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Disulfide-Linked Bovine f-Lactoglobulin Dimers Fold Slowly, Navigating a Glassy
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ABSTRACT: To gain insight into the folding of large proteins, we constructed a bovine (-lactoglobulin
(B-1g) dimeric mutant, A34C/C121A f-1g. In the mutant, a free thiol group of wild-type 5-1g at Cys121
was removed and two [3-1g molecules were linked by a disulfide bridge through Cys34 created at the
dimer’s interface. Under strongly native conditions at low concentrations of urea, the refolding yield of
A34C/C121A S-lg was low when monitored by heteronuclear NMR spectroscopy. However, under
marginally native conditions, the yield improved notably, although the refolding was still slow. H—D
exchange pulse labeling monitored using heteronuclear NMR spectroscopy indicated that A34C/C121A
p-lg forms a folding intermediate similar to monomeric C121A f-lg in spite of its slow folding. These
results indicate that the rapid formation of folding intermediates driven by local interactions occurs in a
manner independent of the molecular size and that, if the non-native interactions are too strong, the kinetic
trap is set, leading to a glasslike misfolded state. The results suggest the important roles of marginal

stability and pathways in making the folding of large proteins possible.

Some small globular proteins fold rapidly without ac-
cumulating intermediates, suggesting that the folding reac-
tions are intrinsically efficient without a glasslike trapped
state, as represented by a smooth folding funnel (/—4). The
characterization of such fast folding, in particular the
transition state, is essential for clarifying the mechanism of
rapid and efficient protein folding created through evolution
(5). On the other hand, with an increase in size, protein
folding becomes complicated and more difficult. The ac-
cumulation of intermediates is common to proteins with
molecular weights of 10000—20000. While the old view of
protein folding considers such intermediates to be essential
to the folding process, the new view based on the fast folding
of small proteins and theoretical studies suggests a negative
role for these intermediates in protein folding with respect
to optimizing the folding rate (6). As for proteins with a
molecular weight of more than 20000, it is generally difficult
to obtain reversible unfolding except in cases where particular
mechanisms circumvent kinetic trapping, e.g., domain-
separated folding as observed for immunoglobulins or the
participation of special factors such as molecular chaperones.
Nevertheless, such larger proteins need to be expressed,
refolded, and purified in vitro to perform various kinds of
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biological research and applications. To improve our under-
standing of the mechanism of protein folding, it is important
to gain further insight into the folding of proteins located at
the boundary between reversible and irreversible unfolding
(7). In particular, the structural details of the intermediates
leading to kinetic trapping are obscure, because irreversible
folding often produces protein aggregates, usually difficult
to characterize in terms of structural detail.

We chose bovine 3-lactoglobulin (3-1g)" (8—13) as a target
to study the mechanism of folding located at the boundary
of reversible and irreversible unfolding. 5-1g, a major whey
protein abundant in cow’s milk, is composed of 162 residues
forming a 3-barrel structure with nine 3-strands and one main
o-helix, called a lipocalin fold (see Figure 6 below). 5-lg
exhibits several intriguing characteristics. It binds a variety
of small hydrophobic compounds such as retinol and fatty
acids in its hydrophobic cavity (10, 14). It forms a nonco-
valently associated homodimer at neutral pH but exists as a
monomer at acidic pH, retaining its native structure (/4—19).
Furthermore, its folding behavior is quite absorbing. Al-
though f3-1g is a predominantly 3-sheet protein, its amino
acid sequence shows a high a-helical propensity according
to secondary structure predictions (20, 21), and in fact, the
refolding kinetics monitored by far-UV circular dichroism
(CD) indicated the transient accumulation of intermediates
with non-native a-helices (22). The accumulation of the non-

! Abbreviations: 8-1g, bovine -lactoglobulin; A, proton occupancy
value free from the effect of a labeling pulse; ANS, 1-anilinonaphtha-
lene-8-sulfonic acid; CD, circular dichroism; CI2, chymotrypsin inhibi-
tor 2; H—D, hydrogen—deuterium; HSQC, heteronuclear single-
quantum coherence; NMR, nuclear magnetic resonance; NOESY,
nuclear Overhauser effect correlated spectroscopy; pH*, measured pH
value in D,0 solution; TOCSY, total correlation spectroscopy.
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native a-helices during refolding of 5-1g has been proposed
to stem from local interactions with a strong o-helical
preference (22, 23). However, because of the nonlocal
interactions formed in the subsequent refolding steps, the
non-native a-helices are eventually converted to the native
p-structure. This conversion, an o-helix-to-f3-sheet transition,
is also suggested to occur during the structural change of
prion protein and some amyloidogenic processes (24, 25).

Hydrogen—deuterium (H—D) exchange pulse labeling
combined with nuclear magnetic resonance (NMR) spec-
troscopy is one of the most important methods providing
structural information about folding intermediates at the
residue level (26). It has been applied to 8-1g as well as other
proteins (27, 28). The f3-sheet, including strands F, G, and
H and the main o-helix, showed strong protection against
H—D exchange within 1.8 ms of the initiation of refolding,
suggesting the early formation of nativelike 5-sheets in the
C-terminal region. Importantly, isolated protection for resi-
dues Ile12—Ser21 was also observed, implying the existence
of the non-native o-helix in the N-terminal region. However,
the detailed mechanism of folding of 3-1g remains unknown.

