefore directly
determined using rapid unfolding jump experi-
ments at various concentration of denaturant after
101 ms of refolding time in 1.59 M GdnHCl (Figure
7(a) inset). Both kIU and mIU were found to be
identical with the values predicted by the global
fitting analysis (Figure 7(b): filled circles fit to the red
dotted line). Moreover, the on-pathway nature of the
I-state can now be established directly, since the
linear extrapolation of kIU in water (red dotted line)
is estimated to be around one order of magnitude
slower than kIN, the rate constant for the rearrange-
ment of I-state into the N-state (1.3 s−1 versus 10.9
s−1, respectively). In addition, the folding/unfold-
ing double-jump experiment also demonstrates that
T1 and T2 represent the sequential formation of two
different species during Ub refolding (Figure 7(c)).
First, the amplitude of the fastest unfolding transi-
tions (circles), corresponding to the I-state popula-
tion, could be well modeled versus refolding time by
using kf1 and kf2, the rate constant for the formation
and rearrangement of the late I-state. Unfortunately,
the rate of appearance of the late I-state could not be
assessed directly due to the large dead-time asso-
ciated with the double mixing experiments (101 ms).
Also, the rate of formation of the N-state (squares,
amplitude of the slowest unfolding transition versus
refolding time) was similar to that of the disappear-
ance of the I-state andwas modeled accurately using
an on-pathway three-state model using the same
parameters.3 Additional evidence in support of the
sequential mechanism is suggested also by the fact
that this modeling accounts correctly for all N-state
formation (N-state population is extrapolated to
zero at the initiation of refolding) implying that the
entire N-state population originates from the rear-
rangement of the late I-state.
Discussion

One of the main advances provided by using
several Trp probes to study protein refolding is that
it allows discrimination between transitions that
represent conformational changes that occur in the
entire protein population versus those that corre-
spond to parallel folding pathways (Figure 1). In the
present study, the utilization of Trp1 and Trp57
allowed us to demonstrate for the first time that
T1 and T2 do not represent parallel pathways, as
suggested recently by Crespo et al.,21 but rather the



Figure 8. Free energy diagram for Ub folding/
unfolding. The parameters obtained from UbM1W were
used to calculate the free energies of the U, I, and the first
and second transition states (TS1 and TS2) relative to the
N-state at various concentrations of GdnHCl (see Table 3).
A pre-exponential term of 2.4×107 s−1 was used to
calculate the energy of the transition-states in this
diagram. The x-axis reports the relative compactness of
each species. The second transition-state (TS2) of Ub is less
compact than the late I-state (IL), suggesting that some
residues in the late I-state (IL) have to be re-exposed to the
solvent so that the polypeptide chain can reach the last
transition state. Putative early folding I-states are not
illustrated in this model.
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formation and rearrangement of a late sequential
I-state in a three-states mechanism (Figure 5). In
addition, an appropriate combination of Trp probes
(Trp45 and Trp66) allowed confirmation of the
presence of this structurally distinct states (Figure
6). The advantage of selecting Trp probes that
display large fluorescence changes to study a
specific transition was also illustrated in the dou-
ble-jump experiments when using the large fluores-
cence variation of Trp1 to detect the I→U transition
(Figure 7). This specific probe allowed us to
determine the stability, degree of compaction and
on-pathway character of the I-state. Finally, the
utilization of different single Trp probes also
provided new indirect evidence suggesting that an
early I-state may accumulate during the deadtime;
UbM1W, UbA28W and UbT66W all displayed an
apparent burst phase amplitude at low concentra-
tion of denaturant (Figure 5(b)) (see the section Ub
may also refold through an early I-state below). In
summary, our results describe how complex kinetic
refolding reactions can be efficiently analyzed, first
by using several Trp probes to detect and identify all
relevant folding I-states, and then by characterizing
each I or T-state using double-jump experiments
(Figure 7). Further insights into the nature of I and T-
states could be provided by Φ-value3 or Ψ-value44

analysis on specific Trp mutants that display the
highest fluorescence sensitivity to a state or transi-
tion of interest. We believe that such an integrated
strategy will provide a versatile approach to
unambiguously characterize non-two-state protein
folding mechanisms.

