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ABSTRACT: Rat intestinal fatty acid binding protein (IFABP) displays an intermediate with little if any
secondary structure during unfolding, while the structurally homologous rat ileal lipid binding protein
(ILBP) displays an intermediate during unfolding with nativelike secondary structure. Double-jump
experiments indicate that these intermediates are on the folding path for each protein. To test the hypothesis
that differences in the number of buried hydrophobic atoms in a folding initiating site are responsible for
the different types of intermediates observed for these proteins, two mutations (F68C-IFABP and C69F-
ILBP) were made that swapped a more hydrophobic residue for a more hydrophilic residue in the respective
cores of these two proteins. F68C-IFABP followed an unfolding path identical to that of WT-ILBP with
an intermediate that showed nativelike secondary structure, whereas C69F-ILBP followed an unfolding
path that was identical to that of WT-IFABP with an intermediate that lacked secondary structure. Further,
a hydrophilic residue was introduced at an identical hydrophobic structural position in both proteins (F93S-
IFABP and F94S-ILBP). Replacement of phenylalanine with serine at this site led to the appearance of
an intermediate during refolding that lacked secondary structure for both proteins that was not detected
for either parental protein. Altering the chemical characteristics and/or size of residues within an initiating
core of hydrophobic interactions is critical to the types of intermediates that are observed during the
folding of these proteins.

One of the major questions in protein folding is how
proteins with very different amino acid sequences achieve
similar final structures. For proteins smaller than 100 residues
that follow a two-state folding mechanism, it appears that
the nature of the transition state is well conserved for proteins
with similar final structures, even in cases of low sequence
homology (reviewed in ref1). However, the number and
types of intermediates observed for the folding of proteins
greater than 100 residues varies considerably, even for
proteins with high structural similarities (1). One such family
of proteins with apparently divergent folding mechanisms
is the intracellular lipid binding proteins.

These predominantlyâ-sheet proteins have very similar
structures despite considerable sequence heterogeneity (2,
3). For example, the structures of rat ileal lipid binding
protein (ILBP)1 and rat intestinal fatty acid binding protein
(IFABP) are shown in Figure 1. These particular proteins
share 23% sequence identity and 39% sequence similarity
(4). However, the structures of rat IFABP (5) and pig ILBP
(6) show a 1.98-Å RMSD for 97% of the backbone atoms
(4), similar to the differences observed for the structures of
IFABP determined by NMR (7) or X-ray crystallography

(5). The only major structural differences between the various
family members are due to insertions and deletions in turns
(Figure 1).

Studies of the folding of these proteins have shown that
two different types of intermediates are observed for different
family members (4, 8, 9). In the case of IFABP, an
intermediate with little if any secondary structure is found
(10, 11), whereas ILBP displays an intermediate with
nativelike secondary structure (4). Two other members of
the family, cellular retinol binding protein II (8, 9) and heart
fatty acid binding protein (data not shown) have intermediates
similar to that of IFABP, while two other proteins, cellular
retinoic acid binding protein I and cellular retinoic acid
binding protein II, have intermediates similar to that of ILBP
(8, 9, 12).

We have proposed that differences in the number of buried
hydrophobic atoms in a putative initiating site for folding
are responsible for the types of intermediates observed in
these proteins (4). Proteins with larger numbers of hydro-
phobic atoms in this vicinity display intermediates with little
if any secondary structure. Conversely, proteins with hy-
drophilic substitutions in this core have intermediates with
nativelike secondary structure. To test this hypothesis, two
mutations were made (F68C-IFABP and C69F-ILBP) that
essentially swapped more hydrophobic and more hydrophilic
residues at structurally equivalent positions in these two
proteins. As a further test of this hypothesis, a hydrophilic
replacement was introduced at an identical hydrophobic
structural position in both proteins (F93S-IFABP and F94S-
ILBP).
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MATERIALS AND METHODS

Protein Source and Purification.Expression plasmids for
IFABP and ILBP have been previously described (13, 14).
Mutant expression vectors for rat F68C-IFABP, F93S-
IFABP, C69F-ILBP, and F94S-ILBP were constructed using
the QuikChange kit (Stratagene). The plasmid DNA for each
construct was isolated using a QIA mini-prep kit (Qiagen)
and sent to the macromolecular core facility (Penn State
College of Medicine) for sequencing to verify the presence
of the specified mutation and the lack of any other mutations
in the gene sequence. Expression was induced inE. colistrain
MG1655.