Recently, for the NMR-based characterization of the
structure and folding of f3-1g, we prepared a disulfide-linked
dimer (A34C f-1g) (29, 30). The A34C [5-1g dimer at neutral
pH retains the native structure while suppressing the
broadening of the NMR signals caused by monomer—dimer
equilibrium. In this study, we used the disulfide-linked dimer
to examine the effects of increasing size on protein folding.
Additionally, we deleted a free thiol group of j-lg by
introducing the C121A mutation, by which the reversibility
of the unfolding was expected to increase significantly (37).
The folding kinetics of the double mutant, A34C/C121A f-lg,
were examined by various methods, including H—D ex-
change pulse labeling monitored by NMR, revealing that,
although a large molecular size lowered the folding rate and
yield, the structure formed at the early stage of refolding
was not affected. Intriguingly, the refolding yield decreased
under strongly native conditions, i.e., low denaturant con-
centrations. These results give a picture of the folding of
large proteins: the early formation of rough secondary and
tertiary structures driven by local hydrophobic interactions
independent of molecular size and the slow acquisition of
peripheral structures where the balance between the stabiliza-
tion of native interactions and destabilization of non-native
interactions is key. Moreover, the results show that the
glasslike state is formed under strongly native conditions
where the kinetic barriers separating the unique native state
and various non-native states are too high for the trapped
species to jump over.

MATERIALS AND METHODS

Proteins. Bovine f3-lg mutants were expressed using a
methylotrophic yeast Pichia pastoris expression system (32).
Expression of C121A S-lg was performed with the same
strain that was used previously (37). The plasmid for A34C/
CI21A p-lg was constructed with the template plasmid
containing the sequence of C121A f3-lg (31) and the primers
employed for construction of A34C f-lg (I8) using the
QuikChange method (Stratagene, La Jolla, CA). The resultant
plasmid was introduced into P. pastoris for expression of
A34C/C121 B-lg. '“N-labeled proteins were prepared by
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using ["N]ammonia and water (Shoko Tsusho, Tokyo,
Japan) to adjust the pH of the culture medium. Purification
procedures were almost the same as those used previously
(30, 31) except for the use of a HiPrep 26/60 Sephacryl S-100
HR column (GE Healthcare Life Sciences) equilibrated with
50 mM sodium phosphate and 150 mM NaCl buffer (pH
7.0) with an AKTAprime system (GE Healthcare Life
Sciences) to remove oligomers other than dimers in the last
stage of the purification of A34C/C121A S-1g. The protein
concentrations were determined from the absorbance at 280
nm with molar extinction coefficients calculated from amino
acid sequences as described previously (33).

CD Spectroscopy. CD spectra were recorded with a model
400 CD spectrometer (Aviv Biomedical, Lakewood, NJ) at
20 °C. Each sample was prepared in 20 mM glycine-HCl
buffer (pH 3.0) or 20 mM sodium acetate buffer (pH 6.0)
and contained each protein at 0.1 mg/mL for far-UV
measurements using a 0.2 cm cell and at 0.7 mg/mL for near-
UV measurements using a 1.0 cm cell. The data were
represented as the mean residue ellipticity, [6].

NMR Chemical Shift Assignments. NMR measurements
for the chemical shift assignments were carried out using a
DRX 600 instrument (Bruker BioSpin, Rheinstetten, Ger-
many) at 40 °C. Each sample was prepared at a protein
concentration of 9.2 mg/mL and adjusted to pH 2.5 with
HCI. D,O (10%, v/v) was added for the signal lock. Three-
dimensional (3D) *N-edited TOCSY-HSQC and NOESY-
HSQC spectra were used for the chemical shift assignments
for C121A and A34C/C121A f5-1gs. All the NMR data were
processed and analyzed with NMRPipe (34) and Sparky (35).
The assignments of the cross-peaks in the 'H—'N HSQC
spectra at 30 °C were accomplished by comparison of the
'H—N HSQC spectra measured at 30, 35, and 40 °C and
3D N-edited TOCSY-HSQC spectra measured at 30 and
40 °C.

Reversibility from the Unfolded State Monitored by NMR.
The nonlabeled or '"N-labeled samples refolded in various
urea concentrations at 20 °C were concentrated by Centriprep
or Centriplus centrifugal filter units (Millipore Corp., Bil-
lerica, MA) and then buffer-exchanged using PD-10 desalting
columns (GE Healthcare Life Sciences) equilibrated with
dilute HCI at pH 2.5. Further concentration was performed
with Centricon centrifugal filter units (GE Healthcare Life
Sciences). The final protein concentration and solution
volume of a sample were 5—7 mg/mL and 225 uL,
respectively. D,O (10%, v/v) was added to the sample, and
the NMR measurements were taken with a Shigemi tube
(Shigemi, Tokyo, Japan) using a DRX 600 instrument at 30
°C. In the case of C121A f-lg, 10 min after refolding, the
samples were concentrated and buffer-exchanged to dilute
HCI at pH 2.5. On the other hand, the samples of A34C/
CI121A B-lg were incubated for 4 h after the initiation of
refolding and then concentrated. The subsequent buffer
exchange was carried out 6 h after the initiation of refolding.

The chemical shift difference, Ad, between the native and
refolded samples of A34C/C121A f-1g was calculated from
the following equation

AO=YAd,,> + (Ady/8) (1)

where Adp~y and Ady are the chemical shift differences in
HN and N axes, respectively.
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H—D Exchange Pulse Labeling. The quench-flow pH
pulse labeling experiments were performed at 20 °C with
an SFM-400/QS instrument (Bio-Logic, Claix, France). The
samples containing 2.3 mg/mL protein in the presence of
7.0 M urea and 20 mM glycine-HCI1 (pH* 2.6) in D,O were
incubated overnight in advance of the labeling to substitute
all the amide protons with deuterium. Here, pH* is the
measured pH value in D,O solution. Refolding was initiated
by an 8.5-fold dilution into a refolding buffer in H,O at pH
3.0. After a refolding time of 10 ms, to accelerate H—D
exchange reactions, the pH of the solution was increased to
10.0 by mixing with an alkaline buffer. The duration of the
labeling pulses was 10, 13, 26, 37, and 48 ms.

