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Kinetic intermediates that appear early during protein fold-
ing often resemble the relatively stable molten globule interme-
diates formed by several proteins under mildly denaturing con-
ditions. Molten globules have a substantial amount of secondary
structure but lack virtually all tertiary side-chain packing char-
acteristics of natively folded proteins. Due to exposed hydro-
phobic groups, molten globules are prone to aggregation, which
can have detrimental effects on organisms. The molten globule
that is observed during folding of a-f3 parallel flavodoxin from
Azotobacter vinelandii is a remarkably non-native species. This
folding intermediate is helical and contains no -sheet and is
kinetically off-pathway to the native state. It can be trapped
under native-like conditions by substituting residue Phe** for
Tyr*%. To characterize this species at the residue level, in this
study, use is made of interrupted hydrogen/deuterium exchange
detected by NMR spectroscopy. In the molten globule of fla-
vodoxin, the helical region comprising residues Leu''°-Val'?® is
shown to be better protected against exchange than the other
ordered parts of the folding intermediate. This helical region is
better buried than the other helices, causing its context-depen-
dent stabilization against unfolding. Residues Leu''°-Val'?®
thus form the stable core of the helical molten globule of a-f
parallel flavodoxin, which is almost entirely structured. Non-
native docking of helices in the molten globule of flavodoxin
prevents formation of the parallel 3-sheet of native flavodoxin.
Hence, to produce native a-f3 parallel protein molecules, the
off-pathway species needs to unfold.

Non-native protein conformations initially drew attention by
their importance for the understanding of the process of pro-
tein folding (1-3). Now it is recognized that these conforma-
tions also yield important information about protein misfold-
ing and aggregation (4). Partially folded states of proteins with
exposed hydrophobic surfaces, such as molten globules, are
prone to aggregation and can be precursors of amyloid fibril
formation. This aggregation phenomenon can have devastating
effects on organisms (4). The resemblance between early
kinetic intermediates and molten globules (5-8) suggests that
these molten globules can be considered as models of transient
intermediates (9). This resemblance has been demonstrated for
a-lactalbumin (10-12), apomyoglobin (13, 14), RNase H (15),
T4 lysozyme (16), Im7 (17), and flavodoxin (18). Understanding
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the formation and conformation of these molten globules offers
insights into factors responsible for protein misfolding and,
potentially, for numerous debilitating pathologies (19).

Upon descending the folding funnel, proteins encounter
folding energy landscapes that are rough (20, 21). As a result,
partially folded intermediates, which may be on- or off-pathway
to the native state, are populated. When the intermediate is
on-pathway, as is observed for the majority of proteins studied
to date, it has a native-like topology and is productive for fold-
ing. In contrast, when the intermediate is off-pathway, it is
trapped in such a manner that the native state cannot be
reached without substantial reorganizational events (9). Several
kinetic studies have revealed involvement of off-pathway inter-
mediates during protein folding (18, 22, 23). A decrease of the
folding rate due to the presence of an off-pathway molten glob-
ule, which is kinetically trapped and partially folded, increases
the likelihood of protein aggregation.

Here, using H/D exchange? experiments, we report the char-
acterization of the off-pathway molten globule folding interme-
diate of a 179-residue flavodoxin from Azotobacter vinelandii.
Flavodoxins are monomeric proteins involved in electron
transport and contain a non-covalently bound FMN cofactor.
The proteins consist of a single structural domain and adopt the
flavodoxin-like or a-B parallel topology (Fig. 1), which is char-
acterized by a parallel B-sheet that is surrounded by a-helices
and is widely prevalent in nature.

We showed that the in vitro folding of flavodoxin occurs
spontaneously and involves two folding intermediates (18,
24.-26). One of these intermediates, I, is a productive species
that lies on a direct route from unfolded to native protein and is
highly unstable and thus is hardly populated. The other inter-
mediate, I g, is a relatively stable off-pathway species that pop-
ulates heavily during refolding and needs to unfold to produce
native protein and thus acts as a trap. Approximately 90% of
folding molecules fold via I ; and ultimately form native fla-
vodoxin. The kinetic folding of apoflavodoxin (i.e. flavodoxin
without the FMN cofactor) is described by the reaction, I, <>
U < [, < N, where U is unfolded protein and N is native
apoflavodoxin, which is structurally identical to flavodoxin
except for some dynamic disorder in the flavin-binding region
(27, 28). Apoflavodoxin folds autonomously, and the subse-
quent binding of FMN is the last step in flavodoxin folding (24).

