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ABSTRACT: The molten globule state is a partially folded conformer of proteins that has been the focus of
intense study for more than two decades. This non-native fluctuating conformation has been linked to
protein-folding intermediates, to biological function, and more recently to precursors in amyloid fibril
formation. The molten globule state of human serum retinol-binding protein (RBP) has been postulated
previously to be involved in the mechanism of ligand release (Ptitsyn, O. B., et al. (1993)FEBS Lett.
317, 181-184). Conserved residues within RBP have been identified and proposed to be key to folding
and stability, although a link to a molten globule state has not previously been shown (Greene, L. H., et
al. (2003)FEBS Lett. 553, 39-44). In this work, a detailed characterization of the acid-induced molten
globule of RBP is presented. Using stopped-flow fluorescence spectroscopy in the presence of 8-anilino-
1-naphthalene sulfonic acid (ANS), we show that RBP populates a state with molten-globule-like
characteristics early in refolding. To gain insight into the structural features of the molten globule of
RBP, we have monitored the denaturant-induced unfolding of this ensemble using NMR spectroscopy.
The transition at the level of individual residues is significantly more cooperative than that found previously
for the archetypal molten globule,R-lactalbumin (R-LA); this difference may be due to a predominantly
â-sheet structure present in RBP in contrast to theR-helical nature of theR-LA molten globule.

In the 1980s the molten globule state was first observed
by partially unfolding a protein under acidic conditions (1,
2). The presence of a nativelike secondary structure and the
lack of a well-defined tertiary structure, revealed using
spectroscopic methods such as circular dichroism, led to the
suggestion that this state might have some relationship to
intermediates in protein folding. The ability to study a stable
equilibrium form of a partially folded protein that bears a
similarity to a transient kinetic intermediate drew a great deal
of excitement and attention from protein chemists. Through
the 1990s and up to the present, a significant amount of data
has been accumulated that suggests that these equilibrium
molten globule states do in fact have key features in common
with protein-folding intermediates (3-6). The role of the
molten globule has also been expanded to include physi-
ological processes (7-11) and as precursors to amyloid fibril
formation (12, 13). The experimental and computational
study of molten globules continues to be an active area of
research within the field of protein science. Elucidating the
structural features of these partially folded conformers

provides important insights into the determinants of protein
topology, the mechanism of protein folding, and biological
function.

Obtaining residue-specific information for molten globule
states can be best achieved using the power of NMR1

spectroscopy (14). However, because of the severe line
broadening arising from conformational fluctuations through-
out the molten globule on a ms toµs time scale, the use of
NMR spectroscopy remains quite challenging. One approach
to the elucidation of the structural characteristics of the
molten globule involves the stepwise unfolding of this species
using urea or guanidine HCl. This has enabled a detailed
picture, at the level of individual residues, of theR-lact-
albumin (R-LA) molten globule to emerge (15, 16). Other
successful avenues involving NMR spectroscopy include
hydrogen-deuterium exchange studies to identify the hy-
drogen-bonded secondary structure (17, 18), the use of
chemical shift, short-range NOE, and15N relaxation data to
identify regions of persistent secondary structure (19, 20),
raising the temperature to modify the complex dynamic
properties of the molten globule (19, 21), the use of peptide
models to probe local and long-range interactions (22),
comparative studies between species variants (23) and site-
directed mutagenesis to identify persistent hydrophobic
interactions (24), and photochemically induced dynamic
nuclear polarization to monitor the solvent accessibility of
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tyrosine, tryptophan, and histidine residues (25). These
studies have provided important insights into the structural
characteristics of the molten globule states of a variety of
proteins.

