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ABSTRACT The folding of intestinal fatty-acid binding
protein has been monitored by 'F NMR after incorporation of
6-fluorotryptophan into the protein. The two resonances re-
sulting from the two tryptophans of this protein showed
different dependencies on denaturant concentration. One of the
resonances was in slow chemical exchange between two reso-
nance frequencies, native and completely unfolded. The
changes for this resonance occurred over a denaturant con-
centration range identical to that monitored by circular di-
chroism or fluorescence during unfolding. The other resonance
continued to show changes at concentrations of denaturant well
above that needed to complete the unfolding transition as
monitored by optical techniques. Site directed mutagenesis
showed that tryptophan-82 was the residue responsible for the
unexpected behavior. We conclude, based on complete line-
shape analysis, that there are t concentrations of one
or more intermediates in equilibrium with the native and
unfolded forms. The structure of the intermediate(s) is more
similar to the completely unfolded form of the protein than to
the native structure, since little if any secondary structure is
present. Further, these structure(s) persist at high denaturant
concentrations and may represent local initiating sites in the
folding of this B-sheet protein.

Proton nuclear magnetic resonance (‘H NMR) as a probe of
protein structure is an extremely powerful technique, but the
sheer number of signals generated by a protein frequently
makes them difficult to resolve and assign. This is particu-
larly a problem when a protein undergoes a large structural
change, such as during folding and unfolding, since multiple
signals will be present for each proton and the kinetics of
exchange among the various states may affect the lineshape
and position of the resonances. Although some progress has
been made in the detection and characterization of transient
intermediates by combining stopped-flow methods with
NMR measurements of hydrogen—deuterium exchange (1-4),
these methods detect the stabilization of hydrogen bonds
during secondary structure formation and do not examine the
conformation of side chains during the folding process.
Information on the environment of side chains is particularly
important because hydrophobic interaction among side
chains is one of the driving forces responsible for protein
folding (5). One means of simplifying the study of protein
folding and probing side-chain interactions by NMR is the
site-specific incorporation of a fluorine-containing amino
acid residue.

Fluorine is a spin-%2 nuclide that is present in 100% natural
abundance and is similar in size to hydrogen. °F NMR is
nearly as sensitive as 'H NMR and the resonances occur over
an extremely wide chemical shift range (6). Further, the
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chemical shift is extremely sensitive to changes in solvent
environment, as would occur during the folding process.
Since fluorine is not a naturally occurring atom in biological
systems, the observed signals come only from the incorpo-
rated amino acids. Some caution must be exercised in the
interpretation of 1F NMR because the strength of the car-
bon-fluorine dipole or some other physical property of flu-
orine may significantly perturb structure and/or function.
However, this seems not to be the case for a variety of
systems examined thus far (6-10). In this paper we describe
the use of F NMR to study the folding at equilibrium of rat
intestinal fatty acid-binding protein (IFABP) into which 6-flu-
orotryptophan (6FTrp) has been incorporated.

IFABP belongs to a family of small intracellular hydro-
phobic-ligand-binding proteins (11, 12). The crystal structure
of holo-IFABP has been solved to a resolution of 2 A (13) and
that of apo-IFABP to 1.2 A (14). The primary structural
feature is two orthogonal B-sheets, of five strands each,
enclosing a large cavity into which fatty acid binds. There are
no cysteines or prolines in the primary sequence. The equi-
librium and kinetic folding of this protein has been examined,
primarily by monitoring fluorescence changes during the
transition (15). Although no significant concentration of
intermediates was detected at equilibrium by fluorescence,
circular dichroism (CD), or absorption measurements, at
least one transient intermediate was observed by kinetic
measurements during either unfolding or refolding of this
protein (15). Unfortunately, the earlier data could not deter-
mine which region(s) of the protein were responsible for the
observed fluorescence changes. The current results on the
equilibrium unfolding transition as monitored by 1°F NMR
have begun to clarify the relationships among these struc-
tures.

