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Bovine β-lactoglobulin (βLG) has been one of the most extensively studied proteins in the history of protein
science mainly because its abundance in cow's milk makes it readily available to researchers. However,
compared to other textbook proteins, progress in the study of βLG has been slow because of obstacles such as
a low reversibility from denaturation linked with thiol–disulfide exchange or monomer–dimer equilibrium
preventing a detailed NMR analysis. Recently, the expression of various types of recombinant βLGs combined
with heteronuclear NMR analysis has significantly improved understanding of the physico-chemical
properties of βLG. In this review, we address several topics including pH-dependent structural dynamics,
ligand binding, and the complex folding mechanism with non-native intermediates. These unique properties
might be brought about by conformational frustration of the βLG structure, partly attributed to the relatively
large molecular size of βLG. We expect studies with βLG to continue to reveal various important findings,
difficult to obtain with small globular proteins, leading to a more comprehensive understanding of the
conformation, dynamics and folding of proteins.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Bovine β-lactoglobulin (βLG) has been one of the most extensively
studied proteins in the history of protein science [1–4]. The major
reason for this is simply its abundance in cow's milk: the concentra-
tion of βLG inmilk is about 0.2 g/100ml, next to casein (2.9 g/100ml)
[5], making βLG easily accessible to researchers. For the same reason,
sperm whale myoglobin [6,7], hen egg lysozyme [8,9], and lactate
dehydrogenase [10,11] are examples of proteins on which extensive
studies were performed in the 1950s, leading to the determination of
their 3D structure and an understanding of structure–function
relationships. Extensive studies with βLG started in the 1950s and
have provided important information regarding structure and func-
tion. These included the pH-dependent conformational transition
known as the Tanford transition [12] and the binding of various
hydrophobic ligands [13], making βLG an excellent model for the
molecular study of proteins as reviewed previously [2–4,14–17].

However, compared to other textbook proteins, detailed structural
studies on βLG were slower because of several obstacles. Medium
resolution X-ray crystallographic structures of βLGwere reported only
in the late 1980s [18], followed by a series of high resolution
structures, some including ligands [19–21]. Low reversibility from
denaturation linked with thiol–disulfide exchange prevented the
detailed study of protein folding with βLG [22], though such exchange
is relevant to gelation [23,24] and advantageous for the food
).
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applications. The X-ray structures suggested the mechanism of the
Tanford transition [20] and ligand binding [19,21]. However, details in
solution have remained unknown because heteronuclear NMR
analysis, a powerful technique often used for other proteins, has
been difficult to apply to βLG at neutral pH.

Recently, obstacles preventing the detailed molecular understand-
ing of the structure and dynamics of βLG in solution have been cleared
by expressing wild-type [25–31] and suitable mutants [32,33] or by
choosing appropriate experimental conditions as well as employing
advanced analytical techniques, in particular heteronuclear NMR.
Consequently, we now understand the molecular basis of the unique
properties of βLG indicated in earlier studies. Moreover, supported by
heteronuclear NMR, we believe that βLGwill continue to be one of the
most important targets of protein science for several reasons. First of
all, it is a typical globular protein of moderately large molecular size.
So far, detailed studies of folding in solution have been performed
with relatively small proteins, typically less than 100 amino acid
residues, creating the concept of rapid folding without folding
intermediate or complex folding funnel [34–36]. However, studies
with larger proteins, e.g. apomyoglobin prepared by the removal of
heme from myoglobin [37,38], suggest important roles for folding
intermediates in productive folding [39]. It is likely that βLG will
provide a wealth of information about the roles of such key
intermediates. On the other hand, the binding of ligands to βLG
continues to be an intriguing topic. From a more practical viewpoint,
aggregation of βLG is closely related to food processing properties of
milk. Taken together, it is increasingly important to obtain further
understanding of the structure, dynamics, and ligand binding of βLG.
In this review, we overview recent advances focusing on studies with
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NMR. For the physico-chemical properties of βLG, readers should also
refer to other reviews [4,14,15].