The proteins were extracted fromE. coli using the freeze-
thaw method (15). Following lysis of the cells, IFABP, ILBP,
F68C-IFABP, and C69F-ILBP were purified from the cell
supernatant as previously described (4, 13). F93S-IFABP and
F94S-ILBP were isolated as inclusion bodies and purified
as described by Kim and Frieden (16). During the purification
of ILBP, F68C-IFABP, and F94S-ILBP, 0.1 mM DTT was
added to all buffers to prevent cysteine oxidation. Protein
purity was demonstrated by the presence of a single band
on a 20% SDS polyacrylamide gel. The following extinction
coefficients at 280 nm were calculated for the various
proteins: 1.13 mg-1 cm-1 for IFABP and its mutant proteins
and 0.87 mg-1 cm-1 for ILBP and its mutant proteins (17).

Reagents.Urea stock solutions (approximately 10 M,
ultrapure, ICN) were prepared and stored at-20 °C as
previously described (11). A working solution of 9 M urea
was prepared on the day of an experiment by adding the
buffer components to the freshly thawed urea stock solution.
All buffers contained 25 mM NaPO4, 75 mM NaCl, and 0.1
mM EDTA. The pH values of working buffer and urea
solutions were adjusted to pH 7 (IFABP, F68C-IFABP,
F93S-IFABP) or to pH 8 (ILBP, C69F-ILBP, F94S-ILBP).
Just before use, 0.1 mM DTT was added to solutions used
for ILBP, F94S-ILBP, and F68C-IFABP. Exact denaturant
concentrations were determined by refractive index measure-
ments with a Milton Roy Abbe-3 refractometer at 25°C (18).
All experimental buffers were filtered through a 0.2 mm
Whatman nylon membrane. All chemicals were reagent grade
unless otherwise denoted. There is no difference in the
folding mechanism at pH 7 and pH 8 for any of these proteins
at concentrations below 0.5 mg/mL. However, at pH 7, the
higher concentrations of protein needed for the stopped-flow
CD and spectral studies described below caused a detectable

aggregation for ILBP and mutants of ILBP. As such, all
experiments on the ILBP derivatives were done at pH 8.

Equilibrium Studies. Unfolding transitions were monitored
as a function of denaturant concentration by CD and
fluorescence. A Jasco J-710 spectropolarimeter was em-
ployed to follow changes in secondary structure in the far-
UV portion of the CD spectrum using a thermostated 0.1
mm cell at 25°C. For F68C-IFABP, fluorescence changes
were detected with an Aminco-Bowman Series 2 lumines-
cence spectrometer with excitation at 290 nm (2-nm band-
pass) and emission spectra were collected from 300 to 400
nm (8-nm band-pass) in a 1-cm path length cell at 25°C.
For the remaining proteins, fluorescence studies were carried
out with a PTI QuantaMaster luminescence spectrometer with
excitation at 290 nm (2-nm band-pass), and emission spectra
were collected from 300 to 400 nm (4-nm band-pass) in a
0.3-cm path length cell at 25°C.

Approximately 1 h before the start of an experiment, an
identical amount of protein (0.15 mg/mL, final concentration)
was added to the working buffer and 9 M urea solutions.
Individual samples ranging in denaturant concentrations from
0 to 8.5 M urea were prepared by mixing specific volumes
of protein in buffer and protein in 9 M urea using a Hamilton
Microlab 40C titrator (19). The data were corrected for the
background signal of the buffer and urea solutions. For
purposes of comparison of denaturation curves from all of
the proteins by all methods, the data was normalized from 0
to 1, where 0 and 1 were assigned to the lowest and highest
observed intensity, respectively (10).

Nonlinear least-squares fit to the equilibrium data were
generated using KaleidaGraph (Synergy Software) in con-
junction with an equation adapted from Santoro and Bolen
(20) as previously described (10). All fits were to a minimum
of two independent data sets. The parameters and errors
shown in Table 1 resulted from simultaneous fits to multiple
data sets. The figures show one data set for each protein for
ease of viewing.

Integrated Stopped-Flow Fluorescence Kinetic Studies.
The kinetics of unfolding and refolding were monitored using
an Applied Photophysics DX-17MV stopped-flow spectro-
photometer. Excitation was at 290 nm (2-nm band-pass)
using a 0.2-cm path length cell at 25°C. Emission intensity
was monitored above 305 nm at 90° through a WG305 Schott
glass filter (Oriel). Two drive syringes (2.5 mL and 0.5 mL)
were used to mix five parts of denaturant solution with one

FIGURE 1: Ribbon drawing showing the backbone tracing and the location of the tryptophans and mutated residues for IFABP (PDB ID
1ifc) and ILBP (based on PDB IDs 1o1u and 1eal).
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part of protein solution (0.26 mg/mL, final concentration).
Five-seven kinetic traces were averaged for each denaturant
concentration. The dead time of this instrument is 5-10 ms,
depending on the final denaturant concentration (11). Data
collected during the dead time were not included in the
analysis.

The nonlinear least-squares fit of the integrated fluores-
cence kinetic data to monophasic, monophasic plus steady
state, biphasic, and triphasic models was accomplished with
the program supplied by Applied Photophysics. The goodness
of the fit to the various models was determined using
published criteria (21, 22).