Folding mechanism of Ub

During the last decade, several groups have
published more than 20 folding kinetic studies on
Ub,37 including both its complete Φ24 and Ψ-value
analysis.23 In most of these works, Trp45 was the
only fluorescence probe used to monitor Ub refold-
ing and T1, the major refolding transition detected,
was considered to be the only significant folding
transition.17–19,23,24,45 In this study, we present direct
kinetic evidence to suggest that this transition
represents instead the formation of a misfolded
I-state displaying around half of the stability of the
N-state and up to 85% of its degree of compaction.
On the basis of these results, a new mechanism for
Ub folding is presented in the next section.

Ub folds via a late misfolded I-state

The energy and relative compactness of the
different states and transition states detected during
the refolding of UbM1W (Table 3) at various concen-
trations of GdnHCl are illustrated by Figure 8. In the
absence of denaturant, the energy barrier between U
and TS1,ΔGU-TS1, is found to be significantly smaller
than the energy barrier between the late I-state (IL)
and TS2, ΔGI-TS2, allowing the late I-state to
accumulate. On the other hand, as the concentration
of GdnHCl is raised, the U-state becomes more
stable relative to the other more compact states, and
ΔGU-TS1 and ΔGI-TS2 become closer in height. If the
Trp probe cannot efficiently distinguish the I-state
from the N-state (e.g., Trp28 and Trp45), kIN will be
incorporated into kUI as soon as the rate constants
are found similar within threefold (~1 M GdnHCl);
Ub will therefore display an apparent two-state
mechanism (Figure 5(c)). As the concentration of
GdnHCl is raised further (above 2 M GdnHCl for
UbM1W), the I-state free energy will be increased
above the U- and N-state free energies, and signs of
the I-state will disappear from the refolding curves
of all Trp mutants. In contrast, the late I-state could
not be detected in conventional unfolding experi-
ments, since ΔGI-TS1, the unfolding energy barrier
for the I-state is smaller than ΔGN-TS2, the energy
needed to unfold the N-state, at all concentrations of
GdnHCl (Figure 8). Still, one of the most remarkable
features of Ub late folding I-state is its high degree of
compaction, even closer to the N-state than that of
the last transition-state (βI and βTS2 being 0.84 and
0.79, respectively, for UbM1W). This suggests that
some buried residues in the late I-state have to be re-
exposed to solvent so that the polypeptide chain can
reach the last transition state. But what is the nature
of this rearrangement, or what is causing such a
large late rate barrier in Ub folding that is not found
in other small, simple “two-state” folding proteins?
A plausible hypothesis could be that some specific
non-native interactions may prevent the misfolded
I-state from rapidly accessing the N-state (specific
energetic frustration46,47). In this case, ΔGI-TS2
would represent the energy that is needed to disrupt
these interactions. Another possibility could be



801Ubiquitin Folds via a Late Misfolded Intermediate
that the complexity of the Ub fold requires the step-
wise formation of a specific I-state in order to allow
the protein to fold efficiently (topological frustra-
tion48,49). In this case, the misfolded I-state would be
attributable to the complexity of the Ub fold rather
than to specific non-obligatory detail of the sequence.
Evidence from the literature would seem to support
the latter hypothesis, as described below.
The most suggestive evidence concerning the

nature of T2 was likely reported in the first kinetic
folding study on wild-type Ub using NMR and
pulse deuterium/hydrogen exchange experiments
to monitor amide H-bond formation versus refolding
time.50 In this pioneering work, Briggs and Roder
noted that amide H-bonds of residues 59, 61, and 69
were protected at a slower rate (similar to kf2) than
the majority of the other residues, as Ub refolds in
1 M GdnHCl (25 °C, pH 5.0). This observation
provided evidence for the subsequent stabilization
or packing of the C-terminal segment (310 helice and
last β-strand).50 This result is also consistent with
the refolding amplitude obtained in the present
study, since Trp57 and Trp66, both located in this
specific region of the protein, displayed the highest
fluorescence sensitivity to T2.
Additional evidence in support of this model is

