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ABSTRACT: The folding kinetics of the 179-residueAzotobacterVinelandii apoflavodoxin, which has an
R-â parallel topology, have been followed by stopped-flow experiments monitored by fluorescence
intensity and anisotropy. Single-jump and interrupted refolding experiments show that the refolding kinetics
involve four processes yielding native molecules. Interrupted unfolding experiments show that the two
slowest folding processes are due to Xaa-Pro peptide bond isomerization in unfolded apoflavodoxin.
The denaturant dependence of the folding kinetics is complex. Under strongly unfolding conditions (>2.5
M GuHCl), single exponential kinetics are observed. The slope of the chevron plot changes between 3
and 5 M denaturant, and no additional unfolding process is observed. This reveals the presence of two
consecutive transition states on a linear pathway that surround a high-energy on-pathway intermediate.
Under refolding conditions, two processes are observed for the folding of apoflavodoxin molecules with
native Xaa-Pro peptide bond conformations, which implies the population of an intermediate. The slowest
of these two processes becomes faster with increasing denaturant concentration, meaning that an unfolding
step is rate-limiting for folding of the majority of apoflavodoxin molecules. It is shown that the intermediate
that populates during refolding is off-pathway. The experimental data obtained on apoflavodoxin folding
are consistent with the linear folding mechanism Ioff S U S Ion S N, the off-pathway intermediate being
the molten globule one that also populates during equilibrium denaturation of apoflavodoxin. The presence
of such on-pathway and off-pathway intermediates in the folding kinetics ofR-â parallel proteins is
apparently governed by protein topology.

It is still not well understood how an unfolded protein finds
its unique native tertiary structure among an astronomically
large number of possible conformations. The topology of a
protein is proposed to control folding. A strong correlation
has been found between topological characteristics and
folding rates (1). In addition, the structure of the folding
transition state can to some extent also be predicted from
topology (2). However, little is known about whether
topology controls the formation of intermediates and the role
they play in the kinetic folding mechanism (3, 4).

Various single-domain proteins form an intermediate
structure before they fold to their native state (5-8). Whether
folding intermediates are productive forms on the folding
route or misfolded off-pathway species has been a subject
of discussion for a long time (9, 10). An evaluation of
experimental data on 23 proteins that apparently fold in a
two-state manner and display nonlinear activation free energy
relationships has gained evidence for the involvement of
obligatory high-energy on-pathway intermediates in protein
folding (11). Recent insight suggests that whether an

intermediate appears to be on or off the direct folding route
depends to some extent on the experimental conditions used.
There may be several parallel routes toward the native state,
and relatively small changes in the environment or in the
sequence of the protein may drastically alter the population
of different parallel pathways (12-14).

The study of the role of intermediates during folding is
facilitated when these intermediates populate both kinetically
and at equilibrium. Equilibrium population of an intermediate
facilitates the determination of its structure, which can clarify
why it is on or off the direct folding route under certain
circumstances. This population is more likely to happen for
large proteins (>100 residues), which therefore offer a special
opportunity to study the role of intermediates in protein
folding mechanisms.

The relatively large, 179-residue apoflavodoxin from
AzotobacterVinelandiipopulates an intermediate with molten
globule-like characteristics during denaturant-induced and
thermally induced equilibrium denaturation of the protein
(15, 16). Flavodoxins are flavoproteins that function as low-
potential one-electron carriers and contain a noncovalently
bound flavin mononucleotide (FMN)1 cofactor (17). Apofla-
vodoxin fromA. Vinelandii (i.e., flavodoxin in the absence
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of the FMN cofactor) is structurally identical to flavodoxin
except for some dynamic disorder in the flavin-binding
region (18, 19).

Flavodoxins adopt the so-called doubly wound orR-â
parallel topology. They are all characterized by a five-
stranded parallelâ-sheet surrounded byR-helices at either
side of the sheet (Figure 1). The doubly wound topology is
a rather popular fold: it belongs to the five most common
observed folds, together with the TIM barrel, Rossman,
thiamin-binding, and P-loop hydrolase folds (20). In contrast
to most protein folds, this topology is shared by many (i.e.,
nine) protein superfamilies (21). These nine superfamilies
exhibit little or no sequence similarity and comprise a broad
range of unrelated proteins with different functions such as
catalases, chemotactic proteins, lipases, esterases, and fla-
vodoxins.

Here, we present the experimental results of a kinetic
folding study ofA. Vinelandiiapoflavodoxin and discuss the
influence of protein topology on the occurrence of kinetic
folding intermediates. It is shown that kinetic folding of
apoflavodoxin involves two intermediates. The change in
denaturant accessibility upon unfolding of the first intermedi-
ate is 29% of that of native apoflavodoxin, and the
intermediate has to unfold before formation of the native
state can occur. Instead, the second intermediate lies on a
direct route from the unfolded to the native state of the
protein, and the change in denaturant accessibility upon
unfolding of the second intermediate is approximately 80-
90% of that of native apoflavodoxin. It is shown that the
off-pathway intermediate is the one that populates during
equilibrium denaturation of apoflavodoxin. The kinetic results
presented on apoflavodoxin folding lead to the first experi-
mental identification of both intermediates predicted theoreti-
cally to exist during the folding of anR-â parallel protein
(22).

MATERIALS AND METHODS

Materials. Guanidine hydrochloride (GuHCl, ultrapure)
and potassium pyrophosphate were from Sigma (Bornem,
Belgium).

Protein Expression and Purification.The single cysteine
residue 69 in wild-typeA. Vinelandii (strain ATCC 478)
flavodoxin II was replaced by an alanine to avoid covalent
dimerization of apoflavodoxin. The mutant protein is largely
similar to wild-type flavodoxin regarding both redox potential
of the holoprotein and stability of the apoprotein (15, 23).
RecombinantA. Vinelandii C69A holoflavodoxin was ob-
tained and purified as described previously (15, 18). Apofla-
vodoxin was subsequently prepared by trichloroacetic acid
preparation (15, 24). Finally, apoflavodoxin molecules in an
oligomeric state were removed via gel filtration on a
Superdex 200 preparative grade column (Pharmacia, Uppsala,
Sweden).

Fluorescence Spectroscopy.Steady-state fluorescence
measurements were done on a Cary eclipse fluorometer
equipped with a peltier accessory (Varian, Palo Alto, CA).
Excitation was at 280 nm with a slit of 5 nm; emission
spectra were recorded from 320 to 360 nm in steps of 0.5
nm, using a slit of 2.5 nm. The temperature was 25°C in all
experiments; the protein concentration was 5.6µM in 100
mM potassium pyrophosphate, pH 6.0. All samples were
equilibrated overnight at 25°C.

Circular Dichroism (CD) Spectroscopy.Steady-state CD
measurements were performed on a Jasco J715 spectropo-
larimeter (Tokyo, Japan) equipped with a PTC-348WI peltier
temperature control system. GuHCl denaturation samples
were measured in a 1 mmquartz cuvette (Starna, Hainault,
England) at 222, 225, and 255 nm and averaged over 3 min
per wavelength at a temperature of 25°C. The ellipticity at
255 nm was subtracted from the other ellipticities as a
baseline value. During all experiments the cell chamber was
purged with dry nitrogen gas at a flow rate of 5 L/min. All
samples were equilibrated overnight at 25°C; the protein
concentration was 5.6µM in 100 mM potassium pyrophos-
phate, pH 6.0.

Fluorescence Anisotropy.Fluorescence anisotropy was
measured on a home-built fluorometer equipped with two
photomultipliers arranged in a T-format (Thorn EMI 9863QA/
350, operating in photon-counting detection mode). Excita-
tion light was generated by a 150 W short arc xenon lamp,
and the excitation wavelength of 300 nm was selected in a
monochromator (Bausch & Lomb, Rochester, NY) with a
band-pass of 4.8 nm. Polarizers were used in both the
excitation light path (rotable Glan Taylor polariser) and the
emission light path (Polaroid, sheet). The emission light was
selected with a 335 nm cutoff filter (Schott). A blank
measurement, containing all components except apofla-
vodoxin, was subtracted from each sample, and five mea-
surements were averaged for each sample. The measurement
chamber was thermostated at 25°C by a circulating water
bath. All samples were equilibrated overnight at 25°C; the
protein concentration was 5.6µM in 100 mM potassium
pyrophosphate, pH 6.0.

Stopped-Flow Fluorescence Spectroscopy.Stopped-flow
folding and unfolding experiments were performed on an
Applied Photophysics (Leatherhead, U.K.) SX18-MV instru-
ment with a 5 or 20 µL cell. The path length of the
observation chamber was 2 mm. Excitation was at 280 nm
with a slit of 1.85 nm, and a cutoff filter of 320 nm was
used to select the emitted light. In unfolding experiments
apoflavodoxin in 100 mM potassium pyrophosphate, pH 6.0,
was mixed 1:10 into the same buffer containing varying

FIGURE 1: MOLSCRIPT cartoon drawing (45) of the X-ray
structure ofAzotobacter chroococcumflavodoxin (46), the sequence
of which is 95% identical toA. Vinelandii flavodoxin. The side
chains of the three tryptophan residues ofA. Vinelandii flavodoxin
(dark gray) and of phenylalanine 117 (light gray) are shown in ball-
and-stick representation.
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concentrations of GuHCl. In refolding experiments apofla-
vodoxin was first unfolded in 5.0 M GuHCl in 100 mM
potassium pyrophosphate, pH 6.0, for at least 30 min and
subsequently diluted 1:10 or 1:25 into the same buffer with
a varying concentration of GuHCl. The final concentration
of apoflavodoxin in the observation cell was 1µM in all
cases. At least four curves were averaged for each final
denaturant concentration. The syringes and observation
chamber were thermostated at 25°C by a circulation water
bath.