WaVelength-Dependent Stopped-Flow Fluorescence Stud-
ies. To study time-dependent fluorescence spectral changes
during refolding, the WG305 cutoff filter was replaced with
a high-efficiency monochromator in the Applied Photo-
physics DX-17MV stopped-flow instrument. Kinetic time
courses (2000 data points) depicting the change in intensity
during refolding were collected for each 10-nm interval (9-
nm band-pass) over a wavelength range of 310-400 nm.
The excitation wavelength and band-pass were 290 and 9
nm, respectively. As described above, 5 parts of denaturant
was mixed with one part of protein solution in buffer. The
final urea concentrations were 0.8 and 1.3 M, and the final
protein concentration was 0.52 mg/mL.

The spectral data sets were analyzed using the GLINT
software package provided by Applied Photophysics. This
program allows the entry of models for potential reaction
mechanisms and globally determines the kinetic rates and
amplitudes that best describe the transition at each wave-
length by nonlinear least-squares regression. The program
fits the spectra and concentration of the reactants, intermedi-
ates, and products that participate in the reaction. The fit
parameters and residual plots at all wavelengths and times
were examined to assess the accuracy of the model (21, 22).

CD Kinetic Studies.A Jasco J-710 spectropolarimeter in
conjunction with a RX1000 stopped-flow apparatus (Applied
Photophysics) was used to monitor the kinetics of unfolding
and refolding of all of the proteins at 218 nm (2-nm band-
pass) in a 0.1-cm cell at 25°C. For all experiments, five

parts of denaturant were mixed with one part of protein for
a final protein concentration of 0.52 mg/mL. Five-seven
transitions were averaged at each denaturant concentration.
Data points collected during the dead time of the instrument
(15-30 ms) were not included in the analysis (11). Fitting
of the data was performed as described above for stopped-
flow fluorescence studies.

Structure Modeling. The Swiss protein data bank (PDB)
server (23) was used to create a structural model for rat ILBP
based on the NMR structures of pig ILBP (1eal,6) and
human ILBP (1o1u,24). Rat ILBP is 69.3 and 76.6%
identical and 82.7 and 86.7% similar to pig ILBP and human
ILBP, respectively. Mutagenesis and structural alignments
were performed in silico using the Swiss PDB viewer
program (23). For each mutation, all of the available side
chain rotamers were evaluated for their compatibility with
the overall structure, and the rotamer configurations most
similar to those in the known structures were used. The ASC
program (25) was used to determine the solvent exposure
of the side chains.

RESULTS

Spectral Comparison.The far-UV CD spectra of the native
state of all of the wild-type and mutant proteins were very
similar, reflecting the extensiveâ-sheet structure of these
proteins (data not shown). The CD spectra of the unfolded
proteins were identical, and these mutations did not cause
large changes in secondary structure propensities.

Differences in the native-state fluorescence spectra were
observed for IFABP and ILBP and their respective mutants.
Both F68 and F93 are within 4 Å of W82 in thenative
structure of IFABP (Figure 1). This tryptophan is responsible
for most of the fluorescence signal in this protein (26,27).
The increased polarity of these substitutions (F68C-IFABP,
F93S-IFABP) near W82 caused a red-shift in the native-
state fluorescence of these proteins (maximum at 337-338
nm) compared to the wild-type protein (maximum at 330
nm). Although the fluorescence intensities of IFABP and
F93S-IFABP were similar, the F68C mutation reduced the
intensity by about 30%, suggesting that the presence of the
cysteine caused some quenching of the fluorescence of W82
in this mutant protein.

Mutations at the structurally equivalent sites in ILBP
(C69F-ILBP and F94S-ILBP) are more than 10 Å from W49,
the only tryptophan in ILBP (Figure 1). As such, these amino
acid substitutions had minimal effects on the maximal
wavelength of emission of these native proteins. However,
native F94S-ILBP had roughly twice the fluorescence
intensity of either ILBP or C69F-ILBP. Since the CD spectra
of the native proteins were identical and the wavelength of
maximal fluorescence did not change, relatively minor
structural changes must have occurred in this protein that
changed the quenching behavior of residues close to W49
in the structure without significantly changing the backbone
conformation or the overall hydrophobicity of the W49
environment.

The wavelength of maximal fluorescence for all of the
denatured wild-type and mutant proteins in 8 M urea was
identical toN-acetyl-tryptophanamide in buffer. The intensity
of fluorescence was proportional to the number of tryp-
tophans in each protein.

