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ABSTRACT: Much of the recent effort in protein folding has focused on the possibility that residual structures
in the unfolded state may provide an initiating site for protein folding. This hypothesis is difficult to test
because of the weak stability and dynamic behavior of these structures. This problem has been simplified
for intestinal fatty acid binding protein (IFABP) by incorporating fluorinated aromatic amino acids during
synthesis inEscherichia coli. Only the labeled residues give signals by19F NMR, and the 1D spectra can
be assigned in both the native and unfolded states by site-directed mutagenesis. One of the two tryptophans
(W82), one of the four tyrosines (Y70), and at least four of the eight phenylalanines (including F68 and
F93) of IFABP are involved in a structure that is significantly populated at concentrations of urea that
unfold the native structure by fluorescence and CD criteria. These residues are nonlocal in sequence and
also contact each other in the native structure. Thus, a template of nativelike hydrophobic contacts in the
unfolded state may serve as an initiating site for folding thisâ-sheet protein.

Understanding the mechanism by which a protein achieves
a specific functional three-dimensional structure remains one
of the most difficult problems in biochemistry. In order to
address this problem, knowledge of the structures of all the
states that participate in folding will be required. In particular,
a better understanding of the conformations of the unfolded
state of a protein is necessary. Although initial descriptions
of unfolded proteins emphasized the randomness of the
structure, there is ample evidence for nonrandom interactions
in the unfolded state for a wide variety of proteins, even
under strongly denaturing conditions (1, 2). If these contacts
are similar to those of the native state, they could act as
initiating sites for folding, greatly simplifying the search for
the native structure through conformational space (1).

It is difficult to directly determine the structures of these
potential initiating sites. Although nuclear magnetic reso-
nance (NMR)1 is one means to examine these structures, the
dynamic nature of the unfolded state has made the complete
assignment of an unfolded protein by NMR a difficult task,
especially for the side chain resonances (2). One way of

simplifying the NMR spectra is to replace the aromatic amino
acids of a protein with fluorinated derivatives of the same
residue (3). Fluorine has several advantages for NMR studies,
including 100% natural abundance, broad chemical shift
distribution, and extreme sensitivity of the chemical shift to
the local environment (3). Incorporation of the fluoro-labeled
amino acids into proteins expressed inEscherichia coliis
simple, and large quantities of labeled protein can be easily
obtained (4). Finally, assignment of the resonances to specific
residues can usually be done by site-directed mutagenesis,
allowing the behavior of specific residues in the sequence
to be examined (3, 4).

Several studies have used fluorine labeled proteins and
19F NMR to examine the folding process, both kinetically
(5-7) and at equilibrium (8-10). The folding of rat intestinal
fatty acid binding protein (IFABP) labeled with 6-fluorot-
ryphan (6Ftrp) has been examined previously (11). This study
examines the folding of mutants of IFABP containing a
single tryptophan, and to proteins labeled with 4-fluorophe-
nylalanine (4Fphe-IFABP) or 3-fluorotryosine (3Ftyr-
IFABP), providing probes throughout the protein structure.
The data support the hypothesis that a cluster of hydrophobic
residues that contact each other in the native state participate
in a preferred structure in the unfolded state at high
concentrations of denaturant.

MATERIALS AND METHODS

Protein Source and Purification.The expression plasmid
for IFABP has been previously described (12). Mutant
expression vectors for W6Y-IFABP, W82Y-IFABP, Y14F-
IFABP, Y70F-IFABP, Y117F-IFABP, Y119F-IFABP, F68A-
IFABP, and F93A-IFABP were constructed using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene). The
plasmid DNA for each construct was isolated using a QIA
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Spin Miniprep kit (Qiagen) and sequenced by the Molecular
Genetics Core Facility (Penn State College of Medicine) to
verify the presence of the specified mutation and confirm
the absence of any other mutations.

6Ftrp-WT-IFABP, 6Ftrp-W6Y-IFABP, and 6Ftrp-W82Y-
IFABP were expressed inE. coli strain KS463(DE3), a
tryptophan auxotroph. 4Fphe-WT-IFABP, 4Fphe-F68A-
IFABP, 4Fphe-F93A-IFABP, 3Ftyr-WT-IFABP, 3Ftyr-Y14F-
IFABP, 3Ftyr-Y70F-IFABP, 3Ftyr-Y117F-IFABP, and 3Ftyr-
Y119F-IFABP were expressed inE. coli strain DL39(DE3),
a phenylalanine and tyrosine auxotroph. The media used for
these preparations were similar to those used for labeling
IFABP with 6Ftrp as previously described except for the
labeled amino acid (11). The yields for the mutant 3Ftyr
proteins were low. In order to improve yields and ease
purification, the genes for these proteins (3Ftyr-Y14F-IFABP,
3Ftyr-Y70F-IFABP, 3Ftyr-Y117F-IFABP, 3Ftyr-Y119F-IF-
ABP) were transferred to the pET-28b(+) vector (Novagen)
and expressed by induction with IPTG in DL39(DE3). The
his-tag had no significant effect on stability, folding mech-
anism, or frequency of the 3Ftyr resonances in the labeled
proteins (data not shown) and these proteins were used for
assignment purposes only.