2. Structure of βLG

βLG consists of 162 amino acid residues (18 kDa), containing two
disulfide bonds (Cys 66–Cys 160 and Cys 106–Cys 119) and a free thiol
(Cys 121). Structures of βLG have been reported by several groups
with X-ray crystallography [19–21] and solution NMR [29,40,41]
(Fig. 1A). It is a predominantly β-sheet protein. The β-barrel, or so-
called calyx, is conical and is made of two β-sheets: the B–D strands
and N-terminal half of the A strand (denoted AN) form one sheet, and
the E–H strands and C-terminal half of the A strand (denoted AC)
form the other (Fig. 1B). On the outer surface of the β-barrel,
between the G and H strands, is the 3-turn α-helix. The loops that
connect the β-strands at the closed end of the calyx, BC, DE, and FG,
are generally quite short, whereas those at the open end, AB, CD, EF,
and GH, are significantly longer and more flexible [19]. In the calyx,
there is a large central cavity which is surrounded by hydrophobic
residues and is accessible to solvent. This cavity provides the
principal ligand-binding site. βLG contains two tryptophan residues,
Trp 19 on the A strand and Trp 61 on the C strand. The former is
buried in the hydrophobic core whereas the latter is exposed to the
solvent in the native structure, making them useful probes for
monitoring site-specific conformational changes. In addition, studies
on the monomer–dimer equilibrium [30,32,42,43] and the reactivity
of the thiol group of Cys121 deeply buried between the α-helix and H
strand [44–48] revealed other important properties of βLG.
Fig.1. The 3D structure and amino acid sequence of bovine βLG. (A) Ribbon diagram of a singl
Trp residues are represented as balls and sticks. The diagram was produced using the prog
residues of the βLG sequence. Residues making up the α-helix, β-sheet, and loop are repres
indicate the positions of disulfide bonds. It is seen that βLG has two β-sheets; The B–D stran
and C-terminal half of the A strand (denoted AC) consist of the other.
βLG belongs to the lipocalin family, a subclass of the calycin
superfamily [49]. There are two other subfamilies in the calycin
superfamily; the fatty acid-binding protein (FABP) family and the
avidin family. The functions of most lipocalins, such as tear lipocalin
[50], and FABPs, such as I-FABP [51], are in the transportation of
ligands. However, some lipocalins, such as L-PGDS [52] and glycode-
lins [53], etc., have other specific functions. It is suggested that these
proteins originated from the same gene, but now have different genes
and functions after gene duplication and evolution [16,53]. Indeed, the
behavior of βLG described above is shared by other members of the
family.

3. Molecular mechanism of the Tanford transition

3.1. Equilibrium transition

Although βLG exists in a native state over a wide range of pH
values, it shows slight conformational changes during a change of pH
[54]. Among the pH-dependent conformational changes of βLG, the
Tanford transition is the most important because it is thought to be
related to the function of βLG. Tanford et al. [55] observed a change in
optical rotatory dispersion at pH 7.0 representing a certain conforma-
tional change. Subsequently, they found that this conformational
change is accompanied by a deprotonation of a carboxyl groupwith an
anomalous pKa of 7.5 [20,55].

Qin et al. [20] reported an important observation about the Tanford
transition from crystal structures solved at pH 6.2 and 7.1. By
comparing these two crystal structures, they found that the EF loop,
e subunit of bovineβLG lattice X, whose pdb code is 1BEB [19]. The β-strands are labeled.
ram MolFeat (FiatLux, Tokyo, Japan). (B) A schematic representation of the amino acid
ented by hexagons in red, squares in blue, and circles in grey, respectively. Green lines
ds and N-terminal half of the A strand (denoted AN) consist of one and the E–H strands
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one of the loops located at the open end of the central cavity, is
oriented as if it “closes” the entrance to the cavity at pH 6.2, while it
“opens” the entrance at pH 7.1. Furthermore, Glu 89, located on the EF
loop, is buried and protonated in the closed form, while it is exposed
and deprotonated in the open form. Glu 89 is attributed to the
anomalous pKa of 7.5 [20]. The conformational change seems to
control the binding of ligands to βLG, since the EF loop is likely to
regulate access to the central cavity [19,20,55]. In addition, Vijaya-
lakshmi et al. [56] reported an interesting crystal structure of a βLG
dimer formed under low-humidity conditions. In the dimer, one
monomer assumes open conformation whereas the other does half-
closed conformation. Their results suggest that the populations of the
open and closed forms are determined by a subtle balance of
stabilizing interactions, which are determined not only by pH but
also by other parameters, such as humidity in this case.

We suggested an energetic mechanism for the Tanford transition
based on experiments with fluorescence [57]. The Gdn-HCl denatura-
tion of βLG was measured at various pH values by monitoring
tryptophan fluorescence. The pH-dependence of the free energy of the
N and I states with respect to the U state was obtained by a global
fitting of the pH- and Gdn-HCl-dependent fluorescence data with
theoretical equations, which were derived by combining the pH-
dependence of unfolding equilibrium [58] with its Gdn-HCl depen-
dence [59]. The fitting indicated a mechanism whereby, at acidic pH,
the stability of the native (ΔGNU) and intermediate (ΔGIU) conforma-
tions varies in the same manner as a function of pH, while, at neutral
pH, ΔGNU decreases and ΔGIU is constant (Fig. 2). This breaks the
apparent two-state behavior at acidic pH, causing the I state to
accumulate at neutral pH. As will be described below, from a detailed
analysis of the pH-dependent change monitored using heteronuclear
NMRmeasurements, we showed that regions including the CD and EF
loops are locally unfolded at neutral pH. We suggest that this locally
denatured state corresponds to the “open” state reported by Tanford
et al. [55] and Qin et al. [20].