(a) Refolding Kinetics of Freshly Unfolded ApoflaVodoxin.
The influence of the presence ofcis-proline isomers on the
faster folding rates was examined by refolding freshly
unfolded protein. The same experimental setup as described
for the stopped-flow measurements was used but now in the
sequential mixing mode.

Apoflavodoxin was first unfolded at 3 M GuHCl in 100
mM potassium pyrophosphate, pH 6.0, by a 1:6 mixing step.
After 622 ms, refolding was initiated by 1:6 mixing into the
same buffer containing various concentrations of GuHCl. The
final protein concentration in the observation chamber was
always 1µM. At least four curves were averaged for each
final denaturant concentration.

(b) Interrupted Unfolding of ApoflaVodoxin. Interrupted
unfolding was used to examine the origin of the different
refolding processes. Apoflavodoxin was first unfolded at 3
M GuHCl for a varying timeti and then refolded by 1:6
mixing into native buffer, to yield a final GuHCl concentra-
tion of 0.5 M and a final protein concentration of 1µM in
100 mM potassium pyrophosphate, pH 6.0. At least four
curves were averaged for eachti. Theti-dependent amplitude
of each individual refolding process gives the rate with which
the species causing the respective refolding process is formed
during the unfolding step at 3 M GuHCl.

Analogously, interrupted unfolding by manual mixing was
used to examine the origin of the slowest folding process.
A volume of 0.4 mL of a 30µM apoflavodoxin stock solution
was mixed into 0.6 mL of a 5 M GuHCl solution. After a
varying timeti, 0.4 mL of this solution was mixed into a 3
mL fluorescence cuvette containing 2 mL of stirred buffer
to result in a final protein concentration of 2µM and a final
GuHCl concentration of 0.5 M in 100 mM potassium
pyrophosphate, pH 6.0. Refolding traces of 100 s were
recorded. All solutions were preequilibrated at 25°C.
Fluorescence traces were recorded on a Varian Cary Eclipse
fluorometer using an excitation wavelength of 280 nm, an
excitation slit of 5 nm, and an emission wavelength of 330
nm with a 20 nm slit.

(c) Interrupted Refolding of ApoflaVodoxin. Interrupted
refolding was used to examine whether all rates observed in
refolding lead to native protein. Unfolded apoflavodoxin at
5 M GuHCl was first allowed to refold at 0.83 M GuHCl
for a varying timeti and subsequently unfolded at 5 M
GuHCl. The buffer used was 100 mM potassium pyrophos-
phate, pH 6.0. The amplitude corresponding to the observed
unfolding process was used as a measure for the formation
of native apoflavodoxin during the refolding timeti. At least
four curves were averaged for eachti.

Stopped-Flow Fluorescence Anisotropy.Stopped-flow
fluorescence anisotropy measurements were done on a
BioLogic (Claix, France) SFM4 equipped with a 2× 2 mm
cuvette (FC-20), with the additional use of a photoelastic

modulator (25, 26). Excitation was at 297 nm with a slit of
1 mm, resulting in a band-pass of 8 nm. A cutoff filter of
335 nm (335FG01-25; Andover Corp.) was used to select
the emission light. The solutions in the syringes as well as
in the observation chamber were thermostated at 25°C by
a circulating water bath. In the refolding experiment 10µM
apoflavodoxin at 5 M GuHCl in 100 mM potassium
pyrophosphate, pH 6.0, was diluted 10-fold into the same
buffer without GuHCl, resulting in a final protein concentra-
tion of 1 µM at 0.5 M GuHCl. The dead time was 14.8 ms,
and 14 curves were averaged. In the unfolding experiment
10 µM apoflavodoxin in 100 mM potassium pyrophosphate,
pH 6.0, was diluted 10-fold into the same buffer containing
5 M GuHCl, which results in a final protein concentration
of 1 µM and a GuHCl concentration of 4.5 M. Twenty-five
curves were averaged.

Data Analysis. (a) Equilibrium Denaturation Data.Apofla-
vodoxin equilibrium denaturation data as monitored by
fluorescence emission intensity (at 340, 350, and 360 nm),
circular dichroism (at 222 and 225 nm), and fluorescence
anisotropy were globally fitted to a three-state model for
equilibrium denaturation (eq 1), according to eqs 2-6, using
ProFit (Quantum Soft, Zu¨rich):

U, I, and N represent the unfolded, intermediate, and native
state of the protein, respectively,Kij is the equilibrium
constant of thei-j equilibrium, Kij

0 is the i-j equilibrium
constant at zero concentration denaturant, [D] is the denatur-
ant concentration,mij

eq is the constant that describes the
denaturant concentration dependence of the equilibrium
constantKij, fi is the fractional population of statei at a certain
denaturant concentration,Yobs is the observed spectroscopic
signal, ai is the spectroscopic property of statei at zero
concentration denaturant, andbi is the constant describing
the denaturant concentration dependence of the spectroscopic
signal of statei. Each individual data point was weighted
by the square of the corresponding standard error during the
global fit procedure.

To incorporate the fluorescence anisotropy data in the
global analysis procedure, a modification of eq 5 is required.
Unlike fluorescence emission intensity and circular dichroism
signals, fluorescence anisotropy signals do not linearly track
the mole fractions of the three states of apoflavodoxin. This
is due to the anisotropy signals being weighted by both the
fraction of states involved and by the fluorescence quantum
yield of each individual state (27). To describe the anisotropy
signal adequately, the fraction of each species was multiplied

U a I a N (1)

KUI ) [I]/[U], KIN ) [N]/[I] (2)

Kij(D) ) Kij
0 exp(mij

eq[D]) (3)

fU ) 1/(1 + KUI + KUIKIN)

fI ) KUI/(1 + KUI + KUIKIN) (4)

fN ) KUIKIN/(1 + KUI + KUIKIN)

Yobs) (aN + bN[D]) fN + (aI + bI[D]) fI + (aU + bU[D]) fU
(5)
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with its intrinsic anisotropy (with corresponding denaturant
concentration dependence) and weighted by its fluorescence
intensity at 360 nm, according to the equation:

with ai,Fl being the intrinsic fluorescence intensity of species
i at 360 nm,bi,Fl the denaturant concentration dependence
of ai,Fl, andai,anis andbi,anis the intrinsic anisotropy of statei
and its corresponding denaturant concentration dependence,
respectively.

The fluorescence emission spectrum of the equilibrium
intermediate was calculated by fitting the equilibrium
denaturation curves at all fluorescence emission wavelengths
measured (320-360 nm) to eqs 2-5 with the equilibrium
constantsKUI andKIN fixed to the values determined in the
global fit mentioned before, using the program MatLab
(Mathworks).

(b) Kinetic (Un)folding Data.All kinetic fluorescence data
and theti-dependent refolding and unfolding amplitudes in
double-jump experiments were fitted to sums of exponential
functions using ProFit (Quantum Soft, Zu¨rich).

Of the four observed rate constants in stopped-flow (un)-
folding experiments, rate constantλ2 was fitted to the four-
state linear folding mechanism described in Scheme 1.

In this linear scheme, U corresponds to unfolded protein,
N corresponds to native protein, I1 and I2 correspond to the
off-pathway and on-pathway folding intermediate, respec-
tively, andkij corresponds to the microscopic rate constant
from statei to statej. Use is made of the analytical solution
of a four-state folding mechanism as described by Ikai and
Tanford (28), and an exponential dependence of the micro-
scopic rate constants on the denaturant concentration is
assumed, as described by the equation:

with kij being the intrinsic rate constant for the transition
from statei to j at a certain denaturant concentration [D],kij

0

the rate constantkij at zero concentration denaturant, andmij

the constant that describes the denaturant concentration
dependence ofkij. The rate constantkI2N and the correspond-
ing mI2N were fixed to 105 and 0, respectively (see Results
and Discussion for explanation).

RESULTS AND DISCUSSION

Equilibrium Denaturation of A.Vinelandii ApoflaVodoxin
InVolVes a Populated Intermediate.The equilibrium dena-
turation of A. Vinelandii apoflavodoxin with GuHCl is
followed by both circular dichroism (CD) and fluorescence
emission spectroscopy. In Figure 2A the fractions of native
apoflavodoxin molecules are shown, based on the fluores-

cence emission data at 340 nm and the ellipticity values at
222 nm, each analyzed according to a two-state model (29)
for denaturation. The fit of the fluorescence data results in
a global apoflavodoxin stability of 6.24( 0.25 kcal/mol,
with a correspondingm-value of-4.07( 0.16 kcal mol-1

M-1, resulting in a GuHCl concentration at the midpoint of
denaturation (Cm) of 1.533( 0.007 M. The fit of the CD
data results in a global apoflavodoxin stability of 2.91(
0.30 kcal/mol, with a correspondingm-value of -1.69 (
0.14 kcal mol-1 M-1, resulting in aCm of 1.72 ( 0.05 M
GuHCl, values that are all significantly different from those
determined on the basis of the fluorescence data. The
denaturation curves obtained by CD and fluorescence
spectroscopy do not coincide, which is characteristic for the
population of an intermediate in equilibrium apoflavodoxin
denaturation, as reported previously (15). Analogously,
thermal denaturation of apoflavodoxin results in apparent
midpoint temperatures of 48.6( 0.1 °C (fluorescence) and
64.9 ( 0.4 °C (CD), a difference of 16.3°C (15).