All of the labeled proteins were extracted fromE. coli
using the freeze thaw method (13). Following lysis of the
cells, 6Ftrp-WT-IFABP, 6Ftrp-W6Y-IFABP, 6Ftrp-W82Y-
IFABP, 4Fphe-WT-IFABP, 4Fphe-F68A-IFABP, and 3Ftyr-
WT-IFABP were purified from the cell supernatant as
previously described (12, 14). 4Fphe-F93A-IFABP was
isolated from inclusion bodies and purified as previously
described (15). Protein purity was demonstrated by the
presence of a single band on a 20% SDS polyacrylamide
gel. The following extinction coefficients were calculated
at 280 nm: 1.13 mg-1 cm-1 for labeled WT-IFABP, 4Fphe-
F68A-IFABP, and 4Fphe-F93A-IFABP and 0.87 mg-1 cm-1

for 6Ftrp-W6Y-IFABP and 6Ftrp-W82Y-IFABP (16).
Reagents.Urea stock solutions (approximately 10 M,

ultrapure, Amresco) were prepared and stored at-20 °C as
previously described (17). On the day of an experiment, a
working solution of 9 M urea was prepared by adding the
buffer components to a freshly thawed urea stock solution.
All buffers contained 25 mM NaPO4, 75 mM NaCl, 0.1 mM
EDTA. The pH of working buffer and urea solutions was
adjusted to pH 7. Actual denaturant concentrations were
determined by refractive index measurements with a Milton
Roy Abbe-3 refractometer at 25°C (18). All buffers were
filtered through 0.2 mm Whatman nylon membranes. All
chemicals were reagent grade unless otherwise noted.

Equilibrium Studies. Unfolding transitions as a function
of denaturant concentration were monitored by circular
dichroism (CD) and fluorescence. A Jasco J-710 spectropo-
larimeter was employed to follow changes in secondary
structure in the far-UV portion of the CD spectrum (14).
Fluorescence studies were carried out with a PTI Quanta-
Master luminescence spectrometer (14). Samples ranging in
denaturant concentrations from 0 to 8.5 M urea were prepared
using a Hamilton Microlab titrator (19). The data were
corrected for the background signal of the buffer and urea
solutions. For comparison of denaturation curves, the data
were normalized from 0 to 1, where 0 and 1 were assigned
to the lowest and highest observed intensity, respectively
(14). Nonlinear least-squares fits to the equilibrium data were

generated using KaleidaGraph (Synergy Software) as previ-
ously described (14). All fits were to a minimum of two
independent data sets.

19F NMR Studies. NMR data were collected on a Bruker
AMX-500 spectrometer using a 5 mmBruker hydrogen/
fluorine dual channel probe at 470.54 MHz. The19F spin
lattice relaxation times were determined using the inversion
recovery method and were<0.5 s for all protein resonances.
The pulse interval and pulse width were 2.5 s and 15.2µs,
respectively. The sweep widths ranged from 7000 to 10 000
Hz, and acquisition times ranged between 0.6 and 0.9 s. The
spectral offset and sweep width depended on the labeled
protein and standard used, but always extended at least 500
Hz beyond the frequencies observed for the native reso-
nances. At least 256 transients were collected for each
sample. 6Ftrp was used as an external chemical shift and
concentration standard for proteins containing 4Fphe and
3Ftyr. 4Fphe was used as the standard for proteins containing
6Ftrp. Samples were collected with decoupling of the
aromatic ring protons during data collection. Proteins were
dialyzed against 25 mM PO4, 75 mM NaCl, 0.1 mM EDTA
at pH 7. Initial protein concentrations were greater than 10
mg/mL. Five milligram aliquots of each protein were placed
in 2 mL Eppendorf tubes, and sufficient buffer was added
to bring the final volume to 0.6 mL. The proteins were
lyophilized, and stored at-20 °C until use. Each lyophilized
sample was dissolved in the appropriate volumes of deionized
water (10% D2O) and 8 M urea (10% D2O) for the final
concentrations of urea shown.

Spectra were collected at 25°C and processed with the
NUTS software program (Acorn NMR, Livermore, CA)
using 5 Hz of line broadening. Line widths were determined
with the NUTS software. WINDNMR (20, http://ww-
w.chem.wisc.edu/areas/reich/plt/windnmr.htm) was used to
perform dynamic NMR simulations. The ASC program (21,
http://mendel.imp.univie.ac.at/mendeljsp/studies/asc.jsp) was
used to calculate solvent accessibilities.