2 The abbreviations used are: H/D exchange, hydrogen/deuterium exchange;
GdnHCI, guanidine HCI; HSQC, heteronuclear single quantum coherence;
PUF, partially unfolded form.
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FIGURE 1. Schematic diagram of native flavodoxin from A. vinelandii (Pro-
tein Data Bank code 1YOB (45)). The protein adopts the flavodoxin-like or
a-Bparallel topology and is characterized by a parallel B-sheet surrounded by
a-helices at either side of the sheet. The FMN cofactor is not shown.

Spectroscopic data show that the off-pathway folding species
of flavodoxin is molten globule-like; its hydrodynamic radius is
closer to the native state than to the unfolded state, its three
tryptophans are solvent-exposed, and it has severely broadened
NMR resonances due to exchange between different conform-
ers on the micro- to millisecond time scale (18, 29, 30). An
off-pathway intermediate is experimentally observed for all
other a-B parallel proteins of which the kinetic folding has been
investigated (i.e. apoflavodoxin from Anabaena (22), CheY
(31), cutinase (32), and UMP/CMP kinase (33)).

We showed that at biologically relevant protein concentra-
tions or by mimicking molecular crowding conditions present
in cells, severe aggregation of the flavodoxin off-pathway spe-
cies occurs (29, 30). To further the understanding of the con-
formational properties of the flavodoxin molten globule, in this
study, H/D exchange detected by NMR spectroscopy is used as
a powerful technique that gives detailed information about a
protein at the level of single amino acids. Use is made of Tyr**-
flavodoxin, in which Phe** is substituted for Tyr**. This substi-
tution leads to severe destabilization of native apoflavodoxin
against unfolding and only marginally affects the stability of the
molten globule (34). As a consequence, Tyr**-apoflavodoxin
forms the molten globule at low salt concentration (i.e. in 10
mM potassium pyrophosphate (KPP;), whereas in 100 mm KPP,
88% of the protein molecules are native). Now it is possible to
characterize an off-pathway molten globule in the absence of
denaturant. We use the interrupted H/D exchange methodol-
ogy (13, 35, 36) to reveal the stable core of the molten globule of
Tyr**-flavodoxin and discuss why this species needs to unfold
to produce native flavodoxin.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The single cysteine at
position 69 in wild-type A. vinelandii (strain ATCC 478) fla-
vodoxin I was replaced by an alanine to avoid covalent dimer-
ization of apoflavodoxin. This protein variant is largely similar
to wild-type flavodoxin regarding both redox potential of holo-
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protein and stability of apoprotein (37, 38). Subsequently, in
this protein variant, the phenylalanine at position 44 was sub-
stituted for a tyrosine using site-directed mutagenesis. The lat-
ter protein variant is referred to as Tyr**-flavodoxin. Uniformly
15N-labeled Tyr**-flavodoxin was obtained from transformed
Escherichia coli cells grown on '°N-labeled algae medium
(Silantes) and purified as described (38).

To obtain native Tyr**-apoflavodoxin, Tyr**-flavodoxin was
denatured in 6 M GdnHCI. Subsequently, both FMN and dena-
turant were removed via gel filtration on a Superdex 75 column,
which is loaded with 100 mm KPP, pH 6.0. During this removal
step, the protein folds to native Tyr**-apoflavodoxin.

H/D Exchange—To follow H/D exchange of the molten
globule of Tyr**-flavodoxin, 1.0-ml samples were prepared
of 86 uMm native Tyr**-apoflavodoxin in 100 mm KPP, in H,O
at pH 6.0. Subsequently, the molten globule was populated,
and H/D exchange was simultaneously initiated by mixing
each of these samples with 14 ml of 3.6 mm KPP, in 96% D,0O.
The resulting solutions contained 10 mm KPP, pD 6.72
(uncorrected pH meter reading). Under these conditions,
the molten globule of Tyr**-flavodoxin is fully populated,
and protein concentration was 5.7 uM. After 10 s to 10 min,
H/D exchange was quenched by adding 1 ml of 1.6 mm FMN
in 1.45 m KPP, pH 6.0, in H,O. The resulting solution ini-
tially contained 100 um free FMN in 100 mm KPP;, at pD 6.55
(uncorrected pH meter reading). Under the latter condi-
tions, Tyr**-flavodoxin is rapidly formed. The following
exchange periods were used: 10's, 11's, 20 s, 30 s, 1 min, 2
min, 5 min, and 10 min.