The anisotropy of tryptophan fluorescence can also be used
to monitor the equilibrium denaturation transition of a protein
and often gives quite different results compared to fluores-
cence intensity measurements (26, 30, 31). The apofla-
vodoxin denaturation curve measured by anisotropy shown
in Figure 2B is clearly biphasic, which illustrates the need
of a folding intermediate to describe the equilibrium dena-
turation data of apoflavodoxin.

A three-state model (eqs 1-6) is fitted globally to all
apoflavodoxin equilibrium denaturation curves recorded, i.e.,
at two CD wavelengths (222 and 225 nm) and at three
fluorescence intensity wavelengths (340, 350, and 360 nm)
and obtained by fluorescence anisotropy. The denaturant
dependence of the spectroscopic parameters of the intermedi-
ate (bI in eq 5) cannot be accurately determined because the
intermediate populates only in a small range of GuHCl
concentrations and never populates for 100%. Therefore,bI

is set to zero in the global fit procedure. The global fit of
the three-state model to all apoflavodoxin denaturation data
is excellent (see, e.g., Figure 2B,C), and the results are
summarized in Table 1. In Figure 2C the results of the global
fit to the equilibrium denaturation data of apoflavodoxin as
observed by CD at 222 nm and fluorescence intensity at 340
nm are shown (the same data as used to construct the curves
in Figure 2A are again used). As can be judged from the
residuals (Figure 2D) the equilibrium data shown in Figure
2C are well described by a three-state fit. In conclusion, at
least one intermediate state populates in the transition zone
of denaturant-induced apoflavodoxin denaturation.

The stabilities against global unfolding of both native
apoflavodoxin and of its equilibrium folding intermediate
as presented in Table 1 are higher than those reported
previously (15). This is mainly caused by differences in the
assumptions made about the spectroscopic properties of the
apoflavodoxin equilibrium folding intermediate. In the previ-
ous analysis (15), the fluorescence intensity of the intermedi-
ate is assumed to be equal to the one of the unfolded state,
and the CD ellipticity of the intermediate is set equal to the
one of native apoflavodoxin. Due to the limited number of
data points, the original data of van Mierlo et al. (15) do not
allow the sophisticated analysis presented here in which
fluorescence intensities and CD ellipticities of the equilibrium
folding intermediate are treated as free parameters.

Yanisotropy
obs ) [(aN,Fl + bN,Fl[D])(aN,anis+ bN,anis[D]) fN +

(aI,Fl + bI,Fl[D])(aI,anis + bI,anis[D]) fI + (aU,Fl +
bU,Fl[D])(aU,anis+ bU,anis[D]) fU]/[(aN,Fl + bN,Fl[D]) +

(aI,Fl + bI,Fl[D]) + (aU,Fl + bU,Fl[D])] (6)

Scheme 1

I1 {\}
kI1U

kUI1

U {\}
kUI2

kI2U
I2 {\}

kI2N

kNI2

N

kij ) kij
0 exp(mij[D]) (7)
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To investigate whether the ionic nature of GuHCl causes
the observed population of an apoflavodoxin intermediate,
the equilibrium denaturation of apoflavodoxin has also been
measured using urea as the denaturant and fluorescence
intensity and CD as spectroscopic probes. The obtained urea-
induced denaturation curves are similar to the ones presented
here (data not shown). As the urea-induced equilibrium
denaturation curves of apoflavodoxin measured by fluores-
cence and CD also do not coincide, it is ruled out that the
apoflavodoxin folding intermediate is observed due to a
stabilization caused by the salt effect of GuHCl.

Spectroscopic Properties of the Intermediate ObserVed
during Equilibrium Denaturation of A.Vinelandii Apofla-
Vodoxin.In this section a low-resolution structural description

of the equilibrium folding intermediate of apoflavodoxin is
constructed on the basis of the available spectroscopic data.

The fitted denaturant concentration dependencies of the
stability of both native apoflavodoxin and of its equilibrium
folding intermediate, together with the recorded fluorescence
emission spectra between 320 and 360 nm at all GuHCl
concentrations used, enable the calculation of the fluores-
cence emission spectrum of the equilibrium intermediate
(Figure 2F). Despite the emission spectrum of the intermedi-
ate being quite similar to the emission spectrum of unfolded
apoflavodoxin, which is shown in Figure 2F as a reference,
they are not identical. The limited blue shift of the fluores-
cence emission maximum (5 nm) and increased fluorescence
intensity of the intermediate relative to unfolded apofla-
vodoxin indicate that the tryptophan residues experience on
average some shielding from the solvent. The change in
denaturant accessibility upon unfolding of the equilibrium
intermediate can be calculated from the reported equilibrium
denaturationm-values (32) in Table 1 and is 29% of that of
the native protein.

The difference in ellipticity between the intermediate and
the unfolded state of apoflavodoxin at 0 M GuHCl is 65%
of the corresponding ellipticity difference between native and
unfolded apoflavodoxin at both 222 and 225 nm. Conse-
quently, approximately 65% of the nativeR-helical content
of apoflavodoxin is probably present in the equilibrium
intermediate, as at these wavelengths the CD spectrum is
especially sensitive toR-helical structure.

Notably, the anisotropy of the apoflavodoxin folding
intermediate (Figure 2B), which populates significantly
between 1 and 3 M GuHCl, is much higher than the

FIGURE 2: Guanidine hydrochloride-induced equilibrium denaturation ofA. Vinelandii apoflavodoxin. The protein concentration is 5.6µM
in 100 mM potassium pyrophosphate, pH 6.0, and the data are recorded at 25°C. (A) The fluorescence emission intensity data recorded
at 340 nm (b) and the circular dichroism data recorded at 222 nm (O) are each separately analyzed according to a two-state model for
folding, and the resulting fractions of native apoflavodoxin molecules are shown. The curves do not coincide, as a folding intermediate
populates during apoflavodoxin denaturation. (B) Guanidine hydrochloride denaturation profile of apoflavodoxin as measured by fluorescence
anisotropy. The curve is clearly biphasic, due to the population of an intermediate during apoflavodoxin denaturation. (C) The fluorescence
and CD data of apoflavodoxin denaturation at 340 and 222 nm, respectively, are normalized such that the first data point has a value of 1
and the last data point has a value of 0 (the same data as used to construct the curves in panel A are again used). The solid lines in panels
B and C represent the result of a global fit of a three-state model for equilibrium denaturation to the fluorescence data at 340, 350, and 360
nm, to the CD data at 222 and 225 nm, and to the anisotropy data in panel B, according to eqs 1-6 (see Materials and Methods). (D)
Residuals of the global fit of a three-state model for apoflavodoxin equilibrium denaturation to the fluorescence data at 340 nm (b) and the
CD data at 222 nm (O) shown in panel C. (E) Normalized population of native (N), intermediate (I), and unfolded (U) apoflavodoxin
molecules as a function of the concentration GuHCl. (F) Computed fluorescence emission spectrum of the equilibrium folding intermediate
of apoflavodoxin at 1.6 M GuHCl based on the global fit of a three-state model (eq 1) to the equilibrium denaturation data ofA. Vinelandii
apoflavodoxin. The fluorescence emission spectra of native apoflavodoxin and of unfolded apoflavodoxin, both at 1.6 M GuHCl, are shown
in gray. The fluorescence emission maxima are shown for all three species. The thermodynamic parameters resulting from the three-state
fit to the apoflavodoxin denaturation data are summarized in Table 1.

Table 1: Thermodynamic Parameters Obtained from a Three-State
Fit (N S I S U) to the GuHCl-Induced Equilibrium Denaturation
Data ofA. Vinelandii Apoflavodoxina

∆GUI (kcal/mol) 3.74( 0.49 mUI
eq (kcal
mol-1 M-1)

-1.83( 0.19

∆GIN (kcal/mol) 6.70( 0.17 mIN
eq (kcal
mol-1 M-1)

-4.40( 0.11

∆GUN (kcal/mol) 10.45( 0.52 mUN
eq (kcal
mol-1 M-1)

-6.23( 0.23

a A three-state model of unfolding is globally fitted according to
eqs 1-6 to the GuHCl-induced equilibrium denaturation curves ofA.
Vinelandii apoflavodoxin as obtained by CD at 222 and 225 nm, by
fluorescence intensity at 340, 350, and 360 nm, and by fluorescence
anisotropy. The errors shown are standard deviations. U, I, and N
represent the unfolded, intermediate, and native state of apoflavodoxin.
∆GXY is the difference in free energy between speciesX andY at 0 M
denaturant, andmXY

eq is the dependence of∆GXY on the denaturant
concentration.
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anisotropy of the native state. Fluorescence anisotropy
informs about the rotational freedom of the fluorophore
involved. Tryptophan side chains that can rotate freely, as
in an unfolded protein, have an anisotropy value of ap-
proximately 0.06, depending on the wavelength of excitation
and emission. The anisotropy of an immobilized tryptophan
side chain in a folded protein depends on the size of the
protein. In the case of apoflavodoxin, an anisotropy of 0.10-
0.12 is expected when all of its three tryptophan side chains
are immobilized (26, 30, 31).

