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ABSTRACT. The folding reaction ofAnabaenaapoflavodoxin has been studied by stopped-flow kinetics

and site-directed mutagenesis. Although the urea unfolding equilibrium is two-state, a transient intermediate
accumulates during the folding reaction. The intermediate is monomeric, and it is not related to proline
isomerization. Unlike many cases where the presence of an intermediate has been detected either by a
burst phase or by the curvature, at low urea concentration, of the otherwise only observable kinetic phase,
two kinetic phases are observed in apoflavodoxin folding whose total amplitude equals the amplitude of
unfolding. To determine the role of the intermediate in the folding reaction, the apoflavodoxin kinetic
data have been fitted to all conceivable three-species kinetic models (either linear or triangular). Using a
stepwise fitting procedure, we find that the off-pathway mechanism explains most of the kinetic data (not
a slow unfolding phase), the on-pathway mechanism being rejected. By using global analysis, good overall
agreement between data and fit is found when a triangular mechanism is considered. The fitted values of
the microscopic constants indicate that most of the unfolded molecules refold from the denatured state.
Apoflavodoxin thus folds via a triangular, but essentially off-pathway, mechanism. We calculate that the
retardation of the folding caused by the off-pathway intermediate is not large. Some unusual properties
of the intermediate are discussed.

Many small proteins present two-state folding kinetis ( with an open centrgd-sheet), the gene has been clontg),(
Other proteins, however, even some whose conformationalthe protein can be expressedHn coli, and the conforma-
equilibrium is two-state, display more complex kinetics, with tional stability has been characterizeld’). At neutral pH,
intermediates transiently accumulating during the reaction the equilibrium urea denaturation conforms to a two-state
(2). When intermediate formation is fast, it is usually difficult model (7). Alternative equilibrium non-native conformations
to establish whether the intermediate appears on-pathwayhave been, however, observed when the native structure is
as an obligatory conformation between the unfolded and the destabilized by raising the temperatut8,19, by lowering
folded state, or off-pathway, as a trapped conformation from the pH (@7), or by truncation 20). Here we describe the
where the misfolded protein must escape through denatur-folding and unfolding kinetics of apoflavodoxin at neutral
ation before entering the pathway leading to the folded state.pH. The unfolding kinetics are close to monophasic, but in
In some cases, however, on-pathway intermediates have beethe refolding reaction two major phases appear, indicating
described §—12). When formation of the intermediate is the presence of a folding intermediate. By global fitting of
slower and can be observed, the mechanism of the foldingthe macroscopic rate constants and amplitudes at different
reaction can be assessed with greater confideh®e The urea concentrations to different three-species folding mech-
very role of on-pathway intermediates is, nevertheless, anisms, the position of the intermediate in the folding reaction
controversial as there is not overall agreement on whetherhas been unambiguously established.
they serve to accelerate the folding reaction or to slow it

down @, 14). MATERIALS AND METHODS

We are studying protein stability and folding using the ) , ) , .
apoflavodoxin fromAnabaenaPCC 7119 as a model. The Site-Directed Mutagenesiblutagenesis of the wild-type
structure of the proteinl6) is known (it is ano/s protein gene was performed as described befdré).(The oligo-
nucleotide 5ATATTCCAAGTAACACAGCCAATAA-3'
was used to mutate the only proline in flavodoxin (Pro55)
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Apoflavodoxin Folding Mechanism

Unfolding and Refolding Kinetictlnfolding and refolding
kinetics were recorded using an Applied Photophysics
stopped-flow apparatus (DX.17 MV model) with fluores-

cence detection. Unless indicated, the temperature was 25.0

+ 0.1 °C, the initial protein concentration 44M, and the
buffer 50 MM MOPS, pH 7.0, in all solutions. Ten volumes
of the unfolding (or refolding) solution were typically mixed
with 1 volume of folded (or unfolded) protein solution. The
unfolded protein solution contained 4.0 M urea. The unfold-
ing or refolding solutions contained different urea concentra-
tions as required. Refolding to very low urea concentrations
was studied by mixing 1 volume of apoflavodoxin in 10 mM
NaOH (unfolded) with 10 volumes of 55 mM MOPS, pH 7
(containing 1 mM HCI and different urea concentrations).
Data Analysis.Experimental data (relaxation rates and
amplitudes) were fitted to the equations obtained from
analytical solution of the different kinetic models for a three-

state system (see below). For each model, a global least-

squares fit was performed, using a downhill simplex mini-
mization method Z2) implemented in the ICM software
[Molsoft LLC; (23)] and the minimization routine imple-
mented in Mathematica (Wolfram Research, Inc.). Standard
errors for the parameters obtained in the global fitting were
calculated by generating synthetic data sets from Gaussia
distributions around the initial experimental da2d); After
fitting different synthetic data sets, we obtained a probability
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distribution of estimated parameters. Standard deviationsmicroscopic constants, the value of the observed property
calculated from these distributions correspond very precisely for each species, and the initial concentration of each of the
to the standard errors for the actual parameters obtained inthree species26—27). Importantly, unlike the apparent rate

the global fitting of the experimental data.

Analytical Treatment of the Kinetic Mechanisrfslding
reactions involving three species give rise to two observable
relaxations {1, 12) with their corresponding amplitude25).
Rigorous treatment of the different three-state kinetic mech-
anisms (Figure 1) gives analytical solutions that relate the
observed rates and amplitudes with the microscopic kinetic
rates.