To detect the backbone amides that are slowly exchanging in
Tyr**-flavodoxin, a reference experiment with an exchange
period of 10 min was performed with the same procedure
except that Tyr**-flavodoxin instead of Tyr**-apoflavodoxin
was used. During this experiment, no molten globule was
formed, and the protein remained holoprotein throughout the
10-min H/D exchange period and also during the subsequent
steps. This experiment revealed that some H/D exchange
occurs for the backbone amides of Asn®” and Leu®* of Tyr**-
flavodoxin. In total, 66 of the 179 backbone amides of the
molten globule of Tyr**-flavodoxin showed no observable
exchange in Tyr**-flavodoxin during the 10-min exchange
period.

Immediately after H/D exchange, each sample was concen-
trated by reducing its volume to 500 ul using Amicon centri-
fugal filter units. Subsequently, 50 ul of 1 mm 2,2-dimethyl-2-
silapentane-5-sulfonic acid in D,O was added, and each sample
was kept frozen at —80 °C. The NMR samples contained either
91 or 10% D, 0, and pD was 6.55 (uncorrected pH meter read-
ing). All H/D exchange experiments were performed at 25 °C.

NMR Spectroscopy—Gradient-enhanced 'H-'°N hetero-
nuclear single quantum coherence (HSQC) spectra were
recorded on a Bruker AMX 500-MHz machine. Sample tem-
perature was 25 °C. In the "H dimension, 2048 complex data
points were acquired, whereas in the indirect >N dimension,
256 complex data points were collected. With the number of
scans set to 64, each experiment lasted 6 h and 7 min.

Spectra were processed, and maximal intensities of cross-
peaks of backbone amides were determined per individual
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HSQC spectrum. To correct the cross-peak intensities for dif-
ferences in protein concentration between the different NMR
samples, after acquisition of each HSQC spectrum, one-dimen-
sional proton NMR spectra were acquired (4096 complex data
points with 1024 scans). Subsequently, the integral of the reso-
nance at —1 ppm, which corresponds to a non-exchangeable
methyl resonance of Tyr**-flavodoxin, was determined. This
integral is a direct measure of the protein concentration in the
corresponding NMR sample. All one-dimensional proton NMR
spectra were acquired three times to estimate the error in the
integral mentioned. To obtain relative cross-peak intensities,
each cross-peak intensity was divided by the corresponding
integral of the resonance at —1 ppm.

Hydrogen Exchange Data Analysis—A single exponential
decay function was fitted to the time-dependent, relative cross
peak intensities,

I(t) = 1() + C- exp(—kec" 1) (Eq. 1)

In Equation 1, ¢ is the time between initiation of H/D exchange
and quenching of this exchange, I(c) is the peak intensity at
infinite time, C is the pre-exponential factor, and k,, is the
amide proton exchange rate.

Peak intensities at infinite time, I(), are above zero for all
backbone amides. For some residues, /() equals the maximum
noise level in the corresponding cross-peak area of the HSQC
spectrum. For other residues, I(e0) is larger than the noise level
due to the presence of 9% H,O in the samples, causing incom-
plete exchange of the corresponding backbone amides with
D,0.

Model for H/D Exchange—Quantitative interpretation of
H/D exchange is possible using a simple model (39),

kop kint
Closed(NH) == Open(NH) — Exchanged(ND)
kc/
REACTION 1

In this model, the open or exchange-competent form and the
closed or exchange-incompetent form of a protein at the site of
a particular amide proton interconvert with rate constants for
opening, k,,, and closing, k. From the open state, exchange
takes place with the intrinsic rate constant k;,,,. The time course
of exchange is monitored at the residue level by NMR spectros-
copy, because amide protons give rise to a 'H NMR signal, and
replacement of the proton by a deuteron leads to disappearance
of this signal.

Under conditions favoring the closed state (i.e. k,,, << k,,), the
observed exchange rate, k,,, is as follows.

kopk/’nt

ey = ko + ko (Eq.2)

Depending on the ratio of k,and k
reached. If k, << k;

int

e two limiting cases may be

Equation 2 reduces to the following.
kex = kap (Ea.3)

Under this so-called EX1 condition, k,, of a certain amide pro-
ton informs about the rate constant for local conversion
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between the closed and the open state of its microenvironment.

If k,, >> k,,,, Equation 2 reduces to the following.
ko kin
kex - ch f= Kopkint (Eq.4)

Under this so-called EX2 condition, the ratio of k,, and k&,

provides the equilibrium constant K, for local opening of the
protein structure.