After the labeling pulse, the pH was lowered to 2.5 to
quench the H—D exchange reaction by mixing the sample
with ~0.5 M HCI. Under these conditions, the refolding
reaction was completed. The urea concentrations were kept
at 0.82 and 3.0 M throughout the refolding reaction for
CI121A and A34C/C121A pS-lgs, respectively. While the
samples of C121A f-1g were treated on ice or at 4 °C after
the pH was lowered to pH 2.5, those of A34C/C121A f-lg
were incubated for 4 h at 20 °C to complete the refolding
reaction.

Then, the samples were concentrated and buffer-exchanged
using the same procedures as described above at 4 °C.
Finally, concentrated samples containing 3—5 mg/mL [-1g
and 10% (v/v) D,0O in ~250 uL. were obtained. They were
frozen in liquid nitrogen and stored at —80 °C to suppress
further H—D exchange reactions until the NMR measure-
ments. The same procedures were used to prepare the
reference samples. As the initial reference state without H—D
exchange, protonated samples not treated in D,O were
employed. As the final reference state, the samples pulse-
labeled 10 min and 4 h after the initiation of refolding were
employed for C121A and A34C/C121A S-1gs, respectively.

The NMR measurements were carried out with a DRX
600 instrument at 30 °C. The data obtained were analyzed
with Sparky and Igor Pro (WaveMetrics, Lake Oswego, OR).
The resultant proton occupancies normalized with the data
for the initial and final reference states were fitted to a single-
exponential function to extrapolate the duration of the
labeling pulse, yielding A values free from the effect of pulse
labeling (36-38).

Urea Denaturation Monitored by Fluorescence Spectros-
copy. Tryptophan fluorescence spectra were measured with
an F-7000 fluorescence spectrophotometer (Hitachi, Tokyo,
Japan) at 20 °C. Samples contained each protein at 0.1 mg/
mL and were prepared in 20 mM glycine-HCI buffer (pH
3.0) with each concentration of urea. The excitation wave-
length was 295 nm, and the light path of the cell used was
0.5 cm.

The unfolding curves plotting the fluorescence intensity
at 330 nm against the urea concentration, [urea], were
analyzed on the basis of the assumption of a two-state
transition mechanism and linear dependence of the free
energy change of unfolding, AGy, versus [urea] (39), as
described by the relation

AGy = AGy® — mlureal (2)

where AGEZO is the free energy change of unfolding in the
absence of urea and m is a measure of the cooperativity of
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unfolding. The unfolding curves were fitted to the equation
with Igor Pro. The midpoint urea concentration of unfolding,
Cn, is calculated with the following equation

C,=AG°/m (3)

Refolding Kinetics Monitored by Fluorescence Spectros-
copy with Manual Mixing. Changes in tryptophan fluores-
cence upon refolding were recorded with an F-7000 fluo-
rescence spectrophotometer at 20 °C. Refolding was initiated
by an 8.5-fold dilution with refolding buffer by manual
mixing in a tube, and then the sample was transferred into
an observation cell. The dead time was ~10 s. Tryptophan
residues were excited at 295 nm, and the fluorescence was
detected at 330 nm. The resultant kinetic traces were
normalized assuming the baselines for the native and
denatured states.

Stopped-Flow Measurements. Stopped-flow measurements
were performed with a model 400 CD spectrometer at 20
°C. The dead time of mixing was calculated to be 10 ms
from the reaction between N-acetyl-L-tryptophanamide and
N-bromosuccinimide. The refolding reactions were monitored
by the measuring tryptophan fluorescence excited at 295 nm
and detected with a 330 nm band-pass filter (Asahi Spectra,
Tokyo, Japan) or by CD at 222 nm. The results shown are
the average traces of 10 and 50 times for fluorescence and
CD, respectively. For fluorescence measurements, the ac-
quired data were normalized as mentioned above. To
calculate the mean residue ellipticity in the stopped-flow CD
measurements, the initial protein concentrations in 7.0 M
urea were determined from the absorbance as mentioned
above. The CD data were represented as the mean residue
ellipticity at 222 nm, [0]2.

Measurements of ANS Binding. ANS binding during
refolding was monitored with an F-4500 fluorescence spec-
trophotometer (Hitachi, Tokyo, Japan) at 20 °C. Each
refolding sample contained 10 uM ANS. ANS was excited
at 350 nm, and the fluorescence was detected continuously
at 485 nm or as spectra from 400 to 600 nm.

Analytical Ultracentrifugation. Sedimentation equilibrium
measurements were performed with an Optima XL-I analyti-
cal centrifuge (Beckman Coulter, Fullerton, CA) at 20 °C
as described previously (/8).

RESULTS

Disulfide-Linked Dimer of the CI21A (-lg Mutant. The
structure of A34C/C121A f5-1g at pH 3.0 was compared with
that of C121A $-1g at pH 3.0 and 6.0 by measuring far- and
near-UV CD spectra (Figure 1). The far-UV CD intensity
of A34C/C121A f-1g at pH 3.0 is slightly smaller than that
of C121A f-lg. However, judging from the similarity of
HSQC spectra as described below, the overall contents of
the secondary structure of C121A and A34C/CI121A f-lgs
were similar, although not the same. The near-UV spectrum
of A34C/C121A f-1g at pH 3.0 was more similar to that of
CI21A p-lg at pH 6.0 than that of C121A f-lg at pH 3.0.
This indicated that the disulfide-linked A34C/C121A dimer
has a structure similar to that of C121A S-lg at pH 6.0, where
CI21A p-lg assumes the form of a noncovalently linked
homodimer.

