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ABSTRACT: The folding kinetics of the 179-residudzotobacterinelandii apoflavodoxin, which has an

o—p 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 X&ao peptide bond isomerization in unfolded apoflavodoxin.

The denaturant dependence of the folding kinetics is complex. Under strongly unfolding conditibBs (

M GuHCI), 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 mechanigm< U < lon < 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 kinetias—¢% parallel proteins is
apparently governed by protein topology.

It is still not well understood how an unfolded protein finds intermediate appears to be on or off the direct folding route
its unique native tertiary structure among an astronomically depends to some extent on the experimental conditions used.
large number of possible conformations. The topology of a There may be several parallel routes toward the native state,
protein is proposed to control folding. A strong correlation and relatively small changes in the environment or in the
has been found between topological characteristics andsequence of the protein may drastically alter the population
folding rates (). In addition, the structure of the folding of different parallel pathwaysle—14).
transition state can to some extent also be predicted from The study of the role of intermediates during folding is
topology @). However, little is known about whether facilitated when these intermediates populate both kinetically
topology controls the formation of intermediates and the role and at equilibrium. Equilibrium population of an intermediate
they play in the kinetic folding mechanisr8, (4). facilitates the determination of its structure, which can clarify

Various single-domain proteins form an intermediate why it is on or off the direct folding route under certain
structure before they fold to their native stdie-6). Whether  circumstances. This population is more likely to happen for
folding intermediates are productive forms on the folding |arge proteins# 100 residues), which therefore offer a special
route or misfolded off-pathway species has been a subjectopportunity to study the role of intermediates in protein
of discussion for a long time9( 10). An evaluation of folding mechanisms.
experimental data on 23 proteins that apparently fold in @ = 1he rejatively large, 179-residue apoflavodoxin from
two-state manner and display nonlinear activation free energy a,otopactewinelandii populates an intermediate with molten
relationships has gained evidence for the involvement of 451 je-jike characteristics during denaturant-induced and
obligatory high-energy on-pathway intermediates in protein e rmally induced equilibrium denaturation of the protein
folding (11). Recent insight suggests that whether an ;5 16) Flavodoxins are flavoproteins that function as low-

f—y . . potential one-electron carriers and contain a noncovalently
e e et . bybound flavin mononucleotide (FMRIEofactor (7). Apofla-
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Protein Expression and Purificatiohe single cysteine
residue 69 in wild-typeA. vinelandii (strain ATCC 478)
flavodoxin Il 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 apoproteitb(23).
RecombinantA. vinelandii C69A holoflavodoxin was ob-
tained and purified as described previoudl$, (18). Apofla-
vodoxin was subsequently prepared by trichloroacetic acid
preparation15, 24). Finally, apoflavodoxin molecules in an
oligomeric state were removed via gel filtration on a
Superdex 200 preparative grade column (Pharmacia, Uppsala,
Sweden).

Fluorescence Spectroscopsteady-state fluorescence
measurements were done on a Cary eclipse fluorometer
Ficure 1: MOLSCRIPT cartoon drawing4f) of the X-ray equipped with a peltier accessory (Varian, Palo Alto, CA).
structure ofAzotobacter chroococcuftavodoxin @6), the sequence Excitation was at 280 nm with a slit of 5 nm; emission

of which is 95% identical toA. vinelandii flavodoxin. The side :
chains of the three tryptophan residueg\ofinelandii flavodoxin spectra were recorded from 320 to 360 nm in steps of 0.5

(dark gray) and of phenylalanine 117 (light gray) are shown in ball- NM, using a slit of 2.5 nm. The temperature was @5n all
and-stick representation. experiments; the protein concentration was @\ in 100

mM potassium pyrophosphate, pH 6.0. All samples were
of the FMN cofactor) is structurally identical to flavodoxin  equilibrated overnight at 25C.
except for some dynamic disorder in the flavin-binding  Circular Dichroism (CD) Spectroscop$teady-state CD
region (@8, 19). measurements were performed on a Jasco J715 spectropo-

Flavodoxins adopt the so-called doubly woundoot larimeter (Tokyo, Japan) equipped with a PTC-348WI peltier
parallel topology. They are all characterized by a five- temperature control system. GuHCI denaturation samples
stranded paralle-sheet surrounded hy-helices at either ~ Were measuredhia 1 mmquartz cuvette (Starna, Hainault,
side of the sheet (Figure 1). The doubly wound topology is England) at 222, 225, and 255 nm and averaged over 3 min
a rather popular fold: it belongs to the five most common Per wavelength at a temperature of Z5. The ellipticity at
observed folds, together with the TIM barrel, Rossman, 255 nm was subtracted from the other ellipticities as a
thiamin-binding, and P-loop hydrolase fold). In contrast baseline value. During all experiments the cell chamber was
to most protein folds, this topology is shared by many (i.e., purged with dry nitrogen gas at a flow rate of 5 L/min. Al
nine) protein superfamilie2(). These nine superfamilies samples were equilibrated overnight at 25; the protein
exhibit little or no sequence similarity and comprise a broad concentration was 5,6M in 100 mM potassium pyrophos-
range of unrelated proteins with different functions such as phate, pH 6.0.

catalases, chemotactic proteins, lipases, esterases, and fla- Fluorescence Anisotropyrluorescence anisotropy was
vodoxins. 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
intermediate has to unfold before formation of the native €Mission light path (Polaroid, sheet). The emission light was
state can occur. Instead, the second intermediate lies on ¢/€Cted with @ 335 nm cutoff filter (Schott). A blank
direct route from the unfolded to the native state of the Mmeasurement, containing all components except apofla-
protein, and the change in denaturant accessibility uponY0doxin, was subtracted from each sample, and five mea-
unfolding of the second intermediate is approximately-80 surements were averaged for each sampl_e. Thg measurement
90% of that of native apoflavodoxin. It is shown that the Shamber was thermostated at 25 by a circulating water
off-pathway intermediate is the one that populates during bath._AII samples were equmbrate_zd overnight at’zs t_he
equilibrium denaturation of apoflavodoxin. The kinetic results PrOt€in concentration was 54M in 100 mM potassium

presented on apoflavodoxin folding lead to the first experi- PYrophosphate, pH 6.0.
mental identification of both intermediates predicted theoreti- | Stopped-Flow Fluorescence Spectroscdpppped-flow

cally to exist during the folding of an—# parallel protein folding and unfolding experiments were performed on an

Here, we present the experimental results of a kinetic
folding study ofA. vinelandii apoflavodoxin 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

22). Applied Photophysics (Leatherhead, U.K.) SX18-MV instru-
ment wih a 5 or 20uL cell. The path length of the
MATERIALS AND METHODS 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
Materials. Guanidine hydrochloride (GuHCI, ultrapure) used to select the emitted light. In unfolding experiments
and potassium pyrophosphate were from Sigma (Bornem,apoflavodoxin in 100 mM potassium pyrophosphate, pH 6.0,
Belgium). was mixed 1:10 into the same buffer containing varying
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concentrations of GUHCI. In refolding experiments apofla- modulator 25, 26). Excitation was at 297 nm with a slit of
vodoxin was first unfolded in 5.0 M GuHCI in 100 mM 1 mm, resulting in a band-pass of 8 nm. A cutoff filter of
potassium pyrophosphate, pH 6.0, for at least 30 min and335 nm (335FG01-25; Andover Corp.) was used to select
subsequently diluted 1:10 or 1:25 into the same buffer with the emission light. The solutions in the syringes as well as
a varying concentration of GUHCI. The final concentration in the observation chamber were thermostated &t@by
of apoflavodoxin in the observation cell wasuM in all a circulating water bath. In the refolding experiment1d
cases. At least four curves were averaged for each finalapoflavodoxin & 5 M GuHCI in 100 mM potassium
denaturant concentration. The syringes and observationpyrophosphate, pH 6.0, was diluted 10-fold into the same
chamber were thermostated at Z5 by a circulation water  buffer without GUHCI, resulting in a final protein concentra-
bath. tion of 1 uM at 0.5 M GuHCI. The dead time was 14.8 ms,

(a) Refolding Kinetics of Freshly Unfolded Apaftaloxin. and 14 curves were averaged. In the unfolding experiment
The influence of the presence ci-proline isomers on the  10uM apoflavodoxin in 100 mM potassium pyrophosphate,
faster folding rates was examined by refolding freshly pH 6.0, was diluted 10-fold into the same buffer containing
unfolded protein. The same experimental setup as describecb M GuHCI, which results in a final protein concentration
for the stopped-flow measurements was used but now in theof 1 uM and a GuHCI concentration of 4.5 M. Twenty-five
sequential mixing mode. curves were averaged.