Three-State Linear Mechanismis. a linear mechanism
(Figure 1la-g), the relaxations are related to the microscopic
constants by the following equations:

Mt 2=k + ko + kg + K, 1)
)

from where analytical expressions fdg and A, can be
derived:

Aihy = Ky(ks + Ky) + Kok,

A=
kg + ko + kg + k, + \/(kl + Ky + kg + k)? — 4(k,ks + Kok, + koky)
2
(3a)
A=

o+ K kg Ky — /(g b kg k)P — Ak Kk + Kok,
2

(3b)

On the other hand, the amplitudes associated with the

equations, the amplitude equations are different for each
linear mechanism.

For theon-pathwaymodel (Figure 1a), the equations that
relate amplitudes and microscopic rates for the unfolding
reaction ([I) = [D]o = 0) are

_ FDk4k2 - I:|k4(}~1 - kl) + FNk4()’1 - k1 - kz)

Aunf 4
1 Tals— 7) “
unf _ _FDk4k2 + I:|k4(}“2 - kl) - FNk4(/12 - k1 - kz)
/12 /11 - 12)
(5)
and for refolding ([N} = [1]o = 0):
Aref — FDkl(;Ll —ks— k)~ I:|k1(3~1 — ky) + Fykiks 6)
' /11(/11 - /12)
ref _ _FDkl(lz - k3 - k4) + I:|k1(/12 - k4) - FNklk3
AyAy = 4)
(7)

where Fy, F, and Fp are the fluorescence of the native,
intermediate, and unfolded states, respectively, when they
are at maximum concentration (equal to the sum of all initial
kinetic species).

For each denaturant concentration, unfolding (or refolding)
amplitudes can be normalized by dividing the experimental
values by the maximum change of fluorescence expected

observed kinetic phases can be solved as functions of theduring unfolding (or refolding) at that denaturant concentra-

! Abbreviations: MOPS, 3N-morpholino)propanesulfonic acid;
DTT, dithiothreitol.

tion. In complex mechanisms, the maximum fluorescence
change is the difference between the fluorescence of all initial
kinetic species existing in native conditions and the fluo-
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rescence of all initial kinetic species existing in denatured
conditions. However, when there is only one populated state
at either native or denaturant conditions (or when the
populated states have the same fluorescence),
amplitudes can be calculated by dividing experimental
amplitudes byFp — Fy (refolding) or by Fy — Fp
(unfolding). The sum of all reduced amplitudes (refolding
and unfolding), calculated in this way, for each denaturant
concentration, is always equal to 1.

Thus, for the on-pathway model, the reduced amplitudes
for the unfolding reaction ([l] = [D]o = 0) follow:

ARED.unf _ Ko — b — k) + I:lrdk4(]“1 —ky) )
' Ay(Ay = 4p)
AQRED,unf: _ Ky(ho — ko — k) — FlrEIk4(Az —ky) ©)
Aol = A2)
and for refolding ([N} = [1]o = 0):
RED ref _ FIrEIkl(il — kg ~ kikg (10)
' Ay = 4))
[
AQRED,ref: _ Fok(1, — ky) = kiks (11)
A(Ay — Ay)
where
F—F
rel _ | D
Sl (12)

is the relative fluorescence of the intermediate, with a value
of 0 if F, = Fp, and of 1 ifF, = Fy. If the fluorescence of

reduced
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and for refolding ([N} = [I]o = 0):

RED,ref _ Fiko(Ay — Ky) + ka(Ay — k) (16)
' Ay(Ay — 4p)
I
AREDrel . _ Fikao(dy — ky) + ky(A, — ky) an
A(Ay — Ap)

For atwo-channel mechanisrtFigure 1c), where two
different folding channels are considered, two relaxations
(A1 and A,) are observed in the folding reactions, whose
analytical expressions are also identical to those of the
previously described models (egs 3a, 3b). On the other hand,
the reduced amplitudes for the unfolding reaction,[{B=
[D3]o = 0) will be related to the microscopic rate constants
by the following expressions:

ARED,unf:
—Fiuks(Ay = k) + (K, — k) + Ka(Ay = ky)) 18
11(11 - /12) (18)

AZRED,unf=
~ —Fiuks(Ay = k) + (K, = Kp) + ka2, = ky)) 19
T — 1) (19)

And the reduced amplitudes for the refolding reaction
([N]o = 0) will be as follows:

RED,ref _
% =

[DiM(kﬂii —k)) + DgM(k4(i1 — k)l = FrDeZI[DlllM(klks) + D;M(k4(/11 —ky — k)]
O™+ DaMA, (A, — 1)

each species is assumed to vary linearly with urea concen-

tration @8), the following relationship between relative
fluorescence of the intermediate and urea concentration
applies:

F?+ m[urea] —
Fx = my[urea] —

— mp[urea]
F2 — mplurea]

rel __
|

(13)

where Ry, F3, andF} are the fluorescence values for the

(20)
REDyef _
(DM, — k) + DEM(Kly — k)] — FEID (k) + DEM(k,(h, — iy — k)
N O™+ DML, — 4,
(21)

According to this model, both denatured stateg,and
D,, can be populated at high denaturant conditions, so the
termsD;" andD3" in egs 20 and 21 are the concentrations
of these denatured states; Bnd Dy, at 4 M urea (initial
conditions in refolding).D;" and D3" can be calculated

native, unfolded, and intermediate states in the absence offrom the microscopic rate constants and their dependence

urea.

on urea concentration (eq 32), using eq 22:

Microscopic rate constants depend on urea concentration

according to eq 3220—31). Thus, observed relaxations
(A1 and 1) and amplitudesA; andA,) will also depend on
urea concentration.