To analyze the folding mechanisms of the -1g mutants
at the residue level, we measured the '"H—""N HSQC spectra
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FIGURE 1: CD spectra of the 3-lg mutants. Far- and near-UV CD
spectra of C121A $-1g at pH 3.0 (blue) or pH 6.0 (cyan) and 20 °C
and A34C/CI121A B-1g at pH 3.0 (red) and 20 °C.

of C121A S-lg and A34C/C121A B-1g at pH 2.5 (Figure 2).
Assignments of the cross-peaks were accomplished on the
basis of the ’N-edited TOCSY-HSQC and NOESY-HSQC
spectra recorded at 40 °C. Consequently, 97% of the amide
cross-peaks of C121A fS-lg and A34C/C121A f(-lg were
assigned. The chemical shifts are listed in Tables S1 and S2
of the Supporting Information. In the pulse labeling measure-
ments, the HSQC spectra were measured at a lower tem-
perature, 30 °C, to suppress further exchange reactions. Thus,
the cross-peaks at 30 °C were also assigned on the basis of
the TOCSY-HSQC spectra recorded at 30 °C and the
chemical shift changes as the temperature decreased from
40 to 30 °C.

Urea Denaturation and Reversibility from the Unfolded
State. Urea-induced unfolding was monitored by tryptophan
fluorescence. Bovine f3-1g has two tryptophan residues, Trp19
and Trp61 (see Figure 6 below). Whereas Trpl9 is fully
buried inside the B-barrel, Trp61 is exposed to solvent. The
spectral change of bovine 3-1g upon unfolding is considered
to arise mainly from Trp19 because of the weak fluorescence
of W19A f-lg (40). A34C/C121A S-lg exhibited a similar
change in fluorescence to C121A f3-1g upon urea unfolding
at pH 3.0 (Figure 3a,c), implying that the environment around
each tryptophan residue was not affected by the A34C
mutation. The apparent AGSZO value of A34C/CI121A S-lg
obtained from the unfolding experiment was slightly higher
than that of C121A S-lg (Figure 3b,d and Table 1). The Cy,
and m values showed that the disulfide linkage resulted in
unfolding at a slightly higher urea concentration with almost
the same cooperativity. However, it is possible that the low
reversibility of the unfolding of A34C/C121A f-lg under
the strongly native conditions affected the unfolding transi-
tion curve (see below). Both C121A S-lg and A34C/CI121A
p-1g were fully denatured in 7.0 M urea at pH 3.0 (Figure
3b,d). These urea and pH conditions were used as the initial
unfolding conditions in subsequent experiments.

The reversibility of the unfolding of C121A f-lg and
A34C/C121A p-1g was assessed by tryptophan fluorescence
and CD spectroscopies. In the fluorescence measurements,
when the unfolded samples incubated in 7.0 M urea overnight
were refolded in various concentrations of urea diluted 8.5-
fold and subsequent overnight incubation, the resultant
refolding curves agreed with the unfolding curves (Figure
3b,d). The far- and near-UV CD spectra of A34C/CI21A
p-1g refolded in 0.82 and 3.0 M urea were also similar to
those of the native forms at the respective urea concentrations
(data not shown). These results implied that the refolded
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proteins have secondary and tertiary structures similar to
those of the proteins in the native state as monitored using
the tryptophan fluorescence and CD spectra.

To examine the reversibility of the unfolding in more
detail, the HSQC spectra of the samples after refolding
treatment were measured, where the urea in the refolded
samples was removed by gel filtration to improve spectral
quality. The spectra of C121A f$-1g in the native state and
after refolding from 7.0 to 0.82 M urea were indistinguishable
(Figures 4a and S1a). To our surprise, the spectrum of A34C/
CI21A p-lg refolded in 0.82 M urea was clearly different
from that of the native A34C/C121A f-1g (Figures 4b and
S1b). Large shifts, signal broadening, and/or signal splits
were observed for many peaks, revealing that the reversibility
of A34C/C121A f-lg was, in fact, quite low in 0.82 M urea.

To improve the reversibility of A34C/C121A f-1g, we
examined various refolding conditions, i.e., lower and higher
temperatures (5 and 50 °C, respectively), neutral pH (pH
6.0), and lower and higher urea concentrations (0.07 and 3.5
M, respectively). We found that refolding in 3.0 or 3.5 M
urea rather than 0.82 M gave an NMR spectrum much higher
in quality (Figures 4c and Slc). The dependence of one-
dimensional (1D) "H NMR spectra on the urea concentration
showed that the lower the urea concentration, the lower the
reversibility (Figure S2a). This is contrary to our expectation
that the strongly native conditions should promote efficient
refolding. It should be noted that, when these 1D '"H NMR
measurements were made, the urea concentrations were
adjusted to 0.82 M to measure the spectra under the same
conditions among various samples. In the HSQC spectrum
of the A34C/C121A f-lg refolded in 3.0 M urea (Figures
4c and Slc), although some peaks still appeared at positions
different from the native state, the signals became much
sharper and more similar to those of the native A34C/C121A
p-1g, in comparison with the spectrum for the sample directly
refolded in 0.82 M urea (Figures 4b and S1b). Moreover,
the spectrum of the sample incubated in 3.0 M urea for 6 h
after the direct refolding treatment in 0.82 M urea was
indistinguishable from that of the sample directly refolded
in 3.0 M urea, escaping from the misfolded state (data not
shown). The chemical shift differences between the native
sample and the sample refolded in 3.0 M urea are plotted in
Figure S2b. The residues with relatively large differences
were located in the loops between the S-strands, D and E
strands, and o-helix. Although the HSQC spectra still
exhibited small differences between the native sample and
the sample refolded in 3.0 M, the refolding conditions from
7.0 to 3.0 M urea were used in the subsequent refolding
experiments with A34C/CI121A f-lg.

