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Abstract: During folding of many proteins, molten globules are formed. These partially folded forms of
proteins have a substantial amount of secondary structure but lack virtually all tertiary side-chain packing
characteristic of native structures. Molten globules are ensembles of interconverting conformers and are
prone to aggregation, which can have detrimental effects on organisms. Consequently, molten globules
attract considerable attention. The molten globule that is observed during folding of flavodoxin from
Azotobacter vinelandiiis a kinetically off-pathway species, as it has to unfold before the native state of the
protein can be formed. This intermediate contains helices and can be populated at equilibrium using
guanidinium hydrochloride as denaturant, allowing the use of NMR spectroscopy to follow molten globule
formation at the residue level. Here, we track changes in chemical shifts of backbone amides, as well as
disappearance of resonances of unfolded apoflavodoxin, upon decreasing denaturant concentration. Analysis
of the data shows that structure formation within virtually all parts of the unfolded protein precedes folding
to the molten globule state. This folding transition is noncooperative and involves a series of distinct
transitions. Four structured elements in unfolded apoflavodoxin transiently interact and subsequently form
the ordered core of the molten globule. Although hydrophobic, tryptophan side chains are not involved in
the latter process. This ordered core is gradually extended upon decreasing denaturant concentration, but
part of apoflavodoxin’s molten globule remains random coil in the denaturant range investigated. The results
presented here, together with those reported on the molten globule of a-lactalbumin, show that helical

molten globules apparently fold in a noncooperative manner.

Introduction

Folding of proteins to conformations with proper biological
activities is of vital importance for all living organisms. To
describe folding, the concept of a multidimensional energy
landscape or folding funnel arose from a combination of
experiment, theory and simulation.' > In this model, unfolded
protein molecules descend along a funnel describing the free
energy of folding, until the folding molecules reach the state
that has the lowest free energy, which is the native state. In the
energy landscape model, unfolded protein molecules can fold
to the native state by following different routes.

Upon folding, proteins can encounter rough folding energy
landscapes that allow population of partially folded species,
which may be on- or off-pathway to the native state. When the
folding species is on-pathway, it is productive for folding. In
contrast, when the species is off-pathway, it is trapped as such
that the native structure cannot be reached without substantial
reorganizational events.® A decrease of the folding rate due to
the presence of off-pathway intermediates, which are kinetically
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trapped and partially folded, increases the likelihood of protein
aggregation. This aggregation can have detrimental effects on
organisms. Folding intermediates are involved during folding
of most proteins studied to date.® Kinetic intermediates that
appear early during folding have been shown to resemble the
relatively stable molten globule intermediates, found for several
proteins under mildly denaturing conditions.” This resemblance
suggests that these molten globules can be considered as models
of transient intermediates.®

The term “molten globule” was introduced to describe
compact partially folded ensembles of species that have a
substantial amount of secondary structure, but lack virtually all
tertiary side-chain packing characteristic of native structures.””'°
The close similarity between molten globule states at equilibrium
and those formed during the early stages of refolding has been
demonstrated for a-lactalbumin,''~'* apomyoglobin,'*!> RNase
H,'® T4 lysozyme'” and Im7.'® Although often poorly defined,
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molten globule-like intermediates have exposed hydrophobic
groups and are prone to forming protein aggregates via specific
interactions between structured elements.'® Inside a living cell
ample opportunities exist for aggregation of partially folded
protein molecules and this nonproductive aggregation can
compete with productive folding.?**' Detailed characterization
of various equilibrium molten globule states promises to provide
valuable insights into the transient kinetic molten globules that
are important in folding pathways and in protein aggregation
processes.

Here, NMR spectroscopy is used to report the folding at the
residue-level of the molten globule-like folding intermediate of
flavodoxin, a 179-residue protein from Azotobacter vinelandii.
Flavodoxins are monomeric proteins involved in electron
transport, and contain a noncovalently bound flavin mononucle-
otide (FMN) cofactor.”> The proteins consist of a single
structural domain and adopt the flavodoxin-like or o parallel
topology, which is widely prevalent in nature. Both denaturant-
induced equilibrium and kinetic (un)folding of flavodoxin and
apoflavodoxin (i.e., flavodoxin without FMN) have been
characterized using guanidine hydrochloride (GuHCI) as
denaturant.>*~*® The folding data show that apoflavodoxin
autonomously folds to its native state, which is structurally
identical to flavodoxin except that residues in the flavin-binding
region of the apo protein have considerable dynamics.?*° In
presence of FMN, binding of FMN to native apoflavodoxin is
the last step in flavodoxin folding.