Table 1: Summary of Fluorescence and Stopped-Flow Fluorescence
Data

protein
∆GH2O

(kcal mol-1)

mG
(kcal mol-1M-1)

midpoint
(M)

WT-IFABP
urea (F340) 4.79( 0.22 -1.13( 0.07 4.21( 0.04
urea (FL-ST-FL) 4.76( 0.27 -1.19( 0.05 4.05( 0.10

F68C-IFABP
urea (F340) 4.84( 0.29 -1.24( 0.07 3.90+ 0.03
urea (FL-ST-FL) 4.59( 0.62 -1.17( 0.15 3.93( 0.07

F93S-IFABP
urea (F340) 3.40( 0.22 -1.87( 0.10 1.82( 0.02
urea (FL-ST-FL) 2.80( 0.36 -1.60( 0.17 1.74( 0.05

WT-ILBP
urea (F340) 4.84( 0.36 -1.61( 0.12 3.01( 0.03
urea (FL-ST-FL) 5.49( 0.60 -1.83( 0.20 3.00( 0.05

C69F-ILBP
urea (F340) 4.01( 0.30 -1.80( 0.12 2.23( 0.03
urea (FL-ST-FL) 4.20( 0.53 -1.82( 0.20 2.31( 0.06

F94S-ILBP
urea (F340) 4.00( 0.33 -1.79( 0.06 2.24( 0.02
urea (FL-ST-FL) 3.99( 0.68 -1.75( 0.26 2.27( 0.08
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Equilibrium Studies.Equilibrium unfolding transitions are
shown in Figure 2. Folding was completely reversible and
independent of protein concentration for all proteins. Each
transition fit well to a two-state model for unfolding for every
protein, showing that significant concentrations of only the
native and unfolded states were present at equilibrium. The
parameters for these fits are shown in Table 1.

The F68C mutation modestly decreased the stability of
IFABP, while the F93S mutation produced a more drastic
decrease in stability. The dependence of the free energy of
the transition on denaturant concentration (mG) was unusually
low for IFABP (1.13( 0.07) and F68C-IFABP (1.24( 0.07)
compared to other proteins of this size (28) or in this family
(4, 8, 9, Table 1). Although the cause of this behavior is not
known, this discrepancy was absent for the F93S mutation
(mG of 1.87 ( 0.10), suggesting a role for this site in this
phenomenon. It was not surprising that these mutations were
destabilizing, since large hydrophobic amino acids were
replaced with smaller more hydrophilic ones.

Mutations at the same sites in the ILBP background
modestly decreased the stability of the protein. In the case
of C69F-ILBP, a smaller, more hydrophilic residue was
replaced by a larger more hydrophobic one. The other
mutation, F94S, placed a hydrophilic residue in a hydro-
phobic pocket and thus destabilized the protein, although the
cost of this mutation in ILBP was significantly less than at
the structurally equivalent position in IFABP.

Unfolding of WT-IFABP and Mutant IFABPs.WT-IFABP
displays two phases during unfolding (4, 8, 10, 11). The first
phase shows about 75% of the total expected amplitude
change by stopped-flow fluorescence and all of the expected
amplitude change by stopped-flow CD, followed by the
remaining fluorescence change. The dependence of these
rates on denaturant concentration is shown in Figure 3. The
simplest model that fits the data requires an intermediate with
little if any secondary structure. The fluorescence spectrum

of the intermediate state has a wavelength maximum similar
to that of the unfolded state (11), suggesting considerable
solvent exposure of the tryptophans in this intermediate.
Mutant IFABP proteins containing only a single tryptophan
have shown that W82 participates in this intermediate,
whereas W6 does not (27).

Unlike WT-IFABP, the F68C-IFABP mutant protein
displayed three phases during unfolding by stopped-flow
fluorescence (Figure 3B). The fastest, second, and slowest
unfolding phases accounted for approximately 20, 75, and
5% of the total expected amplitude change, respectively.
Only one rate was observed by stopped-flow CD, which was
coincident with the second rate observed by stopped-flow
fluorescence and accounted for the entire expected amplitude
change. As such, the first observed unfolding intermediate
had the spectral properties of a molten globule, followed by
a second intermediate with spectral properties more similar
to that observed during the unfolding of IFABP. Therefore,
the unfolding path of F68C-IFABP had become similar to
that of ILBP (described below). The unfolding of the F93S-
IFABP mutant was identical to that of WT-IFABP (Figure
3C) in both the number and relative amplitudes of the
observed phases, suggesting that this hydrophilic substitution
in the core had no effect on the unfolding path.

Unfolding of WT-ILBP and Mutant ILBPs.Previously
published data has shown that WT-ILBP also displays two

FIGURE 2: The urea denaturation of WT-IFABP, F68C-IFABP, and
F93S-IFABP (A) and WT-ILBP, C69F-ILBP, and F94S-ILBP (B)
were monitored by fluorescence at 340 nm.