The observed fluorescence anisotropy of native apofla-
vodoxin is surprisingly low (i.e., 0.04; Figure 2B). In the
case of apoflavodoxin, no indications for a high tryptophan
side chain mobility in the native state are observed, since
the hydrogen exchange rates of the tryptophan side chain
amides of apoflavodoxin correspond to local stabilities of
5-7 kcal/mol (19). Apparently, a specific tertiary interaction
involving one or more tryptophans causes the low anisotropy
of native apoflavodoxin.

The fluorescence ofA. Vinelandii apoflavodoxin arises
from its three tryptophan side chains, which are shown in
Figure 1. Trp 74 is located inR-helix 3 and is 3.3 Å away
from the side chain of Phe 117 inR-helix 4 of apoflavodoxin.
The orientation of these aromatic rings relative to one another
is close to perpendicular. The fluorescence of Trp 74 is
probably quenched by the close-to-perpendicular phenyl ring,
as observed in a similar situation for the protein FKBP59-I
(33). Consequently, the emission spectrum is probably
dominated by the two remaining tryptophans. The distance
between Trp 128, which is close toâ-strand 5a, and Trp
167, which is in helix 5, is 4.5 Å, and their relative orientation
in apoflavodoxin is close to perpendicular as well. The two
indole rings are well within the Fo¨rster distance for resonance
energy transfer (RET) of one another (10-15 Å for tryp-
tophans in a hydrophobic protein environment). RET between
two tryptophans reduces the fluorescence anisotropy (34).
Since the two indole rings are in close proximity and almost
perpendicular to each other, this reduction in anisotropy
would be efficient, explaining the low anisotropy observed
for native apoflavodoxin. As a consequence, the equilibrium
folding intermediate, as well as other compact structures
formed during the folding of apoflavodoxin, is expected to
have a higher anisotropy than both native and unfolded
apoflavodoxin. In such intermediates the tryptophan side
chains can be immobilized, but the highly specific native
tertiary interactions that cause the low native anisotropy are
not likely. This feature explains the remarkable denaturation
profile of apoflavodoxin as observed by fluorescence ani-
sotropy (Figure 2B).

In summary, the apoflavodoxin equilibrium folding inter-
mediate has a fluorescence emission spectrum which shows
that its tryptophan side chains are little shielded from the
solvent. As can be inferred from fluorescence anisotropy data,
these tryptophan side chains are immobilized, but their
immediate environment is not fully native. On the basis of
CD data, approximately 65% of theR-helical content of
native apoflavodoxin is present in the intermediate. The NMR
cross-peaks of the equilibrium folding intermediate of
apoflavodoxin are extremely broadened, which suggests that
this intermediate is highly dynamic on a millisecond to
second time scale (16). All spectroscopic data put together

show that the apoflavodoxin equilibrium folding intermediate
has molten globule-like structural characteristics (35).

Kinetic Characterization of A.Vinelandii ApoflaVodoxin
Folding by Stopped-Flow Fluorescence Shows the Presence
of an On-Pathway and an Off-Pathway Intermediate. (a)
Refolding Kinetics of ApoflaVodoxin Monitored by Intrinsic
Trp Fluorescence.To investigate the role of the molten
globule-like equilibrium intermediate in the kinetic folding
of apoflavodoxin, a stopped-flow folding experiment was
performed in 100 mM potassium pyrophosphate, pH 6.0, at
0.56 M GuHCl. Figure 3A shows the refolding of apofla-
vodoxin recorded by fluorescence spectroscopy for a period
of 100 and 10 s, respectively. The fluorescence emission
increases with time, because unfolded apoflavodoxin has a
lower emission than native protein (Figure 2F). Figure 3B
shows the residuals of a fit of a sum of three exponentials
to the data. Three exponentials suffice to describe the
observed signal in the 100 s trace. However, the 10 s trace
is not properly fitted with these three exponentials, which
indicates that an additional process is present. As a conse-
quence, a sum of four exponential curves is globally fitted
to both 10 and 100 s folding traces. The corresponding
residuals of both curves at 0.56 M GuHCl (Figure 3C) show
that the data are now correctly described by four folding
processes (with folding rate constantsλ1 to λ4).

(b) Formation of NatiVe Molecules during ApoflaVodoxin
Folding. To determine whether all four observed processes
produce native apoflavodoxin or whether some of the
observed processes represent the formation of partially folded

FIGURE 3: Stopped-flow refolding kinetics ofA. Vinelandii apofla-
vodoxin at 0.56 M GuHCl as observed by tryptophan fluorescence
emission intensity. (A) Fluorescence data recorded for a period of
100 s (left) and 10 s (right). Residuals of a fit of a sum of three
exponential equations to both data traces are shown in (B). In (C),
the residuals of a global fit of a sum of four exponential functions
to both the 100 and 10 s data are shown, withλ1 ) 23.6( 1.6 s-1,
λ2 ) 1.16 ( 0.01 s-1, λ3 ) 0.33 ( 0.01 s-1, andλ4 ) 0.025(
0.001 s-1. The data are plotted on a logarithmic time scale. The
final protein concentration is 1µM in 100 mM potassium
pyrophosphate, pH 6.0, at 25°C.
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intermediates, an interrupted refolding experiment (12) was
done. In such an experiment, unfolded apoflavodoxin is
allowed to fold for a certain timeti and is subsequently
unfolded in 5 M GuHCl and followed by fluorescence
spectroscopy. The observed amplitude of the unfolding
process, with a rate constant of 48 s-1 in the case ofA.
Vinelandii apoflavodoxin, is then used as a measure for the
amount of native apoflavodoxin that is formed during the
refolding time ti. Generally, folding intermediates unfold
much faster than native proteins (29), and thus the apofla-
vodoxin folding intermediates formed duringti are assumed
not to contribute to the observed kinetic trace.

Figure 4 shows the amplitudes of the unfolding processes
as a function of the delay timeti at two different GuHCl
concentrations. A fit of a sum of two exponential equations
to these data extrapolates to 1.8( 0.6% and 4.4( 0.4% of
all molecules being native atti ) 0, respectively, which
would mean that an additional route to the native state is
not accounted for in the fit. The data are best described by

three exponentials, including a fast process. This fit extrapo-
lates, within experimental error, to 0% of all molecules being
native atti ) 0. The two fastest rate constants of the latter
fit correspond to the folding ratesλ1 andλ2 observed during
conventional apoflavodoxin refolding at the respective Gu-
HCl concentrations. This shows that native apoflavodoxin
is formed in the two fastest processes observed. The third
rate constant observed in the interrupted refolding experiment
is betweenλ3 andλ4 observed in the conventional refolding
experiment. The low sensitivity of the interrupted refolding
experiment compared to the direct refolding traces prevents
discrimination of the latter two slow processes. The inter-
rupted refolding data at both GuHCl concentrations can be
described well using the four respective rate constants
observed in direct refolding of apoflavodoxin (Table 2). We
interpret this to imply that indeed native apoflavodoxin is
formed in all four processes observed in the conventional
refolding experiment.

(c) Origin of the Parallel ApoflaVodoxin Folding Routes.
The most common origin of parallel folding routes in proteins
is heterogeneity in the unfolded state caused by isomerization
around Xaa-Pro peptide bonds (29, 36) or Xaa-non-Pro
peptide bonds (37). Proline peptide bond isomerization is
likely to play a role inA. Vinelandii flavodoxin folding,
because it contains five proline residues. All of the Xaa-
Pro peptide bonds are in the trans conformation in the native
structure. The percentage of cis peptide bonds of a certain
proline residue in equilibrium-unfolded protein depends
mainly on the preceding amino acid (38). In the case of
apoflavodoxin, based on its amino acid sequence, 33% of
the molecules are predicted to have at least onecis-proline
peptide bond in the equilibrium-unfolded state.

To investigate the origin of the parallel folding routes
during apoflavodoxin folding, an interrupted unfolding
experiment has been performed. Native apoflavodoxin is first
unfolded in 3 M GuHCl for a varying delay timeti and
subsequently refolded at 0.5 M GuHCl and followed by
fluorescence spectroscopy. The dependence of the amplitudes
of the four observed refolding processes (with rate constants

FIGURE 4: Formation of native molecules during refolding ofA.
Vinelandii apoflavodoxin. The normalized amplitude of the unfold-
ing process of apoflavodoxin in an interrupted refolding experiment
at 0.83 M GuHCl (A) and at 0.42 M GuHCl (B) is shown as a
function of the refolding delay timeti. All data are shown on a
logarithmic time scale except in the insets, in which the data
obtained during the first 0.2 s of interrupted refolding are shown
on a linear time scale. The dashed line is the result of a fit of a
sum of two exponentials to the data, and the solid line is the result
of a fit of a sum of three exponentials to the data. The inset shows
that the data are best described by three exponentials and that in
this fit the amplitude of the unfolding process is 0 atti ) 0, as
required. The rate constants and corresponding amplitudes are listed
in Table 2. The final protein concentration is 1µM in 100 mM
potassium pyrophosphate, pH 6.0, at 25°C. For further details, see
the Materials and Methods section.