The molten globule of the human serum retinol-binding
protein (RBP), a member of the lipocalin superfamily (26),
is of particular interest. The lipocalins are a very large,
divergent, and functionally diverse group of proteins that
share a common eight-stranded up-and-downâ-barrel topol-
ogy that ranks among the 20 most prevalent folds in the
protein universe (Figure 1A) (27). Lipocalins are widespread
throughout the eukaryotic and prokaryotic kingdoms, sug-
gesting that they are an ancient line. A conserved sequence
signature within the lipocalins has been postulated to be key
to folding and native-state stability (28). Physiologically,
RBP is a carrier protein that transports all-trans retinol
(vitamin A) in complex with transthyretin within the blood
stream to target cells (29, 30). The potential interaction with
a cell receptor is currently an area of active research (31).
RBP also forms an acid-induced molten globule state that
may be relevant to the mode of ligand release, although the
detailed mechanism of retinol release remains unresolved (32,
33). The partially folded form of RBP has recently been the
subject of molecular dynamics simulations, which provided
insights into the ensemble of structures sampled by the
molten globule (34). In this article, we report a study aimed
at characterizing the equilibrium molten globule state of RBP
to provide a foundation to explore a potential functional link
as well as to investigate the determinants of protein folding
and topology. We provide evidence from ANS fluorescence
that during kinetic refolding RBP appears to populate a state
with molten-globule-like characteristics. NMR spectroscopy
is employed to follow, at the level of individual residues,
the urea-induced unfolding of the RBP molten globule. We
find that the RBP molten globule unfolds in a more
cooperative manner than the archetypal molten globule
formed byR-lactalbumin (15); this difference may be due
to a predominantlyâ-sheet structure present in RBP in
contrast to theR-helical nature of theR-LA molten globule.

MATERIALS AND METHODS

Sample Preparation. Recombinant human serum RBP was
expressed inE. colias inclusion bodies, purified, and refolded
as described previously (35). In this work, however, the
protocol was modified to express the protein using M9
minimal medium supplemented either with15N ammonium
chloride or with 15N ammonium chloride and deuterium
oxide. The15N ammonium chloride and deuterium oxide
were purchased from CK Gas and Fluorochem, respectively.
For expression using deuterium oxide, theE. coli BL21-
(DE3) cells were grown over several days in increasing ratios
of 2H2O/1H2O until growth in 100%2H2O was obtained.
Deuterated urea was prepared by dissolving high quality urea
(Sigma Ultra) in2H2O and then lyophilizing; this procedure
was repeated three times.

Circular Dichroism, Fluorescence, and Stopped-Flow
Studies.Unlabeled protein was used for the circular dichro-
ism (CD) and fluorescence studies. The urea-induced unfold-
ing of the RBP molten globule at pH 2 and 20°C in 5 mM
sodium phosphate buffer was monitored by far-UV CD using
a Jasco J-720 spectropolarimeter; 600 points measured at

222 nm were averaged over 60 s for urea concentrations
ranging from 0 to 8 M. The protein concentration was 0.5
mg/mL, and a cuvette with a 0.1 cm path length was used.

The interaction of 8-anilino-1-naphthalene sulfonic acid
(ANS) with RBP was monitored by fluorescence spectros-

FIGURE 1: Schematic representations of the structure of apo human
serum retinol-binding protein. (A) The 1.7 Å resolution crystal
structure of native RBP (35). The eightâ-strands are shown in
yellow and theR-helices in magenta. (B) The residues are colored
in red (e4.7 M urea), blue (g5.7 M urea), and dark gray (4.8-5.6
M urea) on the basis of the groupings of stability depicted in Figure
6B. The residues that could not be monitored because of spectral
overlap are shown in light gray. (C) The residues involved in salt
bridges that are likely to be disrupted at low pH are shown on the
R-carbon backbone as light gray space fills; the red and blue
coloring represents oxygen and nitrogen, respectively. The RBP
structure (pdb code 1JYD) (35) is visualized using Rasmol (version
2.7.1).
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copy at pH 2 and at pH 7 in 0.4 M and 4 M guanidine HCl.
Fluorescence measurements were performed using a Perkin-
Elmer Model LS-50B luminescence spectrometer using a
cuvette with a 1 cmpath length. ANS was purchased from
Fluka. The protein and ANS concentrations were 2µM. An
excitation wavelength of 340 nm was used for these
experiments, and the emission spectrum was measured
between 400 and 620 nm with a 5 nmslit width. All spectra
are the average of five scans collected at 20°C.