The kinetic folding of apoflavodoxin involves an energy
landscape with 2 folding intermediates and is described by: Lo
< unfolded apoflavodoxin < I,, < native apoflavodoxin.”®
Intermediate I, is an obligatory species on the productive route
from unfolded to native protein. I, is highly unstable and is
therefore not observed during denaturant-induced equilibrium
unfolding. Approximately 90% of folding molecules fold via
off-pathway intermediate I, which is a relatively stable species
that needs to unfold to produce native protein and thus acts as
a trap.?® The equilibrium unfolding of apoflavodoxin is described
by: I < unfolded apoflavodoxin < native apoflavodoxin
(Figure 1).* Intermediate I, populates significantly in the
concentration range of 1 to 3 M GuHCI (Figure 1d). The off-
pathway species is molten globule-like: it is compact, it lacks
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Figure 1. Guanidine hydrochloride-induced equilibrium (un)folding of A.
vinelandii apoflavodoxin.?® (a) Fluorescence emission at 340 nm with
excitation at 280 nm. (b) Circular dichroism at 222 nm. The transition
midpoints of the denaturation curves obtained by CD and fluorescence
spectroscopy do not coincide, which is characteristic for the population of
an intermediate. (c) Fluorescence anisotropy data detected with a 335 nm
cutoff filter, excitation is at 300 nm. The curve is biphasic due to population
of an intermediate. The solid lines in panels a to ¢ are the result of a global
fit of a three-state model for equilibrium (un)folding (I, < Unfolded
apoflavodoxin <= Native apoflavodoxin).?® (d) Normalized population of
native (N), off-pathway intermediate (L), and unfolded (U) apoflavodoxin
molecules as a function of denaturant concentration. The protein concentra-
tion is 5.6 uM in 100 mM potassium pyrophosphate, pH 6.0, and the data
are recorded at 25 °C.

the characteristic structure of native apoflavodoxin, its three
tryptophans are solvent exposed in contrast to the situation in
native protein, it contains helices and has severely broadened
NMR resonances due to exchange between different conformers
on the micro- to millisecond time scale.>>>"*> Elevated protein
concentrations®' and macromolecular crowding™ cause severe
aggregation of this species. The formation of an off-pathway
species is typical of proteins with a flavodoxin-like topology.?’

Backbone amide resonances of proteins can be followed in a
series of 'H—'N heteronuclear single quantum coherence
(HSQC) spectra acquired at different denaturant concentrations,
as was originally done to study the folding of the molten globule
state of a-lactalbumin.*-** Previous experiments, in which this
HSQC-based method was used, showed that native apofla-
vodoxin unfolds highly cooperatively upon addition of denatur-
ant’" and also indicated that the off-pathway intermediate
potentially folds in a noncooperative manner. However, mo-
lecular details of the formation of I could not be revealed by
NMR spectroscopy, because the assignments of NMR reso-
nances of the backbone amides of unfolded apoflavodoxin were
lacking.

Recently, heteronuclear NMR spectroscopy has been used
to assign resonances of unfolded apoflavodoxin and to charac-
terize the conformational and dynamic properties of the unfolded
protein at the residue level.* The study shows that the unfolded
protein at 6.0 M GuHCI behaves as a random coil. However,
at 3.4 M denaturant, unfolded apoflavodoxin has four transiently
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ordered regions. These regions have restricted flexibility on the
(sub)nanosecond time scale. Three of these regions transiently
form o-helices and the fourth ordered region transiently adopts
non-native structure, which is neither a-helix nor S-strand.*
These ordered segments transiently dock non-natively, causing
nonproductive folding toward the off-pathway folding interme-
diate Ig.

Because NMR assignments of GuHCl-unfolded apofla-
vodoxin recently became available,® the above-mentioned
HSQC-based method can now be used to follow formation of
Ior at the residue level, as is reported here. At denaturant
concentrations that range from 4.05 to 1.58 M GuHCI, 18
'H—'"N HSQC spectra of unfolded apoflavodoxin were ac-
quired. Subsequently, the chemical shifts of the amides of the
unfolded protein were determined in these spectra. In addition,
the denaturant-dependent disappearance of the amide cross peaks
of unfolded apoflavodoxin were tracked. Analysis of the results
obtained shows that formation of the molten globule off-pathway
species occurs noncooperatively and is preceded by formation
of structured regions in unfolded apoflavodoxin.

Experimental Section

Protein Expression, Purification, and Sample Preparation.
The single cysteine at position 69 in wild-type A. vinelandii (strain
ATCC 478) flavodoxin II was replaced by an alanine (Cys69Ala)
to avoid covalent dimerization of apoflavodoxin. This protein variant
is largely similar to wild-type flavodoxin regarding both redox
potential of holoprotein and stability of apoprotein.?**¢ Uniformly
3BC—15N labeled flavodoxin was obtained from transformed Es-
cherichia coli cells grown on '3C—"N labeled algae medium
(Silantes, Germany), and purified as described.?

Unfolded apoflavodoxin was obtained by denaturing flavodoxin
in 6 M guanidine hydrochloride (GuHCl, ultrapure from Sigma).
Subsequently, FMN was removed via gel filtration at 7 M GuHCL.
Two stock solutions of 100 #M protein were prepared in 10% D,O
with 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) as internal
chemical shift reference. GuHCI concentrations of the stock
solutions were 0.06 and 4.05 M GuHCI, respectively. Subsequently,
550 uL. NMR samples of apoflavodoxin at various denaturant
concentrations were prepared by appropriately mixing both stock
solutions. In total, 18 apoflavodoxin samples with GuHCI concen-
trations ranging from 4.05 to 1.58 M GuHCI were prepared. After
NMR experiments were finished, refractometry was used to
determine the GuHCI concentration in each individual sample.*’
The buffer used in all experiments was 100 mM potassium
pyrophosphate (Sigma), pH 6.0.