RESULTS

To probe hydrogen exchange rates of protein species that
are marginally stable and thus have rapidly exchanging
amide protons, as is the case for the molten globule of fla-
vodoxin, amide proton exchange needs to be interrupted. In
the interrupted H/D exchange methodology (13, 35, 36), an
unstable protein species of interest is kept in D,O for a vari-
able time period, ¢, during which exchange of amide protons
for solvent deuterons occurs. After this period, conditions
are changed such that the protein arrives into circumstances
in which no, or very slow, hydrogen exchange occurs and
hence exchange is effectively quenched. Now, by using NMR
spectroscopy, exchange rates, k,,, of amide protons in the
species of interest can be inferred.

Interrupted H/D Exchange Tracks 68 Backbone Amides of the
Molten Globule of Flavodoxin—Induction of the molten glob-
ule folding intermediate of flavodoxin and simultaneous ini-
tiation of H/D exchange was achieved in the following man-
ner. A solution that contained native Tyr**-apoflavodoxin
and 100 mMm KPP, in water was diluted 10-fold through the
addition of an appropriate volume of D,O. This procedure
led to a 10 mm KPP, solution containing the molten globule
of flavodoxin in D,O. This molten globule has a low stability
against unfolding of ~2 kcal/mol (34). In 10 mm KPP;, the
molten globule was fully populated within the dead time of
the experiment (data not shown). After time periods, ¢, of
10 s to 10 min, H/D exchange was quenched by increasing
the salt concentration and by the concomitant addition of an
excess of FMN. This quenchingled to rapid reconstitution of
native flavodoxin (see “Experimental Procedures”), in which
exchange of many amide protons was very slow (half-times
of exchange, 1/k,,, of more than 100 days) (28).> Subse-
quently, 'H-*N HSQC spectra of the different flavodoxin
samples were recorded (Fig. 2). The series of HSQC spectra,
as a function of exchange time, ¢, allowed the determination
of the exchange rates of backbone amides of the flavodoxin
molten globule.

A prerequisite for successful use of the interrupted exchange
experiment is that native flavodoxin is obtained after quench-
ing of H/D exchange. To verify the latter, in a reference exper-
iment, the interrupted H/D exchange methodology described
above was used, except that in all steps, H,O instead of D,O was
used, and thus no exchange occurred. This experiment indeed
demonstrated that properly folded Tyr**-flavodoxin was
obtained, because the corresponding HSQC spectrum is indis-

3Y.J. Bollen and C. P. M. van Mierlo, unpublished observations.
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FIGURE 2. Demonstration of the effects of H/D exchange of backbone
amides of the molten globule of flavodoxin. a, HSQC spectrum of Tyr**-
flavodoxin in D,0. b, HSQC spectrum of the Tyr**-flavodoxin sample obtained
from an interrupted H/D exchange experiment during which the molten
globule of flavodoxin was allowed to exchange its amide protons for solvent
deuterons for a period of 2 min (see “Experimental Procedures”).

tinguishable from the one of freshly purified Tyr**-flavodoxin
(data not shown).

The only amide probes capable of reporting on properties of
the molten globule in the interrupted H/D exchange experi-
ment are those that are slowly exchanging in flavodoxin. In
addition, cross-peaks of these amides in HSQC spectra of fla-
vodoxin should not suffer from overlap. Due to these limita-
tions, time-dependent amide proton exchange curves and cor-
responding exchange rates could be determined for 68 of the
179 backbone amides of the molten globule of Tyr**-flavodoxin
(see Table 1 and “Experimental Procedures”). Examples of four
typical exchange curves are shown in Fig. 3.

Most backbone amides of the molten globule of flavodoxin
fully exchanged within 10 min (Fig. 3, 2 and b). Partial exchange
occurred for the backbone amides of Leu®° (Fig. 3¢c), Ile®*, Val®!,
Val'®, Gly'™, Phe''®, Lys''%, and Val'?®, The backbone amide
of Tyr''* did not exchange at all within 10 min, and its average
maximal intensity in this time period was 2.3 = 0.3 (Fig. 3d).
Similar maximal intensities, extrapolated to an exchange
period of 0 s, were observed for the HSQC cross-peaks of the
other detectable backbone amides.

Exchange Rates and Protection Factors—Half-times of
exchange of the backbone amides of the molten globule of fla-
vodoxin are shown in Fig. 4a. Due to the low stability against
unfolding of the molten globule, the corresponding observable
amide protons exchanged much faster than those of flavodoxin.
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TABLE 1

H/D exchange data of backbone amides of the molten globule of
Tyr**-flavodoxin in 10 mm KPP, pD 6.72, at 25 °C

Data are obtained from interrupted H/D exchange experiments (see “Experimental
Procedures”). Shown are rates of H/D exchange, k., and corresponding S.D. values
as well as protection factors and corresponding S.D. values. PF, protection factor.