Apoflavodoxin was first unfoldedté8 M GuHCI in 100 Data Analysis. (a) Equilibrium Denaturation Datapofla-
mM potassium pyrophosphate, pH 6.0, by a 1:6 mixing step. vodoxin equilibrium denaturation data as monitored by
After 622 ms, refolding was initiated by 1:6 mixing into the fluorescence emission intensity (at 340, 350, and 360 nm),
same buffer containing various concentrations of GUHCI. The circular dichroism (at 222 and 225 nm), and fluorescence
final protein concentration in the observation chamber was anisotropy were globally fitted to a three-state model for
always 1uM. At least four curves were averaged for each equilibrium denaturation (eq 1), according to eg¥2 using

final denaturant concentration. ProFit (Quantum Soft, Zich):
(b) Interrupted Unfolding of Apofl@doxin. Interrupted R
unfolding was used to examine the origin of the different U=I=N 1)
refolding processes. Apoflavodoxin was first unfolded at 3 _ _
M GUHCI for a varying timet; and then refolded by 1:6 Ko =0V[],  Ky=[NII] (2)
mixing into native buffer, to yield a final GUHCI concentra- 0 .
tion of 0.5 M and a final protein concentration ofuM in K;(D) = Kjj exp1D]) 3)
100 mM potassium pyrophosphate, pH 6.0. At least four
curves were averaged for eaghThet-dependent amplitude fu =101+ Ky + Ky Ky
of each individual refolding process gives the rate with which .
the species causing the respective refolding process is formed fi = Kuy/(1 + Ky + KyKyy) (4)

during the unfolding stept88 M GuHCI.

Analogously, interrupted unfolding by manual mixing was fn = KulKin/ (1 + Ky, + Ky Kin)
used to examine the origin of the slowest folding process.
A volume of 0.4 mL of a 3:M apoflavodoxin stock solution  Y°**= (a, + by[D])fy + (g, + b[D])f, + (a, + b [D])f,
was mixed into 0.6 mL ba 5 M GuHCI solution. After a (5)
varying timet;, 0.4 mL of this solution was mixed into a 3
mL fluorescence cuvette containing 2 mL of stirred buffer U, I, and N represent the unfolded, intermediate, and native
to result in a final protein concentration of and a final ~ state of the protein, respectivel; is the equilibrium
GuHCI concentration of 0.5 M in 100 mM potassium constant of thé—j equilibrium, Ki? is thei—j equilibrium
pyrophosphate, pH 6.0. Refolding traces of 100 s were constant at zero concentration denaturant, [D] is the denatur-
recorded. All solutions were preequilibrated at 26. ant concentra‘tionrr\‘?q is the constant that describes the
Fluorescence traces were recorded on a Varian Cary Eclipsedenaturant concentration dependence of the equilibrium
fluorometer using an excitation wavelength of 280 nm, an constankj, f; is the fractional population of statat a certain
excitation slit of 5 nm, and an emission wavelength of 330 denaturant concentratio?sis the observed spectroscopic
nm with a 20 nm slit. signal, & is the spectroscopic property of statet zero

(c) Interrupted Refolding of Apofl@doxin. Interrupted concentration denaturant, aibdis the constant describing
refolding was used to examine whether all rates observed inthe denaturant concentration dependence of the spectroscopic
refolding lead to native protein. Unfolded apoflavodoxin at signal of state. Each individual data point was weighted
5 M GuHCI was first allowed to refold at 0.83 M GuHCI by the square of the corresponding standard error during the
for a varying timet; and subsequently unfolded at 5 M global fit procedure.
GuHCI. The buffer used was 100 mM potassium pyrophos- To incorporate the fluorescence anisotropy data in the
phate, pH 6.0. The amplitude corresponding to the observedglobal analysis procedure, a modification of eq 5 is required.
unfolding process was used as a measure for the formationUnlike fluorescence emission intensity and circular dichroism
of native apoflavodoxin during the refolding timeAt least signals, fluorescence anisotropy signals do not linearly track
four curves were averaged for eath the mole fractions of the three states of apoflavodoxin. This

Stopped-Flow Fluorescence Anisotrop$topped-flow is due to the anisotropy signals being weighted by both the
fluorescence anisotropy measurements were done on draction of states involved and by the fluorescence quantum
BioLogic (Claix, France) SFM4 equipped with 22 mm yield of each individual state2{). To describe the anisotropy
cuvette (FC-20), with the additional use of a photoelastic signal adequately, the fraction of each species was multiplied
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with its intrinsic anisotropy (with corresponding denaturant cence emission data at 340 nm and the ellipticity values at
concentration dependence) and weighted by its fluorescence222 nm, each analyzed according to a two-state m@&#! (

intensity at 360 nm, according to the equation: for denaturation. The fit of the fluorescence data results in
a global apoflavodoxin stability of 6.24 0.25 kcal/mol,
Y‘;gf’sotropyz [(ay i T by DD (B anis T By anidDD) fiy + with a correspondingn-value of —4.07 + 0.16 kcal mot?
' ' ' ' M~1, resulting in a GUHCI concentration at the midpoint of
+ b, g[D s+ by andDDF + (3 +
@1+ B aPD (@ anis T Brand DD + (Bu e denaturation Gu) of 1.533+ 0.007 M. The fit of the CD
by rIDD(8y anis T by anid D) ful/[(ay g + by e[D]) + data results in a global apoflavodoxin stability of 2.1

(@ + b g[D]) + (aym + by a[OD] (6) 0.30 kcal/mol, with a corresponding-value of —1.69 +
0.14 kcal mot* M1, resulting in aCny, of 1.72+ 0.05 M
with a g being the intrinsic fluorescence intensity of species GUHCI, values that are all significantly different from those
i at 360 nm,b; ;; the denaturant concentration dependence determined on the basis of the fluorescence data. The
of a r, anda anis andb; anis the intrinsic anisotropy of state denaturation curves obtained by CD and fluorescence
and its corresponding denaturant concentration dependencespectroscopy do not coincide, which is characteristic for the
respectively. population of an intermediate in equilibrium apoflavodoxin
The fluorescence emission spectrum of the equilibrium denaturation, as reported previouslg5). Analogously,
intermediate was calculated by fitting the equilibrium thermal denaturation of apoflavodoxin results in apparent
denaturation curves at all fluorescence emission wavelengthgnidpoint temperatures of 48:6 0.1 °C (fluorescence) and
measured (320360 nm) to eqs 25 with the equilibrium 64.9+ 0.4 °C (CD), a difference of 16.3C (15).
constantKy andKyy fixed to the values determined in the The anisotropy of tryptophan fluorescence can also be used
global fit mentioned before, using the program MatlLab to monitor the equilibrium denaturation transition of a protein
(Mathworks). and often gives quite different results compared to fluores-
(b) Kinetic (Un)folding DataAll kinetic fluorescence data  cence intensity measurementd6( 30, 31). The apofla-
and theti-dependent refolding and unfolding amplitudes in vodoxin denaturation curve measured by anisotropy shown
double-jump experiments were fitted to sums of exponential in Figure 2B is clearly biphasic, which illustrates the need

functions using ProFit (Quantum Soft, @ch). of a folding intermediate to describe the equilibrium dena-
Of the four observed rate constants in stopped-flow (un)- turation data of apoflavodoxin.
folding experiments, rate constatitwas fitted to the four- A three-state model (eqs—b) is fitted globally to all

state linear folding mechanism described in Scheme 1.  apoflavodoxin equilibrium denaturation curves recorded, i.e.,
at two CD wavelengths (222 and 225 nm) and at three
Scheme 1 fluorescence intensity wavelengths (340, 350, and 360 nm)
and obtained by fluorescence anisotropy. The denaturant
lL=U==1,=—=N dependence of the spectroscopic parameters of the intermedi-
ate , in eq 5) cannot be accurately determined because the
intermediate populates only in a small range of GuHCI
concentrations and never populates for 100%. Therelpre,
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
of a four-state folding mechanism as described by Ikai and s_ummarized .".‘ T_able L.In Figu_re 2C the results of the global
fit to the equilibrium denaturation data of apoflavodoxin as