NMR Spectroscopy. Spectra were recorded on a Bruker Avance
700 MHz machine equipped with a triple-resonance 5 mm inverse
probe with a self-shielded z-gradient. Sample temperature was 25
°C. Gradient-enhanced '"H—""N HSQC spectra®*-** were recorded
of apoflavodoxin samples at different GuHCl concentrations.
Spectra were acquired at 4.05, 3.61, 3.41, 3.31, 3.08, 2.94, 2.76,
2.65,2.55,2.49, 2.39,2.25,2.16, 2.02, 1.92, 1.79, 1.68, or 1.58 M
GuHCI. In the 'H dimension of the HSQC experiments, 1024
complex data points were acquired, whereas in the indirect N
dimension 512 complex data points were collected. Spectral widths
were 6010 and 1750 Hz in t, and t;, respectively. With the number
of scans set to 16, each HSQC experiment lasted 2 h and 45 min.
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To assign the proton resonances of the indole N‘H groups of
the three tryptophans of unfolded apoflavodoxin, use was made of
three tryptophan variants of apoflavodoxin. These variants contained
a single tryptophan residue (W74), or either the W74/W128 or W74/
W167 pair, which were generated through replacement of tryp-
tophans by phenylalanines using oligo-directed mutagenesis.*® One-
dimensional proton NMR spectra were recorded of all three
tryptophan variants of apoflavodoxin unfolded in 5 M GuHCI.

Determination of Cross Peak Volumes. All spectra were
processed with NMRPipe*' and analyzed with NMRview].** Data
were zero-filled to 2048 points in both dimensions to gain resolution
and smooth the shape of the peaks. The volume of a HSQC cross
peak was calculated by summing the intensities of all points within
an elliptical region that has its center at the maximum of the cross
peak. The line widths at the cross peak’s half-height in the 'H and
the "N dimension, respectively, were multiplied by a factor of 1.37
to obtain the values of the radii that define the elliptical region
used.®?

Whereas adequate sample shimming is easily achieved, optimal
tuning and matching of the probe of the 700 MHz instrument was
not possible due to the effects of GuHCI present in the samples.
Upon increasing denaturant concentration, the accompanying reduc-
tion in NMR receiver coil quality factor Q leads to additional loss
of intensity of all signals.®" A proper correction for these losses is
achieved by using HSQC cross peak volumes of backbone amides
of residues that behave random coil-like in the range of 4.05 to
1.58 M GuHCI. The denaturant-dependencies of these cross peak
volumes showed no folding transitions due to formation of
intermediate I.g. Instead, the corresponding chemical shifts change
nearly linearly in this denaturant concentration range. Nine residues
of unfolded apoflavodoxin showing this behavior were selected (i.e.,
Argl5, Lys16, Alal8, Lys22, Lys23, Arg24, Glu28, Thr29, and
Ser31). The cross peak volumes of the corresponding backbone
amides are directly related to the number of nonnative apofla-
vodoxin molecules (i.e., unfolded and I.y) present in the NMR
sample. At each denaturant concentration j these nine cross peak
volumes were averaged, and the resulting averaged cross peak
volume [V[lwas used to properly correct the data for the discussed
NMR signal losses. The backbone amide cross peak volume of
residue 7 at denaturant concentration j, i.e., V;;, was divided by VL[]
to obtain the corrected cross peak volume yer according to:

Vi,,'( 1 _f NJ')

g e))

Vi?rl" —
in which fy ; is the fraction of apoflavodoxin molecules that is native
at GuHCl concentration j. The (1 — fy;) term is required to correct
for the presence of native apoflavodoxin at GuHCI concentrations
below 2 M. These native protein molecules do not contribute to
the NMR signals of the unfolded state and cause a further decrease
of these signals upon lowering denaturant concentration. Fraction
fv; (Figure 1) is calculated using GuHCl-induced equilibrium
(un)folding data of apoflavodoxin.?®

Determination of Midpoints of Unfolding at the Residue
Level. The disappearance of each individual HSQC cross peak of
unfolded apoflavodoxin upon decreasing denaturant concentration
could be analyzed according to a two-state model of (un)folding.
When a residue is highly flexible, as is the case in an unfolded
protein, it gives rise to a very sharp cross peak in a specific region
of the HSQC spectrum,®® making this analysis possible. Upon
folding, this particular cross peak disappears as backbone motions
become restricted.
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2469.

(41) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax,
A. J. Biomol. NMR 1995, 6, 277-293.

(42) Johnson, B. A.; Blevins, R. A. J. Biomol. NMR 1994, 4, 603-614.

(43) Rischel, C. J. Magn. Res. Ser. A 1995, 116, 255-258.