3.2. Molecular dynamics and NMR with a 13C-enriched ligand

Not only the equilibrium properties but also the dynamic
properties of the Tanford transition were addressed. One study
involved molecular dynamics simulations on the basis of the crystal
structure, performed by Fogolari et al. [60]. Their energy calculations
indicated that the closed and open conformations are favored when
Glu 89 is protonated and deprotonated, respectively, a result
expected from the crystal structures. However, the conformational
transition from an open to a closed state was not observed within the
Fig. 2. pH-Dependence of folding free energies for native (red) and intermediate (blue)
forms of wild-type βLG. This profile was obtained from the result of global fitting of the
pH- and Gdn-HCl-dependent fluorescence spectra with the theoretical equations
described in ref [62]. The energy difference at pH 7.5 between the native and
intermediate states is smaller than that at pH 2.5 or pH 4.5, indicating that the relative
population of the intermediate with respect to the native structure is larger at neutral
pH than at acidic pH or at the isoelectric point (pI of βLG=4.7).
period of their simulation (i.e. 3 ns), suggesting that the conforma-
tional transition occurs on a slower time scale. Ragona et al. [61] also
investigated the dynamics of the Tanford transition by measuring
NMR signals of a 13C-enriched palmitic acid (PA) bound to βLG. They
observed a split in the signal from the carboxyl carbon of the bound
PA at around pH 7. This result also indicates that βLG showed the EF
loop conformational change at this pH and the open and closed
conformations are in a slow exchange, taking tens of milliseconds or
more, with no discrepancy with the result of the simulation by
Fogolari et al. [60].

3.3. Heteronuclear NMR approaches

We investigated the Tanford transition of βLG using heteronuclear
NMR measurements [57,62]. Since severe signal broadening due to
monomer–dimer equilibrium prevented NMRmeasurements of wild-
type βLG at neutral pH, we searched for optimal sample conditions,
finding that a disulfide bond linked-dimer of the mutant A34C gives a
HSQC spectrum without signal broadening [57]. With the disulfide-
linked dimeric A34C βLG as a model, we performed three types of
NMR experiments to obtain information about the conformational
dynamics of βLG in different time scales.

First, information on the dynamics over a time scale of the ps–ns
was obtained from the change in chemical shifts. We measured pH-
dependent HSQC spectral changes of βLG and applied a principal
component analysis (PCA) to the chemical shift data [62]. Then, we
found a cluster of residues with large chemical shift differences (Δδs)
at the G strand with a pKa of 6.9 (Fig. 3A). Because these residues are
located near the carboxyl group of Glu 89, the chemical shift changes
seem due to the deprotonation of the carboxyl group.

Second, information of the motion on a time scale of μs–ms was
obtained from a Lipari–Szabo-type model-free analysis [63,64].
Among the parameters obtained from this analysis, we focused only
on the excess transverse relaxation constant, Rex, which is related to
the degree of motion on this scale [57]. It was found that Ile 84, Asn 90,
and Glu 108 showed notable differences in Rex between the two pH
values (Fig. 3B). These three residues are located at the hinge part of
the EF loop flip motion and form hydrogen bonds with each other.
Thus, we attributed the observed micro- to millisecond motions to
fluctuations of hydrogen bonds in these residues. This motion
becomes significant at pH higher than 7.0.

Third, for information about motion on a time scale of ms or
slower, we inspected the change in signal intensity upon pH change,
finding that residues at the D strand, EF loop and GH loop showed
decreases in their signals without significant Δδ (Fig. 3C). Thus, we
consider that the timescale of the conformational change to these
regions is in the order of microseconds or slower.

By combining these events, a series of conformational changes
giving rise to the Tanford transition has been suggested (Fig. 4)
[57,62]. First, the carboxyl group of Glu 89 is deprotonated. Next, there
is a fluctuation in the hydrogen bonds between the backbone atoms at
residues Ile 84, Asn 90, and Glu 108. Finally, unfolding at the D strand
and the EF and GH loops occurs. Although the initial deprotonation
makes the open conformation more stable, the conversion to it cannot
occur simultaneously because the second and third steps have
different rate-limiting factors. As discussed above, a βLG molecule
can assume various structural states, and the populations of each state
are determined by a mechanism linking these states, which together
describe the pH-dependent Tanford transition (Fig. 4).