Tanford £8), and an exponential dependence of the micro- . .

scopic rate constants on the denaturant concentration isﬁ?nsgpéesdhgzvgzﬁ zgrzngﬂﬁgdazuuosrgjiir;:((:)en!srz:ﬁgtslt%/ea(t:l?rd\r/gs

assumed, as described by the equation: in Figure 2A are again used). As can be judged from the
0 residuals (Figure 2D) the equilibrium data shown in Figure

kj = ki exp(my[Dl) @) 2C are well described by a three-state fit. In conclusion, at

ih ke bei he intrinsi for th . least one intermediate state populates in the transition zone
with k; being the intrinsic rate constant for the transition 4t genatyrant-induced apoflavodoxin denaturation.

from statel to] at a certain denaturant concentration [k, The stabilities against global unfolding of both native
the rate constari at zero concentration denaturant, and  apoflavodoxin and of its equilibrium folding intermediate
the constant that describes the denaturant concentratior,g presented in Table 1 are higher than those reported
dependence d{;. The rate constark,y and the correspond-  raviously (L5). This is mainly caused by differences in the
ing m,y were fixed to 18 and 0, respectively (see Results 455;mptions made about the spectroscopic properties of the
and Discussion for explanation). apoflavodoxin equilibrium folding intermediate. In the previ-
RESULTS AND DISCUSSION ous _analysisJ(S), the fluorescence intensity of the intermedi-
ate is assumed to be equal to the one of the unfolded state,
Equilibrium Denaturation of Avinelandii Apoflasodoxin and the CD ellipticity of the intermediate is set equal to the
Involves a Populated Intermediat&he equilibrium dena-  one of native apoflavodoxin. Due to the limited number of
turation of A. vinelandii apoflavodoxin with GuHCI is data points, the original data of van Mierlo et dl5) do not
followed by both circular dichroism (CD) and fluorescence allow the sophisticated analysis presented here in which
emission spectroscopy. In Figure 2A the fractions of native fluorescence intensities and CD ellipticities of the equilibrium
apoflavodoxin molecules are shown, based on the fluores-folding intermediate are treated as free parameters.

In this linear scheme, U corresponds to unfolded protein,
N corresponds to native protein,dnd b correspond to the
off-pathway and on-pathway folding intermediate, respec-
tively, andk; corresponds to the microscopic rate constant
from statel to statej. Use is made of the analytical solution
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Ficure 2: Guanidine hydrochloride-induced equilibrium denaturatioA afinelandii apoflavodoxin. The protein concentration is x/@

in 100 mM potassium pyrophosphate, pH 6.0, and the data are recordedt@t @5 The fluorescence emission intensity data recorded

at 340 nm @) and the circular dichroism data recorded at 222 @ 4re 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 te6e(geé Materials and Methods). (D)
Residuals of the global fit of a three-state model for apoflavodoxin equilibrium denaturation to the fluorescence data a

CD data at 222 nm) shown in panel C. (E) Normalized population of native (N), intermediate (I), and unfolded (U) apoflavodoxin
molecules as a function of the concentration GUHCI. (F) Computed fluorescence emission spectrum of the equilibrium folding intermediate
of apoflavodoxin at 1.6 M GuHCI based on the global fit of a three-state model (eq 1) to the equilibrium denaturatiorAdatastdndii
apoflavodoxin. The fluorescence emission spectra of native apoflavodoxin and of unfolded apoflavodoxin, both at 1.6 M GuHCI, 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 of the equilibrium f0|dir?g intermediate of apOﬂaVOdoxlin is
Fit (N = | = U) to the GuHCI-Induced Equilibrium Denaturation constructed on the basis of the available spectroscopic data.

Data ofA. vinelandii Apoflavodoxirt The fitted denaturant concentration dependencies of the
AGy (kcal/mol) ~ 3.74+0.49  fd (kcal —1.83+0.19 stability of both native apoflavodoxin and of its equilibrium
mol-t1M~1) folding intermediate, together with the recorded fluorescence
AGp (kcal/mol)  6.70+0.17  m (kcal —4.40+£0.11 emission spectra between 320 and 360 nm at all GUHCI
mol™* M™) concentrations used, enable the calculation of the fluores-
AGyy (kcal/mol)  10.45+ 0.52  mfY, (kcal —6.23+0.23

cence emission spectrum of the equilibrium intermediate
S— _ _ (Figure 2F). Despite the emission spectrum of the intermedi-
. :Aktgrt‘zetﬁ;agumg?ﬁ'] d(ﬁcggfg'd&ri‘l?b:;%'%%?:ZJ'rt:;gnagS?\;gggf 0 ate being quite similar to the emission spectrum of unfolded
uﬁ]elandii apoflavodoxin as obtai%ed by CD at 222 and 225 nm, by apOﬂaVOdox'n’ Wh_|Ch IS sho_vm in Figure 2,': as a reference,
fluorescence intensity at 340, 350, and 360 nm, and by fluorescenceth€y are not identical. The limited blue shift of the fluores-
anisotropy. The errors shown are standard deviations. U, I, and N cence emission maximum (5 nm) and increased fluorescence
represent the unfolded, intermediate, and native state of apoflavodoxin.intensity of the intermediate relative to unfolded apofla-
AGxyis the difference in free energy between spediesdY at 0 M vodoxin indicate that the tryptophan residues experience on
denaturant, andri is the dependence oiGxy on the denaturant  5yerage some shielding from the solvent. The change in

concentration. - . LS
denaturant accessibility upon unfolding of the equilibrium
To investigate whether the ionic nature of GUHCI causes intermediate can be calculated from the reported equilibrium
the observed population of an apoflavodoxin intermediate, denaturationm-values 82) in Table 1 and is 29% of that of
the equilibrium denaturation of apoflavodoxin has also been the native protein.
measured using urea as the denaturant and fluorescence The difference in ellipticity between the intermediate and
intensity and CD as spectroscopic probes. The obtained ureathe unfolded state of apoflavodoxih @ M GUHCI is 65%
induced denaturation curves are similar to the ones presente®f the corresponding ellipticity difference between native and
here (data not shown). As the urea-induced equilibrium unfolded apoflavodoxin at both 222 and 225 nm. Conse-
denaturation curves of apoflavodoxin measured by fluores- quently, approximately 65% of the natigehelical content
cence and CD also do not coincide, it is ruled out that the of apoflavodoxin is probably present in the equilibrium
apoflavodoxin folding intermediate is observed due to a intermediate, as at these wavelengths the CD spectrum is

mol~t M%)

stabilization caused by the salt effect of GUHCI. especially sensitive ta-helical structure.
Spectroscopic Properties of the Intermediate Obsdr Notably, the anisotropy of the apoflavodoxin folding
during Equilibrium Denaturation of Avinelandii Apofla- intermediate (Figure 2B), which populates significantly

vodoxin.In this section a low-resolution structural description between 1 ath 3 M GuHCI, is much higher than the
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vodoxin is surprisingly low (i.e., 0.04; Figure 2B). In the &J-o,oos

anisotropy of the native state. Fluorescence anisotropy A S 08T T
informs about the rotational freedom of the fluorophore S o6l 0'6_‘
involved. Tryptophan side chains that can rotate freely, as 2L 0.4
in an unfolded protein, have an anisotropy value of ap- g 0.4\ -
proximately 0.06, depending on the wavelength of excitation E 0.2
and emission. The anisotropy of an immobilized tryptophan e 0‘2', vul s sl 4 oan 0' Iy
side chain in a folded protein depends on the size of the 107 109 10! 102 102 1077 100 10!
protein. In the case of apoflavodoxin, an anisotropy of 8.10 0.010—r—rrrr—rr—r—rrm 004 —rr—r—rr—rrT
0.12 is expected when all of its three tryptophan side chains Bw - - i |
are immobilized 26, 30, 31). g 0-005F 4 ool