RESULTS

Equilibrium Unfolding by Fluorescence and Circular
Dichroism.The equilibrium and kinetic mechanism for the
folding of IFABP has been the subject of extensive studies
(11, 14, 15, 17, 22, 23). WT-IFABP behaves as a “two-state
folder” by fluorescence and CD criteria, suggesting that
significant concentrations of only the unfolded and native
states are present at equilibrium (14, 17, 22, 23). All of the
fluoro-aromatic labeled proteins followed a two state model
as judged by CD and fluorescence criteria (Table 1, Figure
1). However, the incorporation of fluoro-aromatic amino
acids did perturb the equilibrium folding compared to the
unlabeled proteins. In every case the dependence of∆GH2O

on denaturant concentration (mG) was decreased compared
to the unlabeled protein (Table 1, Figure 1). This decrease
resulted in a lower∆GH2O for the labeled proteins despite
small increases in the midpoint for denaturation (Table 1).
Unlabeled IFABP has a low value formG compared to other
proteins of this size (24) and in this family (14, 25, 26), and
labeling with fluorine accentuates this property. Fluorinated
amino acids are slightly more hydrophobic than their
unmodified counterparts (27, 28), and the increased hydro-
phobicity may stabilize the equilibrium intermediate observed
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by NMR during unfolding. Increased stability of the inter-
mediate would decrease the cooperativity of the unfolding
transition, as reflected by the decrease inmG observed for
the labeled proteins.

All of the labeled proteins had CD and fluorescence spectra
that were very similar to those of their unlabeled counterparts
(data not shown). In general, the incorporation of fluoro-
aromatic amino acids had a smaller effect on stability and
folding than conservative amino acid substitutions of those
same residues, supporting the use of this method to explore
folding at the atomic level.

6Ftrp Labeled IFABP.In a previous study of 6Ftrp-WT-
IFABP (11), only W82 appeared to participate in an
intermediate state whereas W6 did not. Figure 2 shows the
dependence of the19F NMR spectra on urea concentration
for 6Ftrp-W6Y-IFABP, 6Ftrp-WT-IFABP, and 6Ftrp-W82Y-
IFABP. 6Ftrp-WT-IFABP (middle panel) displayed two
peaks in the native (0 M) and unfolded states (7.6 M). This
observation emphasizes one of the advantages of19F NMR.
Differences in the local amino acid sequence are sufficient
to cause significant chemical shift dispersion for 6Ftrp
resonances, even in the unfolded state (5). Site-directed
mutagenesis clearly identified the residues responsible for
each of the resonances. The W82 resonance was downfield
from the resonance for W6 for both the native and unfolded
states (Figure 2). However, the dependence of the resonance
intensities on urea concentration differed for the two tryp-
tophans.

6Ftrp-W82Y-IFABP contains only a single tryptophan
(W6) in its sequence. The loss of the native state W6
resonance intensity and gain of the W6 unfolded resonance

intensity at increasing concentrations of denaturant cor-
responded to the equilibrium unfolding change observed by
fluorescence (Table 1). The line widths of the native and
unfolded resonances (30-35 Hz and 9-11 Hz, respectively)
were nearly constant over the entire range of denaturant
concentrations, suggesting that the two conformations were
in slow exchange on the NMR time scale. Slow exchange
kinetics for this process is consistent with the rates observed
for the transition between the native and unfolded states
(between 0.1 and 10 s-1, depending on the denaturant
concentration) by stopped-flow kinetics for W82Y-IFABP
(23) and the rate observed for the loss of native state intensity
for the W6 resonance during unfolding of 6Ftrp-WT-IFABP
by stopped-flow NMR (5). The assigned resonances for the
native and unfolded conformations of W6 in 6Ftrp-WT-
IFABP demonstrated behavior similar to that of 6Ftrp-
W82Y-IFABP. Thus, W6 exchanges between only the native
and unfolded conformations during unfolding.

6Ftrp-W6Y-IFABP has only W82 in its sequence, and the
loss of the native state resonance intensity for W82 cor-
responded to the equilibrium unfolding change observed by
fluorescence (Table 1). However, the gain in intensity for
the unfolded conformation could not be explained by a
simple N S U transition. Instead, the unfolded state
resonance was only observed at much higher concentrations
of denaturant, similar to those concentrations where the W82
resonance appeared for 6Ftrp-WT-IFABP. No additional
peaks were observed throughout the entire spectral range,
even when the sweep width was tripled. At 7.6 M urea, the
line width of the resonance associated with the unfolded

Table 1: Summary of Equilibrium Unfolding Data

protein
∆GH2O

(kcal mol-1)
mG

(kcal mol-1 M-1)
midpoint

(M)