J. AM. CHEM. SOC. = VOL. 131, NO. 7, 2009 2741



ARTICLES Nabuurs et al.
108
a . N [4 d
» oe °
s . s - &
S e 2. . e-* . ¢
*s * % N ‘> -
113 1 .. R o’ . - .
. o . .
® o ..- ...
Lo .%c0 o M
)‘_. . .;.. s ::,. . E
118 1 ’ H 2 .
®e - ° ° 3 °
... ‘ . ..0. ] 3. wa % .
e’ o o $ o ° & -
' AR SN Lot
o e ?ﬂg. o - ./ - 0-;‘ <€ e LIRS I
L4 ‘w, ( 30 'S NN
° o L 4 o0 oW ° g *
123 ] 9’% ° X LN e
e’ o .° ™, o % e . e
... d ... ‘ -OI o . -
T e o® N
. ® - . ° -
. ° .9 L]
. ® . .
-. b
128 - . .. . R
.
L] L] ° -
2.0 85 80 75 9.0 85 80 85 8.0 75 90 85 80 75
HN HN HN HN

Figure 2. NMR resonances of unfolded apoflavodoxin disappear upon folding of the protein. Shown are '"H—"N HSQC spectra of apoflavodoxin in (a) 4.05
M GuHC, (b) 3.08 M GuHC], (c) 2.39 M GuHCl, and (d) 1.58 M GuHCI. Protein concentration is 100 #M in 100 mM potassium pyrophosphate, pH 6.0,

25 °C.

The free energy of (un)folding is assumed to be linearly
dependent on denaturant concentration,** according to:

AGy_p=AG)_+m[D] 2)

with AGy-r being the difference in free energy between the
unfolded state and a folded state at a particular denaturant
concentration. AG)_r is AGy_r at zero denaturant concentration,
m the slope at the midpoint of the unfolding transition, and [D] the
concentration of denaturant, respectively. It follows from eq 2 that
at Cpy:®®

AG)_.=-m-C, ©)

Thus:

AGy_p=m(ID] — Cy) “)

Incorporation of eq 4 into the linear extrapolation method,*®
which takes into account the linear dependence of the pre- and
postunfolding data on the denaturant concentration, leads to the
following general equation:

_ (@ + B[DD + (@y + By [DDexp{ ~[m(ID] — C,,)/RT1}
obs — 1 +exp{—[m([D] — C,))/RTl}

&)

with Y, representing any physical parameter that characterizes the
folded and unfolded states of a protein at a particular denaturant
concentration, a and /3 are intercepts and slopes of pre- and post-
unfolding regions, and RT is 0.59 kcal mol .

In case of the apoflavodoxin folding data, obtained by a series
of denaturant-dependent HSQC spectra, cross peaks that solely
correspond with highly flexible residues were followed. As there
is no interference of these cross peaks with those arising from

(44) Pace, C. N. Methods Enzymol. 1986, 131, 266-280.
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A. R. Biochemistry 1993, 32, 11259-11269.
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residues that have restricted motions due to folding, ar and Sk can
be set to 0 in eq 5, resulting in:

_ (ay + BylDDexp{—[m([D] — C,)/RT1}
s 1+exp{—[m([D] - C,)/RTI}

The residue-specific Cy, values were calculated by applying eq
6 to the denaturant-dependent corrected cross peak volumes yeor of
68 residues of unfolded apoflavodoxin. If a cross peak was no longer
observed above noise level, the corresponding cross peak volume
was set to zero. Cross peak volumes ver at 0, 0.3, 0.6, and 0.9 M
GuHCI of these 68 residues were set to zero, as no highly flexible
residues typical for unfolded protein were experimentally detected
at these denaturant concentrations.®' Indeed, the GuHCl-induced
equilibrium (un)folding data of apoflavodoxin show that the protein
is native up to 0.9 M GuHCL.>®

Fitting of Denaturant-Dependent Chemical Shift Changes.
Chemical shifts of 114 backbone amides of unfolded apoflavodoxin
could be followed in the 18 HSQC spectra obtained in the
denaturant range of 4.05 to 1.58 M GuHCI. Depending on how 'H
and PN chemical shifts change upon altering denaturant concentra-
tion, either a linear, exponential or polynomial function was used
to fit to these data. Subsequently, for each NH group at a particular
denaturant concentration [D], the magnitude of the nonlinear
dependence of chemical shifts on denaturant concentration (Xp;)
was calculated according to:

(6)

d’(0'H d(0°N
[D1=| (2 )'10+| (2 )
| #D] | 1D
in which 0'H is the proton chemical shift and 6N the nitrogen
chemical shift. When Xp is above zero, the chemical shift of either

'H or N, or of both nuclei, has a nonlinear dependency on the
denaturant concentration.

(7

Results and Discussion

Residue-Specific Folding of Apoflavodoxin’s Molten
Globule Can Be Followed by NMR Spectroscopy. Gradient-
enhanced 'H—'>N HSQC spectra were recorded of 18 apofla-
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vodoxin samples with GuHCI concentrations ranging from 4.05
to 1.58 M GuHCI (Figure 2). In this denaturant range, the
transition of unfolded protein to I, should be detectable (Figure
1d). Due to the relatively low protein concentration used, that
is, 100 uM, no protein aggregation is observed in these NMR
samples. In the HSQC spectra, cross peaks of unfolded
apoflavodoxin were assigned using the assignments of all HY
and N resonances of unfolded apoflavodoxin in 6.0 M and in
3.4 M GuHCI*® and by using a 3D HNCA spectrum of
apoflavodoxin in 2.22 M GuHCI.