found in a recent study by Searle et al., who provide
interesting data on a mutant in which the last
C-terminal β-strand is destabilized.21 In this study,
the authors found that the mutant UbT66A-H68A (two
mutations at solvent-exposed residue positions) pro-
duced a ∼20-fold acceleration in the N-state un-
folding rate (from around 0.007 s−1 to 0.14 s−1 in
water), which revealed another unfolding transition
with a rate constant that is very similar to the
unfolding rate constant of our late I-state (0.27 s−1 in
water versus 0.44 s−1 in water for UbF45W-T66W kIU).
Interestingly, the energy diagram presented in
Figure 8 predicts that the unfolding transition of
the Ub late I-state could be detected in single-jump
unfolding experiments if a mutation would render
ΔGN-TS2 similar to ΔGI-TS1. The double mutation
T66A-H68A appears to have selectively destabilized
the N-state but not the late I-state, suggesting that
the last C-terminal segment of Ub is not yet found in
its native-like β-strand conformation in the late
I-state. Finally, it is important to mention thatΦ- and
Ψ-value analysis performed on Ub is not in contra-
diction with that of the present model, although no
direct sign of late folding I-state was detected by
fluorescence of Trp45 on any of the single-point
mutants studied.23,24,40 As we saw above, the
absence of evidence for the I-state can be attributable
to the fact that the U→I transition appears much
similar to the U→N transition. Also, it is interesting
to note that both Φ- and Ψ-value experiments have
been conducted at lower temperature (25 °C24 or
20 °C 23,40) where temperature-insensitive kIN may
already be incorporated into kUI [lowering the
temperature selectively decreases kUI relatively to
kIN (data not shown)]. Φ-value analysis finds that
native-like interactions in the C-terminal part of Ub
are not yet formed in the rate-limiting transition
state;23,24,40 indeed, the late rearrangement (kIN) is
probably not rate limiting at lower temperature. In
apparent contrast,Ψ-value analysis performed at 2.0
M GdnHCl suggests that the last β-strand of Ub is in
close proximity to its adjacent β-strands in the
apparent “two-state” transition-state.23,40 However,
Ψ-value analysis cannot confirm whether this β-
strand is properly packed into the core of Ub.
Besides, one should expect that the apparent two-
state transition detected in 2 M GdnHCl might be
different from TS1, since the I-state is destabilized
around this concentration of denaturant. It will be
interesting to compare howΦ- andΨ-value analysis
depicts TS1, TS2, and the late I-state when studying
Ub refolding under the appropriate conditions (i.e.,
low denaturant concentration, higher temperature,
or simply using the more efficient Trp1 or Trp45/
Trp66 probes combination to monitor refolding) in
order to see whether the presence of the late I-state
could explain the apparent discrepancy observed
between both approaches.23,24,39,40

In summary, the evidence presented above sug-
gests that the late folding rearrangement of Ub may
implicate the subsequent stabilization or packing of
the C-terminal segment of the protein (310 helix and
last β-strand). On the other hand, these results do
not indicate why this late rearrangement necessi-
tates such a high rate barrier. Concerning this
question, it is interesting to note that a late I-state
has been detected during the refolding of GB1, a
protein with topology similar to that of Ub but no
amino acid identity51 (see also debate on this I-
state6,20). The degree of compaction of both the I-
state and the last transition-state were also found to
be similar to that of Ub (βI and βTS2=0.85). raf RBD,
a Ub superfold member, was found to fold via two
transitions displaying rate constants and rate dena-
turant dependences similar to Ub.18 The Φ-value
analysis further suggests that the apparent “two-
state” folding transition-state of raf RBD has a
structure that is similar to the transition-state of
Ub.52 Such similarities in folding landscapes in the
absence of sequence detail resemblance suggest that
the particular fold complexity of Ub may be at the
origin of both the late I-state and transition-state.
With specific Trp probes that distinguish between
both the U→ I and I→N transitions, Φ or Ψ-value
analysis will allow to determine whether they
represent common features of the folding pathway
of Ub superfamily members.