Stopped-flow fluorescence spectroscopy was conducted to
monitor the interaction of RBP with ANS during the
refolding of RBP using an Applied Photophysics stopped-
flow system. The protein (238µM) was initially denatured
in 4 M guanidine HCl at pH 7. Refolding was initiated by a
10-fold dilution; the refolding buffer contained 20 mM Bis-
Tris (pH 7.0) and 24µM ANS. The excitation wavelength
was 340 nm with a 530 nm cutoff filter; although this cutoff
wavelength (530 nm) is above theλmax for ANS emission
(∼475 nm), a significant fluorescence signal from ANS is
still observed. Slit widths were 2 nm, and the temperature
was maintained at 20°C. An average of nine shots was fitted
to a double-exponential equation using SigmaPlot, version
8.0 (SSPS, Inc.).

NMR Studies.Resonance assignments for the 21 kDa
protein in 8 M urea at pH 2 and 30°C were obtained using
the standard sequential assignment methodology. A lack of
spectral resolution usually characterizes the spectra of
unfolded proteins; the1H chemical shift dispersion of HN is
small (∼1 ppm). However, the15N chemical shift dispersion
is still fairly large because of the spread of random coil15N
shifts. The resonance overlap in the15N dimension is also
reduced by the sequence dependence of the random coil
shifts, which leads to changes in the chemical shift of up to
5 ppm (36). The resonance assignments were obtained using
a 3D gradient-enhanced15N-edited NOESY-HSQC spec-
trum (37, 38) with a mixing time of 200 ms recorded for
15N-labeled RBP in 8 M urea at pH 2 and 30°C. This
spectrum was collected at 750 MHz with 8 scans per
increment using 128 complext1(1H) values, 42 complext2-
(15N) values, and 512 complex points in the acquisition
dimension,t3 (1H). Sweep widths of 8130.08, 6756.76, and
1440.9 Hz were used in F3, F1, and F2, respectively. The
assignments were confirmed using a 3D HSQC-NOESY-
HSQC spectrum (39) obtained using15N-2H labeled RBP.
This experiment was collected at 600 MHz with 12 scans
per increment using 55 complext1(15N) values, 32 complex
t2(15N) values, and 512 complex points in the acquisition
dimension,t3 (1H). Sweep widths of 6493.5, 1201.9, and
1201.9 Hz were used in F3, F1, and F2, respectively. The
assignments obtained at 30°C were transferred to lower
temperatures using HSQC spectra collected at 30, 25, and
20 °C. 1HN and15N chemical shifts for RBP in 8 M urea at
pH 2 and 20°C have been deposited in the BMRB (accession
number 7149).

Unfolding experiments in urea were performed at 750
MHz using 0.16 mM samples of15N,2H-labeled RBP at pH
2 and 20°C in 95%1H2O/5%2H2O. Spectra were collected
at urea concentrations ranging from 0 to 10 M. The desired
urea concentration was obtained by mixing appropriate
volumes of stock solutions of 0.16 mM RBP in 0 M and 10
M urea containing 5 mM sodium phosphate at pH 2. This
ensured that the concentration of protein remained constant

throughout the titration. The urea concentrations were
determined using a hand-held refractometer (Atago R5000).
RBP has been shown previously to be largely monomeric at
low ionic strength (5 mM sodium phosphate) at pH 2 (40).
NMR diffusion measurements carried out using the pulse-
gradient spin longitudinal echo diffusion sequence (41) show
that at pH 2 RBP is∼15% expanded compared to native
RBP at pH 7; this value is consistent with previous reports
(33). Two-dimensional gradient-enhanced15N-1H HSQC
spectra (38, 42) were recorded at 750 MHz for each urea
concentration. These spectra consisted of 128 complext1
increments of 1 K complex data points. Twenty-four scans
were collected for eacht1 increment. Sweep widths of
8130.08 and 1501.5 Hz were used in the F2(1H) and F1(15N)
dimensions, respectively. All NMR spectra were processed
using Felix 2.3 (Accelrys, San Diego, CA).