The observed fluorescence anisotropy of native apofla- 3 0~000_‘M |

A ) 0.00
case of apoflavodoxin, no indications for a high tryptophan 0,010 il wul 4o

side chain mobility in the native state are observed, since 00T 109 10! 102 102 100 100 10!
the' hydrogen exchangg rates of the tryptophan s!dg chain 0.010——rrrr—rrr—r—rrmy 0.010

amides of apoflavodoxin correspond to local stabilities of Cm -

5—7 kcal/mol (L9). Apparently, a specific tertiary interaction g 0.009 0.005

>

involving one or more tryptophans causes the low anisotropy 2 0.000 0.000]

z

of native apoflavodoxin. € 0 005k 1-0.005
The fluorescence oA. vinelandii apoflavodoxin arises o010t 0l o 010
from its three tryptophan side chains, which are shown in 00l 109 100 102 102 100 100 10!
Figure 1. Trp 74 is located in-helix 3 and is 3.3 A away Time (s) Time (s)
from the side chain of Phe 117 ahelix 4 of apoflavodoxin. Ficure 3: Stopped-flow refolding kinetics dk. vinelandii apofla-

The orientation of these aromatic rings relative to one anothervodoxin at 0.56 M GuHCI as observed by tryptophan fluorescence
is close to perpendicular. The fluorescence of Trp 74 is emission intensity. (A) Fluorescence data recorded for a period of
probably quenched by the close-to-perpendicular phenyl ring, 100 s (left) and 10 s (right). Residuals of a fit of a sum of three

. L2 . - . exponential equations to both data traces are shown in (B). In (C),
as observed in a similar situation for the protein FKBPSO-I &' raciquals of a global fit of a sum of four exponential functions

(33). Consequently, the emission spectrum is probably to both the 100 and 10 s data are shown, Witk 23.6= 1.6 s,
dominated by the two remaining tryptophans. The distance 1, = 1.16 + 0.01 s, A3 = 0.33+ 0.01 s, and14 = 0.025+
between Trp 128, which is close fstrand 5a, and Trp Q.OOl sl The data are plottgd on a I.ogarithmic time scalg. The
167, which is in helix 5, is 4.5 A, and their relative orientation fina ﬁmter']n conﬁegtgatuonzsl:s M in 100 mM potassium

in apoflavodoxin is close to perpendicular as well. The two pyrophosphate, pH 6.0, at 2%

indole rings are well within the Feter distance for resonance
energy transfer (RET) of one another (176 A for tryp-
tophans in a hydrophobic protein environment). RET between

two tryptophans redu.ces the _fluorescencg a_nisotrepy ( Folding by Stopped-Flow Fluorescence Shows the Presence
Since the two indole rings are in close proximity and almost of an On-Pathway and an Off-Pathway Intermediate. (a)

perpendicular to each other, this reduction in anisotropy pefq|ding Kinetics of Apoftndoxin Monitored by Intrinsic
would be efficient, explaining the low anisotropy observed Trp FluorescenceTo investigate the role of the molten

for native apoflavodoxin. As a consequence, the equilibrium 4,51 je.jike equilibrium intermediate in the kinetic folding

folding intermediate, as well as other compact structures ¢ apoflavodoxin, a stopped-flow folding experiment was
formed during the folding of apoflavodoxin, is expected to performed in 100 mM potassium pyrophosphate, pH 6.0, at
have a higher anisotropy than both native and unfolded 55\ GuHCI. Figure 3A shows the refolding of apofia-
apoflavodoxin. In such intermediates the tryptophan side \,qoxin recorded by fluorescence spectroscopy for a period
chains can be immobilized, but the highly specific native ot 109 and 10 s, respectively. The fluorescence emission
tertiary interactions that cause the low native anisotropy are jycreases with time, because unfolded apoflavodoxin has a
not likely. This feature explains the remarkable denaturation |qwer emission than native protein (Figure 2F). Figure 3B
profile of apoflavodoxin as observed by fluorescence ani- ghows the residuals of a fit of a sum of three exponentials
sotropy (Figure 2B). to the data. Three exponentials suffice to describe the
In summary, the apoflavodoxin equilibrium folding inter- observed signal in the 100 s trace. However, the 10 s trace
mediate has a fluorescence emission spectrum which showss not properly fitted with these three exponentials, which
that its tryptophan side chains are little shielded from the indicates that an additional process is present. As a conse-
solvent. As can be inferred from fluorescence anisotropy data,quence, a sum of four exponential curves is globally fitted
these tryptophan side chains are immobilized, but their to both 10 and 100 s folding traces. The corresponding
immediate environment is not fully native. On the basis of residuals of both curves at 0.56 M GuHCI (Figure 3C) show
CD data, approximately 65% of the-helical content of that the data are now correctly described by four folding
native apoflavodoxin is present in the intermediate. The NMR processes (with folding rate constaitsto 14).
cross-peaks of the equilibrium folding intermediate of  (b) Formation of Natie Molecules during Apoftadoxin
apoflavodoxin are extremely broadened, which suggests thatFolding. To determine whether all four observed processes
this intermediate is highly dynamic on a millisecond to produce native apoflavodoxin or whether some of the
second time scal€lg). All spectroscopic data put together observed processes represent the formation of partially folded

show that the apoflavodoxin equilibrium folding intermediate
has molten globule-like structural characteristi8s)(
Kinetic Characterization of Avinelandii Apoflasodoxin
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Table 2: Rate Constantg;(to A4, in s) and Corresponding
Amplitudes @; to A4, in %) Obtained for Direct and Interrupted
Refolding of A. vinelandii Apoflavodoxin at 0.42 and 0.83 M
GuHCFR

o
©
I

0.42 M GuHCI 0.83 M GuHCI

direct interrupted direct interrupted
refolding refolding refolding refolding

A 12+1 22+ 3 95+ 1.6 56+1.1
Ar 59+03 8.4+ 0.3 3.2+0.3 9.1+ 15
A2 1.06+£0.01 0.97£ 0.01 1.22+ 0.01 1.04+ 0.03
y . . A 76E1 71.0+ 0.6 74.2+ 0.5 73.8+ 1.4
o0 o o Js  0.32+0.01 0.29+ 0.01
i «TTTT N EE R AT T IR T AR TTIT R AT A3 13.6+0.6 15.0+ 0.3
-2 10-1 100 101 102 Az—a 0.048+ 0.001 0.076+ 0.004
As—4 20.6£0.3 17.4+ 05
L LR L) B R R B B L1 )[,4 0.021+ 0.001 0.034+ 0.001
As  4.24+£0.07 7.4+£0.1

aFor 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 constaiit { with amplitude
As-s) being between rate constanfs and 1, observed in the
conventional apoflavodoxin kinetic folding experiments. The errors
shown are standard deviations. Refolding conditions are:M
apoflavodoxin in 100 mM potassium pyrophosphate, pH 6.0, 825

o
D
I

Normalised unfolding amplitude 3

o
Q

—_
o

0.80

0.40

three exponentials, including a fast process. This fit extrapo-
L L lates, within experimental error, to 0% of all molecules being