Ub may also refold through an early I-state

The strongest evidence in support of the
presence of an earlier folding transition during
Ub refolding has been provided recently by Roder
and colleagues using a rapid mixing device.20 In
this study, two additional minor transitions have
been detected during the first milliseconds of
refolding of UbF45W (τ∼150 μs and 1.8 ms).
Further analyses are required to determine
whether such kinetic complexities that take place
on the 0.1–2 ms time-scale (within the dead-time
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of our stopped-flow instrument) suggest the
formation of early on-pathway intermediates or
more or less specific collapse events. In the
present study, two results provide further evi-
dence for accumulation of early species within the
dead-time of our stopped-flow instrument
(b3.2 ms). First, the decrease in ANS fluorescence
intensity observed as Ub refolds suggests the
presence of an early collapse state, since a high
level of fluorescence of this probe is generally
observed only upon ANS binding to hydrophobic
patches, which are unlikely to be found in
completely unfolded proteins.41 The apparent
burst phase observed at a low concentration of
denaturant with Trp probes located at position 1,
28, and 66 provides additional evidence. How-
ever, it is important to note that care must be
taken when interpreting an apparent burst phase,
since it has been demonstrated that the extrapola-
tion of F0 (the fluorescence signal at the beginning
of the refolding experiment) can be affected when
more than 50% of a transition is hidden in the
dead-time of the mixing instrument (which is the
case here for T1 at the lowest concentration of
GdnHCl).17 Other studies have provided evidence
supporting both the presence and the absence of
accumulation of an early I-state during the refold-
ing of Ub. For example, Crespo et al. found a con-
sistent discrepancy between the equilibrium and
kinetic stabilities and the m-values they obtained for
many Ub mutants which they attribute to the
presence of a rapidly forming I-state (mean values:
me=10.6 (0.6) kJ mol−1 M−1; mk=8.5 (0.6) kJ mol−1
M− 1). On the other hand, our results do not
corroborate this observation, since both the three-
state and the two-state analyses (above 2 M
GdnHCl) of our kinetic data correctly estimated
our equilibrium parameters (see Tables 1 and 3). It
has been proposed that some non-two-state beha-
viour detected during Ub refolding at a low
concentration of denaturant could be attributable
to aggregation.19 However, in the present study,
refolding curves of UbM1W, a Trp mutant displaying
a high fluorescence sensitivity for all phases,
displayed similar kinetic and burst phase amplitude
at different concentrations of protein (down to
1 μM) or at lower pH (5.0) (see Supplementary
Data). Finally, small-angle X-ray scattering mea-
surements performed by Sosnick and colleagues
showed no sign of a collapsed state upon rapid
dilution of Ub U-state into 0.75 M GdnHCl at pH 7,
20 °C53 and CD data obtained by Galdwin & Evans
further suggested that there is not a substantial
build-up of secondary structure during the dead
time (0.55 GdnHCl at pH 8.5, 20 °C).68 With the
recent advances in rapid mixing devices,54 our
capacity to perform efficient double-jump experi-
ments, or Φ or Ψ-value analysis on Ub fastest
refolding transitions will be greatly enhanced using
the Trp mutants that display the largest fluorescence
change (burst phase) during the dead-time of our
conventional stopped-flow instrument (UbM1W,
UbA28W, UbT66W).
General implications of this study

It has long been recognized that obligatory on-
pathway intermediates can be present in the refold-
ing mechanism of apparent two-state folding pro-
teins if the barrier for formation of the I-state is
higher than that for its rearrangement to the
N-state,55,56 or if the I-state free energy is higher
than the U or N-states.57 Here, we have described
another case where a three-state system displays the
characteristics of a two-state mechanism: when the
fluorescence signal, stability, and level of compaction
of a late low-energy I-state is similar to that of the N-
state (mutants UbA28W and UbF45W). Under these
conditions, the U→I folding transition will appear
much similar to the expected U→N folding transi-
tion if the fluorescence signal is used to monitor
refolding. In addition, we have demonstrated that an
apparent roll-over of the refolding rate constant at a
low concentration of denaturant can represent the
signature of a late I-state if the probe used is sensitive
only to the I→N rearrangement (Trp66). These
results illustrate why protein folding kinetics have
to be monitored with multiple Trp probes in order to
detect the accumulation of all low-energy I-states
and to assess whether heterogeneity in folding traces
or roll over of the rate constant at low concentrations
of denaturant represent evidence for late I-states that
would have been “missed” due to the limitations of
using only a single fluorescent probe. More gener-
ally, it has been shown recently that more than 50%
of the reported two-state folding proteins, either the
wild-type protein or some variants, show folding or
unfolding rate constant deviations that suggest the
presence of a structurally similar late folding rate
barrier (βTS2∼0.9).58 Combined with the fact that
many late I-states have been reported recently in the
folding of different small proteins (e.g. Ub, Im7,59

En-HD,60 barnase,61 Rd-apocyt b562,62 the third
domain of PDZ63 and cytochrome c12), these results
suggest that late I-states may well represent a
common feature of protein folding.
Materials and Methods

Protein constructs and expression

The coding sequence of mammalian ubiquitin was
fused to a His6 tag at its N terminus, MHHHHHHG. It has
been found that a His-tagged variant of Ub is not
susceptible to transient aggregation.19 Trp mutations and
expression of the different Ub mutants were carried out as
described.18 His-tagged proteins were purified at high
concentration (∼600 μM) in denaturing (6 M Gdn) or
native conditions using Ni-NTA resin (Qiagen) and eluted
from the column with 25 mM acid acetic.
Data collection