MATERIALS AND METHODS

Mutagenesis. Mutagenic oligonucleotides were prepared to
change each tryptophan codon to a tyrosine codon by site-
directed mutagenesis using the uracil selection method of
Kunkel et al. (16). Single-stranded phagemid DNA was
produced in Escherichia coli BW313 from pMON-IFABP
(17). Nucleotides, buffers, and enzymes for second-strand
synthesis and ligation were from United States Biochemical.
Mutants were identified and the entire coding regions were
sequenced by the dideoxy method (18). Sequenase sequenc-
ing reagents and protocols were from United States Biochem-
ical.

Protein Production. Large quantities of wild-type and mu-
tant 6FTrp-containing IFABP were produced by the induc-
tion of protein synthesis in E. coli W3110trpA33, a tryp-

Abbreviations: IFABP, intestinal fatty acid-binding protein;
Gdn-HCI, guanidine hydrochloride; 6FTrp, 6-fluorotryptophan; 75,
effective transverse relaxation time; TFA, trifluoroacetic acid.
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tophan auxotroph (19) provided by C. Yanofsky (Stanford
University). Culture and induction conditions were similar to
those used for the synthesis of 6FTrp substituted cellular
retinol-binding protein II (7). Individual overnight cultures
containing the various pMON-IFABP vectors were diluted
1:100 in M9 medium (20) supplemented with 1% Casamino
acids, 1.5% glucose, vitamin B; (1 ug/ml), FeCls (5 ug/ml),
ZnSO4 (0.4 ug/ml), CuSO;4 (0.8 ug/ml), CoCl, (0.7 ug/ml),
MnSO4 (0.5 ug/ml), H;BO; (0.2 ug/ml), Na,MoO, (0.7
pg/ml), ampicillin (50 ug/ml), and 0.1 mM tryptophan.
Cultures were shaken at 37°C. After achieving an ODgyo of
3.0, cells were harvested by low-speed centrifugation and
resuspended in the same medium prewarmed to 37°C and
containing 0.1 mM 6FTrp instead of tryptophan. The cultures
were incubated at 37°C for 15 min and IFABP expression was
induced by the addition of nalidixic acid (50 ug/ml). After 2
hr of induction at 37°C, the ODgyo reached a value of about
5.5. Cells were harvested by low-speed centrifugation. Ap-
proximately 30 g of cells were produced from 5 liters of
medium, resulting in 200-400 mg of purified protein after
processing. The purification and delipidation protocols for
mutant and wild-type [6FTrp]IFABP were identical to those
reported for the unsubstituted wild-type protein (17). Incor-
poration levels were estimated by comparing the integrated
intensity to that of a standard concentration of 2-fluorophe-
nylalanine and were found to range from 80% to 90%. Purity
was assessed by SDS/PAGE.

Ultrapure urea and guanidine hydrochloride (Gdn-HCI)
were supplied by Schwarz/Mann. Solution preparation pro-
tocols, spectroscopic methods of monitoring protein unfold-
ing at equilibrium, and data analysis have been described
@1s).

NMR Data Collection and Analysis. NMR data were col-
lected on a Varian VXR-500 spectrometer operating at
470.268 MHz for 1°F, using a 5-mm Varian hydrogen/fluorine
probe. The 1F spin-lattice relaxation times were determined
by the inversion recovery method and were <0.5 sec for all
protein resonances. The pulse interval was 2.4 sec. Ninety-
degree flip-angle pulses were calibrated for each sample and
ranged from 7.8 to 19 usec, at low and high ionic strength,
respectively. An external chemical-shift and concentration
standard, 2-fluorophenylalanine [—42.53 ppm from trifluoro-
acetic acid (TFA)], was used in a coaxial insert with all
samples. No pH correction was made for 10-15% 2H,0
content and no proton decoupling was used. Spectra were
collected at 25°C and processed with 5 Hz of line broadening.