Residue Number Koy S.D. ki, PF S.D.PF
5! 5!

Ile 3 3.07e—02 9.20e—03 7.04 211
Gly 4 6.88e—02 2.75e—02 14.03 5.6
Leu 5 2.83e—02 9.16e—03 12.12 3.93
Phe 6 2.02e—02 6.68e—03 15.44 5.1
Phe 7 2.68e—02 8.42e—03 21.67 6.8
Gly 8 8.06e—02 4.64e—02 23.35 13.44
Thr 14 =0.5%
Arg 15 =0.5%
Lys 16 7.03e—02 2.80e—02 18.96 7.55
Val 17 9.84e—02 3.19e—02 2.35 0.76
Ala 18 5.01e—02 1.62e—02 12.74 4.12
Lys 19 1.08e—01 4.01e—02 7.42 2.75
Ser 20 6.48e—02 2.28e—02 41.96 14.74
Ile 21 8.53e—02 3.34e—02 3.84 15
Lys 22 1.10e—01 5.84e—02 4.31 2.3
Lys 23 4.79e—02 1.13e—02 22.08 5.19
Phe 25 5.22e—02 1.61e—02 16.11 4.98
Met 30 5.28e—02 3.54e—02 25.83 17.32
Leu 34 4.07e—02 3.08e—02 5.68 4.3
Asn 37 1.87e—01 1.56e—01 10.52 8.77
Phe 49 9.21e—03 2.24e—03 87.22 21.19
Leu 50 5.10e—03 2.30e—03 52.18 23.51
Ile 51 2.47e—03 1.80e—03 40.91 29.84
Leu 52 7.75e—03 3.12e—03 17.6 7.09
Gly 53 2.44e—02 1.12e—02 41.37 18.97
Thr 54 4.77e—02 1.40e—02 23.25 6.81
Glu 76 4.23e—02 6.43e—02 4.55 6.91
Phe 77 1.45e—02 4.29e—03 24.68 7.29
Leu 78 5.59e—03 1.90e—03 47.54 16.14
Ile 81 1.33e—02 4.58e—03 16.22 5.57
Glu 82 4.62e—02 1.29e—02 3.47 0.97
Leu 84 2.37e—02 1.56e—02 14.47 9.54
Val 91 4.13e—03 1.64e—03 67.42 26.84
Ala 92 1.48e—02 4.16e—03 43.03 12.09
Leu 93 9.63e—03 3.15e—03 24.03 7.85
Phe 94 8.63e—03 2.57e—03 36.19 10.76
Gly 95 5.67e—02 1.80e—02 33.19 10.53
Leu 96 2.34e—02 1.25e—02 14.64 7.8
Asp 98 =0.5%
Val 100 2.32e—02 1.21e—02 11.98 6.24
Gly 101 1.71e—01 1.65e—01 6.95 6.69
Tyr 102 4.22e—02 2.06e—02 16.58 8.08
Tyr 106 5.03e—02 1.60e—02 19.62 6.25
Asp 108 3.19e—02 7.35e—03 8.54 1.97
Leu 110 2.73e—03 1.22e—03 84.83 37.99
Gly 111 7.64e—03 2.36e—03 132.22 40.87
Ser 115 1.29e—02 2.27e—03 179.64 31.61
Phe 116 3.47e—03 1.37e—03 291.64 115.24
Lys 118 2.97e—03 1.16e—03 310.19 121.12
Arg 120 1.06e—02 2.82e—03 66.09 17.6
Ala 122 1.17e—02 1.79e—03 111.1 16.98
Lys 123 1.55e—02 4.14e—03 519 13.88
Val 125 5.14e—03 1.53e—03 20.12 6
Trp 128 6.17e—02 2.93e—02 11.07 5.25
Ala 140 5.99e—02 1.95e—02 10.4 3.38
Val 141 4.53e—02 1.04e—02 3.88 0.89
Val 142 3.46e—02 1.02e—02 3.68 1.09
Phe 146 7.01e—02 3.36e—02 9.53 4.57
Val 147 2.64e—02 1.16e—02 7.65 3.38
Gly 148 8.12e—02 2.56e—02 14.62 4.61
Ala 150 3.87e—02 1.68e—02 14.02 6.1
Leu 151 1.66e—02 6.20e—03 13.96 5.21
Gln 156 4.85e—02 1.98e—02 43.51 17.78
Arg 163 3.23e—02 1.34e—02 23.16 9.59
Val 164 2.61e—02 5.75e—03 11.18 247
Trp 167 1.54e—02 3.45e—03 22.27 4.99
Leu 168 7.72e—03 1.75e—03 23.27 5.26
Gln 170 2.05e—02 3.77e—03 49.31 9.07
Ile 171 1.50e—02 3.79e—03 17.37 4.4
Ala 172 1.26e—02 2.20e—03 41.24 7.21
Phe 175 4.72e—02 1.07e—02 7.59 1.72