In the denaturant range from 4.0 to 1.6 M GuHCI, exchange
between unfolded apoflavodoxin and I is slow on the NMR
chemical shift time scale (i.e., ~10 s~! at 4.0 M GuHCI and
~60 s™! at 1.6 M GuHCI).>> Consequently, upon decreasing
the denaturant concentration, cross peaks arising from unfolded
apoflavodoxin should disappear from the corresponding HSQC
spectra, and cross peaks arising from I,; should appear.
However, as I, is a molten globule, most of its resonances are
not observed because these resonances are broadened beyond
detection.’" This severe line broadening is due to conformational
exchange processes on the micro- to millisecond time scale
between the ensemble of conformers that represents the molten
globule."”

At 1.58 M GuHClI, the lowest denaturant concentration used,
34% of the total number of protein molecules is native (Figure
ld).25 At this denaturant concentration, conformational exchange
between native and unfolded apoflavodoxin is slow on the NMR
chemical shift time scale.*’ However, due to the low protein
concentration used, at 1.58 M GuHCI no backbone amide cross
peaks are observed for native apoflavodoxin in the corresponding
HSQC spectrum (except for the highly flexible C-terminal
Leul79). In contrast, cross peaks arising from unfolded apofla-
vodoxin, which has large intrinsic ﬂexibi]ity,35 are much sharper
and thus visible.

In conclusion, upon decreasing GuHCI concentration from
4.05 to 1.58 M, HSQC spectra show almost exclusively cross
peaks arising from unfolded apoflavodoxin. Tracking the
denaturant-dependent changes in the corresponding cross peak
volumes and chemical shifts enables the study of the residue-
specific folding of the unfolded protein to L.

Several Residues Have Comparable Dynamical and
Conformational  Properties in I, and Unfolded
Apoflavodoxin. Figure 2 shows HSQC spectra of apoflavodoxin
in different GuHCI concentrations. The HSQC spectrum ob-
tained at 4.05 M GuHCI (Figure 2a) is typical for an unfolded
protein and has limited dispersion in the 'H dimension, whereas
dispersion in the SN dimension is good. All cross peaks
observed at 4.05, 3.61, 3.41, 3.31, 3.08, and 2.94 M GuHCIl
are sharp, as expected for an unfolded protein. Upon decreasing
the GuHCI concentration from 4.05 to 2.94 M, the number of
cross peaks detected remains constant and several cross peaks
shift. Upon decreasing the denaturant concentration to 2.76 M
GuHCI, the volume of some cross peaks reduces. The latter
phenomenon becomes more pronounced upon further decreasing
denaturant concentration, and at 2.48 M GuHCI a few cross
peaks have disappeared from the HSQC spectrum. At 1.58 M
GuHCl, many more cross peaks are not observed in the
corresponding HSQC spectrum (Figure 2d).

The majority of backbone amide cross peaks of unfolded
apoflavodoxin disappears upon decreasing the denaturant con-
centration from 4.05 to 1.58 M GuHCI. However, 27 sharp cross
peaks with considerable intensity are still present at 1.58 M
GuHCI (Figure 2d) and arise from the following residues: Phe6,

Lys13—Lys16, Alal8, Lys19, Ile21—Asp32, Leu34, Val36,
Gly60, Asp68—Glu70, and Ser178. These 27 cross peaks exhibit
only small chemical shift changes upon decreasing the denatur-
ant concentration. Equilibrium unfolding studies show that at
1.58 M GuHCl, 34% of the protein molecules is native, 53% is
off-pathway folding intermediate and only 13% is unfolded
(Figure 1).> Consequently, at 1.58 M GuHCI, the 27 residues
mentioned must have comparable dynamical and conformational
properties in I, and unfolded apoflavodoxin.

Unfolded Apoflavodoxin Folds Noncooperatively to I,g To
study the residue-specific folding of unfolded apoflavodoxin to
L, denaturant-dependent changes in the 'H—'"N cross peak
volumes of unfolded protein are followed. Cross peak volumes
instead of cross peak intensities are used to correct for changes
in R, relaxation times, as several regions of unfolded apofla-
vodoxin become transiently ordered,” and as upon reducing
GuHCI concentration the viscosity of the solution diminishes.
Due to the presence of GuHCI in the apoflavodoxin samples,
intensities of all NMR signals differ slightly between the
different HSQC spectra.®’ A proper correction for these intensity
changes, which are not due to protein folding, is possible and
is applied to all cross peak volumes, as described in the
Experimental Section.

Changes in corrected cross peak volumes of 68 well-resolved
backbone amides and of the 3 tryptophan indole N°H groups
of unfolded apoflavodoxin could be followed upon decreasing
the denaturant concentration. Some examples of folding transi-
tions observed are shown in Figure 3. A two-state model suffices
to describe each folding transition.

The apparent midpoints of folding (i.e., C,, values, see the
Experimental Section) of the backbone amides of 68 residues
of unfolded apoflavodoxin are shown in Figure 4 and listed in
Supporting Information, Table S1 (including C,, values of the
tryptophan indole N°H groups). The residues investigated are
distributed along the entire sequence of apoflavodoxin. Signifi-
cant differences exist between C,, values, since they range from
1.5 to 2.7 M GuHCI, and five clusters of residues can be
identified (Figure 4b), although the boundaries of these clusters
are not sharply defined.