WT-IFABP 4.79( 0.22 -1.13( 0.07 4.21( 0.04
6Ftrp-IFABP 3.82( 0.20 -0.83( 0.04 4.61+ 0.04
4Fphe-IFABP 3.98( 0.32 -0.85( 0.07 4.69( 0.08
3Ftyr-IFABP 3.54( 0.24 -0.74( 0.06 4.77( 0.09
W6Y-IFABP 3.86( 0.22 -1.09( 0.05 3.52( 0.04
6Ftrp-W6Y-IFABP 2.93( 0.17 -0.77( 0.04 3.8( 0.05
W82Y-IFABP 4.88( 0.44 -1.38( 0.12 3.54( 0.04
6Ftrp-W82Y-IFABP 3.99( 0.10 -1.10( 0.03 3.60( 0.02
F68A-IFABP 6.17( 0.38 -1.76( 0.11 3.52( 0.02
4Fphe-F68A-IFABP 3.10( 0.15 -0.96( 0.04 3.23( 0.03
F93A-IFABP 2.37( 0.16 -1.30( 0.06 1.83( 0.04
4Fphe-F93A-IFABP 1.94( 0.13 -0.77( 0.03 2.53( 0.07

FIGURE 1: Equilibrium fluorescence unfolding of WT-IFABP (open
circles) and 4Fphe-WT-IFABP (closed squares). The dashed and
solid lines are the fit to a two state model of the equilibrium
unfolding of WT-IFABP and 4Fphe-WT-IFABP, respectively.

FIGURE 2: Spectra of 6Ftrp-W6Y-IFABP, 6Ftrp-WT-IFABP, and
6Ftrp-W82Y-IFABP at the listed concentrations of urea. Some of
the spectra have been multiplied by 0.5 for easier visualization.
The chemical shift scale is from 4Fphe.
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conformation of W82 was broader than that for W6 in 6Ftrp-
WT-IFABP, about 19 Hz for W82 compared to 10 Hz for
W6 at 7.6 M urea. As discussed below, the simplest
explanation for these results requires that W82 pass through
at least one additional conformation during unfolding.

Both of the mutant proteins were less stable than WT-
IFABP (Table 1). This decreased stability is reflected in the
reduction of the native resonance intensities of 6Ftrp-W6Y-
IFABP and 6Ftrp-W82Y-IFABP at lower concentrations of
denaturant than in 6Ftrp-WT-IFABP. However, the unfolded
resonance for W82 in 6Ftrp-W6Y-IFABP appeared over a
similar range of denaturant concentrations as that observed
for the W82 resonance in 6Ftrp-WT-IFABP, leading to a
broader range of denaturant concentrations where no reso-
nance intensity was observed.

3Ftyr Labeled IFABP.The dependence of the NMR
spectra of 3Ftyr-WT-IFABP on urea concentration is shown
in Figure 3. The protein yields were lower for the 3Ftyr
labeled proteins than for the 6Ftrp and 4Fphe labeled
proteins. However, sufficient protein was available to assign
the resonances and to obtain a complete equilibrium unfold-
ing profile for 3Ftyr-WT-IFABP. The line widths of the
native state 4Ftyr resonances are broader than for most other
fluorine labels. The increased line width in the native state
is probably due to the nonsymmetrical labeling of the tyrosine
ring. The label is next to the OH group of tyrosine, and ring
flips would place the fluorine nucleus in different environ-
ments that are in chemical exchange. The line widths of the
native resonances increased considerably at concentrations
of urea that were not sufficient to unfold the protein by CD
or fluorescence criteria (e.g., 3 M urea, Figure 3). This

phenomenon is likely due to increases in the rate of ring
flipping, resulting in line broadening.

As expected for a protein with four tyrosines, four peaks
were observed for the native state at low concentrations of
denaturant. Three peaks were observed for the unfolded state
at high urea concentrations, with the central peak having
twice the intensity of the other two peaks, suggesting that
two of the resonances for 3Ftyr had nearly identical frequen-
cies in the fully unfolded state. Site directed mutagenesis
(replacing each tyrosine with phenylalanine) was used to
assign individual resonances to specific residues in the native
and unfolded states (Figure 3). At 5 M urea, where the
protein was about 65% unfolded by fluorescence criteria,
the intensity of the middle peak was only slightly larger than
the intensity of the flanking peaks (Figure 4). The central
peak became much more intense over the same denaturant
concentration range for which the W82 unfolded resonance
appeared in 6Ftrp-WT-IFABP, while the two flanking peaks
did not increase as much at higher urea concentration
(Figures 3 and 4). Thus, one of the tyrosine resonances shows
the same behavior as that of W82. Site-directed mutagenesis
identified Y70 as the residue causing this behavior. 3Ftyr-
Y70F-IFABP displayed three peaks of similar intensity at
4.8 M urea that maintained the same proportions in 9 M
urea (data not shown).