“ A cross-peak was observed for the corresponding backbone amide in a reference
H/D exchange experiment using flavodoxin, during which the protein remained
flavodoxin throughout a 10-min exchange period (see “Experimental Proce-
dures”). However, in a regular interrupted H/D exchange experiment using the
molten globule, with the shortest achievable exchange period of 10 s, no cross-
peak was observed for this backbone amide. Consequently, the amide must have

exchanged within 10 s, and the corresponding k,, value must be =0.5 s
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Half-times of exchange of the molten globule did not exceed
500 s (except for the backbone amide of Tyr''%).

Because interconversion between unfolded flavodoxin and
the molten globule is fast (rate constant exceeds 400 s~ * (18)),
exchange is expected to occur according to an EX2 mechanism
of exchange (see “Experimental Procedures”). Consequently,
protection factors against exchange can be calculated by divid-
ing the intrinsic amide proton exchange rates, k;,,,, by the mea-
sured amide proton exchange rates. The k;,, values are de-
termined by using free peptide exchange rates, which are
corrected for the effects of local amino acid sequence and cali-
brated for the pH and temperature of the exchange experiment
according to Bai et al. (40). Protection factors against exchange

4 4
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FIGURE 3. Typical H/D exchange curves obtained for the molten glob-
ule folding intermediate of Tyr**-flavodoxin. Shown are time-depen-
dent decreases of maximal intensities of cross-peaks arising from back-
bone amides of lle? (k,, = 0.031 = 0.009s ") (a), Ala'® (k,, = 0.050 + 0.016
s~ ") (b), Leu®® (k,, = 0.0051 * 0.0023 s~ ") (¢), and Tyr''* (k,, not deter-
mined) (d), respectively. Data are extracted from HSQC spectra like the
ones shown in Fig. 2.

of the molten globule are shown in Fig. 4b. With the exception
of Tyr''*, these protection factors are low and do not exceed a
value of ~300 (Table 1). These protection factors are compara-
ble with those observed for the molten globules of apomyoglo-
bin (36), apoleghemoglobin (41), and RNase HI (42). In con-
trast, backbone amides of native apoflavodoxin have protection
factors up to 2 X 10°.3

Remarkably, the half-times of exchange of residues Lys'°—
Phe*” are equal within error (1/k,, = 14.4 = 4.7 s) (Fig. 4a). This
equality suggests that the corresponding backbone amides
become exposed to solvent in a cooperative unfolding event and
that exchange occurs before these residues refold to a struc-
tured element that is protected against exchange (i.e. exchange
occurs according to an EX1 mechanism of exchange; see
“Experimental Procedures”). As a result, no protection factor
could be determined for residues Lys'®~Phe*”.

Residues residing in region Leu''°~Val'®>® of the molten
globule have the highest protection factors (Figs. 4b and 5b).
In this region, five residues (Gly''!, Ser''®, Phe''®, Lys''?,
and Ala'??) have protection factors that exceed a value of
100. In the case of the backbone amide of Tyr''%, the protec-
tion factor could not be determined, because this amide does
not exchange at all during a 10-min exchange period (Fig.
3d). Consequently, the corresponding protection factor
must be well above 300.

Using heteronuclear NMR spectroscopy and GdnHCl-in-
duced unfolding, residues Leu''°~Val'?® have been identified
to be part of the ordered core of the flavodoxin molten globule
(43). In addition, these residues have restricted flexibility in the
unfolded protein (44) (Fig. 54). The protection factors show
that residues Phe**—Thr®*, Phe’’-Leu®!, Val’’'-Gly*®, and
Thr'®°~Leu'”® are much less protected against exchange than
Leu''°~Val'?® (Fig. 4b), although these residues have also been
identified to be part of the ordered
core of the flavodoxin molten glob-

500
I (a) ule (43).
400}
DISCUSSION

300}
K Recently, by using heteronuclear
= 200t NMR spectroscopy, we revealed
100l native and non-native secondary
| structure and non-native hydro-
0 o s =5 L L s i ) T80 phobic interactions in unfolded
500 flavodoxin (43, 44). The unfolded
(b) protein contains four transiently
400t ordered regions with restricted flex-
I ibility on the (sub)nanosecond time
W 300f scale (Fig. 5a). This ordering is due
200k to a-helix formation and local and
» non-local hydrophobic interac-
100p tions. The ordered regions com-
0M| ' m ‘ ' prise residues Ala*'-Gly*?, Glu”>-
0 20 40 60 SOReSidu;OO 120 140 160 180 GIYSB, GIn®°~Ala'??, and Thr'%°—