0.0 01 02 native att; = 0. The two fastest rate constants of the latter

bl R TTTT RN R TTT AE I AT B E A RTTIT B A1 |
0'090—2 101 100 101 102 fit correspond to the folding ratels and/, observed during
Delay ti(s) conventional apoflavodoxin refolding at the respective Gu-
FiGURE 4: Formation of native molecules during refolding Af .HCl conce_ntratlons. This shows that native apoflavodOXI_n
vinelandii apoflavodoxin. The normalized amplitude of the unfold- 1S formed in the two fastest processes observed. The third
ing process of apoflavodoxin in an interrupted refolding experiment rate constant observed in the interrupted refolding experiment
at 0.83 M GuHCI (A) and at 0.42 M GuHCI (B) is shown as a is betweent; and14 observed in the conventional refolding
Ifgggﬁli(t)#m?é t{;;ée;‘é'gl'ggeggé?{ ti'rr]“?HeA!'ngg‘g ail:\eviai%wnthoen o?ata experiment. The low sensitivity of the interrupted refolding
obtained during the first 0.2 s of interrupted 'refolding are shown e_xpe_rlrr_lent_ compared to the direct refolding traces prevents
on a linear time scale. The dashed line is the result of a fit of a discrimination of the latter two slow processes. The inter-
sum of two exponentials to the data, and the solid line is the result rupted refolding data at both GUHCI concentrations can be
of a fit of a sum of three exponentials to the data. The inset shows described well using the four respective rate constants
that the data are best described by three exponentials and that iryys5arved in direct refolding of apoflavodoxin (Table 2). We

this fit the amplitude of the unfolding process is Otat 0, as . . - . - L
required. The rate constants and corresponding amplitudes are listedNterpret this to imply that indeed native apoflavodoxin is

Normalised unfolding amplitude

in Table 2. The final protein concentration isuM in 100 mM formed in all four processes observed in the conventional

potassium pyrophosphate, pH 6.0, at°’25 For further details, see  refolding experiment.

the Materials and Methods section. (c) Origin of the Parallel Apoflaodoxin Folding Routes.
The most common origin of parallel folding routes in proteins

intermediates, an interrupted refolding experimdr®) (vas is heterogeneity in the unfolded state caused by isomerization

done. In such an experiment, unfolded apoflavodoxin is around XaaPro peptide bonds29, 36) or Xaa—non-Pro
allowed to fold for a certain timé¢; and is subsequently peptide bonds37). Proline peptide bond isomerization is
unfolded n 5 M GuHCI and followed by fluorescence likely to play a role inA. vinelandii flavodoxin folding,
spectroscopy. The observed amplitude of the unfolding because it contains five proline residues. All of the Xaa
process, with a rate constant of 48'sn the case ofA. Pro peptide bonds are in the trans conformation in the native
vinelandii apoflavodoxin, is then used as a measure for the structure. The percentage of cis peptide bonds of a certain
amount of native apoflavodoxin that is formed during the proline residue in equilibrium-unfolded protein depends
refolding timet. Generally, folding intermediates unfold mainly on the preceding amino aci@g). In the case of
much faster than native protein29j, and thus the apofla-  apoflavodoxin, based on its amino acid sequence, 33% of
vodoxin folding intermediates formed durimgare assumed  the molecules are predicted to have at least@agroline

not to contribute to the observed kinetic trace. peptide bond in the equilibrium-unfolded state.

Figure 4 shows the amplitudes of the unfolding processes To investigate the origin of the parallel folding routes
as a function of the delay timg at two different GuHCI during apoflavodoxin folding, an interrupted unfolding
concentrations. A fit of a sum of two exponential equations experiment has been performed. Native apoflavodoxin is first
to these data extrapolates to 180.6% and 4.4+ 0.4% of unfolded n 3 M GuHCI for a varying delay timé; and
all molecules being native at = 0, respectively, which  subsequently refolded at 0.5 M GuHCI and followed by
would mean that an additional route to the native state is fluorescence spectroscopy. The dependence of the amplitudes
not accounted for in the fit. The data are best described by of the four observed refolding processes (with rate constants
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Ficure 5: Dependence of the amplitudes associated with
vinelandii apoflavodoxin folding rate constanfs to A3 on the
unfolding timet; in an interrupted unfolding experiment. In this
experiment, native apoflavodoxin is first unfolded3 M GuHCI

for a varying timet;, and the subsequent refolding at 0.5 M GuHCI
is followed by fluorescence spectroscopy. Dependendgaitithe
refolding amplitude corresponding to folding rate consfan(.44
s1) (A), folding rate constani, (1.21 s?) (B), and folding rate
constantls (0.30 s1) (C). A single exponential equation is fitted
to all data, and the corresponding fit is represented by a solid line.
The amplitude corresponding g builds up with a rate of 10.6

0.8 s'%; in the case of.; the rate of appearance of the corresponding
amplitude is 9.6@E 0.06 s'%; in the case of.; the rate of appearance
of the corresponding amplitude is 0.137 0.005 s. The final
protein concentration is M in 100 mM potassium pyrophosphate,
pH 6.0, at 25°C.

Bollen et al.

of the unfolding timet;. Both refolding amplitudes corre-
sponding tol; andA, appear with rate constants that are in
good agreement with the apoflavodoxin unfolding rate
constant of 9 s' 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 constant
appears with a rate of only 0.14%which is a very likely
rate for proline peptide bond isomerizati®8). The manual
interrupted unfolding experiment shows that theefolding
amplitude appears with a rate of 0.013 &ata not shown),
which is compatible with proline peptide bond isomerization
as well. Thus, only folding rate constartsand A, 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) GuHCI Dependence of the Apaftadoxin 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 GUHCI
concentrations. Three or four exponentials are required to
describe the observed apoflavodoxin refolding kinetics up
to 2 M GuHCI. 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 UnfoldingUnder strong denaturing conditions
(>2.5 M GuHCI), a single unfolding rate constant is
observed, which displays a smooth curvature as a function
of the GUHCI concentration (Figure 6A). This curvature is
explained by the presence of two consecutive transition states

A1 to A4) ont; clarifies whether a specific refolding process on one linear apoflavodoxin (un)folding route that both have
originates from the folding mechanism of apoflavodoxin or differing dependencies on the denaturant concentration
from secondary processes in the unfolded protein, such ag(Figure 6C). At any denaturant concentration the transition
Xaa—Pro peptide bond isomerization. In the former case, state with the highest free energy determines the observed
the dependence of the amplitude of a specific refolding rate of folding and unfolding. Below approximately 4 M
process ort; equals the unfolding rate (9°Y, whereas in GuHCI TS1 has the highest free energy of both transition
the latter case thg dependence of the amplitude is much states involved. TS1 is less structured than TS2. Conse-
slower @8). Due to the large difference between theand quently, an increase of the denaturant concentration stabilizes
A4 rate constants, it is not possible to resolve all refolding TS1 more than TS2, and above approximateM GuHCI
processes in one kinetic trace in the interrupted unfolding TS2 becomes the rate-limiting transition state for apofla-

experiment. Tracesf® s are recorded to samplg, 1., and

vodoxin unfolding. This causes the curvature in the unfolding

As, and the fourth process is examined separately in a manualimb of the chevron plot (Figure 6A). Of the two transition

mixing experiment, as the rate constants sufficiently slow
to do so.