Table 2: Rate Constants (λ1 to λ4, in s-1) and Corresponding
Amplitudes (A1 to A4, in %) Obtained for Direct and Interrupted
Refolding ofA. Vinelandii Apoflavodoxin at 0.42 and 0.83 M
GuHCla

0.42 M GuHCl 0.83 M GuHCl

direct
refolding

interrupted
refolding

direct
refolding

interrupted
refolding

λ1 12 ( 1 22( 3 9.5( 1.6 5.6( 1.1
A1 5.9( 0.3 8.4( 0.3 3.2( 0.3 9.1( 1.5
λ2 1.06( 0.01 0.97( 0.01 1.22( 0.01 1.04( 0.03
A2 76 ( 1 71.0( 0.6 74.2( 0.5 73.8( 1.4
λ3 0.32( 0.01 0.29( 0.01
A3 13.6( 0.6 15.0( 0.3
λ3-4 0.048( 0.001 0.076( 0.004
A3-4 20.6( 0.3 17.4( 0.5
λ4 0.021( 0.001 0.034( 0.001
A4 4.24( 0.07 7.4( 0.1

a For further details, see Materials and Methods. In the case of the
interrupted refolding experiments, three exponentials describe the time-
course of the data, with the third rate constant (λ3-4 with amplitude
A3-4) being between rate constantsλ3 and λ4 observed in the
conventional apoflavodoxin kinetic folding experiments. The errors
shown are standard deviations. Refolding conditions are 1µM
apoflavodoxin in 100 mM potassium pyrophosphate, pH 6.0, at 25°C.
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λ1 to λ4) on ti clarifies whether a specific refolding process
originates from the folding mechanism of apoflavodoxin or
from secondary processes in the unfolded protein, such as
Xaa-Pro peptide bond isomerization. In the former case,
the dependence of the amplitude of a specific refolding
process onti equals the unfolding rate (9 s-1), whereas in
the latter case theti dependence of the amplitude is much
slower (38). Due to the large difference between theλ1 and
λ4 rate constants, it is not possible to resolve all refolding
processes in one kinetic trace in the interrupted unfolding
experiment. Traces of 5 s are recorded to sampleλ1, λ2, and
λ3, and the fourth process is examined separately in a manual
mixing experiment, as the rate constantλ4 is sufficiently slow
to do so.

In Figure 5 the refolding amplitudes corresponding to the
refolding rate constantsλ1, λ2, and λ3 obtained in the
interrupted unfolding experiment are shown as a function

of the unfolding timeti. Both refolding amplitudes corre-
sponding toλ1 andλ2 appear with rate constants that are in
good agreement with the apoflavodoxin unfolding rate
constant of 9 s-1 under these conditions. This shows that
the two faster folding processes represent two parallel folding
routes accessible to apoflavodoxin molecules with all prolyl
peptide bonds in the native trans conformation. In contrast,
the refolding amplitude corresponding to rate constantλ3

appears with a rate of only 0.14 s-1, which is a very likely
rate for proline peptide bond isomerization (38). The manual
interrupted unfolding experiment shows that theλ4 refolding
amplitude appears with a rate of 0.015 s-1 (data not shown),
which is compatible with proline peptide bond isomerization
as well. Thus, only folding rate constantsλ1 andλ2 inform
about the mechanism that describes apoflavodoxin folding,
as the corresponding molecules are shown to have all peptide
bonds in the native trans conformation.

(d) GuHCl Dependence of the ApoflaVodoxin Folding and
Unfolding Kinetics.To obtain more insight into the origin
of the observed complexity in apoflavodoxin folding, we
performed kinetic refolding and unfolding experiments
followed by fluorescence spectroscopy at different GuHCl
concentrations. Three or four exponentials are required to
describe the observed apoflavodoxin refolding kinetics up
to 2 M GuHCl. In contrast, apoflavodoxin unfolding traces
are in most cases described by a single exponential. Only in
the transition zone of denaturation, where both folding and
unfolding processes significantly contribute to the observable
rates, are the slower folding processes observed in kinetic
unfolding traces. The fastest step observed in kinetic folding
is not observed in the kinetic unfolding traces. The four
observed rate constants for apoflavodoxin folding and
unfolding are shown in Figure 6A as a chevron plot. Figure
6B shows that the complete difference in fluorescence
intensity between native and unfolded apoflavodoxin is
observed at all concentrations of denaturant used in the
kinetic experiments. This means that all processes with a
significant corresponding change in fluorescence are ob-
served in the stopped-flow experiments.

(e) InVolVement of an On-Pathway Intermediate during
ApoflaVodoxin Unfolding.Under strong denaturing conditions
(>2.5 M GuHCl), a single unfolding rate constant is
observed, which displays a smooth curvature as a function
of the GuHCl concentration (Figure 6A). This curvature is
explained by the presence of two consecutive transition states
on one linear apoflavodoxin (un)folding route that both have
differing dependencies on the denaturant concentration
(Figure 6C). At any denaturant concentration the transition
state with the highest free energy determines the observed
rate of folding and unfolding. Below approximately 4 M
GuHCl TS1 has the highest free energy of both transition
states involved. TS1 is less structured than TS2. Conse-
quently, an increase of the denaturant concentration stabilizes
TS1 more than TS2, and above approximately 4 M GuHCl
TS2 becomes the rate-limiting transition state for apofla-
vodoxin unfolding. This causes the curvature in the unfolding
limb of the chevron plot (Figure 6A). Of the two transition
states involved, TS2 cannot be the one having the highest
free energy below 4 M GuHCl, because if that would be the
case increasing the GuHCl concentration above 4 M would
not result in the observed change of the rate-limiting
unfolding process.

FIGURE 5: Dependence of the amplitudes associated withA.
Vinelandii apoflavodoxin folding rate constantsλ1 to λ3 on the
unfolding time ti in an interrupted unfolding experiment. In this
experiment, native apoflavodoxin is first unfolded in 3 M GuHCl
for a varying timeti, and the subsequent refolding at 0.5 M GuHCl
is followed by fluorescence spectroscopy. Dependence onti of the
refolding amplitude corresponding to folding rate constantλ1 (7.44
s-1) (A), folding rate constantλ2 (1.21 s-1) (B), and folding rate
constantλ3 (0.30 s-1) (C). A single exponential equation is fitted
to all data, and the corresponding fit is represented by a solid line.
The amplitude corresponding toλ1 builds up with a rate of 10.6(
0.8 s-1; in the case ofλ2 the rate of appearance of the corresponding
amplitude is 9.60( 0.06 s-1; in the case ofλ3 the rate of appearance
of the corresponding amplitude is 0.137( 0.005 s-1. The final
protein concentration is 1µM in 100 mM potassium pyrophosphate,
pH 6.0, at 25°C.
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The presence of two transition states, the free energies of
which have differing denaturant concentration dependencies,
that are each positioned on a separate apoflavodoxin folding
route cannot explain the observed curvature in the unfolding
limb of λ2. In this situation, an upward curvature of the
unfolding limb would be observed as the unfolding molecules

would follow the route with the lowest free energy barrier
at all concentrations of denaturant (11, 39). This is clearly
not the case (Figure 6A).

Another alternative explanation for the observed curvature
in the λ2 unfolding limb of the apoflavodoxin chevron plot
could be a transition state, which separates N from U, that
shifts gradually as a function of denaturant concentration.
However, this phenomenon has been studied in detail recently
and is shown to be highly unlikely (40).

Two consecutive transition states on a linear apoflavodoxin
(un)folding route that links unfolded and native apofla-
vodoxin molecules explain the curvature of theλ2 unfolding
limb. A minimum in the free energy between these two
transition states must exist. In this minimum an on-pathway
folding intermediate resides (Figure 6C). The rate-limiting
step during apoflavodoxin unfolding changes between 3 and
5 M GuHCl from the unfolding of this intermediate (i.e., I
to U) at low denaturant concentrations to the formation of
this intermediate (i.e., N to I) at high denaturant concentra-
tions. Consequently, at intermediate denaturant concentra-
tions (i.e., 2-4 M GuHCl) this intermediate is expected to
transiently populate during kinetic apoflavodoxin unfolding.
However, only a single unfolding process is observed at all
denaturant concentrations above 2.5 M GuHCl (Figure 6A),
and the fluorescence intensity does not change during the
dead time of the experiment (Figure 6B). Fluorescence
anisotropy also shows no additional kinetic phases or dead
time processes during kinetic apoflavodoxin unfolding (data
not shown). No population of the on-pathway apoflavodoxin
folding intermediate is thus observed.

In conclusion, the intermediate that causes the curvature
observed in the unfolding limb of theλ2 chevron plot of
apoflavodoxin must be a high-energy on-pathway folding
intermediate, as it is not populated to a significant extent.
Such high-energy on-pathway intermediates appear to play
a role in the folding kinetics of many proteins (11, 39).