It is interesting that the open-close behavior of βLG has not been
reported for other calycin proteins. For example, there are no reports
of pH-dependent structural changes for L-PGDS and I-FABP: only
unique structures of these proteins were reported [65,66]. However,
loops on the open side of the β-barrel show significant fluctuations.
This is the same feature as that of the open form of βLG. Thus, it is
tempting to consider that the open–close behavior is unique to βLG,



Fig. 3. Dynamics of βLG on various time scales. (A) Chemical shift differences for the transitions at pH 6.8 as information on motion over a time scale of ps–ns. This profile was
obtained through the principal component analysis [62]. Heights and colorations of the bars indicate the distances and directions of the signal displacements, respectively. The
blue and red bars at the top of each panel indicate the positions of β-strands and α-helices, respectively, and the orange circles are those of interfacial residues of the βLG dimer.
(B) Comparison of Rex values of βLG A34C obtained from relaxation analyses at pH 6.5 (red) and 7.3 (blue) as information on a time scale of μs–ms. The arrows indicate the data on
Ile 84, Asn 90, and Glu 108, which show a significant difference in Rex values between pH 6.5 and pH 7.3. (C) Ratio of intensities of HSQC signals between pH 6.5 and 7.3 as
information on motion over a time scale of ms-slower. Significant decreases in intensity were observed at the D strand and the EF and GH loops. Adopted from [57] and [62].
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and the open form of βLG shares properties common with other
calycin superfamily members.

4. Ligand binding

One major characteristic of βLG is its binding of various hydro-
phobic ligands. The binding of ligands has been studied extensively
[16]. It has been proposed that βLG enhances the uptakes of fatty acids
and vitamin D in vivo [67,68], although it is still controversial whether
the binding property is relevant to the biological role of βLG. Specific
binding of βLG had already been recognized in the 1940s [69]. Since
Fig. 4. The process of the closed-open conformational transition of βLG. This is an illustration
group of Glu 89. Next: the fluctuation or cleavage of hydrogen bonds between backbone atom
occurs. The native, or closed, state, which is the leftmost form of the figure, is accessible to the
group of Glu 89.
then, many ligands have been observed to bind βLG. The binding
constants for the ligands were determined by a variety of methods
[14,17,25,48]. Since the end of the 1990s, crystal structures of βLG in
complexes with various ligands have been reported [16,21,70–72].
Although several possible binding sites were seen in the crystal
structures, most ligands lie within the central cavity of the protein,
indicating that the cavity is the primary binding site of ligands
[16,21,70,71]. The central cavity seems to accommodate linear
molecules like fatty acids and also retinol.

A βLG complex with palmitic acid (PA) reported by Wu et al. [71]
provides important insight into the mechanism of binding. The
of each step in the Tanford transition. The first step: the deprotonation of the carboxyl
s at Ile 84, Asn 90, and Glu 108. Third: unfolding at the D strand and the EF and GH loops
intermediate, or open, state, the rightmost form, through deprotonation of the carboxyl



Fig. 5. Comparison of the spectral changes upon ligand binding of βLG and I-FABP.
(A) Mapping of Δδs of βLG. Residues whose Δδ is larger than 0.15, 0.10, and
0.05 ppm are colored red, orange, and yellow, respectively. Unassigned residues are
colored green. (B) Mapping of Δδs of I-FABP. Residues whose Δδ is larger than 0.4,
0.2, and 0.1 ppm are colored red, orange, and yellow, respectively. Residues that
appeared upon the binding of PA are green. In both panels, left and right images are
front and rear views of the crystal structures, respectively. Adopted from [73].
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aliphatic tail of PA is deeply stuck into the barrel of the βLG molecule
and fixed by hydrophobic interaction, while the carboxylate head
group of PA electrostatically interacts with the amino groups of the Lys
60 and Lys 69 side chains. With this crystal structure, the βLG-PA
complex seems rigid.