For theoff-pathwaymodel (Figure 1b), similar equations
can be derived that relate reduced amplitudes and micro-
scopic rates for the unfolding reaction (i [U]o = 0):

|
ARED.unf Fiokeks + Ky(hy — kg — ko) 14y
Ay — 249
|
ARED T _ Fiokaky + Ky(hy — Ky — k) a5
Ay = 4))

4M 4.0RT 0 mz4.0RT
D, KM ORT O

am
D;

_ kiKs
Tk

K24 ORT, O ms4. ORT (22)
2 4

¢ is the relative fluorescence of the denatured state D
accordlng to

Fo, ~ Fo,
Fy — Fo,

rel __
D,

(23)
If the two denatured states {[and D) display the same
fluorescenceFy = 0. Accordingly, the dependenceref
on urea concentration is equivalent to thaiF(ﬂd in eq 13,
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Triangular Mechanismin a triangular mechanism (Figure
1h—j), folding reactions also give rise to two relaxation
constants A; and 4,) with their corresponding amplitudes
(A1 andAy). These relaxations are related to the microscopic
constants by the following equations:

At A, =K + K+ kg + Kk, + kg + kg (24)

Ado = Ky(ks + Ky + ko) + ko(ky + ks + kg) +
Ka(ks + ko) + kaks (25)

from where general analytical expressionsfpandi, can
be derived:

Ky + Ky + kg K+ kg +
5=tttk 32k4 etk

VTl g+ ks k) — A0l kg + ) kol + s ko) + ks T ko) T ik

’ (26a)

Ky + Ko+ kg + Ky + ks + kg
e

«/(k1+k2+k3+k4+k5+kﬁ)2f4(k1(k3+k4+k6)+k2(k4+k5+k6)+k3(k5+kﬁ)+k4k5)
2
(26b)

In a triangular model such as that in Figure 1h, the reduced
amplitudes associated with the observed exponential phase
are given by the following analytical expressions:

AlRED.unf:
ke — ko — ko) — koK) + (Ky(y — Ky — Ky = ko) + KAy — Ky — Ky — k)
/11(/11 - ;‘2)
(27)
A;{ED,unfz
—FPke( = Ky = ko) = ko) + (K — kg — Ky — ko) + ke, — kg — K, — k3))
N /12(11 - ;Lz)
(28)
ARED,ref:
1
Flrel(kz(ll - k4 - ke) - k3ke) + (k3(}'1 - k1 - ks) - k2k5)
11(/11 - /12)
(29)
ARED,ref —
2
Rl — Ky — ke) — ko) + (ke — Ky — ko) — koko)
/12(}“1 - /12)
(30)

In triangular mechanisms (Figure 1f), eq 31 applies at
any denaturant concentration:

kkaks = KoKyKs

Therefore,ks can be defined as a function of the other
constants in the analytical expressions of the relaxation
constants and amplitudes (eqs-AD). Fitting of these
equations to experimental data will yiekd, k;, ks, ks, and
ks values, from which that oks (and of its dependence on
urea concentration according to eq 32) can be derived (eq
31).

(31)

RESULTS

Folding and Unfolding Kinetics of Wild-Type Recombinant
Apoflavodoxin. The unfolding of recombinant wild-type
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Ficure 2: (a) Kinetic trace of apoflavodoxin unfolding in 4 M
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apoflavodoxin can be fitted to a double exponential (Figure
2a). At high urea concentration, the faster phase accounts
for about 95% of the total fluorescence change, and the
second, minor, phase for the remaining 5% (Figure 2c). The
observed rate constant of the major phase follows a typical
urea dependence (Figure 2b) with a minimum at the reported
equilibrium denaturation midpoint of arodr2 M (17). The
fluorescence decay observed in the unfolding kinetics equals
the difference in fluorescence between the fully folded and
fully unfolded states in equilibrium (not shown). The relative
amplitude and the rate constant of the small, slow, unfolding
phase are independent of protein concentration (from 1 to
18 uM; data not shown). They are also independent of the
presence of 1 mM DTT (that would reduce putative dimers
arising from oxidation of the single, buried, cysteine residue
in apoflavodoxin, Cys54).

The refolding of urea-unfolded recombinant wild-type
apoflavodoxin can also be fitted to a double exponential
(Figure 3a). In this case, however, the amplitudes of the two
phases are comparable, and their relative values vary with
urea concentration (Figure 3c). The faster phase displays a
typical ‘V' shape, with the minimum around the mid-
denaturation urea concentration, while the slower phase is
markedly curved at low urea concentrations (Figure 3b).
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ié Lo b Ficure 4: Dependence of the observed folding and unfolding
08l * e relaxation constants of Pro55Val apoflavodoxin (filled circles, fast
~ osl phase; open circles, slow phase).
(§; 04 - ‘e . . intermediates32, 33. Although there is no crystallographic
£ 02fc0o o, e e’ evidence of any such bond in apoflavodoxii), it has been
00+ Cop,%e * pointed out that non-proline cis peptide bonds may some-
02 - ° times pass undetecte84). The concentration of slow folding
'0'40.0 015 1‘.0 1'5 zl.o 2'.5 3|.o 3',5 40 species arising from isomerization in the unfolded state can
[UREA] M be markedly reduced by performing double-jump kinetics
10 where the unfolded species is generated and, shortly after-
c ward, subjected to refolding. We have performed double-
0.8 . jump interrupted/unfoldingrefolding experiments at dif-
§ o6 b ° . %% ferent unfolding times from 0.1 to 0.6 s. As typical €is
% s . trans isomerization processes in proteins occur slowly
g 04 ve o . [generally over a time scale of £A.00 s; @5)], they should
< oz L oo, not take place within the 0-10.6 s incubation time used for
o *, the experiment. In the double-jump experiments, two kinetics
°~°00 015 1"0 1i5 2'.0 2{5 * 3‘_0 3'5 40 phases are observed (not shown) whose relative amplitudes
[UREA] M and rate constants are independent of the time of unfolding