The slope associated with the folding transition from unfolded
apoflavodoxin to I as observed by far-UV CD is rather shallow
(Figure 1b). In contrast, each folding transition detected at the
residue level by NMR spectroscopy has a much steeper slope
(Figure 3). The residue-specific Cy, values cover a broad range
of denaturant concentrations. Folding toward I involves a series
of distinct transitions and as a result far-UV CD reports a
shallow folding transition. The HSQC data presented here show
that folding of I, occurs noncooperatively.

Upon Decreasing Denaturant Concentration, the Ordered
Core of I, Becomes Gradually Extended. At 3.4 M GuHCI,
four transiently ordered regions are detected in unfolded
apoflavodoxin (comprising residues 41—53, 72—83, 99—122,
and 160—176). These regions transiently dock onto one another
in a non-native manner, and this non-native docking promotes
folding toward the helical off-pathway intermediate.>

The residue specific folding data presented here show that
the residues that have the largest average C,, value (i.e., Group-
1, Cy¥e#ee = 2.64 £ 0.05 M GuHCI; red in Figure 4; typical
examples Gly53 and Ala92, Figures 3¢ and d) roughly coincides
with those residues that are transiently ordered in unfolded
apoflavodoxin (gray bars in Figure 4a). Thus, upon decreasing
denaturant concentration, assembly of these four structured
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Figure 3. Folding of unfolded apoflavodoxin at the residue-level, as
monitored by changes in cross peak volumes in "H—""N HSQC spectra at
various concentrations of GuHCI. Shown are cross peak volumes of the
backbone amides of (a) Gly4, (b) Alal8, (c) Gly53, (d) Ala92, (e) Leul79,
and (f) the indole N“H group of Trp128. All cross peaks are corrected for
GuHCl-induced changes in volume that are not due to protein folding, as
described in the Experimental Section. Cross peak volumes at 0, 0.3, 0.6,
and 0.9 M GuHCI are set to zero, as no cross peaks typical for unfolded
protein were detected at these denaturant concentrations. The solid curves
show the fit of a two-state model of protein folding (i.e., eq 6, Experimental
Section) to the apoflavodoxin folding data. The extracted midpoints of
folding (i.e., Cy,) are: 1.89 M (Gly4), 1.51 M (Alal8), 2.56 M (Gly53),
2.60 M (Ala92), 2.28 M (Leul79), and 1.90 M (N“H Trp128).

elements in unfolded apoflavodoxin leads to formation of the
ordered core of L.

The C,, data of the group of residues that has the second
largest average C,, value (i.e., Group-2, C;,****¢¢ = 2.40 £+ 0.07
M GuHCI) are highlighted in yellow in Figure 4. All corre-
sponding residues are close in sequence to the residues of Group-
1, which together form the core of I, This observation suggests
that upon decreasing denaturant concentration the initial ordered
core of I becomes extended.

A further reduction in denaturant concentration leads to
additional sequential extension of the folded regions of .. This
conclusion is drawn on basis of the C,, data of the group of
residues that has the third largest average C,, value (i.e., Group-
3, C,"*"¢ = 2.10 £ 0.07 M GuHCI, cyan in Figure 4). This
distribution shows that most of the corresponding residues are
close in sequence to those residues that already became ordered
in Lo at higher denaturant concentrations. However, residues 7
to 9 cooperatively fold to newly formed structure in I and
their folding does not extend existing ordered parts of L.
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The fourth group of residues of unfolded apoflavodoxin has
more widely distributed C,, values (i.e., Group-4, C,,*'"¢¢ =
1.79 £ 0.10 M GuHCI, green in Figure 4; typical example
Leul79, Figure 3e). Most of these residues reside in the
N-terminal part of the protein and are positioned at the N- and
C-terminal sides of ordered residues 7 to 9, thereby extending
the structure formed by the latter residues.

Finally, NMR spectroscopy shows that the remaining fifth
group of residues of unfolded apoflavodoxin has an average
Cp, value of 1.53 £ 0.03 M GuHCI (i.e., Group-5, dark blue in
Figure 4; typical example Alal8, Figure 3b). This C,,"*™ is
within error identical to the C,, values derived from denaturant-
induced unfolding of native apoflavodoxin detected by fluores-
cence emission spectroscopy (Cy, = 1.53 + 0.01 M GuHCl,
Figure 1a*°) and by NMR spectroscopy (Cp, = 1.48 & 0.04 M
GuHCIP?'). Thus, the C,, values obtained for Argl5, Lysl6,
Alal8, Lys22, Lys23, Arg24, Glu28, Thr29, and Ser31 report
folding of unfolded apoflavodoxin to native protein. Conse-
quently, in the denaturant range investigated, these residues are
unfolded in L.