FIGURE 3: The folding and unfolding rates of WT-IFABP (A),
F68C-IFABP (B), and F93S-IFABP (C) were monitored by stopped-
flow fluorescence (open symbols) and stopped-flow CD (closed
symbols). The folding and unfolding rates for the wild-type protein
are indicated by gray lines on panels B and C.
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phases during unfolding (4). However, unlike IFABP, the
first phase displays 15-20% of the expected amplitude
change by fluorescence, with the second slower phase
showing the remainder of the fluorescence change and all
of the expected amplitude change by CD. The fluorescence
spectrum of the intermediate state has a wavelength maxi-
mum like that of native state, suggesting that the single
tryptophan of ILBP remains buried in this intermediate state
(4). This intermediate has the characteristics of a molten
globule, with nativelike secondary structure but modified
tertiary interactions (29). As such, the spectral properties and
the structure of the intermediate observed during the unfold-
ing of ILBP is very different from that observed for IFABP
(4). Since that report, our stopped-flow fluorescence instru-
mentation has been upgraded, and a third slower small
amplitude phase is described here for the unfolding of WT-
ILBP (approximately 5% of the total amplitude change,
Figure 4A). Thus, during the unfolding of ILBP two
intermediates were observed, one molten-globule-like and
one with spectral characteristics similar to that observed
during the unfolding of IFABP.

Unlike WT-ILBP, C69F-ILBP displayed only two phases
during unfolding by stopped-flow fluorescence (Figure 4B).
Approximately 90% of the expected amplitude was associ-
ated with the first phase with the remaining amplitude in
the second phase. Only one phase was observed by stopped-
flow CD, which accounted for the entire expected amplitude
and was coincident with the first phase observed by stopped-
flow fluorescence. The fastest phase, which characterized
the transition from the native state to the molten-globule state
for WT-ILBP, was missing in this mutant protein. Hence,
C69F-ILBP followed an unfolding path that was very similar
to that of IFABP, showing only one intermediate with little
if any secondary structure. The unfolding of F94S-ILBP was
identical to that of ILBP, in both the number and relative
amplitude change of each phase during the transition (Figure
4C).

Refolding of WT-IFABP and Mutant IFABPs.The folding
of IFABP is complex, especially for a small single domain
protein. Initial experiments showed a burst phase by both
CD and fluorescence whose amplitude increases at lower
final denaturant concentration, followed by an observed phase
that results in native spectral properties (11) and tight ligand
binding (30). This burst phase has been resolved into two
distinct parts using a continuous-flow instrument, one with
a rate > 10 000 s-1 (faster than the deadtime of that
instrument) and an observable rate around 1 500 s-1 (31).
Stopped-flow double-jump experiments have shown that the
product of the burst phase reaction is not stable, because it
unfolds in the deadtime of these experiments (4). The double-
jump experiments also show that an intermediate with
fluorescence spectral properties similar to those observed
during the unfolding of IFABP (wavelength maxima similar
to unfolded protein) accumulates early in the folding process,
although it cannot be detected directly due to the masking
effects of the burst phase. Recent experiments with improved
instrumentation have added another slower observed refold-
ing rate by fluorescence, which accounts for about 5% of
the total expected amplitude change (27). Mutant IFABP
proteins containing only a single tryptophan have shown that
W6 participates in this transition, whereas W82 has achieved
its native conformation prior to this phase (27). There are

no prolines in IFABP, eliminating proline isomerization as
a cause for this small amplitude slow phase. Since ligand
binding is associated with the faster of the two observed
fluorescence phases (30) and double-jump experiments
indicate that the product of the faster phase has nativelike
spectral properties and stability (4), this final folding phase
is probably a minor tertiary structure rearrangement at the
periphery of the structure that locally effects the environment
around W6 (27).

The F68C-IFABP mutant showed refolding behavior
similar to that of WT-IFABP, including a burst phase by
both CD and fluorescence, a fast phase that accounted for
all of the remaining expected CD intensity and most of the
remaining expected fluorescence intensity. Unlike WT-
IFABP, the slowest refolding phase was only observed at
the lowest concentration of denaturant (Figure 3). Although
this mutation had significant effects on protein stability and
the unfolding mechanism, few differences were observed
during refolding.

Unexpectedly, the F93S mutation altered the refolding
mechanism significantly. Unlike WT-IFABP, little if any
burst phase fluorescence intensity change was observed
(Figure 5). However, these experiments measured the total
fluorescence intensity above 305 nm and could not determine
if a change in the wavelength of maximal fluorescence had
occurred. Wavelength-dependent stopped-flow kinetic studies