and identical to those obtained from aged unfolded protein
Raliaed : solutions. This rules out that the two observed refolding
Brgp?er% eﬁcHe 7O'fo 0%25565)9 J'tﬁggxt;i el sd%l:]blfnitesxg%n;w'ﬂ;eéb) kinetic phases arise from heterogeneity in the unfolded state
concentration (filled circles, fast phase; open circles, slow phase). due to a cis-trans equilibrium.
(c) Reduced amplitudes (filled circles, fast phase; open circles, slow Refolding Kinetics of Recombinant Wild-Type Apofla-
phase). vodoxin as a Function of Protein Concentratiollolten
globule equilibrium intermediates often tend to aggregate,
Expression, Equilibrium Characterization, and Folding and kinetic intermediates are known to resemble molten
Kinetics of the Pro55Val MutanThe Pro55Val mutantwas  globules 86—38). On the other hand, it has been shown that
expressed like wild type, but the yield was lower. Part of transient aggregates may accumulate in the folding of
the mutant protein was recovered as apoprotein, indicatingproteins 89, 40 and that they can be easily mistaken for
that the binding of the FMN cofactor was weakened. Since folding intermediates41). To investigate if the observed
the conformational stability of wild-type apoflavodoxin at piphasic refolding of apoflavodoxin reflects the accumulation
pH 7.0 is low (4.1 kcal mot') and the mutation introduced  of a dimeric intermediate, we studied the influence of
is not conservative, there was a chance that the mutant wasapoflavodoxin concentration on the observed refolding
severely destabilized. To test this possibility, we analyzed kinetic constants and relative amplitudes. No concentration
the urea unfolding curve (data not shown). According to our effects were observed from 0.5 to 14:M final apofla-
data, the stability of the mutant is of 4.3 kcal mblwhich vodoxin concentration (Figure 5), which indicates that the
suggests Pro55Val constitutes a valid model to investigate phserved intermediate is monomeric.
any possible influence of the only proline residue of  Kinetics of Nonrecombinant Wild-Type Apaftaloxin,
apoflavodoxin on its folding mechanism. Directly Purified from Cyanobacteriarhroughout this work
To this end, we measured the folding and unfolding we use recombinant flavodoxin that, in principle, only differs
kinetics of the mutant. Both the major and minor unfolding from the original cyanobacterial flavodoxin in the N-terminal
phases were observed, and the two refolding phases as weltesidue 16). To be sure that expression of the flavodoxin
(Figure 4). The overall behavior of the proline-lacking mutant gene inE. coli does not introduce any subtle heterogeneity
is, thus, very similar to that of wild type, ruling out any that could cause the observed complexity of the folding
involvement of Pro55 in the observed complexities of the mechanism, we performed unfolding and refolding kinetics
folding reaction. on nonrecombinant apoflavodoxin directly prepared from
Double-Jump Interrupted Unfolding Kinetidson-proline cyanobacteriaAnabaenaflavodoxin. The kinetic behavior
cis peptide bonds could also, in principle, lead to folding (not shown) was the same as that of the recombinant protein.

Ficure 3: (a) Kinetic trace of apoflavodoxin refolding in 0.4 M
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2 . © models, the sets of equations (plus a given vaIueF[ﬂj
T 06 [°° © © that yielded, at some urea concentrations, absurd (negative)
%_ values for the microscopic constants were discarded. In fact,
g 04 e o i * most of the sets derived from the on-pathway equations were
< discarded at this stage.
02 - For the off-pathway model, the results were more promis-
00 1 ‘ ing, and several sets of equations yielded reasonable results.
00 5.0 10.0 15.0 In Figure 6, the four microscopic constankg),(calculated

with a particular set of equations, have been plotted against
urea concentration. With the model applied in the whole urea
concentration range analyzed, a linear relationship between
the logarithm of the microscopic constants and urea con-
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Ficure 5: Dependence of the observed relaxations (a) and
amplitudes (b) of apoflavodoxin refolding at 0.4 M urea on protein
concentration. Filled circles, fast phase; open circles, slow phase. ‘ d be expected rding t .

Preliminary Analysis: Discrimination between On- centration would be expected, according to eq22-31):
Pathway and Off-Pathway ModelBo analyze the observed Ink = In KO + (m/RT)[urea] (32)
apoflavodoxin kinetics, we first considered the simplest three-

species kinetic model: a linear mechanism where the \ynere K is the value of the microscopic constant in the
intermediate can be located either on-pathway or off-pathway gpsence of denaturanty a proportionality constan® the
(Figure 1a,b). In either linear mechanism, the experimental -gnstant of the perfect gases, anthe absolute temperature.
data (apparent rates and reduced amplitudes) can be exas shown in Figure 6, the off-pathway model seems to fit
pressed as a function of four microscopic rate constants plusyg|| the data in the transition region.

the relative value of the spectroscopic property of the  gince several sets of equations (most derived from the off-
intermediate (see Materials and Methods). The value of thesepathway model) gave us reasonable sets of microscopic
unknowns can be analytically calculated, at each ureacgpstants, we performed the following consistency test. The
concentration, by solving the theoretical equations of the microscopic constantskj and m values were used to

particular mechanism. For any urea concentration in the 5jculate the concentrations of D, I, and N at high urea
transition region, where both folding and unfolding rate -gncentration. Thég and m values should predict that, at

constants can be measured, six equations are available (eqﬁigh urea concentration, the dominant species is the dena-
3a, 3b, 8, 9, 10, and 11 for than-pathwaymodel, and eqs  yred state. This was the case for the fits to the off-pathway
3a, 3b, 14, 15, 16, and 17 for thwf-pathwaymodel; see  model. However, th andm values obtained using the few

Materials and Methods) that can be used to calculate thesets of equations that had not produced absurd results for
four microscopic constants at that urea concentration. the on-pathway model wrongly predicted, in all cases, that

constantski, ko, ks, andks), at different urea concentrations,  jhtermediate.