The apparent midpoint of the unfolding transition for each
resolved residue was determined as follows. Peak heights
were obtained for each resolved peak in the HSQC spectra
at each urea concentration using an in-house peak-picking
program; if a peak was not observed above the noise level,
then the intensity was assigned as zero. For each residue,
peak heights were scaled relative to the peak height measured
in 10 M urea. Peak heights were also corrected for the
broadening effect that results from the increased viscosity
as the concentration of urea is increased. The peak heights
were fitted using a standard sigmoidal function:

Iobs is the scaled and corrected peak height observed at each
concentration of urea ([urea]).IMG is the peak height in the
molten globule state and is assumed in this study to be 0.IU

is the peak intensity in the fully unfolded state; this parameter
is fitted and is found to be 0.95( 0.01. The apparent
midpoint of unfolding, the urea concentration at which the
peak has half its maximum intensity, is defined asmidpt;
this parameter is fitted and is found to range from 4.2 to 6.1
M urea with an average value of 5.1( 0.2 M urea for the
118 residues monitored. The range of urea concentrations
in which the observed peak intensity varies significantly is
defined aswidth; this parameter is fitted and is found to have
an average value of 1.01( 0.03. Errors in the fitted apparent
unfolding midpoints (midpt), arising from baseline noise in
the HSQC spectra, were calculated using 500 Monte Carlo
simulations; these errors ranged from 0.003 to 0.22 M urea
with an average error of 0.02 M urea.

RESULTS

Circular Dichroism and Fluorescence Studies.The circular
dichroism (CD) spectrum of RBP at pH 2 has been shown
in previous studies to be characteristic of a partially folded
molten globule state (40); the far-UV CD spectrum shows
the presence of significant nativelikeâ-sheet secondary
structure, whereas the lack of near-UV CD signal indicates
the absence of fixed aromatic residues in an asymmetric
environment. We have observed similar CD spectra for
recombinant RBP at pH 2 (not shown). A comparison of
the far-UV CD spectra at pH 2 and 7 indicates a 16%
increase in helicity, a 5% decrease inâ-structure, and an
11% decrease in random coil structure in the molten globule

Iobs) IMG +
(IU - IMG)

(1 + exp(-([urea]-midpt)/width))
(1)
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compared to those of the native state (35). Molecular
dynamics simulations of the partially folded form of RBP
suggest that the additional helicity may arise from the
conversion of the E-F â-hairpin to a helix (34). To probe
the stability of the low pH molten globule, a urea titration
monitored by far-UV CD was conducted (Figure 2). The
observed ellipticity as a function of urea concentration shows
a sigmoidal curve, although the baseline for the unfolded
state is not as clearly delineated as that observed for the
denaturation of apo-RBP at pH 7.0 (35). The unfolding of
the molten globule occurs over a somewhat wider range of
urea concentration (2.5-6.5 M with a midpoint at 3.9 M
urea) than generally observed for native states. This may
indicate a decrease in the coopertivity of unfolding of the
RBP molten globule and is consistent with previous observa-
tions for other partially folded states includingR-lactalbumin
at pH 2 (14, 15).

The molten globule of RBP has been postulated to be
involved in the mechanism of release of its ligand, retinol
(32, 33). Protein-folding intermediates have also been shown
to have key features in common with molten globules (3-
6). A stopped-flow fluorescence refolding study of RBP in
the presence of ANS has been conducted to identify whether
molten-globule-like features exist along the refolding path-
way of RBP. Partially folded proteins such as molten
globules interact with the hydrophobic dye ANS because of
the exposure of large numbers of hydrophobic residues on
the protein surface (43); this can be monitored by the
observation of enhanced fluorescence for ANS. RBP at pH
2 has been shown previously to interact strongly with ANS,
whereas no interaction was observed under native or fully
denaturing conditions (40). The refolding of RBP, unfolded
in 4 M guanidine HCl at the start of the experiment, was
initiated by a 10-fold dilution of RBP into a Bis-Tris buffer
containing ANS at pH 7; the fluorescence of ANS was
monitored above 530 nm as a function of the refolding time
(Figure 3A). The observed refolding rates of RBP are similar
to those obtained using stopped-flow intrinsic fluorescence
and circular dichroism in previous studies (28). The fluo-
rescence intensity of ANS shows a significant enhancement