Spectral simulation and fitting were performed by the
DNMR5 computer program (21) on a 25-MHz 80386 PC with
math coprocessor (Gateway 2000, North Sioux City, IA).
This program allows the variation of parameters in a system
undergoing chemical exchange and optimizes the fit of a
simulated spectrum to the actual data. The spectra at each
concentration of denaturant in the transition zone were fit to
two models, a simple two-state transition, N = U, and a
three-state transition, N = I = U. The effective transverse
relaxation time (T'%) for native protein and unfolded protein
was calculated from the half-height linewidths (W) at 0 M and
4 M Gdn-HCl, respectively (T3 = 1/7W, where W is ~40 Hz
for the native resonances and 25 Hz for the unfolded reso-
nances). The T3 of the intermediate was set equal to that of
the unfolded protein, as discussed below. The following
parameters were allowed to vary during the fitting procedure:
the resonance frequency for each of the two 6FTrp reso-
nances in each of the states, the relative population of each
state, the exchange rates between states, and the baseline
intensity and tilt values. The raw intensity values at each
chemical shift frequency between —45.6 and —47.6 ppm (=1
Hz per point) were converted to an ASCII data file and
normalized to integer values ranging from 0 to 30,000, where
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0 and 30,000 were the lowest and highest intensity values,
respectively, in preparation for program input.

One problem with the use of this program was related to the
limitations of the fitting algorithm. T3 could not be varied
independently for each resonance in each state. If the reso-
nance associated with Trp® was identical in frequency and
linewidth for the intermediate and unfolded protein, as dis-
cussed below, and multiple intermediate forms of Trp82 were
present, the T3 of the Trp®? resonance would be much less
than that of TrpS. This was particularly a problem at higher
concentrations of denaturant, where little if any native pro-
tein was present, and it is probably responsible for the
relatively poor fits at those concentrations (e.g., see Fig. 3C,
5.0 M urea). The inability to vary T%independently may have
caused very high correlation coefficients (>0.99) between the
exchange rates during the fit at higher concentrations of
denaturant, making the estimates of rates unreliable for those
concentrations. However, the relative populations of each
state were much less affected.

RESULTS AND DISCUSSION

Properties of [6FTrp]IFABP. The substitution of 6FTrp for
tryptophan in IFABP appeared to have very little effect on
the overall physical behavior of the protein. The CD spec-
trum of both folded and unfolded [6FTrp]IFABP was iden-
tical to that of unsubstituted protein (I.J.R., unpublished
data), suggesting that no significant changes in secondary
structure have occurred. [6FTrp]IFABP bound oleate in a
normal fashion with a binding constant similar to that of
unsubstituted protein (D. Cistola, personal communication).
The equilibrium unfolding profiles as monitored by CD were
very similar to those of unsubstituted protein as well (I.J.R.,
unpublished data). The stability of the protein extrapolated to
the absence of denaturant was reduced =~0.1 kcal/mol, within
the error of the measurement. In contrast, the replacement of
tryptophan by tyrosine reduced the stability of the protein in
the presence of denaturant by =0.3 kcal/mol for the mutation
at Trp®2 and by =1.0 kcal/mol for the mutation at TrpS. As
such, the substitution of 6FTrp for both tryptophans in
IFABP is a more conservative replacement than the single
substitution of tyrosine for either tryptophan.

I5F NMR of [6FTrp]lIFABP. The YF NMR spectra of
wild-type [6FTrp]IFABP in the presence of various concen-
trations of urea are shown in Fig. 1. Two separate resonances
of approximately equal intensity were observed for folded
[6FTrp]IFABP (Fig. 1, 1.0 M urea). Surprisingly, two reso-
nances of equal intensity were observed for unfolded protein
(Fig. 1, 8.0 M urea). The different resonance frequencies in
unfolded protein are probably due to local amino acid se-
quence effects (22). Multiple resonances have been found for
unfolded 6FTrp-substituted cellular retinol-binding protein
(7) and for unfolded 6FTrp-substituted dihydrofolate reduc-
tase (S. Hoeltzli, personal communication). The frequency
differences in the unfolded state reflect the extraordinary
sensitivity of 1F to local environmental effects (6).