from the observed values af and/. and their associated Global Fitting of the Experimental Data to the Different
folding and unfolding reduced amplitudes, using eqs 3a and Three-State Linear Kinetic Modeldhe previous partial

3b, together with every possible combination of two equa- analysis (where not all the available kinetic information was
tions among egs 8, 9, 10, and 11 for the on-pathway model, ysed simultaneously) indicates that the apoflavodoxin folding
oramong eqgs 14, 15, 16, and 17 for the off-pathway model. jntermediate is not on-pathway and provides a reasonable
This was done systematically while keeping the relative preliminary agreement to the linear off-pathway mechanism.
fluorescence of the intermediatE|{) at 0.0, 0.2, 0.4, 0.6,  We have extended the analysis to any possible three-species
0.8, and 1.0%® = 0 whenF, = Fp, andF[® = 1 whenF, linear model by globally fitting the whole data (relaxation

= Fy; see eq 12). Values d?Fl'e' higher than 1.0 were not  constants and amplitudes at several urea concentrations) to
considered because the intermediate was expected to displathe equations that relate them to the microscopic rate
lower fluorescence than the folded proteib7{ 18. To constants in the different linear models (see Materials and
discriminate between the on-pathway and off-pathway Methods). Only the slow unfolding phase (not very accurately
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FiIGURE 7: Global fit of observed relaxation constants (a: filled Ficure 8: Global fit of observed relaxation constants (a: filled
circles, fast phase; open circles, slow phase) and their corresponding:ircles, fast phase; open circles, slow phase) and their corresponding
amplitudes (b: filled circles, fast refolding phase; open circles, slow amplitudes (b: filled circles, fast refolding phase; open circles, slow
refolding phase; filled squares, fast unfolding phase; open squares refolding phase; filled squares, fast unfolding phase; open squares,
slow unfolding phase) of apoflavodoxin folding to the equations slow unfolding phase) of apoflavodoxin folding to the equations
of the on-pathway mechanism. of the off-pathway mechanism.

was worse R2 = 0.95), and the curvature of the slow

determined because of its small amplitude) has not beenapparent rate at low urea concentration was not predicted.

included in the analysis, since its consideration precluded IntermediateF[e' values did not improve the fit (not shown).

finding reasonable global fits (see next section for a fit to a . '
triangular model, that includes this phase). Convergence hasWe also tried to fit the data to the off-pathway model

seen'este by runing several minmizston processes i Ceiee ) 1Al e uies dependence o e ealhe fuo.
different, randomly generated, initial estimates. We have P

typically considered that convergence was good when severafth® native and unfolded states. In such a general &6

runs, starting from different values, achieved the same resultsdescrib_ewI by egs 12 and 13 (see Materials and Methods).
(£5%). To avoid convergence problems, derived from the increased

The first model considered was the on-pathway mechanismnumber of parametgrs, a rqbu;t m|n|m|zat|on techmqug,
(Figure 1a). Although this model had been invalidated in base_d on a Lorenztian distribution, was applied. The fit
the preliminary analysis (see above section), we, nevertheless,o2}"’"ned was onlly slightly betteR{ = 0.98) than .When
attempted a global fitting of the experimental data to the Fi'=0, and the final values fd{’ andm were very similar
pertinent equations (egs 3a, 3b, 8, 9, 10, and 11), in the whole(data not shown).

range of urea concentration<@ M). No reasonable global The third model evaluated was a two-channel mechanism
rel d where two different denatured states can evolve to the native

fit was obtained using=," values between 0 and 1, an _ L
consideration of the slow unfolding phase did not improve Stat€ through parallel routes (Figure 1c). Although it is

the fit (not shown). This definitively rules out that the possiblze to find alreasonable globgl fit to the experimental

apoflavodoxin folding intermediate is on-pathway. The best data & = 9'96)' I dO?S not.predlct the curvature of the

possible fit to the on-pathway model is shown in Figure 7. slow refolding relaxation with urea concentration (not
The next model analyzed was the off-pathway mechanism. STOWN)- _ .

The best fit was obtained witF® = 0. As shown in Figure The presence of two slowly interconverting denatured

8, the off-pathway model describes well the experimental staf[es relatgd by cistrans |sorne_r|z§1t|on seemed_very

data @ = 0.97). The initial estimates d€ and m were unlikely, as jugded from the similarity of the Pro55Val

randomlv varied. and. in all cases. the minimization con- mutant and wild-type kinetics, and from the double-jump
y varied, , | ’ inimizatl experiments (see above). We, nevertheless, attempted a

verged to very similar valuesk; = 5.347 (£0.356) SE M giobal fit of the experimental data to a fourth kinetic model
= —0.66 (£0.03) kcal mof* M™% k; = 10.429 (:2.304)  \yhere two denatured states interconvert before evolving to
s mp = —2.08 (0.12) kcal mott M~%; k3 = 6.250  the native state (Figure 1d). We assumed that the two
(£0.517) s%; mg = —0.72 (0.04) kcal mot* M™% K] = denatured states (@nd D) displayed the same fluorescence
0.052 ¢@0.008) s*; my = 0.72 @#0.03) kcal mot* M™% value, but we did not make any assumption about their
When a value oFlre' = 1 was used, the global fit obtained relative populations at high urea concentration. Global fit
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L5 of FI® (see Materials and Methods) neither improved the fit
nor changed the results (not shown). The values obtained
for the microscopic rate constantkf [= 7.263 (0.989)
s m = —0.82 ¢0.04) kcal mot! M™% k) = 28.983
(49.400) s; m, = —2.51 (0.29) kcal mot ML k3 =
10.403 ¢1.186) s*; mg = —0.90 0.03) kcal mott M~ 1;
kY = 0.049 (0.008) s%; m, = 0.73 (0.04) kcal mot?
ML k& = 0.045 (0.023) s ms = 0.48 (0.07) kcal
mol* M~% K = 0.00085 #0.00041) s%; ms = 0.42
(£0.35) kcal mof! M~1] make this mechanism close to the
off-pathway model because the four microscopic constants
shared by the two models have similar values, and the two
additional constants in the triangular mechanism are very
small. According to the values obtained for the six micro-
scopic constants of the triangular mechanism, most of the
unfolded molecules that fold to the intermediate conformation
must unfold back before reaching the native conformation,
and only a small percentage evolves directly from the
intermediate to the native state. In practice, the apoflavodoxin
intermediate acts as a kinetic trap that slows down the folding
00 10 20 30 40 50 reaction.
For the sake of completeness, we have finally considered