With the disulfide-linked dimeric A34C βLG as a model of βLG, we
studied the mechanism of the binding of PA. Again, the advantage of
using the dimeric A34C βLG was obvious: with highly resolved HSQC
spectra at pH 6.5 and 40 °C, we could monitor the effects of binding at
respective residues. Titration with PA monitored with HSQC spectra
indicated that the fluctuation of the βLG molecule becomes more
prominent upon the binding of PA [73]. HSQC spectra and transverse
relaxation rates (R2s) in the presence and absence of PA were
compared, revealing that some motions on a time scale of μs–ms are
enhanced by the binding of PA at residues at the open end of the barrel
(Fig. 5A). On the other hand, residues encompassing the cavity were
found to interact rigidly with the PA molecule [74,75]. The results of
the R2 measurements support this picture: significant enhancements
of the R2 upon the binding of PA were observed for the residues
around the entrance of the barrel.
Fig. 6. RMSD of Cα of six structures of ligand-bound βLGs. Structural variability of βLG in t
sample structures of βLG in the ligand-bound state, the coordinateswith 2GJ5,1B0O,1BSO,1G
retinoic acid and palmitate, respectively [21, 70–72], were used. The maxima of the RMSD a
It should be noted that the pattern of change in signal intensity
obtained from the PA-binding experiment (Fig. 5A) is quite similar to
that from the pH titration experiment (Fig. 3C). This suggests that the
binding of PA induces a conformational change similar to that from a
closed to open form, as seen in the Tanford transition [4,19,55]. Thus,
the binding of PA seems to make the residues located at the entrance
of the barrel more mobile. The population of the open form, or the
partially unfolded intermediate, is minor at neutral pH. However,
when the intermediate encounters a ligand, they form a stable
complex, making its population dominant. This interpretation is
similar to the case of the “pre-existing model” or “population shift”
schemes of ligand binding [76].

More evidence supporting the flexibility of the entrance region is
provided by the crystal structures of βLG–ligand complexes. Six pdb
codes are available for βLGmolecules in complexes with ligands in the
cavity [21,70–72]. After the Cα traces of these structures were aligned,
RMSD values for each residue were calculated. The residues with a
high RMSD are seen at the D strand, EF loop and GH loop (Fig. 6),
indicating that the entrance region is capable of adopting a variety of
conformations in the open form.

NMR measurements of the binding of PA to I-FABP performed by
Hodsdon et al. [65] showed contrasting behavior (Fig. 5B). In I-FABP,
residues with a large Δδ upon the binding of the ligand are
distributed around the barrel, similar to the case of βLG. However,
the number of observable signals for I-FABP increased upon the
binding. Furthermore, a relaxation analysis revealed that the “portal
site”, which acts as a lid to the cavity and is mobile in the ligand-
free conformation, becomes more rigid upon the binding. These
results indicate that the binding of the ligand leads to the
immobilization of some residues in I-FABP, in marked contrast to
the case of βLG (Fig. 5A). On the other hand, the binding mechanism
of mouse major urinary protein (MUP), which is one of calycin
protein, to its ligand seems similar to that of βLG. Zidek et al. [77]
estimated the entropic contribution to the free energy of the binding
of MUP to the ligand arising from (NMR-derived) backbone motions.
They concluded that, although the residues with increased mobility
after ligand binding are distributed throughout the β-barrel structure
of MUP, these residues are particularly prevalent in a helical turn and
irregularly structured region (residues 27–40) proposed to form a
ligand entry gate at one end of the binding cavity. The conclusions
are similar to those of βLG.

L-PGDS, which is also one of calycin proteins, has a huge cavity
larger than that of βLG. The binding site has specific residues
complementary to the conformation of its inherent substrate,
prostaglandin H2 (PGH2), tightly confining the ligand in the bound
form. However, at the bottom of the cavity, L-PGDS can simulta-
neously bind another hydrophobic ligand [66]. Because there are no
residues which could constrain the ligand's conformation by electro-
static interactions or hydrogen bonds, the binding of the ligand seems
to be driven by hydorophobic interactions, and thus less specific.

The dominant force driving the binding of ligands to the calycin
members is hydrophobic interaction, as the central cavity is almost
completely lined by hydrophobic residues. Jameson et al. [78]
calculated surface free energy of the hydrophobic cavity of βLG
he ligand-bound state was examined as RMSD of main chain Cα atom coordinates. As
X8,1GX9 and 1GXA, whose ligands are vitamin D, PA,12-bromododecanoic acid, retinol,
re seen at the D strand, and the EF and GH loops.
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considering the surface tension. They discussed that, although
maintaining the hydrophobic cavity imposes entropic (or free
energy) cost, the binding of ligands compensates for the energetic
cost. In addition, the open end of the barrel has structural variability
which confers low specificity but high affinity. This scheme resembles
the recognition of substrates by GroEL [79–81]. GroEL recognized the
exposed hydrophobic regions of fully or partly unfolded proteins. The
substrate-binding site in the apical domain is hydrophobic and
flexible and can indiscriminately catch various substrates. However,
Fig. 7.High helical propensity of βLG in comparisonwith other lipocalin proteins. (A) Probabi
[115], HNNC [116], MLRC [117], PHD [118], Predator [119], and SOPM [120] algorithms indica
ANTHEPROT [121]. The secondary structural elements determined on the basis of the crystal
predictions for lipocalin proteins. Each result shown is a consensus of the prediction algorith
βLG; RABP, epididymal retinoic acid-binding protein: INS, insecticyanin; MUP, mouse majo
protein; BBP, bilin-binding protein. Sequences of these proteins were quoted from ref. [122]
and α-helix, respectively. Residues indicated by grey are those which were not given a clea
additional specificity is provided by other geometric factors, that is,
the shape and volume of the cavity and the arrangement of a few
hydrophilic or charged residues in the cavity. Recently, binding
promiscuity has been proposed as a basic mechanism increasing the
complexity of networks, in which intrinsically unstructured proteins
might play important roles [82–84]. With βLG, we have another
example of binding with low specificity but high affinity, which may
play an important role in protein-ligand and protein-protein
networks.
lities of secondary structure of βLG predicted by DPM [112], DSC [113], GOR1 [114], GOR3
ted by h (helix), e (sheet), t (turn), and c (coil). These algorithms were executed with
structure of bovine βLG (PDB entry 1BEB) is shown on the top. (B) Secondary structure
ms used in (A). The proteins analyzed here are as follows; BLG, bovine βLG; ELG, equine
r urinary protein; A2uG, α2u-globulin; NPL, neutrophil lipocalin; RBP, retinol-binding
and articles therein. Residues indicated by blue and red are predicted to be in β-strand
r prediction.
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5. Folding with non-native intermediates