FIGURE 4. Protection against H/D exchange of the backbone amides of the molten globule of Tyr**-
flavodoxin. g, half-times of exchange, 1/k,,, could be determined for 68 residues. The corresponding protec-
tion factors (PF) are shown in b. Residues with backbone amide protons that fully exchange within the 10-s
dead time of the interrupted H/D exchange experiment are indicated in red. Error bars, S.D. No protection factor
can be determined for residues Lys'®~Phe?* (indicated in blue), because the corresponding backbone amides

exchange according to an EX1 mechanism.
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Gly'”® (44). These structured
elements in the unfolded protein
transiently interact and subse-
quently form the ordered core of the
off-pathway molten globule. The
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FIGURE 5. Several folding properties of flavodoxin are highlighted in schematic diagrams of the native protein. g, the four regions of unfolded flavodoxin
in 3.4 M GdnHCl that have restricted flexibility on the (sub)nanosecond time scale (44) are colored red; assembly of these structured elements leads to formation
of the ordered core of the flavodoxin molten globule (43). The region of the molten globule that remains random coil down to a GdnHCl concentration of 1.58
M (i.e. residues Lys'3-Val*) (43) is colored blue. b, residues Leu''°-Val'?® of the molten globule of flavodoxin have the highest protection factors against H/D
exchange and are colored red; the region of the molten globule that probably exchanges its backbone amides via an EX1 mechanism, as determined in this
study, is colored blue. In unfolded flavodoxin in 3.4 m GdnHC|, residues Glu'®*-Lys''® transiently form an a-helix (44). ¢, partially unfolded form PUF4 of
apoflavodoxin as detected by native state H/D exchange (25). In PUF4, only the amides of the residues that are colored purple are protected against H/D

exchange, and all other parts of the protein are unfolded.

residues of the flavodoxin molten globule that have the highest
midpoints against unfolding by GdnHCI roughly coincide with
those residues that are transiently ordered in unfolded fla-
vodoxin. Assembly of helices in unfolded flavodoxin through
hydrophobic interactions leads to formation of the ordered
core of the flavodoxin molten globule (43). As a consequence,
the molten globule has a drastically different topology com-
pared with native flavodoxin; it is helical and contains no
B-sheet (34). Thus, structure formation in unfolded flavodoxin
does not direct folding to the native state but instead causes
formation of a misfolded folding species, which is common for
proteins with a flavodoxin-like topology (26).

The Molten Globule Folding Intermediate of Flavodoxin Is
Almost Entirely Structured—The hydrodynamic radius of the
molten globule of flavodoxin is expanded only by about 11%
compared with the one of native apoflavodoxin, as demon-
strated by fluorescence correlation spectroscopy experiments
(30). The molten globule is thus relatively compact. Far-UV CD
reports that the molten globule contains helices (34). Fluores-
cence anisotropy of the tryptophans of the molten globule
equals a value of 0.08, whereas fluorescence anisotropy of
unfolded flavodoxin in GdnHCl is 0.05 (34). Thus, in the molten
globule of flavodoxin, its three tryptophans are relatively
immobilized.

The H/D exchange data presented in this study reveal that
the flavodoxin molten globule must be almost entirely struc-
tured. Rates of backbone amide exchange could be determined
for 68 of its residues, which are spread along its sequence (Fig.
4a). No exchange rates could be determined for the remaining
residues, mainly because these residues exchange relatively fast
in flavodoxin.> The parts of the molten globule for which
exchange rates are determined cannot be random coil, because
in that situation, exchange of the corresponding backbone
amides would be completed during the 10-s dead time of the
interrupted H/D exchange experiment (see “Experimental Pro-
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cedures”), and thus no exchange curves of these residues would
be obtained.

Chemical shift changes of the NMR resonances of unfolded
apoflavodoxin upon decreasing GdnHCI concentration to 1.58
M show that structure formation in virtually all parts of the
unfolded protein precedes folding to the molten globule state
(43). The chemical shift data show that only residues Ile*'—
Val®*® behave as a random coil at 1.58 M GdnHCI. However, the
data of Fig. 4a show that in the absence of denaturant, also
several of the residues that reside in the region comprising
residues Ile*'—Val®® of the molten globule are protected
against exchange. Thus, the corresponding region of the fla-
vodoxin molten globule cannot be random coil in absence of
denaturant but is structured instead. Indeed, the H/D
exchange data show that the molten globule of flavodoxin is
almost entirely structured.