[UREA] alternative triangular mechanisms: first, a more general
Ficure 9: Global fit of observed relaxation constants (a: filled triangular mechanism where, even at high denaturant con-
circles, fast phase; open circles, slow phase) and their COfreSpond'”Q:entration, two different unfolded states may be significantly

amplitudes (b: filled circles, fast refolding phase; open circles, slow . . . .
refolding phase; filled squares, fast unfolding phase; open squaresPoPulated (Figure 1i). For this model, we have generalized

slow unfolding phase) of apoflavodoxin folding to the equations the amplitude equations of the triangular mechanism (not
of a triangular mechanism. The calculated linear dependence ofshown) to allow the concentration of the intermediate not to

Itir:]eesmicroscopic constants on urea concentration is shown as dashe@)e zero at. high ure'a concentration (thaF is, at the beginn?ng
: of the folding reaction). We have then fitted all data to this
generalized triangular modeR{ = 0.94) and obtained the
of the experimental data to this kinetic model (equations not corresponding microscopic constants. These constants set the
shown) gives exactly the same and m values as those ~concentration of the.mtermedlat_e at high urea concentration
obtained for the off-pathway model (and the same global and, therefore, unbiasedly decide whether .the mephamsm
correlation coefficient: R2 = 0.97). Moreover, the values mvolves' a smg'le dengtured state. (conventional triangular
obtained for the microscopic rate constants imply that only Mechanism) or if two different species populate the unfolded
D, is populated ¥ 98%) at high denaturant conditions ([urea], State. The values of the constants (nqt shown) were a!most
4 M), which reduces this model to the off-pathway one. the same as those obtgmed in the flt. tq the conventional

In addition, any other possible three-state linear model was triangular mechanism (Figure 1h), and indicate that only one
tested. This includes the following: two interconverting denatured state is populated4aM urea ¢97%). _
native states (Figure 1e), two noninterconverting native states Last, a triangular model with two interconverting native
that fold through parallel routes (Figure 1f), and one states_ popu!ated at low denaturant concentrat|on_(F|gure 1j)
intermediate state that has to fold completely before unfold- @nd displaying the same fluorescence was considered. The
ing (Figure 1g). None of them led to a satisfactory fit (not fit was clearly worse (not shown).
shown).

Our previous analyses thus indicate that, of all possible DISCUSSION
linear three-state models, only the off-pathway one fits well A Monomeric, Non-Proline-Related Intermediate in the
the experimental data. Although a complex dependence ofFolding of Apofla-odoxin. The folding kinetics of apofla-
the intermediate fluorescence yielded the best fit, a much vodoxin are biphasic, indicating that an intermediate ac-
more simplified model, that assumes the intermediate cumulates during the reaction. Intermediates in folding
fluorescence is like that of the denatured state, sufficed to reactions may be of different types. In some cases, they are
obtain a good fit. related to the presence of a cis proline residue in the folded

Global Fitting of the Experimental Data to a Triangular  protein that is mainly in the trans conformation in the
Kinetic Model.We note that although the off-pathway model unfolded protein §2). The only proline residue in apofla-
describes most of the apoflavodoxin observed kinetic be- vodoxin (Pro55) is trans and thus unlikely to give rise to
havior (Figure 8), it does not predict the slow unfolding phase the observed intermediate. In addition, the apparent constant
(see Figure 2). To get a good fit of this phase, a triangular values are clearly higher than those of typical—disins
mechanism (Figure 1h; see equations under Materials andprolyl isomerization processes [below 0.01! st 25 °C;
Methods) has to be invoked. The best global fit to the (35)]. We have, nevertheless, mutated the proline residue to
triangular mechanism (Witﬁ,re' = 0) is shown in Figure 9  valine, and found that the mutant protein displays biphasic
(R?> = 0.95). Consideration of a rigorous [urea] dependence refolding kinetics very similar to the wild-type protein, which

log)»l,2

Amplitude
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rules out that the proline in wild type is related to the = The same conclusion was reached from a global analysis
intermediate. Besides, the persistence of the two refolding of all the available data (excluding the small, slow, unfolding
phases in double-jump refolding experiments excludes non-phase) at all urea concentrations to egs 3a, 3b, 8, 9, 10, and
proline cis peptide bonds (that might have passed unnoticed11 (on-pathway model) or to eqs 14, 15, 16, and 17 (off-
in the crystallographic modeling) as the origin of the pathway model), where the microscopic constants were
intermediate. expressed as functions of urea concentration (as in eq 32).