early in the refolding of RBP (Figure 3A); this enhancement
is characteristic of that observed for ANS in the presence of
a transient molten globule (6, 43-47). For comparison, the
steady-state fluorescence of ANS in the presence of RBP at
pH 7 in 4 M guanidine HCl, the starting point of the refolding
experiment, and in 0.4 M guanidine HCl, the end point of
the refolding experiment, are shown in Figure 3B; no
enhancement of the fluorescence of ANS is observed under
either of these conditions. Thus, we postulate that at the onset

FIGURE 2: Urea-induced unfolding of the pH 2 molten globule state
of RBP monitored by CD ellipticity at 222 nm and 20°C.

FIGURE 3: Interaction of ANS with RBP monitored by fluorescence
spectroscopy. (A) The fluorescence intensity of ANS was monitored
as a function of time following the initiation of refolding of RBP.
The calculated amplitudes and rates from the dissociation of ANS
are as follows: A1 ) 0.217( 0.001,k1 ) 0.731( 0.006 s-1, A2
) 0.048 ( 0.001, andk2 ) 0.056 ( 0.002 s-1. The ANS
concentration relative to protein concentration after dilution was
in a 1:1 ratio. The decrease in the ANS fluorescence during
refolding demonstrates the presence of a transient species with
molten globule-like characteristics. The inset is a magnification of
the data points up to 200 ms, although proper interpretation requires
further detailed experiments. (B) The fluorescence spectra of ANS
in the presence of native RBP at pH 7.0 in 0.4 M guanidine HCl
(....), RBP unfolded in 4 M guanidine HCl at pH 2 (s), and RBP
at pH 2 (---). All three samples contained 2µM RBP and 2µM
ANS. The almost 20-fold enhancement of the ANS fluorescence
in the presence of RBP at pH 2 is characteristic of the behavior of
ANS in the presence of a molten globule. Both the kinetic and
equilibrium studies were conducted at 20°C.
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of the refolding of RBP a transient species with molten
globule-like characteristics is formed; these molten-globule-
like characteristics disappear as the well-ordered, native
hydrophobic core of RBP is formed. Although we cannot
ascertain at this point whether the molten-globule-like species
observed during refolding has detailed characteristics in
common with the equilibrium molten globule of RBP at pH
2, this result suggests that a more detailed characterization
of the pH 2 molten globule may provide insights into the
folding pathway of RBP.

Urea Unfolding of IndiVidual Residues Monitored by NMR
Spectroscopy.To gain residue-specific information, we have
used NMR spectroscopy to monitor the unfolding of the RBP
molten globule in urea at pH 2. 2D HSQC spectra were
collected for urea concentrations ranging from 0 to 10 M,

and the appearance of cross-peaks from specific residues was
analyzed; the choice of urea concentrations was based on
the CD data shown in Figure 2. To improve the resolution
of the crowded 2D HSQC spectra,15N,2H-labeled RBP was
used in the urea titration experiments. In the HSQC spectrum
of the RBP molten globule formed at pH 2 and 20°C, only
one peak corresponding to E1 (which is preceded in
recombinant RBP by M0) is visible (Figure 4A). This is
typical of 15N-1H HSQC spectra of molten globules; the
conformational heterogeneity and complex dynamical prop-
erties of the molten globule lead to extreme line broadening
and the absence of peaks from the HSQC spectrum (14).
The number of cross-peaks observed increases as urea is
added; 32 peaks are observed in 3 M urea, 121 peaks are
observed in 4 M urea, and 154 peaks are observed in 5 M