FIGURE 4: The folding and unfolding rates of WT-ILBP (A), C69F-
ILBP (B), and F94S-ILBP (C) were monitored by stopped-flow
fluorescence (open symbols) and stopped-flow CD (closed sym-
bols). The folding and unfolding rates for the wild-type protein
are indicated by lines on panels B and C.
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were performed on this protein in order to determine if the
burst phase was still present. The emission fluorescence
intensities were measured at individual wavelengths and were
globally fit to a three-state sequential model. The data fit
well to this model, showing a prominent lag phase in the
population of the native state (Figure 6A). However, the
spectra of the initial observed species was not identical to
that expected for the unfolded state (Figure 6B). The
wavelength of maximal emission was shifted from the 352
nm expected for the unfolded state to 340 nm for the first
observed species after the dead time of mixing. There was

little if any overall intensity change associated with this
wavelength shift. As such, the stopped-flow integrated
fluorescence experiments failed to detect a burst phase, even
though one was present. F93S-IFABP also differed from WT-
IFABP in that three phases were observed during refolding.
The fastest phase was observed only by fluorescence,
represented an increase in intensity without any change in
secondary structure or the wavelength of maximal fluores-
cence (Figure 6), and was not observed for WT-IFABP
(Figure 3). Given the large differences in the amplitude of
the burst phase for F93S-IFABP compared to WT-IFABP,
this phase may correspond to the hidden phase of WT-IFABP
that could only be observed in double-jump experiments. The
second phase showed all of the expected amplitude change
by CD and most of the remaining fluorescence change. This
phase corresponds to the first phase observed for WT-IFABP.
Finally, but only at the lowest final concentration of de-
naturant (<0.6 M urea), a slower small amplitude fluores-
cence change was observed, similar to that observed for WT-
IFABP. The refolding behavior of F93S-IFABP was more
similar to that observed for WT-IFABP at pH 10 (32) rather
than that of WT-IFABP at pH 7. In summary, the refolding
of this mutant protein had a folding pathway that included a
burst phase event, an intermediate with little if any secondary
structure, and a molten-globule-like intermediate.

Refolding of WT-ILBP and Mutant ILBPs.The stopped-
flow refolding of ILBP is described by two phases (4). The
first phase accounts for 80% of the fluorescence signal
change and all of the CD signal change, followed by a slower
phase that was observed only by fluorescence. Unlike IFABP,
no significant burst phase is observed at any final concentra-
tion of denaturant (4). Double-jump experiments indicate that
the intermediate observed during refolding has similar
stability and spectral properties to those observed for the
major unfolding intermediate and is likely to be on the
reversible path for structure formation in this protein (4).
As such, the refolding path of ILBP has a single intermediate
with molten-globule-like properties.

The refolding behavior of C69F-ILBP was identical to that
of WT-ILBP (Figure 4). As such, although significant
differences were observed during the unfolding of these two
proteins, the refolding reaction was unaffected by this
mutation.

Overall, the refolding of F94S-ILBP was very different
from WT-ILBP (Figure 4). Similar to WT-ILBP, there is no
burst phase during refolding. However, unlike WT-ILBP,
the first observed phase had a small amplitude and was only
detected by fluorescence. The second phase was observed
by both fluorescence and CD. As such, the intermediate
observed during the folding of F94S-ILBP was not a molten
globule, since little if any secondary structure was detected.

DISCUSSION

This study tests the hypothesis that altering the chemistry
of critical residues at specific structural locations can change
the number and types of intermediates observed during the
folding of proteins in this family. The importance of specific
residues to the mechanism of folding of structurally related
proteins has been addressed in a few experimental systems.
Two proteins in the cks family appear to fold via different
mechanisms due to differences in the number and charac-
teristics of tertiary contacts in the core of the protein (33).

FIGURE 5: The fluorescence equilibrium endpoints obtained from
folding (O) and unfolding (0) stopped-flow experiments, illustrating
the lack of a refolding burst phase for F93S-IFABP. Closed symbols
are the initial fluorescence signal at the start of the kinetic transition
for folding (b) and unfolding (9). Solid lines indicated the expected
initial fluorescence based on the extrapolated native and denatured
baselines.

FIGURE 6: (A) The time-dependent concentration of the native,
intermediate, and unfolded states from the fit of the data collected
from wavelength-dependent stopped-flow fluorescence to the model
U f I f N for F93S-IFABP. (B) The fluorescence spectra of the
native, intermediate, and initial state of F93S-IFABP. The unfolded
spectrum of F93S-IFABP in 8 M urea is also shown. The final
urea concentration is 0.84 M and the final protein concentration is
0.52 mg/mL.
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An intermediate is observed in the folding of Im9, a four-
helix bundle protein, whereas the homologous Im7 protein
does not exhibit any intermediates during folding (34).
Despite these apparent kinetic differences,Φ analysis has
shown that Im7 and Im9 have similar transition states,
suggesting that differences in observed kinetics do not
preclude similarities in folding mechanism (35). Protein G
and protein L initiate folding from differentâ-hairpins,
despite having similar final structures (36, 37), and the
initiating site for folding in protein G has been changed to
that of protein L by site-directed mutagenesis (38).