Tryptophans Do Not Cause Folding of Unfolded
Apoflavodoxin to I Apoflavodoxin contains three tryptophans
(i.e., Trp74, Trp128, and Trp167). Of these tryptophans, both
Trp74 and Trp167 belong to regions with restricted flexibility
in unfolded apoflavodoxin in 3.4 M GuHCI, as revealed by
elevated N R, relaxation rates of the corresponding backbone
amides.*> Analysis of the denaturant-dependent disappearance
of the HSQC cross peaks arising from the indole N°H groups
of these tryptophans of unfolded apoflavodoxin gives the
following C,, values: Trp74-NH: 1.84 M, Trp128-N<H: 2.28
M, and Trp167-NH: 2.38 M (Supporting Information Table
S1). These values are significantly smaller than the average Cy,
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Figure 5. Denaturant-dependence of chemical shifts of various backbone
amides of unfolded apoflavodoxin. Chemical shifts are shown as closed
symbols (®) for (a) 'H and (b) °N of the backbone amide of Lys22, (c) 'H
and (d) N of the backbone amide of Leu52, and (e) 'H and (f) >N of the
backbone amide of Trp167. Lines show the fit of a linear (a, b), exponential
(c, d) or polynomial function (e, f) to the data.

value of 2.64 £ 0.05 M that characterizes the folding of the
residues of Group-1 (Figure 4).

As discussed, docking of the transiently ordered residues of
Group-1 in unfolded apoflavodoxin leads to formation of the
ordered core of L,y The relatively low C,, values obtained for
the N“H groups of the tryptophans of unfolded apoflavodoxin
imply that the side chains of these amino acid residues are not
involved in this process. Apoflavodoxin’s tryptophans do not
have substantial hydrophobic interactions with the ordered
regions of the unfolded protein. In contrast, in case of lysozyme
the hydrophobic tryptophan at position 62 plays an important
role in folding, as it is involved in extensive long-range tertiary
interactions in the urea-denatured state of the protein.*” Appar-
ently, tryptophans do not play a significant role in folding of
Ioff-

Transient Formation of Ordered Structure within
Virtually All Parts of Unfolded Apoflavodoxin Precedes
Transition to Iy To further clarify the folding events that occur
upon decreasing the GuHCI concentration, 'H and '*N chemical
shifts of unfolded apoflavodoxin are followed. Changes in
chemical shifts are good indicators for formation of ordered
structure in unfolded proteins.>>*® Chemical shifts of cross peaks
of 114 backbone amides of unfolded apoflavodoxin have been
followed in the 18 HSQC spectra discussed. These cross peaks
were selected because they do not severely overlap with each
other.

Chemical shifts of backbone amides that depend linearly on
denaturant concentration (Figure 5a,b) merely reflect the change
in average properties of the solvent surrounding these amides.
Thus, no structure formation involving the corresponding
residues takes place in unfolded apoflavodoxin. In contrast,
chemical shifts of various backbone amides have a nonlinear

(47) Klein-Seetharaman, J.; Oikawa, M.; Grimshaw, S. B.; Wirmer, J.;
Duchardt, E.; Ueda, T.; Imoto, T.; Smith, L. J.; Dobson, C. M.;
Schwalbe, H. Science 2002, 295, 1719-1722.

(48) Dyson, H. J.; Wright, P. E. Methods Enzymol. 2005, 394, 299-321.

dependence on denaturant concentration (Figure 5c—f), reflect-
ing transient structure formation in unfolded apoflavodoxin
molecules.

Depending on how the 'H and "N chemical shifts change as
a function of denaturant concentration, either a linear, expo-
nential or polynomial function was used to fit the data.
Subsequently, at a particular denaturant concentration [D] the
magnitude of the nonlinear dependence of the chemical shift
on denaturant concentration (i.e., Xp)) is calculated per residue
by taking the second derivatives of the corresponding fits (see
the Experimental Section). X|p; is used as a measure of the
increase in structure formation at the residue level in unfolded
apoflavodoxin upon decreasing denaturant concentration. The
Xpy data are presented in Figure 6.

Figure 6 shows that residues 21 to 35 of unfolded apofla-
vodoxin are characterized by X|p-values of almost zero at all
denaturant concentrations used. Thus, no structure is formed in
this region of unfolded apoflavodoxin. Note that these residues
show no transition from unfolded apoflavodoxin to I in the
denaturant range investigated. However, for all other residues,
Xpj is well above zero at denaturant concentrations close to
their C,, values. Consequently, these residues form transient
structure in unfolded protein. Figure 6 shows that the first
regions that become ordered upon decreasing denaturant con-
centration are the four regions that are transiently ordered in
unfolded apoflavodoxin.®>> Non-native docking of these regions
leads to formation of Io. In addition, Figure 6 shows that upon
decreasing GuHCI concentration, most of the remaining parts
of the unfolded protein also become transiently ordered.

Clearly, virtually all residues of unfolded apoflavodoxin form
transient structure upon decreasing denaturant concentration, and
this process precedes the transition of the unfolded species to
the off-pathway folding intermediate L.

Part of the off-Pathway Folding Intermediate I is
Random Coil. As discussed, at 1.58 M GuHCI, the lowest
denaturant concentration used in this study, 27 residues of
apoflavodoxin have the dynamical and conformational properties
observed for an unfolded protein. Most of these residues are
clustered in two regions of apoflavodoxin; Lys13 to Val36
(Region-Ul), and Gly60 to Glu70 (Region-U2). Determination
of the denaturant-dependent changes in chemical shifts of the
corresponding backbone amides (Figure 6), as well as the
disappearance of the corresponding resonances (Figure 4a),
enables the further characterization of these two regions.