To examine whether the low reversibility of the unfolded
A34C/C121A S-1g was caused by the generation of higher-
order oligomers, sedimentation equilibrium experiments were
performed. However, no oligomer other than a dimer was
detected in the samples refolded in 0.82 and 3.0 M urea or
the native sample (Table 2). These results suggest that the
low reversibility stems from the non-native interactions
produced within each disulfide-linked dimer.

Refolding Kinetics Monitored by Fluorescence and CD.
Refolding kinetics was monitored using tryptophan fluores-
cence with manual and stopped-flow mixing for both the
C121A and A34C/C121A mutants. With the manual mixing
in 0.82 M urea, C121A fS-lg exhibited a small increase in
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FIGURE 2: 'TH—N HSQC spectra of C121A f-lg (a) and A34C/C121A S-lg (b) at pH 2.5 and 40 °C. The labels indicate the assignments
of the cross-peaks corresponding to the backbone HN—N cross-peak or the side chain H*—N¢ cross-peak of tryptophan residues. The red
peaks are those with negative intensities. The spectra were rendered with NMRDraw (34).

fluorescence at 330 nm, which could be fitted with a single-
exponential function (Figure 5b). With the stopped-flow
mixing monitored at 330 nm, a larger change in fluorescence
with the conversion of the unfolded form to the native
structure was observed (Figure 5a). The kinetic trace was
fitted with a quadruple-exponential function. The kinetic
parameters are listed in Table 3. These parameters are
consistent with those reported for wild-type f-lg (28). The
last of the four phases corresponds to that observed in the
manual mixing experiment.

In contrast, the refolding reaction of A34C/C121A f-lg
in 3.0 M urea monitored with the stopped-flow equipment
could not be fitted well because of the slow kinetics and
small change in amplitude (Figure 5a). However, a notable
burst-phase amplitude was observed, indicating that a

structured burst-phase intermediate was formed within the
dead time of stopped-flow mixing, 10 ms. As for the manual
mixing experiment in 3.0 M urea, the kinetic trace was fitted
with a double-exponential function (Figure 5b and Table 3).
We also performed the kinetic fluorescence measurements
in 0.82 M urea. The overall kinetics was faster in 0.82 M
urea than in 3.0 M urea (Figure 5b and Table 3).
Stopped-flow CD experiments were carried out to assess
the extent to which non-native a-helices formed in the
folding intermediates. Within the dead time of 10 ms, C121A
p-lg in 0.82 M urea showed an overshoot indicating the
accumulation of intermediates with non-native o-helices
(Figure 5c) as observed for wild-type f-lg (22, 28). As for
A34C/CI21A f-lg, only a slight overshoot appeared in
the kinetic trace of the refolding from 7.0 to 3.0 M urea
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Table 1: Thermodynamic Parameters for the -1g Mutants at pH 3.0 and
20 OCll

species where AG}J?O (kJ/mol) m (k] mol™! M~y  Cp M)
CI21A 27.1+1.3 7.0+£03 3.9
A34C/C121A 207+ 1.6 6.7+03 4.4

“ Errors are fitting errors.

(Figure 5c). To examine the effects of urea, the experiments
were performed at different concentrations of urea. The
amplitude of overshoot for C121A f-lg was smaller in 2.0
M urea than in 0.82 M urea (data not shown). Consistently,
the amplitude of overshoot for A34C/CI121A fS-lg was
smaller in 3.0 M urea than in 0.82 M urea (Figure 5c).
Although the low reversibility in 0.82 M urea makes a fair
assessment of the formation of non-native o-helices difficult,
it can be assumed that the increase in the concentration of
urea leads to less accumulation of non-native a-helices and
that A34C/C121A f-lg also forms non-native a-helices to
the same extent as CI121A f-lg.

To assess the exposure of hydrophobic surfaces during
refolding, 1-anilinonaphthalene-8-sulfonic acid (ANS) bind-
ing experiments were carried out (Figure 5d—f). When the
refolding of C121A f3-1g was initiated with manual mixing
in the presence of 10 uM ANS and 0.82 M urea, the ANS
fluorescence increased rapidly within the dead time and then
decreased slowly to the level for the native CI21A f-lg
(Figure 5d). The rate of decrease was close to that of the
slowest phase monitored with tryptophan fluorescence (Table
3). This indicates that the intermediates of C121A S-1g bind
ANS molecules to the exposed hydrophobic regions and
release them upon formation of the native protein (Figure
3d.e). In the case of A34C/C121A f-lg refolded in 0.82 M
urea, although a similar transient increase in ANS fluores-
cence was observed, the level of fluorescence did not reach
that of the native form (Figure 5d.f), indicating that A34C/
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CI21A p-lg was trapped in the non-native state with
significant hydrophobic regions exposed. In the presence of
3.0 M urea, the extent of the transient increase in ANS
fluorescence was smaller, and moreover, the spectrum after
refolding agreed with that of the native A34C $-1g in 3.0 M
urea (Figure 5d,f). Since a decrease in fluorescence in 2.0
M urea was also observed for C121A $-1g (data not shown),
the decrease represents common effects of urea on the
refolding intermediates. On the other hand, the final level
of ANS fluorescence confirmed that, in 0.82 M urea, while
CI121A B-lg refolded mostly into the native structure, A34C/
CI21A p-lg did not and that, in 3.0 M urea, the refolding
yield of A34C/C121A f-lg increased significantly.