In Figure 5 the refolding amplitudes corresponding to the
refolding rate constantd,;, 1,, and A; obtained in the
interrupted unfolding experiment are shown as a function

states involved, TS2 cannot be the one having the highest
free energy belM 4 M GuHCI, because if that would be the
case increasing the GuHCI concentration abdw would

not result in the observed change of the rate-limiting
unfolding process.
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A I would follow the route with the lowest free energy barrier
4r _.--" A at all concentrations of denaturaritl( 39). This is clearly
L &%, L 1 not the case (Figure 6A).
T ol&Ro " i Another alternative explanation for the observed curvature
g % ® _-' | in the A, unfolding limb of the apoflavodoxin chevron plot
‘g . could be a transition state, which separates N from U, that
° 0%1 7 shifts gradually as a function of denaturant concentration.
g PN . However, this phenomenon has been studied in detalil recently

and is shown to be highly unlikely0).
Two consecutive transition states on a linear apoflavodoxin
a (un)folding route that links unfolded and native apofla-
. vodoxin molecules explain the curvature of thainfolding
3 4 5 7 limb. A minimum in the free energy between these two
S 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
' }{ 3" o . o T 5 M GuHCI from the unfolding of this intermediate (i.e., |
O mfyoge, oY ° to U) at low denaturant concentrations to the formation of
. this intermediate (i.e., N to 1) at high denaturant concentra-
tions. Consequently, at intermediate denaturant concentra-
R tions (i.e., 224 M GuHCI) this intermediate is expected to
; transiently populate during kinetic apoflavodoxin unfolding.
IS However, only a single unfolding process is observed at all
B Eﬂo o 7 denaturant concentrations above 2.5 M GuHCI (Figure 6A),

o

" o %5000 O and the fluorescence intensity does not change during the

L1, 1000popop O dead time of the experiment (Figure 6B). Fluorescence
Guciom > ° 7 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 thé&, 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 proteing1( 39).

() Involvement of an Off-Pathway Intermediate during
Apoflavodoxin Folding. Under conditions where apofla-
vodoxin is fully native <1 M GuHCI), two folding rate
. L constants (i.e4; andl,) are observed that do not originate

u T8t 1 TS2 N from Xaa—Pro peptide bond isomerizations. The observation
reaction co-ordinate , of these two folding rates implies that an intermediate
Ficure 6: (A) GUuHCI dependence of the natural logarithm of the

observed rate constant® & Ay, 0 = Ap, & = As, A = Ag) for A populates significantly during refolding of apoflavodoxin.

1y - A2 — A3 — A4, . - . . .
vinelandii apoflavodoxin unfolding (filled symbols) and refolding 'S the intermediate that populates during refolding the same
(open symbols). (B) Initiall) and final ©) fluorescence intensity ~ Species as the one that causes the curvature in the unfolding
of the kinetic traces obtained for apoflavodoxin stopped-flow limb of the chevron plot? If that would be the case, a three-

ref(i"{"ng (ﬁ”9dt3ytmb‘?|5) and ilgémdli\;l‘g (‘t)pe’,‘ Symb‘)'S)H Thehfitnal state protein folding model would be able to describe the
protein concentration isAM in 100 mM potassium pyrophosphate, -
pH 6.0, at 25°C. (C) Schematic free energy landscape for the observed apoflavodoxirl, chevron plot. However, the

folding of a hypothetical protein via an on-pathway intermediate. denaturant dependence &f cannot be described by any
The on-pathway intermediate (1) is surrounded by two transition three-state folding mechanism, be it linear with an on-
states: TS1 separates | from the unfolded state (U), and TS2pathway intermediate involved (& | < N) or linear with
separates | from the native state of the protein (N). At low GUHCI 5, off-pathway intermediate involved & U < N) or

concentrations (solid line) TS1 has the highest free energy of both _ . . . -
transition states involved. Above a certain GuHCI concentration triangular with all three species (U, I, N) being connected

(dashed line) TS2 becomes the rate-limiting transition state for (results not shown). Thus at least two folding intermediates
unfolding of the protein. must play a role during kinetic (un)folding of apoflavodoxin.

Additional evidence that the on-pathway intermediate does
The presence of two transition states, the free energies ofnot populate significantly during apoflavodoxin refolding
which have differing denaturant concentration dependencies,comes from the interrupted refolding experiment. In case
that are each positioned on a separate apoflavodoxin foldingformation of an on-pathway apoflavodoxin intermediate
route cannot explain the observed curvature in the unfolding during folding is more rapid than its conversion to the native
limb of A.. In this situation, an upward curvature of the state, the intermediate accumulates, and formation of native
unfolding limb would be observed as the unfolding molecules molecules is delayedl®). The kinetic formation of native

'
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process during protein folding. However, if such an inter-
mediate transfers to native apoflavodoxin with rate constant
A2, 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
N peptide bond isomerization processes. At low denaturant
gl 2 o 8 2, concentrations<€0.75 M GuHCI) A, represents the kinetic
formation of native apoflavodoxin via an off-pathway
intermediate, whereas at these concentrations reflects the
. a d direct kinetic formation of native apoflavodoxin by those
L] molecules that circumvent the off-pathway intermediate.
0.6 - 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 GuHCI, respectively [as
determined vidA/(As + Ap) (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 Intermediatee
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 GuHCI were done. Under these conditions
the A. 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 GuHCI?
Below a final GUHCI 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
pathway intermediate already discussed. native state than unfolded apoflavodoxin does. The latter

The folding limb of thei, chevron plot curves to such an  kinetic behavior is clearly not observed when starting with
extent that at low denaturant concentration the observedthe equilibrium intermediate of apoflavodoxin populated: the
folding rate actually increases with increasing GUHCI opserved folding rate constants are identical to the folding
concentration (Figure 6A). The latter is characteristic for an rate constants observed in the classical chevron experiment
unfolding process. Dissociation of dimers or higher oligo- ajready discussed (Figure 8A). In addition, the total amplitude
meric states that may be transiently formed during apofla- of the folding reaction is the same in both experiments
vodoxin refolding can be excluded as a source for the (Figure 8B), as well as the relative amplitude of each of the
observed curvature, since variation of the final protein four folding processes (Figure 8C).

concentration from 0.2 to 34M did not significantly alter Above a final GUHCI concentration of approximately 4
the observed rate constants nor their relative amplitudes); the rate constant for unfolding of the on-pathway
during refolding (Figure 7). intermediate is determined by TS1, whereas the rate constant
The curvature of the folding limb of th&, chevron plot for unfolding of native apoflavodoxin is determined by TS2,
is explained by the transient population of a folding which at these denaturant concentrations has a higher free
intermediate which is off the productive folding route. The energy than TS1 (Figure 6C). Consequently, under these
unfolding of this off-pathway intermediate is the rate-limiting circumstances the on-pathway intermediate needs to unfold
step in the formation of native apoflavodoxin via the process faster than native apoflavodoxin does. No such fast unfolding
corresponding td,. In principle, the partial unfolding of an  process is observed when the equilibrium folding intermedi-
on-pathway intermediate could also be the rate-limiting ate is populated (Figure 8A). However, the equilibrium

0.4

Normalised amplitude

]
$o
28 . A
0.0 . 1 . 1 . 1

0 1 2 3
Final protein concentration (uM)
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Ficure 7: Dependence of the natural logarithm of the observed
rate constants = Ay, 0 = 1, & = 43, Ao = 14) (A) and of the
corresponding amplitudes (B) on protein concentration at 0.27 M
GuHCI (filled symbols) and at 0.59 M GuHCI (open symbols) for
A. vinelandii apoflavodoxin folding. Folding is started from
equilibrium unfolded apoflavodoxin in 3.0 M GuHCI. The buffer
used is 100 mM potassium pyrophosphate, pH 6.0, &5

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 GuHCI) thus also unstable under
native conditions. The intermediate that populates during
apoflavodoxin refolding must be a different one than the on-
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Ficure 8: (A) GUHCI dependence of the natural logarithm of the observed rate constantsig, O = 1,, O = 13, Ao = 1) for A.
vinelandii apoflavodoxin unfolding and refolding. Open symbols: folding and unfolding are both started with apoflavodoxin in 1.6 M
GuHCI, the concentration GUHCI 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 apoflavadeXhGaHCI), and
unfolding is here started with native apoflavodoxit @V GuHCI). The inset shows a zoom bf and 4, at GUHCI concentrations below