FIGURE 4: Progressive appearance of the unfolded NMR resonances as the RBP molten globule is unfolded. Shown are representative
15N-1H HSQC spectra from the urea titration of the RBP molten globule at pH 2 in (A) the absence of urea, (B) 3 M urea, (C) 4 M urea,
(D) 5 M urea, (E) 6 M urea, and (F) 8 M urea, all at 20°C. Residues whose unfolding behavior is plotted in Figure 6A are labeled.
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urea (Figure 4B-D). The peaks that are observed in the
HSQC spectra in increasing concentrations of urea cor-
respond to peaks from the unfolded form of RBP. The
increase in peak intensity corresponds to an increase in the
population of unfolded RBP with increasing urea concentra-
tion. From the spectrum shown in Figure 4F, it is clear that
all of the expected peaks are observed in 8 M urea.

The spectrum of RBP unfolded in 8 M urea was assigned
using 15N-edited 3D NOESY-HSQC, and 3D HSQC-
NOESY-HSQC experiments as described in Materials and
Methods (Figure 5). Where overlap of the HN chemical shifts
of neighboring residues made assignment difficult (eg., S95-
F96-L97 in Figure 5A), the HSQC-NOESY-HSQC spec-
trum (Figure 5B) helped in confirming the assignments
(because the15N chemical shifts of the amides of S95, F96,

and L97 are not the same). Assignments for 174 of the
expected 176 main chain15N-1HN HSQC peaks have been
obtained.

The assignments obtained for RBP in 8 M urea can be
used to assign peaks observed in the HSQC spectra collected
at other urea concentrations. As a result, the unfolding
behavior of the RBP molten globule can be monitored at
the level of individual residues. Resonances for 118 of the
176 backbone amides in RBP could be followed clearly
throughout the titration after the initial appearance of a peak
at a particular urea concentration; these were, therefore,
amenable to a more detailed analysis. To analyze the
unfolding transitions quantitatively, the scaled and corrected
HSQC peak heights were plotted as a function of urea
concentration (Figure 6A), and the apparent midpoints of
unfolding were calculated from these plots as described in

FIGURE 5: Strip plots showing 3D NOE data for RBP in 8 M urea
at pH 2 and 30°C. The strips correspond to residues 91-97 and
are labeled with their assignments. Sequential NOE connectivities
are shown by horizontal lines. (A) 3D15N-edited NOESY-HSQC
spectrum. (B) 3D HSQC-NOESY-HSQC spectrum. The diagonal
peaks are labeled NH.

FIGURE 6: Representative urea titration curves for individual
residues monitored by NMR spectroscopy. (A) The scaled and
corrected peak height is plotted as a function of urea concentration
for residues 2, 3, 25, 75, 92, 102, 115, 128, 134, 149, and 177.
Experimental data are shown with filled circles and the fits are
shown with solid lines. Residues 2, 3, 128, and 177, which show
a below average apparent unfolding midpoint, are shown in red.
Residues 25, 92, 115, and 134, which show an above average
apparent midpoint are shown in blue. Residues 75, 102 and 149
which show close to average behavior are shown in dark gray. (B)
Histogram showing the distribution of apparent unfolding midpoints
for the 118 residues that could be monitored throughout the urea
titration.
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Materials and Methods. The average apparent midpoint of
unfolding is 5.1 M urea, and the range is limited between
4.2 and 6.1 M urea. It is interesting to note that the average
apparent unfolding midpoint of 5.1 M urea is significantly
higher than the unfolding midpoint of 3.9 M urea obtained
from the CD data (Figure 2). A similar observation has been
made previously for the unfolding ofR-LA at pH 2 (15).
This suggests that in both RBP andR-LA the loss of regular
secondary structure may precede the complete unfolding of
the polypeptide chain.