H—D Exchange Pulse Labeling. H—D exchange pulse
labeling combined with NMR analysis was employed to
obtain structural information about the intermediates that
accumulated within 10 ms. These intermediates exhibited
burst-phase amplitudes in the stopped-flow fluorescence
experiments and overshoots in the stopped-flow CD experi-
ments. In this study, we performed several experiments in
which the duration of the labeling pulse was changed. Then,
by extrapolating the duration time to zero with a single-
exponential function, we calculated Ay, the proton occupancy
value free from the effect of the labeling pulse (36-38).
However, for some residues, proton occupancy depended
little upon the duration of labeling pulse, making the fitting
difficult. For such residues, average values were used instead
of extrapolated values. Furthermore, the residues showing
little difference between references 1 and 0 were not used
as probes (Figure S3).

The number of probes available for C121A S-1g refolded
in 0.82 M urea and A34C/CI121A f-1g refolded in 3.0 M
urea was 69, including one for a side chain, and 46,
respectively (Figures 6a,b and S4). In the plots, an Ay of 0
means that the amide proton was completely protected from
exchange and an Ay of 1 no protection. In other words, the
lower the value of Ao, the more structured the residue is at
a refolding time of 10 ms. The intermediate of C121A f-lg
at 10 ms had several structured regions where relatively low
and similar A values are contiguous in the primary sequence
(Figure 6a,c). Such regions are the B, C, F, G, and H
p-strands and the loop region after the main o-helix.

In the experiments with A34C/C121A f-lg, because of
the slow refolding kinetics, the refolding time after pulse
labeling was set to 4 h, which is much longer than that of
CI21A p-lg, i.e.,, 10 min. The H—D exchange reactions
occurring during the long refolding time affected the quality
of the data. Nevertheless, we can conclude that the structured
regions in the burst-phase intermediate of A34C/C121A S-Ig
were similar to those of C121A S-lg (Figure 6b,d). These
regions are rich in hydrophobic residues, suggesting the rapid
formation of nativelike hydrophobic cores. The hydrophobic
residues may interact rapidly within a relatively small space
without being affected by other peripheral residues, leading
to the fast formation of the core 3-sheets in the monomer or
dimer.

DISCUSSION

Kinetic Trapping of the Disulfide-Linked [3-lg Dimer.
Although the native forms of C121A f-lg and A34C/C121A
[-lg are similar in structure, A34C/C121A f-1g exhibited
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FIGURE 4: Parts of the "TH—'SN HSQC spectra of the native (orange) and refolded (black) forms of the $-lg mutants measured at pH 2.5 and
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pH 3.0 and 20 °C. The spectra were rendered with NMRDraw (34). The full spectra are shown in Figures 2 and S1.

Table 2: Apparent Molecular Weights of the Native and Refolded
A34C/C121A f-1gs in 3.0 and 0.82 M Urea”

Mapp Mapp Mapp
concentration (native) (7.0 — 3.0 M) (7.0 — 0.82 M)
0.3 mg/mL 3.4 x 10* 3.5 x 10* 3.6 x 10*
0.6 mg/mL 3.4 x 10* 3.3 x 10* 3.4 x 10*
0.9 mg/mL 3.2 x 10* 3.5 x 10* 3.6 x 10*

“ The apparent molecular weights were calculated from the sedimen-
tation equilibrium analyses at pH 3.0 and 20 °C.

remarkably slow refolding kinetics, and the reversibility in
0.82 M urea was obviously low according to the results of
the NMR measurements (Figures 4 and S1). The ANS
binding experiments indicated that the A34C/C121A f-lg
which refolded in 0.82 M urea was trapped in a form with
more hydrophobic regions exposed than the native species
(Figure 5d—f). However, the trapped species could not be
distinguished from the native one when monitored using
tryptophan fluorescence spectroscopy (Figure 3) and far- and
near-UV CD spectra (data not shown). These results indicate
that the trapped species has a secondary and tertiary structure
similar to that of the native species, although the precise
conformation differed with more hydrophobic regions exposed.

In 3.0 M urea, the reversibility was much higher judging
from the NMR and ANS fluorescence spectra (Figures 4 and
5d—f). This indicates that the strongly native conditions
achieved with 0.82 M urea adversely affect the refolding to
the native structure. Importantly, the trapped species formed
in 0.82 M could be rescued by subsequent incubation in 3.0
M urea for 6 h, regenerating the mostly native species.
Sedimentation equilibrium experiments revealed that the
samples refolded in 0.82 M and 3.0 M urea did not form
oligomers larger than a dimer (Table 2). These results argue
that the strong non-native intra- and intermonomer interac-
tions exerted at a low urea concentration (i.e., strongly native
conditions) trapped the misfolded dimers in a glassy state

in which molecular conformations are frozen and thermo-
dynamically isolated from one another. In other words, under
the strongly native conditions, the misfolded dimers would
be separated from the native dimers by a high energy barrier
(Figure 7). On the other hand, at moderate urea concentra-
tions (i.e., mildly native conditions), non-native interactions
are less stabilized and, at the same time, the energy barriers
are lower, so the trapped species can be annealed to the native
species.