Another possible type of folding intermediate are non- In the global fit, the four microscopic constants0aM urea
monomeric species. Since intermediates are, by definition, and their urea dependencies were floating parameters. Figure
partly folded, they are likely to expose hydrophobic surfaces 8 shows that the agreement between the experimental data
that could facilitate the association of monomers. Nonmo- and the global fit to an off-pathway model is good.
nomeric intermediates have been described in the folding of Convergence is also good, and the values obtained for the
a number of proteins4(l—43). One interesting case is that parameters are independent of the initial estimates (not
of Che Y (a structural homologue of apoflavodoxin) in whose shown). In contrast, no reasonable fit was ever found to the
folding kinetics an intermediate with close-to-native fluo- equations describing the on-pathway model (Figure 7).
rescence has been describdd)( Based on the fact that a A Triangular Mechanism (Essentially Off-Pathway) Ex-
dimeric equilibrium intermediate has also been observed for plains the Small, Slow, Unfolding Phas®lost of the
this protein 45), the possibility that its folding intermediate  apoflavodoxin kinetic data is thus explained by the off-
could be dimeric was tested4). To test if the apoflavodoxin ~ pathway mechanism (Figure 8). The small, slow unfolding
intermediate is dimeric, we have measured the folding of phase is, however, not captured by this model, and, in fact,
apoflavodoxin at different protein concentrations from 0.5 the data corresponding to this phase (that accounts for around
to 14 uM. The observed rate constants and the relative 5% of the unfolding amplitude) were excluded from the
amplitudes of both phases are concentration-independentfitting to either one of the linear models (inclusion of this
which proves the apoflavodoxin intermediate is a monomeric phase never improved the fits; not shown). The phase seems
species. Disulfide bond formation during apoflavodoxing real as it is also present in the apoflavodoxin directly obtained
refolding can also be ruled out since the presence of DTT from Anabaenacells, and in several apoflavodoxin variants
does not change the kinetics (not shown). (for example, in the Pro55Val mutant). Moreover, the phase

The Apoflaodoxin Intermediate Is Off-Pathwaylhe does not disappear in the presence of DTT, and it is protein
monomeric apoflavodoxin intermediate thus probably rep- concentration independent. It seems, thus, that this phase
resents a compact conformation that is partially folded. The should also be explained.
role of these ‘conventional’ intermediates in protein folding ~ The phase can be easily explained if a triangular mecha-
is intensely questioned [seB) @nd references cited therein]. nism is assumed. Figure 9 compares all kinetic data with
On one hand, there is an important difference between beingthe best fit to the equations of a triangular mechanism. The
on the folding pathway (as an obligatory species from the fit captures the slow phase. Interestingly, the values of the
denatured to the native state) and being off the folding four microscopic constants that are common to the off-
pathway (as a side reaction product that must unfold to pathway and triangular models are quite similar in the two
undertake the correct folding pathway). Quite often the mechanisms. The microscopic constants calculated for the
intermediates detected in the folding of proteins are in rapid triangular mechanism indicate that most apoflavodoxin
equilibrium with the unfolded protein, and this makes it very molecules fold from the denatured state. This includes the
difficult to distinguish between the on-pathway and off- molecules that transiently populate the folding intermediate,
pathway mechanism8,(46). In apoflavodoxin, it is possible  that in most cases become denatured before refolding to the
to distinguish between these two mechanisms because wenative state. The folding mechanism of apoflavodoxin is thus
can observe the two refolding phases and not just a bursttriangular but essentially off-pathway.

[the relevance of burst phases has been recently questioned; Some rollover seems to appear in the folding arm of the
(47)] or a curvature in the otherwise only measurable fast chevron. Although this could reflect early folding events
refolding phase48). When the entire refolding process can (not changing the initial fluorescence intensity of the
be observed, the amplitudes and relaxations obtained atdenatured state), it could also be simply due to a lower
different urea concentrations contain enough information to accuracy of the stopped-flow data, in this region of higher
calculate the four microscopic constants that define the rate constants, for the fast refolding phase whose relative
equilibria, and to discriminate between the two mechanisms. amplitude at low urea concentration is small.

Although this can be directly done by fitting all the kinetic ~~ The global fit of the kinetic data to the triangular
data to the equations that apply to each mechanism to seemechanism is consistent with the equilibrium urea denatur-
which one explains the data, we feared that the multidimen- ation data {7). Using the values df; andm obtained in the
sional space formed by the pertinent equations could not beglobal fit, the relative concentration of each of the three
properly searched in this way. Therefore, we first performed species can be calculated as a function of urea concentration
a stepwise analysis using the data at each urea concentratioand, from that, the equilibrium unfolding curve can be
in the transition region to analytically solve the equations predicted using eq 33:
of the on-pathway and off-pathway mechanisms and get the
values of the microscopic constants. Only the off-pathway F=F\IN] + F[] +Fp[D] (33)
mechanism gave nonabsurd values for the microscopic
constants, and they displayed the expected urea concentratiowhereF is the predicted fluorescence at each urea concentra-
dependence (eq 32). The on-pathway mechanism was thugion and Fy, F,, and Fp are the normalized fluorescence
discarded. values of the native, intermediate, and unfolded state,
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Ficure 10: Theoretical equilibrium urea unfolding curve calculated

from the microscopic kinetic rate constants obtained after global
fitting to a triangular mechanism (line, filled circles) superimposed

to the experimental one [open circleky)].
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pathway modelfy = —0.66 + 0.03 kcal mot?') or the
triangular model iy, = —0.82 & 0.04 kcal mot?). The
associated errors are small, so we should rely on the actual
figures that suggest the transition state between | and D
(TSp) is more compact than the intermediate (itself as
compact as the native state). In this respect, we notice that,
although the wild-type apoflavodoxin X-ray structurEs)

is that of an ordinarily compact protein (the crevice left by
the removed FMN cofactor is filled by an aromatic side
chain: Trp57), the structure in solution seems to be
substantially more open in the FMN binding regidsi);