The errors in the HSQC peak heights were used to estimate
errors in the apparent unfolding midpoints; these errors
ranged from 0.003 to 0.22 M with an average value of 0.02
M. Thus, the range of observed unfolding midpoints, 4.2-
6.1 M urea, is significantly larger than the estimated errors;
this may indicate a degree of noncooperativity in the
unfolding of the RBP molten globule. We have grouped the
apparent midpoints into three stability groups (Figures 6B
and 1B). A less stable group (apparent midpointe4.7 M
urea), a more stable group (apparent midpointg5.7 M urea),
and an intermediate stability group. In Figure 7, the
calculated apparent unfolding midpoints are plotted as a
function of sequence. Residues at theN-terminus of RBP,
prior to â-strand A, and residues at theC-terminus, after
residue 175, are found in the less stable group. In addition,
residues in many of the loops, particularly the G-H loop,
and residues directly preceding and following theC-terminal
helix are found to be less stable. In contrast, the residues
located inâ-strand A, the second face of the barrel (â-strands
G and H), theC-terminal helix, and the E-F loop are found
in the more stable group (Figure 1B).

DISCUSSION

Human serum RBP undergoes a transition to a molten
globule at pH 2 (40). Circular dichroism spectra indicate that
there is a 16% increase in helicity, a 5% decrease in
â-structure and an 11% decrease in random coil structure,
and the overall loss of fixed tertiary structure at pH 2 (35).
Stopped-flow ANS fluorescence studies suggest that RBP
refolds through a transient species with molten-globule-like
characteristics (Figure 3A). This observation is based on the
increase in binding of the fluorescent dye ANS at the onset

of refolding; ANS is well known to interact with the exposed
hydrophobic surfaces of molten globules.

The urea-induced unfolding of individual residues in the
RBP molten globule has been monitored by 2D HSQC NMR
spectroscopy. The apparent unfolding midpoints for 118
residues have been calculated from the observed peak heights
in HSQC spectra collected as a function of urea concentra-
tion. These apparent midpoints range from 4.2 to 6.1 M urea,
indicating a small degree of noncooperativity in the unfolding
behavior. There appears to be a small enhancement in the
stability of â-strand A, the second face of the barrel
(â-strands G and H), theC-terminal helix, and the E-F loop
(Figure 1B). Interestingly, the first three of these structural
regions contain the majority of evolutionarily conserved
residues (28). The latter is a region that we propose is more
stable because of the conversion from a loop to a helix at
low pH; this may facilitate ligand release as well as
dissociation from transthyretin. Molecular dynamics simula-
tions of RBP support the proposal of a conversion of this
region to a helix (34).

The kinetic refolding pathway and the molten globule state
of â-lactoglobulin (âLG), another member of the lipocalin
superfamily that shows extensive structural homology to RBP
(26), have been studied in detail. The kinetic folding pathway
of bovineâLG has been investigated using ultrarapid mixing
techniques in conjunction with hydrogen-exchange labeling
to identify the stable secondary structure formed early in
folding (48). The F, G, and Hâ-strands and theC-terminal
helix were found to form hydrogen bonds early in folding
and were identified as the folding core in bovineâLG (48).
A 27-residue peptide derived from the G-H â-strand region
of the bovineâLG sequence shows nativelike hydrophobic
interactions suggesting that the G and H strands may act as
a folding initiation site inâLG (49). Hydrogen exchange
studies for equineâLG at pH 1.5 show significant protection
for residues in the A, F, G, and Hâ-strands and in the
C-terminal helix in the molten globule that is formed at low
pH (50). It is interesting to note that regions found to be
most stable in the RBP molten globule, namelyâ-strands
A, G, and H and theC-terminal helix, have also been found
to be involved in important interactions in the folding core
and molten globule of the homolgous proteinâLG.