Folding Mechanism of the Disulfide-Linked (3-lg Dimer.
In spite of the slow refolding of A34C/CI121A f-lg in 0.82
and 3.0 M urea, notable changes in fluorescence occurred
within the dead time of the stopped-flow mixing, 10 ms
(Figure 5a). Also in the stopped-flow CD experiments, within
10 ms, a significant amount of secondary structure was
formed (Figure 5c). The burst-phase non-native o-helices
were also formed as was the case for wild-type S-1g, although
the magnitude depended on the concentration of urea: the
burst-phase amplitude was lower at higher urea concentra-
tions. The H—D exchange pulse labeling measurements
suggested that the structured regions of A34C/C121A S-1g
during the burst phase in 3.0 M urea are similar to those of
the monomeric C121A fS-lg, i.e., the B, C, F, G, and H
[-strands. Although the strong protection of G and H strands
as shown in Figure 6 was similarly observed in our previous
reports with wild-type -1g (27, 28), the protection pattern
of other regions was distinct. Kuwata et al. (28) have
suggested the protection of A, F, G, and H strands and the
main o-helix at an early stage of the refolding, within 1.8
ms, and the existence of non-native o-helix around strand
A. Considering that Kuwata et al. (28) observed drastic
change in proton occupancy within 10 ms, this difference
may be caused by the limitation of our apparatus with a dead
time of 10 ms. It is likely that there are large differences
between the structures at 1.8 and 10 ms. Another possibility
is that the distinct pattern of protections is caused by the
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FIGURE 5: Refolding kinetics of the $-1g mutants. Refolding kinetic
traces of C121A S-lg from 7.0 to 0.82 M urea (blue) and A34C/
CI121A B-lg from 7.0 to 0.82 M (red) or 3.0 M (green) urea by
manual (b) and stopped-flow (a and ¢) mixing monitored using
tryptophan fluorescence at 330 nm (a and b) and CD at 222 nm (c)
at pH 3.0 and 20 °C. (a and b) Tryptophan fluorescence intensity
was normalized assuming the levels of the native (N) and denatured
(D) forms. The fitting curves are colored black. (c) The subscripts
NO0.82, N3.0, and D7.0 with M and D denote the levels of the native
forms in 0.82 and 3.0 M urea and the denatured forms in 7.0 M
urea of CI21A f-lg (M, monomer) and A34C/C121A S-1g (D,
dimer), respectively. (d) Refolding kinetic traces of CI21A f-lg
from 7.0 to 0.82 M urea (Mggs;) and A34C/CI121A f-lg from 7.0
to 0.82 M (Dgos2) or 3.0 M (Dgs,) urea monitored by measuring
ANS fluorescence at 485 nm, pH 3.0, and 20 °C. Mxos2, Dnos2,
and D3 denote the levels of the native forms of C121A S-1g in
0.82 M urea and A34C/CI21A f-lg in 0.82 and 3.0 M urea,
respectively. The fitting curves are colored black. (e and f) ANS
fluorescence spectra of C121A -1g (M) (e) and A34C/C121A S-lg
(D) (f) in the native state and the refolded state in 0.82 M (N0.82
and R0.82) or 3.0 M (N3.0 and R3.0) urea and the denatured state
in 7.0 M urea (D7.0).

difference in the pulse labeling methods employed. In this
study, by extrapolating the length of pulse labeling to time
zero, we calculated the A, value free from the effects of pulse
labeling. On the other hand, Kuwata et al. (28) calculated
the protection factors by changing the pH of pulse labeling.
Additionally, because the counterpart of the main a-helix,
Cys121 on strand H, was mutated in CI121A f-lg, the
formation of the main o-helix might be affected. Recently,
Nakagawa et al. (47) have suggested the existence of non-
native o-helix around strand H in the acid-induced equilib-
rium intermediate of equine -1g. However, at this moment,
it is difficult to compare their results with ours because the
two f3-lgs from different species exhibit various structural
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differences. Most importantly, bovine f3-1g retains the native
conformation at acidic pH where equine 3-lg assumes the
intermediate state.

Taking into account the results described above, we
suggest why the refolding of A34C/C121A f-lg is so slow
in comparison with the refolding of C121A f3-1g. For both
CI21A f-1g and A34C/C121A f-lg, regions including the
B, C, F, G, and H -strands rich in hydrophobic residues
form nativelike core structures rapidly within 10 ms, mainly
via local hydrophobic interactions. In addition, non-native
o-helices are formed in several regions. As for C121A S-lg,
the subsequent slow kinetics after the burst phase arise from
a rearrangement of the non-native a-helices into the native
[-strands and concomitant formation of the specific side
chain interactions. These events occur intramolecularly.

In the case of A34C/C121A f-lg, we found that a similar
burst-phase intermediate with core -strands and non-native
o-helices is formed. The core structure is mainly formed by
local hydrophobic interactions independent of molecular size
and redundant sequence. Although a considerable amount
of secondary and tertiary structure is formed in the inter-
mediate, additional non-native intermonomer interactions are
likely to be formed in the burst and subsequent phases. In
the presence of 3.0 M urea, although these non-native
interactions slow the refolding, A34C/C121A f-lg manages
to refold to the native structure, jumping over the kinetic
high energy barriers. However, in 0.82 M urea, wrong
interactions are too stable to rearrange into the native forms,
so the molecules are trapped (i.e., frozen) in the misfolded
glassy state with an exposed hydrophobic surface. This
results in the low reversibility observed under strongly native
conditions (Figure 7).

To discuss further the effects of increasing size on protein
folding, it is significant to compare our results with those
on the folding kinetics of engineered chymotrypsin inhibitor
2 (CI2) (42). Inaba et al. (42) conducted the kinetic
experiments using the double-CI2 protein, in which another
CI2 polypeptide was inserted into the loop region of the
parent CI2. In both their and our studies, the doubled proteins
folded much slower than the monomeric proteins. Intrigu-
ingly, double CI2 folded into two distinct native conforma-
tions as revealed by twin peaks of HSQC spectra. In the
case of A34C/C121A pB-lg, twin peaks were apparently
observed for the side chain of Trp61 in the HSQC spectrum
when the protein was refolded in 0.82 M urea (Figure 4b).
However, peaks from some residues became broad compared
to those in the native state, suggesting that some regions of
the refolded A34C/C121A (-1g had multiple conformations.
When the results from the different techniques are combined,
we find that the trapped glassy states might be a mixture of
several species, in which some residues adopt unique
conformations similar to those of the native state, giving
relatively sharp peaks in the HSQC spectra and the similarity
of overall secondary structure.