4Fphe Labeled IFABP.The dependence of the fluorine
spectrum of 4Fphe-WT-IFABP on urea concentration is
shown in Figure 5. As expected for a protein with eight
phenylalanines, eight peaks were observed for the native
state. The native resonances were assigned by mutagenesis
(F68A-IFABP, F93A-IFABP) or by site specific incorpora-
tion of 4Fphe (4, 29). The differences in line shape and
intensity for the various resonances are due to local structure
differences for each residue in the native state (29). The
spectra for 4Fphe-WT-IFABP at high concentrations of
denaturant are shown in Figure 6. At 8 M urea, 8 peaks of
approximately equal line width and intensity can be decon-
voluted. Two resonances overlapped near 5.5 ppm, and two
other resonances overlapped between 5.3 and 5.4 ppm.
Significant missing intensity was observed at 5.5 M urea,
where the protein was about 75% unfolded by optical
methods (Table 1). Integration of the spectra at 5.5 M urea
indicated that at least 50% of the expected intensity was
absent, suggesting that at least 4 of the 8 phenylalanines
showed equilibrium unfolding behavior similar to those of
W82 and Y70.

FIGURE 3: Spectra of 3Ftyr-WT-IFABP at the listed concentrations
of urea. Some of the spectra have been multiplied by 0.5 for easier
visualization. The chemical shift scale is from 6Ftrp.

FIGURE 4: Relative intensity of the middle 3Ftyr unfolded state
resonance. The relative intensity of the middle resonance was
compared to the average intensities of the two flanking resonances,
assuming that the line widths of all peaks were identical (13 Hz).
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Two mutant proteins (F68A-IFABP and F93A-IFABP)
provided useful assignment information for the unfolded
state. Figures 7 and 8 show the urea concentration depen-
dence of the spectra for 4Fphe-F68A-IFABP. The missing

resonances from the 4Fphe-WT-IFABP spectra were obvious
in both the native (0 M urea) and fully unfolded (7.2 M urea)
states. Figures 9 and 10 show similar plots for 4Fphe-F93A-
IFABP, assigning the resonances for F93. A comparison of
the mutant and wild-type protein spectra shows that both

FIGURE 5: Spectra of 4Fphe-WT-IFABP at the listed concentrations
of urea. Some of the spectra have been multiplied by 0.5 for easier
visualization. The chemical shift scale is from 6Ftrp. The resonances
associated with F68 and F93 in the native state were assigned by
mutagenesis. Site-specific incorporation of 4Fphe has assigned the
other resonances in native IFABP (29).

FIGURE 6: Spectra of 4Fphe-WT-IFABP at high concentrations of
urea. Assignments of the resonances for F68 and F93 in the
unfolded state are labeled. Unassigned resonances are labeled A-F.
The chemical shift scale is from 6Ftrp.

FIGURE 7: Spectra of F68A-4Fphe-IFABP at the listed concentra-
tions of urea. Some of the spectra have been multiplied by 0.5 for
easier visualization. The chemical shift scale is from 6Ftrp. The
asterisk (*) is the frequency of the peak missing from the 4Fphe-
WT-IFABP spectra.

FIGURE 8: Spectra of F68A-4Fphe-IFABP at high concentrations
of urea. The chemical shift scale is from 6Ftrp. The asterisk (*) is
the frequency of the peak missing from the 4Fphe-WT-IFABP
spectra.
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F68 and F93 have unfolding behaviors similar to that of W82
and Y70.

Both of these phenylalanine to alanine mutations signifi-
cantly destabilized the native state, and the loss of intensity
for the native state resonances began at lower concentrations
of denaturant than observed for 4Fphe-WT-IFABP (Figures

7 and 9). Although there was still significant missing intensity
between 4 and 6 M urea for the mutant proteins, the spectra
became more similar to the completely unfolded state at
lower concentrations of denaturant than observed for 4Fphe-
WT-IFABP (Figures 8 and 10), suggesting that these
mutations also destabilized the intermediate.

DISCUSSION

IFABP is a predominatelyâ-sheet protein consisting of
two five-stranded sheets (30). The strands are connected by
reverse turns in a simple up and down topology with the
exception of the helix-turn-helix motif connecting the first
and secondâ-strands. Theâ-sheets are arched with respect
to each other, creating an internal solvent filled cavity that
is isolated from exterior solvent by the two helices. The
aromatic residues are scattered throughout the sequence,
providing reporter groups for folding from all structural
elements. Most of the aromatic side chains have solvent
exposed surface areas of less than 10%, and those that expose
greater than 10% of their surface area are oriented toward
the internal cavity (21).

IFABP has been the subject of many folding studies, which
have primarily focused on the kinetic mechanism for the
folding of thisâ-sheet protein. The folding of this protein is
complex, with a burst phase and at least two intermediates
on the folding pathway (11, 14, 15, 17, 22, 23, 31, 32). One
of these intermediates lacks secondary structure by CD
criteria, suggesting that at least one of the two tryptophans
of the protein is involved in some tertiary contact in the
absence of stable secondary structure (14, 17, 22, 23). Kinetic
studies of the folding of mutant proteins each having a single
tryptophan have shown that W82 participates in the kinetic
intermediate, but W6 does not (23).