Residues Leu"'°~Val'*® Form the Stable Core of the Off-path-
way Molten Globule of Flavodoxin—The wealth of information
obtained until now for residues 99-127 of flavodoxin, includ-
ing the results obtained in the study presented here, is summa-
rized in Fig. 6. In unfolded flavodoxin residues Glu'®*~Lys''®
transiently form an a-helix (44). In addition, restricted flexibil-
ity on the (sub)nanosecond time scale has been observed in
unfolded flavodoxin for residues GIn®*—Ala'?* (44). Midpoints
of denaturant-induced protein unfolding, as determined at the
residue level by NMR spectroscopy, show that part of the
ordered core of the off-pathway molten globule is formed by
residues Ala'®—Ser'?” (43). The H/D exchange data presented
here show that residues Leu''°-Val*>* of the molten globule
have the highest protection factors against exchange. In addi-
tion, in a previous study, detection by NMR spectroscopy of
native state H/D exchange in the presence of small amounts of
a denaturant identified five unfolding clusters of residues
within native apoflavodoxin (25). Four of these clusters unfold
subglobally in a cooperative manner. The resulting conforma-
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Helix
R2 |
Folding core | EEEEEDE

H/D exchange

90 100

1
110 120 130
Residue

FIGURE 6. Overview of experimental data obtained for residues GIn®°-
Ser'?” of the flavodoxin molten globule. Residues Glu'®*-Lys''® of
unfolded flavodoxin in 3.4 m GAnHClI are colored red, because these residues
transiently form an a-helix (44). Residues GIn®°-Ala’?? of unfolded flavodoxin
in 3.4 m GdnHCl are colored blue, because transverse 'H-'>N relaxation rates
show that these residues have restricted flexibility on the (sub)nanosecond
time scale (44). Residues Ala'°-Ser'?” are colored green, because they belong
to the group of residues that have the largest midpoints of folding toward the
molten globule (i.e. 2.64 = 0.05 m GdnHCI) and belong to its ordered core (43).
Unfortunately, no midpoints of unfolding could be determined for residues
thatreside in the dashed region. Residues Leu''°-Val'?* of the molten globule
of Tyr**-flavodoxin are colored purple, because these residues have the high-
est protection factors against H/D exchange.

tions are partially unfolded forms (PUFs) of the protein. Both
PUF1 and PUF2 are unfolding excursions that start from native
apoflavodoxin but do not continue to the unfolded state and do
not reside on the productive folding route. In contrast, both
PUF3 and PUF4 probably are PUFs of the off-pathway folding
intermediate (25). In PUF4, only the backbone amides of resi-
dues Leu''°~Val'®® are inaccessible to water (Fig. 5c¢).

Comparison of b and ¢ of Fig. 5 shows that the residues of the
molten globule of flavodoxin that are protected most against
H/D exchange coincide with those that are inaccessible to
water in PUF4. Consequently, now conclusive proof is obtained
that PUF4 indeed is an unfolding excursion of the flavodoxin
off-pathway intermediate. The collection of data obtained
implies that the residues that are protected against exchange in
PUF4 are helical.

Three transiently formed helices, including the one formed
by residues Glu'®*~Lys'"®, are equally populated for about 10%
of the time in unfolded flavodoxin in 3.4 M GdnHCI (44). Con-
sequently, in unfolded flavodoxin, these helices are equally sta-
ble against unfolding and thus are equally protected against
H/D exchange. The H/D exchange data presented here show
that one of the helices of the off-pathway molten globule (i.e.
the region comprising residues Leu''°~Val*?*; Figs. 4b and 5b)
is better protected against exchange than the others. The
enhanced protection against exchange suggests that this helix is
better buried in the flavodoxin molten globule compared with
the other helices mentioned. Hydrophobic interactions of this
helix with the other ordered parts of the molten globule,
although loose in nature, cause context-dependent stabiliza-
tion of this helix against unfolding. Most likely, in the fla-
vodoxin molten globule, the ordered regions detected in
unfolded flavodoxin surround residues Leu''°~Val'*®. Resi-
dues Leu''°~Val'?® thus form the stable core of the helical mol-
ten globule of the a-f3 parallel protein flavodoxin. Non-native
docking of helices in the flavodoxin molten globule prevents
formation of the parallel B-sheet of native flavodoxin. Hence, to
produce native a-f parallel protein molecules, the off-pathway
species needs to unfold.
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