βLG folds through a unique pathway with non-native intermedi-
ates [85]. On the basis of stopped-flow experiments with conventional
spectrometric methods [28,31,85,86], the folding scheme for βLG has
been summarized as follows;

UYIburstYIfold I1�2 or I1�4ð ÞYN scheme1

where U and N are the unfolded and native states, respectively, and Is
are different kinds of intermediate. Iburst, a burst-phase intermediate
observed in a CD stopped-flow experiment, is unique to βLG because it
contains a significant amount of a non-native α-helical component. In
the subsequent Ifold state, the α-helical content is decreased and
concomitantly the β-sheet content is increased. The Ifold state might
include two or four distinct intermediates from CD and fluorescence
stopped-flow experiments, respectively [31,85]. However, because
these intermediates (I1–2 or I1–4) have not been further characterized,
here we combine them for convenience. The unique folding process
for βLG is often referred to as the α–β transition, and considered to be
a case of non-hierarchical folding which might play an important role
in biological processes [87,88]. Related to this, it has been suggested
that βLG in the partially unfolded state with a non-native α-helix
forms amyloid fibrils [89].

The accumulation of the non-native α-helix is explained by a high
α-helical propensity of its amino acid sequence according to
secondary structure predictions [90,91] (Fig. 7A). However, the non-
native α-helices are eventually converted to the native β-structure
because of the non-local interactions formed in the subsequent
refolding steps [85,92]. For clarification of the folding of these
proteins, the characterization of folding intermediates using hetero-
nuclear NMR combined with hydrogen/deuterium (H/D) exchange
will be useful [38,93].

The Iburst state of βLG has been investigated by H/D exchange pulse
labeling combined with NMR by Kuwata et al. [31]. They have
characterized the structural and dynamic properties of Iburst. The
folding of βLG was monitored over the 100 μs to 10 s range using
ultrarapid mixing techniques in conjunction with fluorescence
detection and H/D exchange. Trp fluorescence indicated that the
conversion to Iburst occurs with a time constant of 140 μs. Within 2 ms
of refolding, well protected amide protons indicative of a stable
hydrogen bonded structure were found only in a domain comprising
β-strands F, G and H, and the main α-helix. On the other hand, weak
protection of amide protons in a segment spanning residues 12–21
Fig. 8.Non-hierarchical folding of βLG. This is a schematic representation of the conformation
structured intermediate populated on the millisecond time scale and the native state. The
intermediate contains a hydrogen bonded structure as measured by burst-phase labeling in
helical structure near the N-terminus that is later converted into a β-sheet. Side chains are sh
two disulfides. Adopted from [31].
was observed, which is consistent with the formation of marginally
stable non-native α-helices in the A strand region (Fig. 8).

In addition, we should mention the result of Ragona et al. [94]. An
analysis of the urea-concentration-dependent H/D exchange rate
showed that most of the residues are in a unique cooperative folding
unit, encompassing most strands. They suggested that the formation
of the Iburst state is tightly coupled with the formation of the N state,
which leads to a two-state transition in equilibrium unfolding.