There are several possible explanations for the “missing
intensity” phenomenon observed at some but not all of the
labeled residues. It is unlikely that the missing intensity is
due to aggregation. There is no evidence for higher molecular
weight aggregates at similar denaturant and protein concen-
trations by NMR measurements of diffusion (33). No
aggregates have been detected by analytical ultracentrifu-
gation, small-angle X-ray scattering, or size exclusion
chromatography under similar conditions (data not shown).
Further, it is hard to imagine how aggregation might affect
residues in the same protein molecule so differently. This
behavior is not specific to urea, since missing intensity for
the same resonances occurs when guanidine hydrochloride
is the denaturant (11, data not shown). Missing intensity has
been observed in HSQC experiments for15N-IFABP for
some of the amide proton resonances at similar urea
concentrations, although the resonances were not assigned
(34). As such, the missing intensity was not caused by
fluorine labeling.

Chemical Exchange.Chemical exchange on the intermedi-
ate exchange time scale is the most likely explanation for
this phenomenon. Chemical exchange occurs when a nucleus
is in conformational exchange between two or more chemical
environments (35). The simplest case of chemical exchange
assumes two conformations for a particular nucleus, each
of which has a unique chemical shift. If the exchange rate is
slow compared to the difference in chemical shift (k in s-1

, ∆ frequency in s-1), two peaks will appear in the NMR

FIGURE 9: Spectra of F93A-4Fphe-IFABP at the listed concentra-
tions of urea. Some of the spectra have been multiplied by 0.5 for
easier visualization. The chemical shift scale is from 6Ftrp. The
asterisk (*) is the frequency of the peak missing from the 4Fphe-
WT-IFABP spectra.

FIGURE 10: Spectra of F93A-4Fphe-IFABP at high concentrations
of urea. The chemical shift scale is from 6Ftrp. The asterisk (*) is
the frequency of the peak missing from the 4Fphe-WT-IFABP
spectra.
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spectra, one for each conformation. The intensity of each
peak is proportional to the population of that conformation.
If the rate of exchange is fast compared to the chemical shift
difference (k . ∆ frequency), a single peak will appear at
the population weighted average frequency. The fast ex-
change regime is expected for a fully unfolded protein, with
many conformations, each with a different chemical shift,
in rapid exchange with each other. Finally, if the rate of
exchange is similar to the chemical shift difference (0.02k
< ∆ frequency< 50k), significant line broadening will occur.
Near coalescence (k ≈ ∆ frequency) the resonance intensity
can be completely absent (35, 36). The use of chemical
exchange to explain the dependence of NMR spectra on
denaturant concentration is not unprecedented and has been
used to measure the rate of folding in rapid folding proteins
(36-39).

Figure 11 shows simulations for chemical exchange for
6Ftrp-W82Y-IFABP using WinDNMR (20). The simulation
procedure requires considerable knowledge of the system,
including the frequencies, line widths, populations, and rates
of exchange for all of the participating states. Fortunately,
much of this information can be obtained from spectra where
no chemical exchange is occurring (see Supporting Informa-
tion). The model for chemical exchange at this site assumed
a simple NS U transition, using the values for frequency
and line width for the N and U states from the spectra in
Figure 11. All of the spectra fit well to this model as long
as the rate of exchange between N and U was<5 s-1. This
rate agrees with the rates observed by stopped-flow fluo-
rescence and stopped-flow CD for WT-IFABP and W82Y-
IFABP (17, 23). Further, stopped-flow NMR has been used
to directly measure the rate of decrease in intensity for the
native 6Ftrp-W6 resonance (k ≈ 0.1 s-1) for an unfolding
transition from 0 to 4.5 M urea (5). Only the population of
the N and U states changed with urea concentration. Figure
12 shows a comparison of the dependence of the unfolding
of 6Ftrp-W6Y-IFABP by fluorescence intensity and by NMR

simulations to a two-state model for conformational exchange
for this nucleus. The midpoints for unfolding were identical
by these methods (3.60 vs 3.61 M urea). The transition may
be slightly more cooperative by NMR intensity measure-
ments than by fluorescence (mG of 1.8 vs 1.1), but there are
not enough data points to be certain of this result. Further,
the mG value for IFABP is unusually low for a protein of
this size (24). If the low mG for WT-IFABP is due to the
presence of the intermediate state, then this site may show
a more cooperative transition (highermG value), because it
does not participate in the intermediate.