Unexpectedly, at 5.5 M urea (Fig. 1), where the equilib-
rium unfolding transition for [6FTrp]IFABP and unsubsti-
tuted IFABP was complete as measured by CD or fluores-
cence measurements (15), the spectrum was not identical to
that of fully unfolded protein (>7 M urea, Fig. 1). One of the
peaks was much smaller than expected and =30% of the total
expected intensity was absent. Similar results were found
when Gdn*HCl was used as the denaturant, where the tran-
sition as measured by CD or fluorescence was complete by
about 1.8 M Gdn-HCl, but when measured by °F NMR was
not complete until >2.5 M Gdn-HCl (1.J.R., unpublished
data). However, the peak intensities in the transition zone
were somewhat different with Gdn-HCI than with urea as
denaturant, suggesting that although the same mechanisms
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FiG.1. 1F NMR spectra of [(FTrp]IFABP at the concentrations
of urea shown. Each spectra consisted of 512 transients. Solutions
contained 20 mM phosphate, 0.1 M KCl, 0.1 mM EDTA, 10% 2H0,
and 0.7 mM [6FTrp]IFABP (11 mg/ml) and various concentrations
of urea (1.0-8.0 M) and were adjusted to pH 7.2 at 25°C. Peaks due
to 6FTrp residues at Trp (W6) and Trp®2 (W82) are indicated.

were followed by the two denaturants, the rate constants
and/or populations were different.

Since the two resonances behaved differently as a function
of denaturant concentration, each tryptophan must see dif-
ferent environments during the transition from folded to
unfolded species. Site-directed mutants converting each
tryptophan to a tyrosine were made in order to assign the
observed resonances in the folded and unfolded protein to an
individual tryptophan. The resonance associated with Trp%2
was found at higher chemical shift in both folded and un-
folded protein (Fig. 2). Therefore, the Trp82 resonance was
responsible for the unexpected missing intensity at 1.8 M
Gdn'HCl and 5.5 M urea.

I9F NMR Spectral Simulation. The simplest and most likely
explanation for the results presented in Fig. 1 is that some
chemical exchange process among the various structured and
unstructured states of the protein is occurring at a rate that
causes line broadening and the loss of signal intensity. While
several methods of determining rate constants and popula-
tions from these data can be used (23), the most precise and
accurate method is the use of complete lineshape analysis to
simulate and fit model parameters to the actual shape and
intensity of the observed data (24).

Since the two resonances clearly behaved differently in
response to denaturant concentration, it was unlikely that a
simple model, N == U, would fit the data. It was found that
a simple two-state model did describe the transition moni-
tored by changes of the Trp® resonance but did not describe
the missing intensity of the Trp%2 resonance.

The fit to a sequential three-state model, N =1 = U, was
then examined. Initially, several different values for the T3 of
the intermediate in the absence of exchange were tested,
since the actual T3 of the intermediate could not be measured
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Fig. 2. F NMR spectra of native (A) or unfolded (4.0 M
Gdn-HCI) (B) [6FTrp]IFABP showing the resonance frequencies of
the wild-type protein (WT), and the site-directed mutants containing
only Trp® (W6) or Trp%2 (W82). Each spectrum represents 512
transients.

directly. The best fits were found when the T3 of the
intermediate was set identical to that of the unfolded protein.
The results of fitting this model at three concentrations of
urea are shown in Fig. 3. An examination of the fit parameters
at various concentrations of urea showed that the resonance
associated with Trp® occurred at essentially identical fre-
quencies (<5-Hz difference) in the intermediate and unfolded
states of the protein, whereas the frequencies of the Trp%2
resonance were significantly (>70 Hz) différent from each
other. This result implied that Trp® occupied only two envi-
ronments, native and completely unfolded, whereas Trp®2
inhabited at least three environments at equilibrium during
the unfolding process, native, intermediate, and unfolded.
A plot of the concentration of the various states of the
protein during an unfolding transition as predicted by the best
fits to the three-state model is shown in Fig. 4. The significant
intermediate concentration at equilibrium was unexpected,
inasmuch as no intermediates had been detected by optical
methods. The loss of the native intensity of Trp® was used to
construct an equilibrium unfolding profile and was fit to a
two-state transition (the line through the native data in Fig.
4). The parameters of the fit were virtually identical to those
obtained previously by CD and fluorescence for unsubsti-
tuted IFABP (15), supporting the hypothesis that Trp® is
found in only two environments, folded and unfolded.
Limitations of Modeling. There are some significant prob-
lems associated with the simulation and fitting of these
models to the data. One crucial assumption was that the
simplest model that fits the data was thought to be correct. It
is probably an oversimplification to assume that Trp®2 exists
in only one intermediate conformation. For example, a
transient intermediate was detected by stopped-flow fluores-
cence kinetics, although no significant concentration of this
intermediate accumulated at equilibrium (15). Further, it is
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FiG.3. 1°F NMR spectra of [6FTrp]IFABP in 4.0 M urea (4), 4.5
M urea (B), and 5.0 M urea (C). Each spectrum consists of 512
transients. The smooth line through the data was the best fit to a
three-state model, N = I = U, with a single intermediate. The
residual was the actual intensity minus the predicted intensity for the
fit.