It is quite interesting that equine and porcine βLGs showed a
similar intermediate with a non-native α-helical content [95,96].
Among them, precise characterization of the folding intermediate of
equine βLG was performed by Ikeguchi et al. [95]. They observed a
significant change in CD intensity within the dead time (25 ms) of
stopped-flow measurements, suggesting a transient accumulation of
the folding intermediate. They further found that equilibrium molten
globule intermediates occurring during pH- and urea-titration
experiments are equivalent to the kinetic burst-phase intermediate
[97]. Theα-helical content of the acid-unfolded formwas greater than
that of the native conformation, similar to bovine βLG. Theymeasured
hydrogen exchange protection of the molten globule using NMR [98].
In the molten globule form at acidic pH, significant protection from
exchange was observed for residues located in the A, F, G and H
strands in the native structure. The pattern of protection is consistent
with a native-like β-sheet formation by these strands. The residues
located in the major helix of the native structure are also protected,
suggesting that this helix is formed in the molten globule and is
packed against the sheet as in the native structure. The intermediate
of equine βLG, therefore, has quite similar characteristics to that of
bovine βLG.

From these reports, an idea emerges; the amino acid sequences of
βLGs are designed so as to fold in a stepwise manner, that is, the first
step is the formation of the β-sheet consisting of AC and E–H strands,
and the second step is the formation of the other β-sheet consisting of
AN and B–D strands. During the first step, redundant donors and
acceptors of the hydrogen bond in the main chain of A–D strands
should be sequestered not to interrupt the E–H sheet's formation.
Thus, Nature might give local α-helix propensity to the A strand to
sequester excess donors and acceptors. This mechanism might apply
to other lipocalins, and indeed to other protein families as well. Many
of the amino acid sequences of lipocalin proteins also show high α-
helical propensity in the A and B strand region (Fig. 7B) and, similar
protection was observed in the molten globule intermediate of serum
retinol-binding protein, a member of the lipocalin family [99]. The
validity of this hypothesis should be examined in future work.
al states encountered during folding of βLG, including the unfolded ensemble, a partially
ribbon diagram was based on the X-ray structure with the PDB code, 3BLG [20]. The
the core of the β-sheet (F, G and H) and the major α-helix, as well as some fluctuating
own for the fluorescence probes, Trp 19 and Trp 61, and five cysteine residues, including



534 K. Sakurai et al. / Biochimica et Biophysica Acta 1790 (2009) 527–537
6. Folding of dimeric βLG

Finally, we would like to discuss a report by Yagi et al. [100]. In this
paper, we addressed the relationship between the size of a protein and
the complexity of its folding. Small proteins with a MW of less than
10,000 fold according to an ideal two-state scheme, and those with a
MW of 10,000–20,000, such as βLG and apomyoglobin, fold through
intermediate states. Proteins of more than 20,000 seldom unfold
reversibly and are apt to aggregate. However, in the folding process in
cells, such large proteins circumvent aggregative states through
certain intermediates. For example, during domain-separated folding
as observed for immunoglobulins [101,102] or the participation of
special factors such as molecular chaperones [103–105], certain
intermediates are seen. Improvements in our understanding of such
mechanisms will allow applications for the expression, refolding, and
purification of such larger proteins.

The C121A mutation was introduced to avoid disulfide shuffling in
the unfolded state, improving the refolding yield from denaturation
markedly [33]. It was confirmed that the folding kinetics of C121A βLG
is the same as that of wild-type βLG (scheme 1 in the previous
section), from stopped-flow CD and fluorescence measurements.
Thus, we treated C121A βLG as the pseudo-wild type of βLG. Then we
prepared a double mutant, A34C/C121A βLG. This is a dimeric mutant
in which two βLG molecules are linked by a disulfide bridge through
Cys 34 created at the dimer's interface.

Interestingly, the folding was perturbed significantly by the
introduction of a dimer mutation, A34C/C121A. Although, A34C/
C121A βLG showed a notable burst-phase amplitude corresponding
to the non-native α-helical intermediate of the wild type within the
dead time of the folding experiment, the mutant was trapped in a
state with hydrophobic regions exposed and did not attain the
native state. H/D exchange pulse labeling with a folding time of
10 ms combined with NMR analysis [37,106,107] indicated that the
burst-phase intermediate of both C121A and A34C/C121A βLGs had
several structured regions, including the F, G, and H strands and the
loop region after the major helix, which corresponds to Iburst in
scheme 1. Thus, both mutants pass through the same pathway until
the Iburst state.