All experiments were performed in 50 mM sodium
phosphate buffer (pH 7.0)64 at 30(±0.1) °C to allow for
proper kinetic resolution between T1 and T2. Fluorescence
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emission spectra were obtained using a Varian Cary
Eclipse spectrophotometer and represent the average of
three acquisitions (0.1 s sampling time) taken every 2 nm
(bandwidth of 2.5 nm) with λex=281 nm. All folding/
unfolding data are the average of three experiments
acquired using an Applied Photophysics SX18.MV
stopped-flow fluorimeter with λex=281 nm (2.5 nm
bandwidth) by reading fluorescence intensity using a
320 nm cut-off filter (λex=350 nm using a 395 nm cut-off in
ANS experiments). Equilibrium stability curves were
generated using the equilibrium end-point data of 10 s
folding (Figure 2) or unfolding kinetic traces (Figure 3).
Single-jump experiments were carried out by 1:10 mixing
of denatured or native proteins (5.0 M and 1.0 M GdnHCl,
respectively) with different concentrations of GdnHCl.
Double-jump experiments were carried out by refolding
denatured protein (5.0 M GdnHCl) with a sixfold dilution
followed by a second mixing (2:5) with a different
concentration of GdnHCl. The final concentration of
GdnHCl in each experiment was determined by refractive
index measurements with an Abbe 60 refractometer
(Bellingham and Stanley Ltd) using an independent set
of standard dilutions. The final concentrations of protein
in single or double-jump experiments were ∼15 μM and
∼5 μM, respectively.65 A concentration of 200 μM ANS
was used in order to monitor the refolding of ∼15 μM Ub
molecules.
Data analysis

Data analysis was performed using the non-linear
regression analysis program in Kaleidagraph (version 3.6
Synergy Software, pCS Inc.). Equilibrium data were fit to a
two-state model assuming that the fluorescence intensity
of the N and U-states, and ΔGU-N are linear functions of
the concentration of Gdn-HCl.3 Proper adjustment of the
time axis of the single and double mixing kinetic data set
was obtained by performing an independent dead-time
calibration of the stopped-flow instrument using N-
bromosuccinimide quenching of N-acetyl-tryptophana-
mide fluorescence.66 0.7 ms (single mixing) and 2 ms
(double mixing) were added to the x-axis and experi-
mental data acquired before 3.2 ms (single mixing) and
3.5 ms (double mixing) were removed. The accurate
minimal ageing time of the double-jump experiment
(101 ms) was determined by comparing refolding traces
of UbM1W obtained with both single and double mixing
mode. Unfolding kinetic traces could be well described by
a single-exponential function in the single-jump experi-
ments. Refolding kinetic traces at low concentrations of
denaturant were fit with two exponential terms between
3.2 ms and 300 ms. We use this time window that focuses
on the first two phases and not the whole time-course in
order to improve the fitting procedure. This allowed us to
capture the complete N-like fluorescence recovery while
getting rid of the additional minor folding transitions that
always displayed small amplitude with all Trp probes (T3
and T4, not shown18). All the refolding and unfolding
traces obtained for each Trp mutants were set relative to
the fluorescence of the unfolded-state (between 2 M and
6 M GdnHCl), which was set to zero in the absence of
GdnHCl (unless specified (Figure 3(a))). Unfolding rate
constants (kU) obtained in concentrations of GdnHCl
above 2 M (Figure 3(b)) were fit to a classic two-state
chevron curve.3 Folding kinetic parameters of both the I
and N-states were obtained from the best simultaneous fit
of kf1, kf2, kU, and F1 over all concentrations of denaturant.
The observed rate constant for formation of the I-state, kf1,
was fit to a chevron curve thus providing information on
kUI, kIU , mUI, and mIU (and mI and ΔGUI, indirectly). The
fluorescence obtained after T1, F1, was fit to a standard
two-state equilibrium curve in order to obtain an estimate
of mI and ΔGUI. Finally, kf2 and kU, the observed rate for
formation and unfolding of the N-state, respectively, were
fit to a three-state on or off-pathway mechanism in order
to obtain kIN, kNI, mI and ΔGUI.67 Standard deviations
were obtained from the best fit of the data.
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