Analysis of C, values shows that at 1.58 M GuHCI Region-
Ul must be unfolded in the ensemble of species that forms I,
as no folding transition from unfolded protein to I is observed
(Figure 4a; Group-5, dark blue). Figure 6 shows that in the range
from 4.05 to 1.58 M GuHCI, part of Region-Ul1 (i.e., residues
21 to 36) has Xp) values close to or equal to zero. Thus, in this
denaturant range no structure formation in the C-terminal part
of Region-Ul takes place. Consequently, at 1.58 M GuHClI,
the C-terminal part of Region-Ul behaves as a random coil.
Whether this random coil behavior persists upon further
decreasing denaturant concentration is unknown. The N-terminal
part of Region-Ul has relatively small Xy, values in the
denaturant range investigated. Consequently, at 1.58 M GuHClI,
the N-terminal part of Region-Ul is involved in some minor
structure formation. Upon further decreasing denaturant con-
centration, this protein part likely becomes structured in L.

The backbone amides of Region-U2 of apoflavodoxin are
characterized by an average C,, value of 1.77 M GuHCI. The
corresponding residues thus report the folding transition that
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Figure 6. Magnitude Xp; of the nonlinear dependence of the 'H and "N chemical shifts of unfolded apoflavodoxin on denaturant concentration versus
residue number. The vertical axis shows the GuHCI concentration, and coloration indicates the magnitude of X|p) (see the Experimental Section). Horizontal
gray bars highlight the four transiently ordered regions in unfolded apoflavodoxin.*> The midpoints of unfolding determined for the backbone amide groups

of unfolded apoflavodoxin (Figure 4a) are indicated by (-).

links unfolded apoflavodoxin with .. Therefore, these residues
must be ordered in I At 1.58 M GuHCI, which is still in the
transition region of denaturant-induced equilibrium (un)folding
of these residues, Region-U2 is unfolded in part of the ensemble
of apoflavodoxin molecules. Consequently, at 1.58 M GuHCl,
the corresponding backbone amide cross peaks are still observ-
able in the HSQC spectrum. Upon further decreasing denaturant
concentration, and in absence of denaturant, all residues of
Region-U2 of apoflavodoxin will become ordered in Iy.

Molten Globules of Helical Nature Apparently Fold in a
Noncooperative Manner. In unfolded apoflavodoxin several
regions of the protein have reduced flexibility, which is due to
transient helix formation and local and nonlocal hydrophobic
interactions. Helices are the only regular secondary structure
elements detected in unfolded apoflavodoxin and these helices
are sufficiently stable to be present about 10% of the time.*

Upon protein folding, helices are formed much more rapidly
than sheets, especially when parallel 3-sheets are involved. This
rapid helix formation is due to the highly local character of the
interactions in helices, whereas the residues that have to be
brought into contact to form a parallel 3-sheet, as is the case
for apoflavodoxin, are separated by many residues from one
another.**-°

Rapid formation of three a-helices and transiently ordered
structure that is neither a-helix nor S-strand and their subsequent
non-native docking through hydrophobic interactions causes
formation of the off-pathway intermediate during apoflavodoxin
folding.*® This docking of helices prevents formation of the
parallel -sheet of apoflavodoxin and causes the intermediate
to be helical. The helical character of the intermediate is
confirmed by far-UV CD measurements (to be published).
Similar processes are expected to play a role during kinetic
folding of other proteins with an a-f3 parallel topology,** causing
them to be susceptible to off-pathway intermediate formation.
Indeed, an off-pathway intermediate is experimentally observed
for all other a- parallel proteins of which the kinetic folding

(49) Bieri, O.; Kiefhaber, T. Biol Chem 1999, 380, 923-929.
(50) Plaxco, K. W.; Simons, K. T.; Baker, D. J. Mol. Biol. 1998, 277,
985-994.
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has been investigated: apoflavodoxin from Anabaena,’' CheY,>?
cutinase,”® and UMP/CMP kinase.>*

Whereas previous NMR experiments showed that formation
of native apoflavodoxin is highly cooperative,’' the data
presented here show that I, is noncooperatively formed. This
noncooperativity is probably due to the helical character of the
off-pathway intermediate. Helices involve relatively short-range
interactions and the folding of one helix may not affect the
folding of other helices.” Indeed, in case of the a-helical domain
of the molten globule of a-lactalbumin, which has native-like
secondary structure, the o-helices fold at differing denaturant
concentrations.*® In contrast, the folding of the molten globule
of human serum retinol-binding protein, which contains a
significant amount of S-sheet structure, is significantly more
cooperative. The formation of a stable 3-sheet requires that at
least two S-strands fold and interact, which is the cause of this
cooperativity. Our observations concerning the folding of the
off-pathway intermediate of apoflavodoxin, together with those
of the molten globule of o-lactalbumin, show that the folding
of helical molten globules is apparently noncooperative.
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