2 M. (B) GuHCI 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 GuHQ).(The GuHCI dependence of the total change in
fluorescence intensity during kinetic folding starting with unfolded apoflavodoxi® (d GuHCI) and during kinetic unfolding starting

with native apoflavodoxin g0 M GuHCI) is also shown®). (C) GuHCI dependence of the relative amplitudes corresponding to each of
the four observed apoflavodoxin folding processes A;, O = A, & = Ag, A = Ay). Open symbols represent amplitudes of folding
processes starting with apoflavodoxin in 1.6 M GuHCI, whereas filled symbols represent amplitudes of folding processes starting with
unfolded apoflavodoxinn 5 M GuHCI. The final protein concentration istM in 100 mM potassium pyrophosphate, pH 6.0, at°5

intermediate still could be the kinetic on-pathway intermedi- ate that populates during equilibrium denaturation of apofla-
ate, but the unfolding of this equilibrium intermediate could vodoxin has a low fluorescence emission (Figure 2F). The
be too fast to be detected. In that case, the amplitudekinetic apoflavodoxin off-pathway intermediate must also
associated with this unfolding process should decreasehave a low fluorescence intensity, as is discussed below. The
between 3 ath 5 M GuHCI (as in this GUHCI concentration interrupted refolding experiment shows that approximately
range the free energy of TS1 gradually becomes lower than90% [i.e., AJ/(A1 + A)%, Table 2] of the folding apofla-
the one of TS2) and then level off horizontally. However, vodoxin molecules with native Xa&ro peptide bonds
no such change in amplitude is observed as well (Figure 8B). populate the off-pathway intermediate and form native
Rather, Figure 8B shows that the amplitude of the unfolding apoflavodoxin with rate constarit. The direct refolding
process starting with the equilibrium intermediate populated experiment shows that the amplitude corresponding ie
is constant and drastically reduced compared to the situationalso approximately 90% of the total amplitude caused by
in which unfolding starts with native apoflavodoxin. Both apoflavodoxin molecules with native Xa&ro peptide bonds
below and abo# 4 M GuHCI, unfolding of the equilibrium  (as can be inferred fromA; and A, shown in Figure 8C). In
intermediate occurs within the dead time of the stopped- this direct refolding experiment, the amplitude /fcorre-
flow unfolding experiment and thus is faster than unfolding sponds to the change in fluorescence intensity. Consequently,
of native apoflavodoxin. the fluorescence intensity of the off-pathway intermediate
In conclusion, the experiments described show that the must be similar to the fluorescence intensity of unfolded
intermediate that is observed during equilibrium denaturation apoflavodoxin, as is also observed for the equilibrium
of A. vinelandii apoflavodoxin cannot be the on-pathway intermediate (Figure 2F). In addition, when kinetic folding
intermediate observed during kinetic apoflavodoxin folding. of apoflavodoxin is followed by fluorescence anisotropy,
(h) Kinetic Role of the Equilibrium Folding Intermediate large anisotropy is observed immediately after the dead time
of Apoflaodoxin. Is the intermediate observed during Of the experiment. This anisotropy subsequently decreases
equilibrium denaturation of apoflavodoxin the kinetic off- Wwith rate constant, (not shown). As the folding process
pathway intermediate that populates during apoflavodoxin with rate constant, represents the unfolding of the off-
folding? If this is the case, its unfolding should be observed pathway intermediate, the latter intermediate must have a
at all GUHCI concentrations above at which it maximally high anisotropy. As discussed, a high anisotropy signal is
populates, i.e., above approximately 1.8 M GuHCI (Figure also observed for the equilibrium folding intermediate.
2E). Indeed, a loss of the amplitude of the unfolding process In conclusion, the results presented show that Ahe
is observed when unfolding starts with the equilibrium vinelandii apoflavodoxin equilibrium folding intermediate
intermediate populated compared to when unfolding starts and the intermediate that appears kinetically off the produc-

with native apoflavodoxin (Figure 8B). tive apoflavodoxin folding route most likely are the same
Further confirmation of the equilibrium intermediate being Species.
the kinetic off-pathway intermediate comes from the fol- (i) Quantitative Kinetic Model for Apoflaodoxin Folding.

lowing. The spectroscopic properties of the apoflavodoxin Based on the apoflavodoxin folding data presented here, a
equilibrium intermediate are remarkably similar to those of kinetic model for apoflavodoxin folding is constructed, as
the kinetic off-pathway folding intermediate. The intermedi- shown in Scheme 1, with, being the off-pathway kinetic
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' T " ' i vodoxin is used. The observed change in rate constant
4l i indeed shows that in the conventional refolding experiment
- . A1 is influenced by the formation of intermediates with
2 - e © - . . . .
= :o ® incorrect proline isomers. Unfortunately, even the refolding
‘g o s R o process starting from freshly unfolded apoflavodoxin results
°c | ° °°<9 "o . in a complex GuHCI concentration dependence of the
8 %% . observed rate constaif, which curves downward upon
= O‘Jmﬂ%h_r' - increasing the denaturant concentration. This curvature
, . ) , ) cannot be reproduced by a linear four-state model and
0 1 2 3 indicates further complexities in the apoflavodoxin folding
[GUHCI] (M) mechanism that cannot be resolved accurately. As in the case
FiGURE 9: GUHCI dependence of the natural logarithm of the Of A. vinelandii apoflavodoxini, cannot be resolved, only
observed rate constants far vinelandii apoflavodoxin folding © one rate constant (i.elp) is used in our analysis.

= 13, O = 1,) obtained by starting with equilibrium unfolded e fi ;
apoflavodoxin (filled symbols) or by starting with freshly unfolded Scheme 1 is fitted to the denaturant dependence of folding

apoflavodoxin, made by unfolding apoflavodoxin for 622 ms in 3 _rate constantlz. Folding rate constan. is the most
M GuHCI (open symbois). The final protein concentration js\ informative of the four rate constants observed, as it has the

in 100 mM potassium pyrophosphate, pH 6.0, at’@5 largest amplitude, is observed at all denaturant concentra-

o . _ _tions, involves native proline peptide bond isomers, and thus
folding intermediate that is stable and also populates duringinforms about the apoflavodoxin folding mechanism. It has

equilibrium denaturation of apoflavodoxin,the high-energy 3 minimum around 1.55 M GuHCI and displays a complex
on-pathway kinetic folding intermediate, U the unfolded yenaturant concentration dependence (Figure 6A). The

state, and N native apoflavodoxin. Scheme 1 is the most ampjitudeA, corresponding td. is not used as it makes no
simple model containing two intermediates that is able t0 ggnse to fit a folding model to a single amplitude. The

explain the observations made on apoflavodoxin folding.  yajigation 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
Ky Kup ki 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
In the case of any four-state kinetic folding model, three corresponding kinetic amplitude$2—14).
observable rate constants are expec2&i36, 41). However, Because only the GuHCI dependence &f can be
since one of the four apoflavodoxin species is very unstable analyzed, additional information is requirezB) to determine
(i.e., the on-pathway intermediate), only two rate constants unambiguously all microscopic rates shown in Scheme 1.
that inform about apoflavodoxin folding are observed (i.e., As discussed, the apoflavodoxin equilibrium folding inter-
A1 and ). The latter is highly homologous to the case of mediate and the intermediate that appears kinetically off the
apparent two-state folding, where a single rate constant isproductive folding route of apoflavodoxin most likely are
observed with a curvature of the unfolding limb of the the same species. We therefore restrained the fit of Scheme
chevron plot, which is due to the presence of a high-energy 1 to the kinetic apoflavodoxin (un)folding data by fixitgy,
on-pathway intermediate, as discussed in detail recently byand my, to the values foKy and my, obtained from the
Sanchez and Kiefhaberl(). equilibrium denaturation measurements (Table 1), according
Normally, a kinetic protein folding model is fitted to the  to the equations:
GuHCI dependence of all observed kinetic folding rates and
corresponding amplitudes that are not due to -X@eo AG,, = —RTInK,, = —RTIn(k,, /K ) (8)
isomerizations, i.e.4; and 1, in the case ofA. vinelandii ! ! v
apoflavodoxin folding. However, the fastest process observed eq _ _ 9
during apoflavodoxin folding, with observed rate constant Mur = My, ~ My ©)
A1, displays a lot of scatter (Figure 6), which is mainly due
to its small amplitude. The scatter may in part also be causedSince b is shown to never populate significantly during
by contributions of additional processes with similar rates, apoflavodoxin foldingk,y in Scheme 1 must be much larger
e.g., the rapid formation of intermediates with non-native than &ui, + ki,u), and thus the latter will always limit the
peptide bond isomers. To investigate the influence of Xaa observed folding rate. Thereforie,y cannot be determined.
Pro peptide bond isomerization oh, an experiment is ~ The kinetic data can only inform about the relative free
performed in which freshly unfolded apoflavodoxin (made energies of the two transition states surroundingé., the
by unfolding the protein for 622 ma1i3 M GuHCI) is ratio betweerky andky. For technical reasons, the ratio
refolded at different GUHCI concentrations. Refolding of is not fitted directly, but insteady is fixed to 10 to be
freshly unfolded apoflavodoxin leads to an observed rate sufficiently large not to influence the observable kinetics.
constantl; which differs from the one obtained by starting With the assumptions described above, the number of degrees
with equilibrium-unfolded apoflavodoxin, as is shown in of freedom of the model (Scheme 1) is sufficiently reduced
Figure 9. The observed rate constanof the major folding  to yield nonredundant results when fitted to thechevron
process obtained by refolding freshly unfolded apoflavodoxin obtained for kinetic apoflavodoxin folding.
is identical within error tol, obtained in the conventional (j) Free Energy Landscape of Apofiadoxin Folding.The
refolding experiment in which equilibrium-unfolded apofla- results of the fit of Scheme 1 td,, using the above