The mutations described here, F68C-IFABP, C69F-ILBP,
F93S-IFABP, and F94S-ILBP are dramatic substitutions,
swapping large hydrophobic residues and smaller more
hydrophilic residues in very different sequence contexts. This
degree of mutation can significantly disrupt structure, but
these particular replacements are found in other members
of the family, and do not appear to prevent the formation of
the native structure.

Structure. The structures of IFABP and ILBP (Figure 1)
consist of two orthogonalâ-sheets enclosing a large solvent-
filled pocket in the apoprotein (2). The mouth of the pocket
is closed by a helix-turn-helix motif connecting the first
two â-strands. Since a large amount of solvent is contained
within the structure, the hydrophobic core of these proteins
is small and located opposite the two helices (Figure 7). The
interior solvent pocket in the apoproteins is immediately
adjacent to the core. This hydrophobic core is poorly
conserved in sequence, since these large hydrophobic
residues are frequently replaced by smaller more hydrophilic
residues. The two structural locations chosen for mutation
in this study reflect this diversity.

The most frequently observed residue at position 68 in
this family of proteins is phenylalanine (Figure 7). However,
a cysteine residue is found at this position (C69) in rat ILBP,
and alanine, serine, and threonine are also observed. In the
NMR structure of pig ILBP (6), the sulfhydryl group of C69
is oriented toward the external solvent (Figure 7). In human
ILBP (24), this residue is a serine, and the hydroxyl group
is also oriented toward the external solvent. Both the Câ and
the terminal atom in these side chains have significant solvent
exposure. However, in sequences where phenylalanine is
found at this position, the side chain is rotated into the
hydrophobic interior of the protein, although the Câ still has
some exposure to solvent (5). The structural models predict
that the substituted phenylalanine could be buried in C69F-
ILBP, with minimal movements of other side chains,

principally M71 (Figure 7). Similarly, the cysteine side chain
is predicted to project into solvent for F68C-IFABP, by a
simple rotation of the CR to Câ bond. Structures of these
mutant proteins are needed to confirm these predictions.

The most frequent amino acid in the sequence alignment
at position 93 is glutamine (about 70% of the sequences),
which has some exposure to the internal solvent pocket.
Phenylalanine is observed at this position in 15% of the
sequences, including both proteins used in this study. One
edge of the phenylalanine side chain is slightly exposed to
the internal solvent pocket. Eight other amino acids are found
at this site as well. The NMR structures of pig ILBP have a
serine at this structural location, which is not involved in
any obvious hydrogen-bonding interactions, and some of the
model structures direct the hydroxyl group toward the internal
solvent pocket (6). As such, serine was substituted in IFABP
and rat ILBP to test the effect of a hydrophilic substitution
at this structural location on the folding mechanism.

The structural models and the spectral data suggest that
these mutations had minimal effects on the native structure.
However, these mutations had significant effects on the
apparent folding mechanism, changing the number and types
of the intermediates observed.

The Folding of Proteins in this Family.The model shown
here provides a conceptual framework for understanding the
folding of these proteins

In this model, N represents the native state. IMG is a state
observed by stopped-flow kinetics that has molten-globule-
like properties (nativelike secondary structure and perturbed
tertiary contacts). This state can bind ligand (30), and the
wavelength of maximal emission indicates that the tryptophan
environments are similar in hydrophobicity to the native state.
However, the fluorescence intensity is not identical to the
native state. The ITC state is observed only by stopped-flow
fluorescence. At least one tryptophan must participate in ITC

in order for it to be observed. ITC has little if any secondary
structure by stopped-flow CD, and the tryptophan environ-
ments are hydrophilic, with an emission maximum similar
to that of the unfolded state. The fluorescence intensity of
this state is perturbed by some tertiary contacts (thus ITC) to
other residues. INMR is an equilibrium intermediate that lacks
secondary structure by CD criteria. The fluorescence signal
of INMR appears to be identical to that of the unfolded state.
However, both amide proton (39) and fluorine NMR experi-

FIGURE 7: Hydrophobic clusters of IFABP and ILBP. Residues with side chains within 7.5 Å of W82 in IFABP and V83 in ILBP are
shown and labeled. The view is looking between the sheets with theR-helices projecting toward the viewer (see Figure 1). The helices and
parts of the sheets have been removed so that the core can be viewed.

N S IMG S ITC S INMR S (UE T UB)
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ments (26) show that it is in chemical exchange with the
unfolded state ensemble for IFABP and other proteins
(unpublished data). Although INMR has some properties
similar to those of ITC (no secondary structure, solvent
exposed tryptophans), the states are not identical. Stopped-
flow kinetic experiments show that the rate of exchange
between ITC and the unfolded state is on the seconds time
scale, whereas the rate of exchange between INMR and the
unfolded state must be greater than 100 s-1 (26). The residues
that participate in INMR probably form the initiating site for
folding, bringing together hydrophobic side chains that are
not local in the sequence that interact with each other in the
native state. The structural states within the parentheses, UE

and UB, are in rapid equilibrium with each other. UE

represents the extended unfolded state at high concentrations
of denaturant, whereas UB represents the structures associated
with the burst phase, which appears to be a nonspecific
hydrophobic collapse of the unfolded state at low final
concentrations of denaturant (40). The spectral characteristics
of UB are not similar to those of IMG, which is much more
nativelike.