(f) InVolVement of an Off-Pathway Intermediate during
ApoflaVodoxin Folding. Under conditions where apofla-
vodoxin is fully native (<1 M GuHCl), two folding rate
constants (i.e.,λ1 andλ2) are observed that do not originate
from Xaa-Pro peptide bond isomerizations. The observation
of these two folding rates implies that an intermediate
populates significantly during refolding of apoflavodoxin.
Is the intermediate that populates during refolding the same
species as the one that causes the curvature in the unfolding
limb of the chevron plot? If that would be the case, a three-
state protein folding model would be able to describe the
observed apoflavodoxinλ2 chevron plot. However, the
denaturant dependence ofλ2 cannot be described by any
three-state folding mechanism, be it linear with an on-
pathway intermediate involved (US I S N) or linear with
an off-pathway intermediate involved (IS U S N) or
triangular with all three species (U, I, N) being connected
(results not shown). Thus at least two folding intermediates
must play a role during kinetic (un)folding of apoflavodoxin.

Additional evidence that the on-pathway intermediate does
not populate significantly during apoflavodoxin refolding
comes from the interrupted refolding experiment. In case
formation of an on-pathway apoflavodoxin intermediate
during folding is more rapid than its conversion to the native
state, the intermediate accumulates, and formation of native
molecules is delayed (12). The kinetic formation of native

FIGURE 6: (A) GuHCl dependence of the natural logarithm of the
observed rate constants (O ) λ1, 0 ) λ2, ] ) λ3, 4 ) λ4) for A.
Vinelandii apoflavodoxin unfolding (filled symbols) and refolding
(open symbols). (B) Initial (0) and final (O) fluorescence intensity
of the kinetic traces obtained for apoflavodoxin stopped-flow
refolding (filled symbols) and unfolding (open symbols). The final
protein concentration is 1µM in 100 mM potassium pyrophosphate,
pH 6.0, at 25°C. (C) Schematic free energy landscape for the
folding of a hypothetical protein via an on-pathway intermediate.
The on-pathway intermediate (I) is surrounded by two transition
states: TS1 separates I from the unfolded state (U), and TS2
separates I from the native state of the protein (N). At low GuHCl
concentrations (solid line) TS1 has the highest free energy of both
transition states involved. Above a certain GuHCl concentration
(dashed line) TS2 becomes the rate-limiting transition state for
unfolding of the protein.
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molecules is then characterized by the presence of a lag
phase, which is clearly not observed during the interrupted
apoflavodoxin refolding experiment (Figure 4). The on-
pathway intermediate is besides being unstable under dena-
turing conditions (>2.5 M GuHCl) thus also unstable under
native conditions. The intermediate that populates during
apoflavodoxin refolding must be a different one than the on-
pathway intermediate already discussed.

The folding limb of theλ2 chevron plot curves to such an
extent that at low denaturant concentration the observed
folding rate actually increases with increasing GuHCl
concentration (Figure 6A). The latter is characteristic for an
unfolding process. Dissociation of dimers or higher oligo-
meric states that may be transiently formed during apofla-
vodoxin refolding can be excluded as a source for the
observed curvature, since variation of the final protein
concentration from 0.2 to 3.4µM did not significantly alter
the observed rate constants nor their relative amplitudes
during refolding (Figure 7).

The curvature of the folding limb of theλ2 chevron plot
is explained by the transient population of a folding
intermediate which is off the productive folding route. The
unfolding of this off-pathway intermediate is the rate-limiting
step in the formation of native apoflavodoxin via the process
corresponding toλ2. In principle, the partial unfolding of an
on-pathway intermediate could also be the rate-limiting

process during protein folding. However, if such an inter-
mediate transfers to native apoflavodoxin with rate constant
λ2, a delay in the formation of native apoflavodoxin would
be observed, which is not the case.

The interrupted refolding experiment confirms that an off-
pathway intermediate populates during apoflavodoxin fold-
ing. In case an off-pathway intermediate that needs to unfold
en route to the native state populates, native protein forms
kinetically with a sum of two exponentials. The latter is
exactly as is observed in the interrupted refolding experiment,
besides the observation of rate constants associated with
peptide bond isomerization processes. At low denaturant
concentrations (<0.75 M GuHCl)λ2 represents the kinetic
formation of native apoflavodoxin via an off-pathway
intermediate, whereasλ1 at these concentrations reflects the
direct kinetic formation of native apoflavodoxin by those
molecules that circumvent the off-pathway intermediate.
From the interrupted refolding experiment (Table 2) it can
be inferred that 10.6( 0.4% and 11( 2% of the molecules
with native proline peptide bonds fold via the direct path to
the native state at 0.42 and 0.83 M GuHCl, respectively [as
determined viaA1/(A1 + A2) (Table 2)]. The majority of the
apoflavodoxin molecules thus folds via the off-pathway
apoflavodoxin folding intermediate.

(g) The Equilibrium Folding Intermediate of Apofla-
Vodoxin Is Not the Kinetic On-Pathway Intermediate.Are
the intermediate that populates during equilibrium denatur-
ation of apoflavodoxin and the kinetic on-pathway interme-
diate the same species? To answer this question, kinetic
folding and unfolding experiments that start with apofla-
vodoxin in 1.6 M GuHCl were done. Under these conditions
theA. Vinelandii apoflavodoxin equilibrium intermediate is
near to maximally populated (for 55%; Figure 2E).

In case the apoflavodoxin on-pathway intermediate is the
equilibrium intermediate, what folding and unfolding kinetics
are expected starting with apoflavodoxin in 1.6 M GuHCl?
Below a final GuHCl concentration of approximately 4 M,
the rate constant for folding of the on-pathway intermediate
to native apoflavodoxin is determined by TS2, and the rate
constant for folding from globally unfolded apoflavodoxin
to native apoflavodoxin is determined by TS1 (Figure 6C).
As under these circumstances TS1 has a higher free energy
than TS2, the on-pathway intermediate folds faster to the
native state than unfolded apoflavodoxin does. The latter
kinetic behavior is clearly not observed when starting with
the equilibrium intermediate of apoflavodoxin populated: the
observed folding rate constants are identical to the folding
rate constants observed in the classical chevron experiment
already discussed (Figure 8A). In addition, the total amplitude
of the folding reaction is the same in both experiments
(Figure 8B), as well as the relative amplitude of each of the
four folding processes (Figure 8C).

Above a final GuHCl concentration of approximately 4
M, the rate constant for unfolding of the on-pathway
intermediate is determined by TS1, whereas the rate constant
for unfolding of native apoflavodoxin is determined by TS2,
which at these denaturant concentrations has a higher free
energy than TS1 (Figure 6C). Consequently, under these
circumstances the on-pathway intermediate needs to unfold
faster than native apoflavodoxin does. No such fast unfolding
process is observed when the equilibrium folding intermedi-
ate is populated (Figure 8A). However, the equilibrium

FIGURE 7: Dependence of the natural logarithm of the observed
rate constants (O ) λ1, 0 ) λ2, ] ) λ3, 4 ) λ4) (A) and of the
corresponding amplitudes (B) on protein concentration at 0.27 M
GuHCl (filled symbols) and at 0.59 M GuHCl (open symbols) for
A. Vinelandii apoflavodoxin folding. Folding is started from
equilibrium unfolded apoflavodoxin in 3.0 M GuHCl. The buffer
used is 100 mM potassium pyrophosphate, pH 6.0, at 25°C.

10484 Biochemistry, Vol. 43, No. 32, 2004 Bollen et al.



intermediate still could be the kinetic on-pathway intermedi-
ate, but the unfolding of this equilibrium intermediate could
be too fast to be detected. In that case, the amplitude
associated with this unfolding process should decrease
between 3 and 5 M GuHCl (as in this GuHCl concentration
range the free energy of TS1 gradually becomes lower than
the one of TS2) and then level off horizontally. However,
no such change in amplitude is observed as well (Figure 8B).
Rather, Figure 8B shows that the amplitude of the unfolding
process starting with the equilibrium intermediate populated
is constant and drastically reduced compared to the situation
in which unfolding starts with native apoflavodoxin. Both
below and above 4 M GuHCl, unfolding of the equilibrium
intermediate occurs within the dead time of the stopped-
flow unfolding experiment and thus is faster than unfolding
of native apoflavodoxin.

In conclusion, the experiments described show that the
intermediate that is observed during equilibrium denaturation
of A. Vinelandii apoflavodoxin cannot be the on-pathway
intermediate observed during kinetic apoflavodoxin folding.

(h) Kinetic Role of the Equilibrium Folding Intermediate
of ApoflaVodoxin. Is the intermediate observed during
equilibrium denaturation of apoflavodoxin the kinetic off-
pathway intermediate that populates during apoflavodoxin
folding? If this is the case, its unfolding should be observed
at all GuHCl concentrations above at which it maximally
populates, i.e., above approximately 1.8 M GuHCl (Figure
2E). Indeed, a loss of the amplitude of the unfolding process
is observed when unfolding starts with the equilibrium
intermediate populated compared to when unfolding starts
with native apoflavodoxin (Figure 8B).