This means that apoflavodoxin conformations more compact
than the folded state in solution are indeed possible. The
reason the ID transition state is more compact than the
intermediate is, however, not obvious. At this moment, we
can only speculate that compaction of a region of this
intermediate is frustrated by the presence of other stabilizing
interactions elsewhere in the intermediate. A debilitation of
these interactions would then lead the intermediate into a

respectively. We show in Figure 10 that the theoretical curve more compact ID transition state.
is, for all practical purposes, a two-state curve that essentially  The apoflavodoxin intermediate also departs from the

coincides with the experimental on&7j. From the fitted

behavior reported for on-pathway intermediates (sed 2ef

values of the microscopic rate constants, we calculate that,for g recent example) in that, according to the positive value

in our standard buffer (50 mM MOPS, pH 7, 2B), the

of m5 (associated with the | to N transition), it is more

highest intermediate population (achieved at 0 M urea) is compact than the IN transition state. An unusual behavior

only 1.6%. The equilibrium is thus, in practice, two-state.
The AG and m values calculated for the two-state—1®
equilibrium (3.2 kcal mol* and 1.63 kcal mot* M%) are
not far from the experimentally determined values (4.1 and

in the IN transition has also been found for the ribosomal
protein S6 §0). In that case, the kinetiorvalue associated

with the IN conversion was very close to 0, suggesting
“glassy” downhill folding. In the apoflavodoxin intermediate,

2.09, respectively). Importantly, the urea concentration of powever, the positivervalue for the IN transition suggests
middenaturation (that can be more accurately determinedihat the over-compact collapsed intermediate must initially

from the equilibrium unfolding curves than eith&6 or m)
is 1.96 ¢0.03) M (17, 49), and can be predicted as 1.94

expand in order to achieve the native contacts.
Last, despite its compactness, our global analysis is

(+0.01) kcal mot* from the fitted values of the microscopic  consistent with an intermediate fluorescence intensity similar
rate constants. The overall good agreement of the experi-iy that of the denatured state. In this respect, it should be

mental two-state equilibrium unfolding curve and that poted that, although the effect of polypeptide compaction

calculated from the fit can be appreciated in Figure 10.
On the Nature of the Intermediate StafEhe apofla-
vodoxin intermediate, essentially off-pathway, is one of the
first documented off-pathway folding intermediates and,
therefore, may provide interesting insight into the nature of

on its wavelength of maximal emission is rather predictable
(a blue-shift), the effect on the intensity depends heavily on
packing details. Incidentally, the apoflavodoxin equilibrium
intermediates characterized so far{18) display, despite
their well-characterized compactness, fluorescence intensities

these dead-end conformations. Indeed, some of its propertieg|ose to that of the unfolded state.

seem unusual when compared with those of other folding

intermediates described as on-pathway.

The mvalues associated with the different kinetic transi-
tions can provide a qualitative indication of the average
compactness of partially or totally unfolded stat&sZ9).
The relative compactness of the intermediate stadewith
respect to the unfolded state (considerirg= 0 andoy =
1) can be derived from thervalues obtained after fitting
experimental data to the off-pathway or triangular models:
a = (M — my)/(mg — my). From our analysis, the

It seems thus that, in the apoflavodoxin folding reaction,
some molecules follow a simple two-state mechanism while
others get trapped in a compact intermediate conformation,
probably with some non-native interactions. This intermedi-
ate can then fold slowly, through a less structured transition
state, or, alternatively, it can unfold through a peculiarly
compact transition state, and then try again. Further experi-
mental characterization of these compact intermediate and
transition states can contribute to analyze the role of collapsed
species on protein folding.

intermediate state seems to be as compact as the native state Does Intermediate Accumulation Significantly Retard

(off-pathway model: o, = 0.99 + 0.04; triangular model:
oy = 1.04 + 0.18), which emphasizes its off-pathway
character as a collapsed kinetic trap. A similar off-pathway

Apoflavodoxin Folding?One pertinent question related to
the role of intermediates in protein folding is whether they
speed up or slow down protein folding. For on-pathway

over-compact state has been recently described in theintermediates, the question is under debate, but off-pathway

ribosomal protein S6(0), so it seems that compactness could
be an intrinsic characteristic of kinetically trapped off-
pathway intermediates.

More intriguing is the negativevalue for the unfolding
reaction of the intermediate, obtained from either the off-

intermediates must always slow the reaction. Our system
provides an opportunity to calculate the influence of the
intermediate on the speed of the reaction. We have simulated
the apoflavodoxin unfolding curve that would be observed
if the off-pathway intermediate did not occur at all (other
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Ficure 11: Simulation (smooth line) of the kinetic trace of
refolding of apoflavodoxin in 0.4 M urea if it followed a two-state

model with the same microscopic rate constakgg @ndkyy) that

have been obtained after global fitting of the experimental data to

the triangular modell‘{’JN = 10.403 s myy = —0.90 kcal mot?
ML K, = 0.049 s my = 0.73 kcal mot! M~1). The

experimental kinetic trace is also shown for comparison.

things being equal), and it is compared in Figure 11 to the
observed kinetic trace. As the figure shows, the difference

is not large, and it is doubtful that, for this particular protein,
it would be advantageous from a physiological point of view

(avoidance of potential aggregation problems, speed of

holoflavodoxin formation) to evolve toward intermediate
destabilization.

The view that emerges on the folding pathway of apofla-
vodoxin, based on the results presented here, is that the 26,

denatured protein may give rise to two alternative compact

conformations of different stability (the intermediate and the

native state) that are in equilibrium both directly and through
the denatured state. Although protein molecules in the
intermediate conformation may directly become native, the
energetics of the equilibria determine that most of them
unfold before becoming native. The intermediate thus slows

down the folding, but not much. According to this view, the

intermediate is useless but probably harmless. Interestingly,
despite the fact that apoflavodoxin (169 aa) is twice as big
as some small model proteins, there is a direct path from
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