likely that several structures having similar chemical shifts
could be exchanging rapidly with each other, but the data
have insufficient resolution to differentiate among them.
Although a three-state model fit the data, more complicated
models connected by more complicated pathways would fit
as well.
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FiG. 4. Fractional population of each species in the transition
zone as predicted by the fit to a three-state model, N=1=U. o,
Native; m, intermediate; A, unfolded. The line through the native data
was the fit of only the native population by nonlinear regression to
a two-state transition, as described in the text.

Hypotheses on the Nature of the Intermediate. The data
obtained here show that at least one intermediate is in
equilibrium with the native and unfolded forms of the protein
and that the intermediate involves the region of the protein in
proximity to Trp82. Furthermore, this intermediate persists at
high denaturant concentrations. However, the actual nature
of the interactions and the other residues that might be
involved have not been identified. In the native structure,
Trp# is located in a hydrophobic pocket, surrounded by four
phenylalanines and two leucines, with each aromatic amino
acid on a different strand of the B-sheet (Fig. 5). Hydrophobic
collapse has been implicated as the likely driving force in
protein folding (5). This is the most hydrophobic region of the
protein, and one could imagine a hydrophobic collapse during
folding where these side chains are brought together rapidly,
to reduce exposure to solvent without the formation of
significant secondary structure. One might assume that dur-
ing unfolding, these stabilizing interactions might be the last
to break down. Hydrophobic interactions among aromatic
groups have been found in unfolded bovine pancreatic trypsin
inhibitor (25), unfolded lysozyme (26, 27), and unfolded
a-lactalbumin (28). One implication of this model for initial
events in the folding of IFABP was that a template for further
folding was laid down by these tertiary interactions, forcing
turns to occur at appropriate locations to maintain these
contacts. This template effectively maps the locations and
lengths of five of the B-strands of IFABP, serving as an
initiating site for further folding. If this model for the folding
of IFABP proves correct, the construction of a template of
tertiary hydrophobic interactions prior to B-sheet structure
formation would be an attractive general mechanism for the
folding of antiparallel B-sheet proteins.

In another potential structure that could explain the ob-
served results, the turn nearest Trp82 in the primary sequence
of the protein (Glu8s to Lys®®) has the greatest stability. The

FiG. 5. Stereodiagram of residue 47, residues 61-68 (strands BD and BE), and residues 81-93 (strands BF and BG) of apo-IFABP.
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observed chemical exchange phenomena would be caused by
the rapid formation and dissolution of this turn at higher
concentrations of denaturant. Since only a single reverse turn
would be necessary, the CD signal of this structure would be
very small and therefore would not be detected. It has been
shown that isolated turns lacking proline can show structure
in solution (29-31). There does not appear to be any obvious
reason for stabilization of this turn relative to the other turns
of this protein. However, hydrophobic interactions might
stabilize turn structures. The formation of this turn would
bring Trp82, one of the phenylalanines, and one of the leucine
discussed above into close proximity (Fig. 5). Alternatively,
the turn between GluS3 and Asp?%, the closest turn to Trp%2 in
the three-dimensional structure of the native protein, could
be the most stable turn. In this hypothesis, the anomalous
behavior of the Trp®2 resonance would be caused by a
hydrophobic interaction between Trp%2, two phenylalanines,
and a leucine that would be brought together by the formation
of this turn (Fig. 5). Either of these structures would serve as
an initiating site for protein folding, as shown by Monte Carlo
simulations of g-protein folding (32). Further study is nec-
essary to characterize the other residues that might be
involved in these intermediates, in order to assess their
importance in the folding of IFABP and to protein folding in
general.
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