FIGURE 7: Apparent unfolding midpoints are plotted as a function of amino acid sequence. The secondary structure is shown schematically
as well as the location of the three disulfide bonds (....).
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The unfolding of the RBP molten globule at pH 2 has
been found to be significantly more cooperative than the
unfolding of the archetypal molten globule formed by human
R-lactalbumin at pH 2 (15). R-LA is a 14 kDaR + â protein
whose molten globule is one of the best characterized.
Although most residues in RBP have an unfolding midpoint
in the range of 4-6 M urea, in R-LA, unfolding occurs
between approximately 2 and 10 M urea with many residues
not completely unfolded even in 10 M urea. This difference
may be the result of the different secondary structure
compositions and topologies of the two proteins.R-LA
contains two subdomains with a large difference in stability
between theR andâ regions; the highly helicalR-subdomain
is much more stable than theâ-subdomain (15, 16). Within
theR-domain, the individual helices show different stabilities.
This marked noncooperativity may be possible because
helices involve relatively short-range interactions and the
unfolding of one helix may not perturb the other helices (51,
52). In contrast, RBP has a single domainâ-barrel topology;
it may be difficult to unfold one strand of theâ-sheet without
causing disruption to other strands because of the longer-
range hydrogen-bond interactions inherent in aâ-sheet
protein. A more cooperative unfolding transition may be a
common feature of molten globules with aâ-barrel topology.

At low pH, it is expected that salt bridges, which involve
aspartic and glutamic acid residues, will be disrupted because
of the protonation of the side chain carboxyl groups of these
residues. Ptitsyn et al. have considered the role that the loss
of salt bridges at low pH may play in the release of the ligand
retinol from holo-RBP (32). Holo-RBP has several salt
bridges located at the face of the retinol-binding pocket; the
loss of these salt bridges, involving D39-R60, K87-D103,
and D102-R121, may provide a mechanism for the release
of retinol at low pH, and the resulting positively charged
region on the surface of RBP may ensure the proper
orientation of RBP relative to a negatively charged cell
membrane (32).

The loss of salt bridges at low pH may play a more general
role in the transition from the well-defined native structure
to a less well-defined molten globule structure (32). The salt
bridges in RBP provide important long-range interactions
that help to stabilize the relative orientations of different
regions of secondary structure in the well-ordered native
tertiary structure. In particular, they link theN- andC-termini
to theâ-barrel (K12-D108, K17-D79, and D31-R166), the
C-terminal helix to the second face of theâ-barrel (D108-
R155), and the two sides of theâ-barrel (R19-D112) together
(Figure 1C). The disruption of these salt bridges at low pH
leads to a loss of important long-range contacts resulting in
a destabilization of the native tertiary structure and a partial
unfolding of RBP to a molten globule state. The lower
stability observed for someN- andC-terminal residues may
result from the loss of this first group of salt bridges.
Interestingly, a study of the crystal structures of bovine RBP
at pH values ranging from 2 to 9 shows a general increase
in the distances between salt bridge pairs and an increase in
the volume of the retinol-binding cavity as pH is lowered
(53). Well-defined tertiary structure was not lost in this study
because pH changes were achieved by soaking crystals of
native holo-RBP (generated at pH 7) in lower pH buffers.
However, the general trends observed are consistent with a
loosening of the tertiary structure at low pH.

Ptitsyn et al. have proposed that the loss of the salt bridge
formed between D102 and R121 may be involved in the
release of retinol (32). The loss of this salt bridge may
facilitate the formation of the proposed helical structure in
the E-F loop by loosening the structural constraints on
â-strand F (34). In a protein engineering study conducted
by Sundaram and co-workers, it was shown that the E-F
loop in RBP is involved in binding transthyretin and retinol
retention inside the barrel (31). Interestingly, in two homo-
logues of RBP,â-lactoglobulin and tear lipocalin, changes
in the E-F loop have been proposed to be linked to ligand
binding (54, 55).

Understanding the mechanism of ligand release for RBP
may also have ramifications for understanding the role of
the lipocalins as carriers of hydrophobic ligands more
generally. Most members of this superfamily are involved
in the transport of a wide range of ligands in animals and
plants, including in addition to retinol, sapid molecules,
odorants, pigments for insect coloration, and progesterone
(56). It has been proposed that another superfamily member,
tear lipocalin, undergoes partial unfolding as a mechanism
for lipid delivery (57, 58). Lipocalins have also recently
become the target of studies to re-engineer the barrel to carry
novel ligands (59, 60). Further biophysical studies, particu-
larly those employing NMR spectroscopy, will significantly
facilitate our understanding of the relationship between the
molten globule state of the lipocalins and their folding and
function.
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