Further confirmation of the equilibrium intermediate being
the kinetic off-pathway intermediate comes from the fol-
lowing. The spectroscopic properties of the apoflavodoxin
equilibrium intermediate are remarkably similar to those of
the kinetic off-pathway folding intermediate. The intermedi-

ate that populates during equilibrium denaturation of apofla-
vodoxin has a low fluorescence emission (Figure 2F). The
kinetic apoflavodoxin off-pathway intermediate must also
have a low fluorescence intensity, as is discussed below. The
interrupted refolding experiment shows that approximately
90% [i.e.,A2/(A1 + A2)%, Table 2] of the folding apofla-
vodoxin molecules with native Xaa-Pro peptide bonds
populate the off-pathway intermediate and form native
apoflavodoxin with rate constantλ2. The direct refolding
experiment shows that the amplitude corresponding toλ2 is
also approximately 90% of the total amplitude caused by
apoflavodoxin molecules with native Xaa-Pro peptide bonds
(as can be inferred fromA1 andA2 shown in Figure 8C). In
this direct refolding experiment, the amplitude ofλ2 corre-
sponds to the change in fluorescence intensity. Consequently,
the fluorescence intensity of the off-pathway intermediate
must be similar to the fluorescence intensity of unfolded
apoflavodoxin, as is also observed for the equilibrium
intermediate (Figure 2F). In addition, when kinetic folding
of apoflavodoxin is followed by fluorescence anisotropy,
large anisotropy is observed immediately after the dead time
of the experiment. This anisotropy subsequently decreases
with rate constantλ2 (not shown). As the folding process
with rate constantλ2 represents the unfolding of the off-
pathway intermediate, the latter intermediate must have a
high anisotropy. As discussed, a high anisotropy signal is
also observed for the equilibrium folding intermediate.

In conclusion, the results presented show that theA.
Vinelandii apoflavodoxin equilibrium folding intermediate
and the intermediate that appears kinetically off the produc-
tive apoflavodoxin folding route most likely are the same
species.

(i) QuantitatiVe Kinetic Model for ApoflaVodoxin Folding.
Based on the apoflavodoxin folding data presented here, a
kinetic model for apoflavodoxin folding is constructed, as
shown in Scheme 1, with I1 being the off-pathway kinetic

FIGURE 8: (A) GuHCl dependence of the natural logarithm of the observed rate constants (O ) λ1, 0 ) λ2, ] ) λ3, 4 ) λ4) for A.
Vinelandii apoflavodoxin unfolding and refolding. Open symbols: folding and unfolding are both started with apoflavodoxin in 1.6 M
GuHCl, the concentration GuHCl at which 55% of the apoflavodoxin molecules is present as the equilibrium folding intermediate (see
Figure 2E). Filled symbols are the data presented in Figure 6; folding is here started with unfolded apoflavodoxin (at 5 M GuHCl), and
unfolding is here started with native apoflavodoxin (at 0 M GuHCl). The inset shows a zoom ofλ1 andλ2 at GuHCl concentrations below
2 M. (B) GuHCl dependence of the total fluorescence intensity change (i.e., the initial minus the final fluorescence intensity) during kinetic
apoflavodoxin folding and unfolding starting with apoflavodoxin in 1.6 M GuHCl (O). The GuHCl dependence of the total change in
fluorescence intensity during kinetic folding starting with unfolded apoflavodoxin (at 5 M GuHCl) and during kinetic unfolding starting
with native apoflavodoxin (at 0 M GuHCl) is also shown (b). (C) GuHCl dependence of the relative amplitudes corresponding to each of
the four observed apoflavodoxin folding processes (O ) A1, 0 ) A2, ] ) A3, 4 ) A4). Open symbols represent amplitudes of folding
processes starting with apoflavodoxin in 1.6 M GuHCl, whereas filled symbols represent amplitudes of folding processes starting with
unfolded apoflavodoxin in 5 M GuHCl. The final protein concentration is 1µM in 100 mM potassium pyrophosphate, pH 6.0, at 25°C.
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folding intermediate that is stable and also populates during
equilibrium denaturation of apoflavodoxin, I2 the high-energy
on-pathway kinetic folding intermediate, U the unfolded
state, and N native apoflavodoxin. Scheme 1 is the most
simple model containing two intermediates that is able to
explain the observations made on apoflavodoxin folding.

In the case of any four-state kinetic folding model, three
observable rate constants are expected (28, 36, 41). However,
since one of the four apoflavodoxin species is very unstable
(i.e., the on-pathway intermediate), only two rate constants
that inform about apoflavodoxin folding are observed (i.e.,
λ1 and λ2). The latter is highly homologous to the case of
apparent two-state folding, where a single rate constant is
observed with a curvature of the unfolding limb of the
chevron plot, which is due to the presence of a high-energy
on-pathway intermediate, as discussed in detail recently by
Sánchez and Kiefhaber (11).

Normally, a kinetic protein folding model is fitted to the
GuHCl dependence of all observed kinetic folding rates and
corresponding amplitudes that are not due to Xaa-Pro
isomerizations, i.e.,λ1 and λ2 in the case ofA. Vinelandii
apoflavodoxin folding. However, the fastest process observed
during apoflavodoxin folding, with observed rate constant
λ1, displays a lot of scatter (Figure 6), which is mainly due
to its small amplitude. The scatter may in part also be caused
by contributions of additional processes with similar rates,
e.g., the rapid formation of intermediates with non-native
peptide bond isomers. To investigate the influence of Xaa-
Pro peptide bond isomerization onλ1, an experiment is
performed in which freshly unfolded apoflavodoxin (made
by unfolding the protein for 622 ms in 3 M GuHCl) is
refolded at different GuHCl concentrations. Refolding of
freshly unfolded apoflavodoxin leads to an observed rate
constantλ1 which differs from the one obtained by starting
with equilibrium-unfolded apoflavodoxin, as is shown in
Figure 9. The observed rate constantλ2 of the major folding
process obtained by refolding freshly unfolded apoflavodoxin
is identical within error toλ2 obtained in the conventional
refolding experiment in which equilibrium-unfolded apofla-

vodoxin is used. The observed change in rate constantλ1

indeed shows that in the conventional refolding experiment
λ1 is influenced by the formation of intermediates with
incorrect proline isomers. Unfortunately, even the refolding
process starting from freshly unfolded apoflavodoxin results
in a complex GuHCl concentration dependence of the
observed rate constantλ1, which curves downward upon
increasing the denaturant concentration. This curvature
cannot be reproduced by a linear four-state model and
indicates further complexities in the apoflavodoxin folding
mechanism that cannot be resolved accurately. As in the case
of A. Vinelandii apoflavodoxinλ1 cannot be resolved, only
one rate constant (i.e.,λ2) is used in our analysis.

Scheme 1 is fitted to the denaturant dependence of folding
rate constantλ2. Folding rate constantλ2 is the most
informative of the four rate constants observed, as it has the
largest amplitude, is observed at all denaturant concentra-
tions, involves native proline peptide bond isomers, and thus
informs about the apoflavodoxin folding mechanism. It has
a minimum around 1.55 M GuHCl and displays a complex
denaturant concentration dependence (Figure 6A). The
amplitudeA2 corresponding toλ2 is not used as it makes no
sense to fit a folding model to a single amplitude. The
validation of Scheme 1 is obtained in the previous sections
by the qualitative analysis of the apoflavodoxin direct and
interrupted refolding and unfolding data. Similarly, in the
case of hen egg white lysozyme interrupted refolding
experiments have also allowed the determination of a
complex kinetic folding mechanism without the use of the
corresponding kinetic amplitudes (12-14).

Because only the GuHCl dependence ofλ2 can be
analyzed, additional information is required (28) to determine
unambiguously all microscopic rates shown in Scheme 1.
As discussed, the apoflavodoxin equilibrium folding inter-
mediate and the intermediate that appears kinetically off the
productive folding route of apoflavodoxin most likely are
the same species. We therefore restrained the fit of Scheme
1 to the kinetic apoflavodoxin (un)folding data by fixingKUI1
and mUI1 to the values forKUI and mUI obtained from the
equilibrium denaturation measurements (Table 1), according
to the equations:

Since I2 is shown to never populate significantly during
apoflavodoxin folding,kI2N in Scheme 1 must be much larger
than (kUI2 + kI2U), and thus the latter will always limit the
observed folding rate. Therefore,kI2N cannot be determined.
The kinetic data can only inform about the relative free
energies of the two transition states surrounding I2, i.e., the
ratio betweenkI2N andkI2U. For technical reasons, the ratio
is not fitted directly, but insteadkI2N is fixed to 105 to be
sufficiently large not to influence the observable kinetics.
With the assumptions described above, the number of degrees
of freedom of the model (Scheme 1) is sufficiently reduced
to yield nonredundant results when fitted to theλ2 chevron
obtained for kinetic apoflavodoxin folding.