When the protein molecules are large, the refolding yield
decreases seriously, leading to irreversible unfolding even
for proteins made up of domains. Here, the folding of the
disulfide-linked dimer of f3-1g illustrates how the efficiency
of the refolding process is determined by an energetic balance
of correct and incorrect interactions. The refolding reaction
of 5-1g, a B-barrel protein made of 162 amino acid residues,
is intrinsically complicated, experiencing an a-helix—/-sheet
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Table 3: Kinetic Parameters of the Refolding Reactions of f-lg Mutants at pH 3.0 and 20 °C*
CI21A
ka (s71) ks (s71) ka (s71)

LIGS%) (254 03) x 107 1(11%) (44 £0.1) x 1072 (19%) —
(32 +02) x 102 (15%) —
1.7 x 1072 (40%) 6.1 x 1073 (60%)

burst phase ki (s7hH

7.0 — 0.82 stopped-flow (Trp) — (41%) 9.1 £ 0.4 (8%)
M urea manual (Trp) — (79%) —
manual (ANS) — — — —

type of mixing ks (s7)

A34C/C121A

type of mixing burst phase ki (s7hH ky (571 ks (s7h ky (571

7.0 — 0.82 manual (Trp) — (44%) — (74 +£02) x 1073 (20%) (7.5 £ 0.1) x 107* (12%) —
M urea — —
manual (ANS) — 1.3 x 107! (22%") 3.9 x 1073 (39%") (8.1 £0.1) x 1074 (24%") 2.0 x 107 (16%")
7.0 — 3.0 manual (Trp) — (24%) — (7.1 £03) x 1073 (13%) 8.3 x 107* (34%) —
M urea — —

manual (ANS) —

(8.6 £0.5) x 1072 (19%"”) (3.8 £0.1) x 1073 (16%") (9.0 £ 0.1) x 107* (46%") 1.6 x 1074 (20%")

“ Errors are fitting errors. ” Negative amplitudes after the overshoot.

transition. Doubling the size by introducing the intermo-
lecular disulfide bridge increases the chance of wrong
intermolecular interactions, such as possible domain swap-
ping caused by redundant sequence, particularly during
folding. Nevertheless, the folding core is rapidly formed
within milliseconds mainly by local hydrophobic interactions
inside each domain. In the subsequent folding steps, unless
the wrong intermolecular interactions are highly stable, the
B-1g dimer refolds successfully to form the native structure,
even though folding rates are seriously reduced. However,
if the interactions are too strong, non-native conformations
are frozen as observed here, forming the glasslike misfolded
species.

CONCLUSIONS

A disulfide-linked dimer of f-lg without the free thiol
group, A34C/C121A f-1g, was constructed to investigate the

folding mechanism of a large protein in which many
components interact in a small space. The refolding of a
disulfide-linked dimer of A34C/C121A f3-1g was very slow
in comparison with that of the monomeric C121A $-1g, and
the reversibility was not complete. The refolding yield
depended on the urea concentration: the lower the concentra-
tion, the lower the yield. A comparison of the burst-phase
intermediates of the monomeric C121A fS-lg and dimeric
A34C/C121A f-1g indicated that the core (-strands which
formed early in the refolding process are similar to each
other. The results suggest that the non-native interactions
between the monomers occur through peripheral residues,
i.e., exposed loops and noncore residues, in A34C/C121A
p-1g. The intermediates can slowly transform into the native
structure unless the stability of the non-native interactions
is high. However, under strongly native conditions, these
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FIGURE 7: Schematic representation of the folding mechanisms of
the $-1g mutants using the folding funnels. At the early stage of
refolding, the $-1g mutants fold similarly, driven by hydrophobic
interactions. In the following steps, while the monomeric 3-1g folds
as smoothly as wild-type $-lg, the disulfide-linked dimeric f3-lg
folds much more slowly due to many non-native interactions
causing the rough funnel surface. Unless the non-native interactions
are destabilized by moderate concentrations of denaturant, making
the funnel surface smoother, the dimeric $-Ig remains in a glasslike
trapped state.

non-native interactions are stabilized, leading to the glassy
trapped state.

The picture of refolding of A34C/C121A S-lg described
above is in agreement with the concept of a funnel-like
folding landscape (Figure 7): overly strong interactions make
the folding funnel rough, producing many kinetic traps which
prevent efficient and rapid folding (4, 43). These results also
suggest that many large proteins can refold by taking
advantage of a mechanism similar to that observed for the
refolding of A34C/C121A f-1gin 3.0 M urea. In other words,
for large proteins, kinetic trapping by non-native interactions
would be inevitable. One approach to preventing such kinetic
trapping is, as demonstrated here, to destabilize the native
form, which has the simultaneous effect of melting the frozen
glasslike intermediate. This approach is a technologically
important way to enhance the yield of refolding from the
denatured proteins, e.g., inclusion bodies. An alternative
approach might be a unique folding pathway evading the
kinetic traps, instead of multiple folding pathways as
suggested by the folding funnel.

SUPPORTING INFORMATION AVAILABLE

NMR spectra and analyzed data (Figures S1—S4) and
chemical shift tables (Tables S1 and S2). This material is
available free of charge via the Internet at http://pubs.acs.org.
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