Each of these states have been observed during the folding
and unfolding of several of these proteins, although most
proteins do not show all of these states. The observation of
a particular intermediate depends on two major factors. First,
the intermediate state must be of low enough energy to be
significantly populated. As an example, consider the simple
unfolding free energy diagram shown in Figure 8. In both
cases, every protein molecule passes through both intermedi-
ate states during unfolding. In the case of the unfolding of
ILBP, only IMG accumulates and is detected. For IFABP,
ITC is stable enough to accumulate and be detected. Second,
there must be a signal change accompanying that transition.
For example, ITC has only been detected by tryptophan
fluorescence. If a particular sequence does not have a
tryptophan that participates in ITC, no intermediate would
be detected even if ITC is highly populated. This hypothesis
describes a simplified energy landscape for folding where
the proteins in this family follow the same path, but different
intermediate states accumulate and are detected due to
differences in their stability. Many proteins that are thought
to follow a two-state model for the folding transition may
have intermediate states that are not easily detected because
of these two factors (41, 42).

It is impossible to prove that each sequence follows this
identical folding path through all of these states, since only
those states that accumulate and can be detected are observed.

However, all of these states have been observed for
sequences that encode this fold, and single-site mutations
can change the number and type of intermediates observed
for any particular protein. This scheme for the folding of
these proteins is the simplest model that fits the data, but
other explanations are possible. For the sake of further
discussion, polar substitutions are assumed to be less likely
to interact with hydrophobic surfaces in intermediates,
whereas hydrophobic substitutions are more likely to interact
with those same surfaces.

During the stopped-flow unfolding of WT-IFABP, only
ITC is observed (4, 10, 11, 27). F68C-IFABP displayed both
intermediates IMG and ITC, while F93S-IFABP unfolded like
WT-IFABP. As such, the F68C mutation may have stabilized
an additional intermediate state that is not highly populated
for WT-IFABP at neutral pH, although it is detected for WT-
IFABP at pH 10 (32).

UB and IMG are directly observed during the refolding of
WT-IFABP (4, 10, 11, 27). ITC can only be detected indirectly
for WT-IFABP by double-jump experiments, because the
large amplitude change associated with the burst phase masks
its appearance. The F68C mutation did not affect the kinetic
folding pathway. However, ITC was detected for the F93S
mutant protein, because the amplitude of the burst phase was
so much smaller in F93S-IFABP compared to WT-IFABP.
The presence of serine at position 93 had dramatic effects
on the fluorescence of the burst phase, implying that long-
range interactions (between S93 and W82) were involved
in these states. These data suggest that the hairpin connecting
positions 93 and 82 may be present very early in the folding
process. Preliminary data on the native-state H/D exchange
kinetics of IFABP suggest that the amides in this hairpin
were among the slowest to exchange (unpublished results),
supporting this hypothesis.

WT-ILBP displays both IMG and ITC during unfolding (4).
However, only ITC was detected during the unfolding of
C69F-ILBP, suggesting that this mutation prevented the
accumulation of the molten-globule intermediate normally
observed during unfolding. The reciprocal mutation in IFABP
(F68C-IFABP) caused the appearance of the I2 intermediate
state. The F94S mutation did not change the unfolding
mechanism from that of WT-ILBP.

WT-ILBP displays only IMG during refolding. No burst
phase is observed for this protein, and it appears that the
stability or lifetime of ITC is not sufficient for it to be detected
(4). There was no detectable change in the folding mecha-
nism for C69F-ILBP. On the other hand, F94S-ILBP
exhibited only ITC during refolding, completely changing the
nature of the observed intermediate. It is interesting that
substitution of a serine for phenylalanine at this site allowed
ITC to be observed for both IFABP and ILBP. This suggests
a role for this residue in either the stability or lifetime of ITC

during the refolding of proteins in this family. Unfortunately,
the structural basis for the appearance of this intermediate
is not clear. This issue is currently being pursued.

In conclusion, these data show that single-site mutations
in the cores of these proteins can significantly perturb the
apparent folding and unfolding paths, stabilizing some
intermediate states and/or destabilizing others. The size and
stability of an initiating core of hydrophobic interactions
appears to be crucial to the types of intermediates that are
observed, and thus to the apparent folding path.

FIGURE 8: Simplified energy diagram for the unfolding of IFABP
(solid line) and ILBP (dashed line). N, IMG, ITC, and U are potential
or actual structures on the reaction paths. TS1, TS2, and TS3 are
the transition states between these structures.
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