Scheme 1
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Table 3: Parameters Obtained via the Fit of the Analytical Solution
to the Linear Four-State Folding Scheme~ Unfolded«< |, <

Native to the Denaturant Dependence of Rate Condgtaaf A.
vinelandii Apoflavodoxir?

Kiyu 0.733+ 0.002 MLy 0.576 0.002
Kui 569 e ~1.83

Ko, 41741 Mo, —1.256+ 0.002
Ko, (7.31£0.07)x 10 muy, ~4.12+0.01
kolkw  (4.0240.01)x 10 muy —mu  1.064+ 0.001
Ku, 3.2344 0.007 M, 0.32184 0.0002

AGuw  9.1740.01 s, —5.508 0.001

AG relative to N (kcal/mol)

aKy is the equilibrium constant of the-lJ equilibrium at zero
concentration denaturanty)} is the constant which describes the
denaturant concentration dependenceKgif, kxy is the intrinsic rate =10 g N
constant for the transition from stabé to Y at zero concentration u
denaturantmyy is the factor which describes the denaturant concentra- 0.5 0.0 0.5 10
tion dependence of the rate constart, AGyn is the difference in Alpha
free energy between N and U, amdf}], describes the denaturant
concentration dependence AfGyy. Rate constants are i’ and
mrvalues are in kcal mot M~ The errors are standard deviations.
The equilibrium constariy and the correspondingrvalue mi)] are
fixed during the fit to the values derived from Table 1. Rate constant
kui, andmy,, are calculated using the equilibrium constigt and the
fitted ratek,u and their correspondingrvalues, respectively. Rate
constanik,y is fixed to 100000 and ite+valuem,y to zero (see text).
The exact value of the rate constdqf, cannot be determined; the
data can only inform about the ratio betwdem andk,u (see text).

FicurRe 11: Schematic representation of the free energy landscape
for A. vinelandii apoflavodoxin folding 80 M (black), 1.6 M (dark
gray), a 4 M GuHCI (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 the-value, i.e., the ratio of thervalue of a folding
species and thervalue of native apoflavodoxin. U and N represent
unfolded and native apoflavodoxin, respectivelyahd b are the

two folding intermediates presented in Scheme 1. The off-pathway
T intermediate |l is represented on the left-hand side of the unfolded
state, whereas both the on-pathway intermediatand native

i apoflavodoxin reside on the right-hand side of the unfolded state.
The heights of the barriers between two specieand j) were
calculated from the (un)folding rates accordingﬁto“;?]f = —RT
In(kj/ko) using a value forky, the factor describing the chain
diffusion rate of a polypeptide, of $¢47). The exact position and

. the depth of the minimum in the free energy landscape in which |
resides are unknown and are therefore represented by a dashed line.

In(rate constant/s™1)

Because in the fit of Scheme 1 to the apoflavodoxin
- folding data the rate constaiit,y and the corresponding
mrvaluem,y are fixed to 20000078 and 0 kcal mott M4,

K “kui : -
N respectively, the exact denaturant accessibility,afannot

0 1 2 3 4 5 6 7

[GUHCI] (M) be calculated. However, the denaturant accessibilities of both

Ficure 10: Result of the fit of the analytical solution to the linear transition states surrounding ¢an be calculated from the
four-state folding mechanisma(~ unfolded— I, < native) to kinetic mvalues and are .e.xpressed(asalues, i.e., the ratio
the GUHCI dependence of the observed (un)folding rate constantOf the mvalue of a transition state (TS) and threvalue of

22 (O) of A. vinelandii apoflavodoxin as presented in Figure 6. the native state, both relative to the unfolded state. T loé
The solid lines represent the fitted denaturant dependence of theTS1 is 0.75, and the of TS2 is 0.94. Because inust have
observable rate constanfs and ,, whereas the dashed lines 5 solvent accessibility that is between those of the two

represent the fitted denaturant dependencies of some of the o . L .
microscopic rate constants. The numerical results of this fit are transition states, it follows that it is approximately 0.8

summarized in Table 3.
Besides from equilibrium denaturation experiments, the

i ed in Table 3 and h ._stability of the native state of apoflavodoxin relative to its
assumptions, are summarized in fable 5 and are Shown I, ,¢514ed state AGyn) can also be calculated from the

Figure 10. The free energy landscape for apoflavodoxin yinetically determined folding and unfolding rate constants
folding derived from the results of the equilibrium and the (Table 3), using an equation analogous to eq 8. Aen
kinetic folding studies is shown schematically in Figure 11. cajculated from the kinetic results is 9.17 kcal/mol, which
Note that the on-pathway intermediate¢sides in a valley s 1.70 kcal/mol less than th&Gyy derived from equilibrium

in a region of high free energy at all denaturant concentra- denaturation measurements (10:80.52 kcal/mol), taking
tions and that the time course of formation efid always into account the 0.42 kcal/mol due to the X&Rro peptide
slower than the rate of its further conversion, either to the bond isomerizations. BotlAGyy values are reasonably
native or to the unfolded state. As the experimental results similar, and kinetic complexities that cannot be resolved by
show, b never significantly populates, neither kinetically nor the current stopped-flow experiments most likely explain the
at equilibrium, but its presence influences the observed difference in free energy values observed.

kinetics. Because it never significantly populates,id In conclusion, a linear four-state folding schemgs
classified as a “high-energy” species. unfolded< |, < native, and its corresponding free energy
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landscape are consistent with the experimental data obtainedCONCLUSION

on A. vinelandii apoflavodoxin folding.

The experimental data obtained 8nvinelandii apofla-

The Doubly Wound Topology of a Protein Seems To ydoxin folding show that two folding intermediates play a

Determine the Appearance of Its Folding Intermedialdwe

role. The large majority of the folding apoflavodoxin

topology of a protein is proposed to control folding. molecules form an intermediate that needs to unfold before
However, little is known about whether topology controls  hecoming productive. All folding apoflavodoxin molecules
the formation of intermediates and the role they play in the pass through a second high-energy folding intermediate

kinetic folding mechanism3( 4). Comparison of the results
obtained here or\. vinelandii apoflavodoxin folding with
results available on the folding of other/ parallel proteins
can shed light onto this issue.

Besides the results presented here on the foldiné.of
vinelandii apoflavodoxin, a rather limited number of kinetic

before reaching the native state. The appearance of both
kinetic folding intermediates seems to be governed by protein

topology.
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