(j) Free Energy Landscape of ApoflaVodoxin Folding.The
results of the fit of Scheme 1 toλ2, using the above

FIGURE 9: GuHCl dependence of the natural logarithm of the
observed rate constants forA. Vinelandii apoflavodoxin folding (O
) λ1, 0 ) λ2) obtained by starting with equilibrium unfolded
apoflavodoxin (filled symbols) or by starting with freshly unfolded
apoflavodoxin, made by unfolding apoflavodoxin for 622 ms in 3
M GuHCl (open symbols). The final protein concentration is 1µM
in 100 mM potassium pyrophosphate, pH 6.0, at 25°C.
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assumptions, are summarized in Table 3 and are shown in
Figure 10. The free energy landscape for apoflavodoxin
folding derived from the results of the equilibrium and the
kinetic folding studies is shown schematically in Figure 11.
Note that the on-pathway intermediate I2 resides in a valley
in a region of high free energy at all denaturant concentra-
tions and that the time course of formation of I2 is always
slower than the rate of its further conversion, either to the
native or to the unfolded state. As the experimental results
show, I2 never significantly populates, neither kinetically nor
at equilibrium, but its presence influences the observed
kinetics. Because it never significantly populates, I2 is
classified as a “high-energy” species.

Because in the fit of Scheme 1 to the apoflavodoxin
folding data the rate constantkI2N and the corresponding
m-valuemI2N are fixed to 100000 s-1 and 0 kcal mol-1 M-1,
respectively, the exact denaturant accessibility of I2 cannot
be calculated. However, the denaturant accessibilities of both
transition states surrounding I2 can be calculated from the
kineticm-values and are expressed asR-values, i.e., the ratio
of them-value of a transition state (TS) and them-value of
the native state, both relative to the unfolded state. TheR of
TS1 is 0.75, and theR of TS2 is 0.94. Because I2 must have
a solvent accessibility that is between those of the two
transition states, it follows that itsR is approximately 0.8-
0.9.

Besides from equilibrium denaturation experiments, the
stability of the native state of apoflavodoxin relative to its
unfolded state (∆GUN) can also be calculated from the
kinetically determined folding and unfolding rate constants
(Table 3), using an equation analogous to eq 8. The∆GUN

calculated from the kinetic results is 9.17 kcal/mol, which
is 1.70 kcal/mol less than the∆GUN derived from equilibrium
denaturation measurements (10.87( 0.52 kcal/mol), taking
into account the 0.42 kcal/mol due to the Xaa-Pro peptide
bond isomerizations. Both∆GUN values are reasonably
similar, and kinetic complexities that cannot be resolved by
the current stopped-flow experiments most likely explain the
difference in free energy values observed.

In conclusion, a linear four-state folding scheme, I1 S
unfoldedS I2 S native, and its corresponding free energy

Table 3: Parameters Obtained via the Fit of the Analytical Solution
to the Linear Four-State Folding Scheme I1 S UnfoldedS I2 S
Native to the Denaturant Dependence of Rate Constantλ2 of A.
Vinelandii Apoflavodoxina

kI1U 0.733( 0.002 mI1U 0.576( 0.002
KUI 569 mUI

eq -1.83
kUI1 417( 1 mUI1 -1.256( 0.002
kUI2 (7.31( 0.07)× 104 mUI2 -4.12( 0.01
kI2U/kI2N (4.02( 0.01)× 10-3 mI2U - mI2N 1.064( 0.001
kNI2 3.234( 0.007 mNI2 0.3218( 0.0002
∆GUN 9.17( 0.01 mUN

eq -5.508( 0.001

a KUI is the equilibrium constant of the I-U equilibrium at zero
concentration denaturant,mUI

eq is the constant which describes the
denaturant concentration dependence ofKUI, kXY is the intrinsic rate
constant for the transition from stateX to Y at zero concentration
denaturant,mXY is the factor which describes the denaturant concentra-
tion dependence of the rate constantkXY, ∆GUN is the difference in
free energy between N and U, andmUN

eq describes the denaturant
concentration dependence of∆GUN. Rate constants are in s-1, and
m-values are in kcal mol-1 M-1. The errors are standard deviations.
The equilibrium constantKUI and the correspondingm-valuemUI

eq are
fixed during the fit to the values derived from Table 1. Rate constant
kUI1 andmUI1 are calculated using the equilibrium constantKUI and the
fitted rate kI1U and their correspondingm-values, respectively. Rate
constantkI2N is fixed to 100000 and itsm-valuemI2N to zero (see text).
The exact value of the rate constantkI2U cannot be determined; the
data can only inform about the ratio betweenkI2N andkI2U (see text).

FIGURE 10: Result of the fit of the analytical solution to the linear
four-state folding mechanism (I1 S unfoldedS I2 S native) to
the GuHCl dependence of the observed (un)folding rate constant
λ2 (0) of A. Vinelandii apoflavodoxin as presented in Figure 6.
The solid lines represent the fitted denaturant dependence of the
observable rate constantsλ1 and λ2, whereas the dashed lines
represent the fitted denaturant dependencies of some of the
microscopic rate constants. The numerical results of this fit are
summarized in Table 3.

FIGURE 11: Schematic representation of the free energy landscape
for A. Vinelandiiapoflavodoxin folding at 0 M (black), 1.6 M (dark
gray), and 4 M GuHCl (light gray), derived from the results obtained
from equilibrium and kinetic (un)folding studies of the protein. The
horizontal axis represents the process coordinate; the vertical axis,
the free energy difference relative to native apoflavodoxin. The
process coordinate scales to denaturant accessibility, because it is
expressed as theR-value, i.e., the ratio of them-value of a folding
species and them-value of native apoflavodoxin. U and N represent
unfolded and native apoflavodoxin, respectively; I1 and I2 are the
two folding intermediates presented in Scheme 1. The off-pathway
intermediate I1 is represented on the left-hand side of the unfolded
state, whereas both the on-pathway intermediate I2 and native
apoflavodoxin reside on the right-hand side of the unfolded state.
The heights of the barriers between two species (i and j) were
calculated from the (un)folding rates according to∆Gij

q ) -RT
ln(kij/k0) using a value fork0, the factor describing the chain
diffusion rate of a polypeptide, of 108 (47). The exact position and
the depth of the minimum in the free energy landscape in which I2
resides are unknown and are therefore represented by a dashed line.
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landscape are consistent with the experimental data obtained
on A. Vinelandii apoflavodoxin folding.

The Doubly Wound Topology of a Protein Seems To
Determine the Appearance of Its Folding Intermediates.The
topology of a protein is proposed to control folding.
However, little is known about whether topology controls
the formation of intermediates and the role they play in the
kinetic folding mechanism (3, 4). Comparison of the results
obtained here onA. Vinelandii apoflavodoxin folding with
results available on the folding of otherR-â parallel proteins
can shed light onto this issue.

Besides the results presented here on the folding ofA.
Vinelandiiapoflavodoxin, a rather limited number of kinetic
folding experiments have recently been reported for an
apoflavodoxin extracted fromAnabaena(42). In the latter
study, the initial increase of one of the two observed
Anabaenaapoflavodoxin refolding rates with increasing
denaturant concentration suggests that an unfolding step is
also rate-limiting for a fraction of the foldingAnabaena
apoflavodoxin molecules. Further details of the kinetic
mechanism ofAnabaenaapoflavodoxin folding might be
revealed in the future by interrupted refolding and unfolding
experiments similar to those presented here forA. Vinelandii
apoflavodoxin.

Another protein that shares theR-â parallel topology with
apoflavodoxin is CheY (129 amino acids), which is a
chemotactic protein, the folding of which has been studied
experimentally (43). CheY is both sequentially and function-
ally unrelated to flavodoxins. A structural alignment of 184
backbone atoms of CheY and ofA. Vinelandiiapoflavodoxin
with an rmsd of 1.62 Å shows 4% sequence identity and
20% similarity according to the PAM250 matrix (44). One
intermediate has been identified experimentally in CheY
folding and is thought to be misfolded, based on the influence
of mutations on the folding kinetics (43). Inspection of Figure
1D in Lopez-Hernandez et al. (43) clearly shows that the
kinetic refolding limb of the chevron plot of the Hel2 mutant
of CheY, a mutant in which helix 2 has been stabilized, has
a positive slope at low denaturant concentrations. In our
opinion, this positive slope proves the involvement of an
intermediate that is off-pathway. Apparently, an off-pathway
intermediate plays an important role in the kinetic folding
of all threeR-â parallel proteins studied to date.

The folding of CheY is also studied theoretically using a
simple model for protein folding (22), consisting of a Go˜-
like potential in which the only forces used arise from
contacts that are present in the native state, whereas the
energetic frustration is drastically reduced by not including
residue-specific parameters. These simulations predict two
possible intermediates: a short-lived on-pathway intermediate
and an intermediate which is a misfolded trap (22). During
the simulation, this misfolded species has to unfold, at least
partially, before the native state is reached. Since the
constraints in the theoretical model of Clementi et al. (22)
are derived from contacts in the native state of CheY, the
results are thought to be universal for proteins that share the
doubly wound topology. The kinetic results presented by us
onA. Vinelandiiapoflavodoxin lead to the first experimental
identification of both intermediates predicted theoretically
to occur during the folding of anR-â parallel protein.

CONCLUSION

The experimental data obtained onA. Vinelandii apofla-
vodoxin folding show that two folding intermediates play a
role. The large majority of the folding apoflavodoxin
molecules form an intermediate that needs to unfold before
becoming productive. All folding apoflavodoxin molecules
pass through a second high-energy folding intermediate
before reaching the native state. The appearance of both
kinetic folding intermediates seems to be governed by protein
topology.
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