Figure 13 shows simulations to chemical exchange models
for 6Ftrp-W6Y-IFABP. The first simulated model assumes
a simple NS U model for the transition, using the values
for frequency and line width for the N and U states from
the spectra in Figure 13A and Figure 13B. Figure 13C shows
the best fit simulation for the NS U model to the actual
data at 4.75 M urea. The populations of N and U were
systematically varied between 10% and 90% and the rate of
exchange was varied over 3 orders of magnitude (1-1000
s-1) without finding a better fit. Thus, the equilibrium
unfolding of 6Ftrp-W6Y-IFABP by NMR is not two state,
even though this protein fits well to a two state model for
unfolding at equilibrium by optical methods. As such,
although some residues (W6) significantly populate only the
native and unfolded conformations at equilibrium, other
residues (W82) must populate additional conformations.

Figure 13D shows the simulation of the chemical exchange
process for a more complex model, NS I S U for 6Ftrp-
W6Y-IFABP at 4.75 M urea. There are two rate constants,
the first for exchange between N and I, and the second
between I and U. The line width of the intermediate state is
not known, but should be between those of the native state
(35 Hz) and the unfolded state (10 Hz). Simulations at these
extremes indicated that any spectral differences caused by
variations in line width of the intermediate state were small
compared to the other simulated variables, so the line width
was set to 20 Hz. The population of the N state was set to
5%, based on the predicted concentration of the N state at
4.75 M urea (Table 1), leaving four variables to simulate:
the populations of the I and U states, the rate of exchange
between I and U, and the frequency of the W82 resonance
in the I conformation.

In order to obtain a flat spectrum for chemical exchange
at this site, the populations of both the intermediate state

FIGURE 11: Spectra of 6Ftrp-W82Y-IFABP at selected concentra-
tions of urea with simulations of chemical exchange. All plots are
at the same intensity for the internal standard at 0 Hz (4Fphe). The
simulations for A and B assume 100% unfolded and native,
respectively. The simulation in C assumes a NS U model for
exchange, with 77% population of the native state and 23%
population of the unfolded state. The rate of exchange was 1 s-1.

FIGURE 12: Normalized fluorescence and NMR intensities. The
dependence of the unfolding of 6Ftrp-W82Y-IFABP on denaturant
concentration by fluorescence (b) and NMR (0) native state
intensities predicted by simulation. The lines through the data are
the fit to a two-state model for unfolding at equilibrium for each
data set.
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and the unfolded state must be between 30% and 70%,
regardless of the values for the rate of exchange and
frequency of W82 in the I conformation. For example, in
Figure 12D, the populations of the intermediate and unfolded
states were set to 40% and 55%, respectively, resulting in a
good fit to the data. If the population of either the intermedi-
ate or unfolded state is greater than 70%, a peak appears
near the frequency of the more highly populated state. This
result is shown in Figure 13E, where the protein is 90% in
the unfolded state, and a peak is observed at the unfolded
state frequency.

The frequency of the intermediate state must be>300 Hz
away from the unfolded state resonance, or a broad but still
obvious peak would be visible. The simulation in Figure 13C
is similar to those observed when the frequency of the
intermediate state in a NS I S U model is less than 300
Hz away. The frequency for the intermediate state can be
either upfield or downfield of the unfolded state frequency
without changing the fit. The exchange rate between the
intermediate and unfolded states must be between 50% and
300% of the frequency difference to broaden the signal into
the baseline. If the frequency of the intermediate resonance
is 800 Hz away from the unfolded resonance, the rate of
exchange must be between 400 and 2400 s-1, as shown in
Figure 13D. Increasing the difference in frequency results

in equally good fits so long as the rate of exchange is
increased in proportion. Future experiments will use different
field strengths, temperatures, and pH values in an attempt
to modulate the rate of exchange between the intermediate
and unfolded states in order to better determine the actual
frequency for the W82 resonance in the intermediate state.

This kind of chemical exchange behavior would explain
the dependence of the spectra on urea concentration for
3Ftyr-IFABP and 4Fphe-IFABP as well. There is missing
intensity for Y70 in 3Ftyr-IFABP and for F68, F93, and at
least two other phenylalanines in 4Fphe-IFABP over the
same range of denaturant concentration observed for the W82
resonance. Some of these resonances appear to move from
the intermediate chemical exchange regime into the fast
chemical exchange regime, since both the frequency and line
width of a few of the peaks in the 4Fphe-IFABP spectra
change dramatically (Figure 6, peaks B and F). However, it
is equally clear that not all residues participate in the structure
of the intermediate: W6, Y14, Y117, Y119, and at least 2
phenylalanines (Figure 6, peaks A and E) do not show line
broadening between 5 and 8 M urea.