These observations revealed that the initial step in the folding of
βLG includes the formation of core secondary and tertiary structures
driven by local hydrophobic interactions. This step is independent of
Fig. 9. Schematic representation of the folding mechanisms of the βLG mutants using the fo
hydrophobic interactions. In the following steps, while themonomeric βLG folds as smoothly
non-native interactions causing the rough funnel surface. Unless the non-native interactions
smoother, the dimeric βLG remains in a glasslike trapped state. Adopted from [100] with p
molecular size. The subsequent processes include the acquisition of
peripheral structures with a rearrangement of the non-native α-
helices into the native β-strands and the concomitant formation of
specific side chain interactions, resulting in accumulation of the Ifold
intermediates. The latter processes are controlled by a balance
between the stabilization of native interactions and destabilization
of non-native interactions, so that they are apt to be perturbed by
MW-doubling leading to the accumulation of quasi-stable (or
kinetically trapped) non-native conformations under conditions
where the non-native interactions are too strong. The ensemble of
these trapped conformations represents a “glass”-like misfolded state,
a consequence of structural inconsistency.

One interesting finding is that, although this mutant βLG cannot
refold at low concentrations of urea, it refolds at moderate
concentrations of urea. It is assumed that, in the presence of 3.0 M
urea, A34C/C121A βLG manages to refold to the native structure,
jumping over the kinetic high energy barriers. On the other hand, in
0.82 M urea, the concentration at which wild-type βLG refolds
properly, the incorrect interactions are too stable to rearrange into the
native forms, and so the molecules are trapped in the misfolded
conformationwith an exposed hydrophobic surface. This in turn leads
to the low reversibility under strongly native conditions (Fig. 9).

For large proteins, kinetic trapping by non-native interactions
would be inevitable. Nature should have created ways of circumvent-
ing such a trap. In the case of an artificial protein, A34C/C121A βLG,
interactions that are too strong make the folding funnel rough
producing many kinetic traps which prevent efficient and rapid
folding [35,36]. It is assumed that many large proteins can refold by
taking advantage of a mechanism similar to that observed for the
refolding of A34C/C121A βLG. One approach to preventing such
kinetic trapping is, as demonstrated here in 3.0 M urea, to destabilize
the native form, which simultaneously has the effect of destabilizing
the trapped intermediate. An alternative approach might be to make
the folding pathways evading the kinetic traps by some modifications
of the energy surface, instead of straight paths from each unfolded
conformation to the native form running on a smooth folding funnel.

7. Conclusion

The ideal two-state folding reaction might be explained by the
folding funnel or consistency principle, that is, if the interactions in
lding funnels. At the early stage of refolding, the βLG mutants fold similarly, driven by
as wild-type βLG, the disulfide-linked dimeric βLG folds muchmore slowly due tomany
are destabilized by moderate concentrations of denaturant, making the funnel surface

ermission.
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the native conformation are consistent with each other, the energy
landscape along the folding reaction coordinate becomes funnel-like
with the smooth surface [108,109]. However, when the proteins
become larger, their folding reactions become multi-state and/or
irreversible because the consistency is lost and local minima are
generated on the folding energy surface.

Recently, an interesting idea about a relation between a non-native
folding intermediate and conformational frustration in the native
structure has been reported: Ferreiro et al. [110,111] proposed that, if
there are localized frustrations in the native structure, a non-native
folding intermediate will occur in the folding process. This idea seems
to be consistent with the properties of βLG. Indeed, we have reported
the existence of a non-native intermediate during the folding of βLG
[85] and local frustration on the EF loop conformation in the native
state [57]. Furthermore, such local frustration in the native state is
probably related to the conformational dynamics [57]. Conformational
frustration is likely to occur more frequently with an increase in the
size of proteins. Because βLG is relatively large, ∼20 kDa, it will show
behavior unexpected for small proteins. Even though the mechanisms
of such behavior are still enigmatic, studies of the folding and
conformational dynamics of βLG will lead to a general understanding
of the conformation, dynamics and folding of proteins.

8. Methods

8.1. RMSD calculation of the structures of ligand-bound βLGs

Structural variability of βLG in a ligand-bound state was examined
as RMSD of main chain Cα atom coordinates. The following
calculations were performed using Igor Pro (WaveMetrics, Lake
Oswego, OR). As a template of βLG in the open state, the coordinate
with PDB ID 1BSY was used [20]. As sample structures of βLG in the
ligand-bound state, the coordinates with 2GJ5, 1B0O, 1BSO, 1GX8,
1GX9 and 1GXA, whose ligands are vitamin D, PA, 12-bromododeca-
noic acid, retinol, retinoic acid and palmitate, respectively [21,70–72],
were used. First, each sample coordinate was aligned to the template
coordinate by the least-squares curve fitting algorithm in the Igor
software package with a self-written alignment program, inwhich Δx,
Δy, Δz (translations along each axis), θx, θy, and θz (rotation about
each axis) were adjustable parameters. Then deviations in Cα of the
six aligned coordinates from that of the template coordinate were
calculated. The final RMSD values were calculated using these
deviations from the six sampled coordinates together. Details of
other materials and methods were described in the original papers.
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