The behavior of the mutant proteins also supports the
presence of a populated intermediate. The native state of
IFABP is destabilized by the W6Y mutation, and the intensity
of the native W82 resonance in 6Ftrp-W6Y-IFABP begins
to decrease at lower concentrations of denaturant than for
6Ftrp-WT-IFABP (Figure 3). However, W6 does not par-
ticipate in the intermediate state, and the stability of the
intermediate state is not affected. Thus, the unfolded
resonance of W82 appears over a similar denaturant con-
centration range as in 6Ftrp-WT-IFABP. The F68A and
F93A mutations destabilize the native conformation. How-
ever, these sites participate in the intermediate as well, and
these mutations appear to destabilize the intermediate
conformation (Figures 5-10). As such, the spectrum of the
extended unfolded state appears at lower urea concentrations
in 4Fphe-F68A-IFABP and 4Fphe-F93A-IFABP than in
4Fphe-WT-IFABP. Since these mutations affect all of the
4Fphe resonances that participate in the intermediate in the
same manner, this conformation may act as a unified
thermodynamic unit, with all of these residues participating
in the same state at the same time.

This model for chemical exchange is the simplest model
that fits the data. More complex models with additional
conformational states are also consistent with the data.
However, the exchange between these conformations must
remain in the intermediate chemical exchange time regime
because a flat spectrum was observed for 6Ftrp-W6Y-IFABP
at 4.5 M urea when the number of transients was increased
to 8192 (data not shown). If exchange between many states
was slow, small peaks representing those conformations
should have been observed in this spectra. If multiple
conformations were in fast exchange, then an average peak
would have been observed, like in the unfolded protein.

Comparison of the Properties of the NMR Intermediate
to the Kinetic Intermediates.The spectral properties of the
NMR intermediate (little if any secondary structure and
fluorescence similar if not identical to the unfolded state)
are quite similar to those of one of the kinetic intermediates
observed during the unfolding of this protein. This interme-
diate has little if any secondary structure by stopped-flow
CD experiments, and the fluorescence spectrum of the kinetic

FIGURE 13: Spectra of 6Ftrp-W6Y-IFABP at selected concentra-
tions of urea with simulations of chemical exchange. All plots are
at the same intensity for the internal standard at 0 Hz (4Fphe). The
simulations for A and B assume 100% unfolded and 100% native,
respectively. The simulation in C assumes a NS U model for
exchange, with 50% population of each state. The rate of exchange
was 110 s-1. The simulation in D assumes a NS I S U model.
The populations of N, I, and U were 5%, 40%, and 55%,
respectively. The rate of exchange for N to I and for I to U was 1
s-1 and 800 s-1, respectively. The simulation of spectrum E assumes
a N S I S U model. The populations of N, I, and U were 0.1%,
10%, and 89.9%, respectively. The rate of exchange was 1000 s-1.
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intermediate has the same wavelength of maximal fluores-
cence as the unfolded state, but is slightly more intense. We
have shown that only W82 participates in the kinetic
intermediate (23), and W82 also shows the intermediate
exchange behavior described here. However, even though
they have similar spectral properties, the rate of exchange is
very different. The stopped-flow data suggests that the kinetic
intermediate exchanges with the unfolded state at about 1
s-1, compared to an exchange rate of at least 200 s-1 for the
NMR intermediate and the unfolded state. As such, they are
not identical states. The data suggests that INMR is more
unfolded than the kinetic intermediate, and thus is even more
similar to the unfolded state in its spectral properties.

Structure of the Intermediate.Figure 14 shows the
hydrophobic core of native IFABP. All of the residues
identified as participating in the intermediate detected by19F
NMR are neighbors in the native state. There are three other
phenylalanines (F2, F47, F62) in this cluster which might
account for the other phenylalanine residues that show
chemical exchange behavior. Finally, F55 is between F47
and F62 in the sequence, and represents another residue
whose NMR behavior might be affected by the intermediate.

A number of proteins have been shown by NMR to have
both native and nonnative interactions involving hydrophobic
residues at concentrations of denaturant sufficient to unfold
the protein by optical methods (reviewed in ref2). For
example, there is both native and nonnative clustering of
hydrophobic residues in lysozyme (40). At this point in time
only nativelike interactions have been detected, but that does
not mean that all of the contacts in this structure are
nativelike. On the other hand, several residues that are not
in this cluster in the native state (W6, Y14, Y117, Y119,
and at least 2 phenylalanines) do not participate in the
intermediate.

The residues in the intermediate are not very close together
in the sequence of the protein, only in the native structure.
Given the changes in the optical and NMR properties of
residues in this cluster, the structure of the intermediate is
certainly not identical to the native state. Rather, the
intermediate is likely to be an ensemble of related structures
that bring these residues together. A peptide corresponding
to the central hairpin loop in this sequence (F62-Y70) for
another protein in this family has been shown to have
significant secondary structure in solution (41, 42). This

hairpin might serve as a local hydrophobic cluster upon
which additional hydrophobic residues can assemble from
further away in the sequence. Hence, gathering these long
range interactions together lays down a template upon which
secondary structure can form quickly and accurately, greatly
reducing the conformational space that needs to be searched
to obtain the native fold (1). This hypothesis might provide
a general mechanism for the folding ofâ-sheet proteins.
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