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ABSTRACT: 19F-Nuclear magnetic resonance (NMR) studies have been carried out after incorporation of
4-19F-phenylalanine into the intestinal fatty acid binding protein (IFABP), a protein composed of two
â-sheets containing a large hydrophobic cavity into which ligands bind. NMR spectra have been obtained
with both the ligand-free and ligand-bound (oleate) forms. There are 29 residues involved in van der
Waals or hydrophobic interactions or both to form a U-shaped ligand binding pocket (Sacchettni J. C.,
Scapin G., Gopaul D., and Gordon J. I. (1992)J. Biol. Chem. 267, 23534-23545). The protein contains
eight phenylalanines, and all are included in those residues that line the pocket. Peak assignments were
made using site-specific incorporation of 4-19F-phenylalanine. Fluorine is a highly sensitive probe to monitor
the conformation and dynamics of the side chains in native state. We find that chemical exchange in the
binding pocket exists in the native apo- and holo-state. Of the eight phenylalanine residues, Phe2, Phe47,
Phe62, Phe68, and Phe93 are arranged on one side of the binding pocket, and all exist in two conformations
with Phe2, Phe47, and Phe62 showing exchange cross-peaks with minor conformation in19F-19F nuclear
Overhauser effect (NOESY) spectra. The line widths of Phe68 and Phe93 are broader than those of other
phenylalanine residues and can be deconvoluted into two peaks. Phe47, Phe62, Phe68, Phe93, and Trp82
have been proposed to be involved in the early stage of collapse (Ropson, I. J., and Frieden, C. (1992)
Proc. Natl. Acad. Sci U.S.A. 89, 7222-7226), but a temperature study suggests that Phe47 behaves
differently than other residues and may be more involved in a later stage of folding, for example, side
chain stabilization. In the holo-form, Phe17 shows an extra exchange cross-peak in addition to those
exchange cross-peaks observed in apo-form. Holo-IFABP exhibits broader line width than the apo-form,
suggesting more flexibility of the binding cavity upon ligand binding.

The intestinal fatty acid binding protein (IFABP)1 is a
member of a class of proteins of similar structure that bind
fatty acids, restinoids and bile salts. Crystal structures of the
apo (1) and holo (2) IFABP as well as the NMR structures
for the apo (3) and holo form (4) have been solved. The
protein consists of twoâ-sheets surrounding a large interior
cavity into which the ligand binds. A small helical region
may serve as a portal for the ligand. NMR studies have also
probed the dynamics of IFABP (5) as well as other members
of the family (6) for both apo- and holo-forms. Additionally,
molecular dynamics simulations have been carried out to
study the dynamic processes (7-9). Most of those residues
that exhibit conformational exchanges are within the portal
region, which has been shown to be more flexible. Only a
few of those that showed backbone conformational exchange
arise from residues that line the binding cavity (10).

There are always some discrepancies between crystal and
NMR structure and dynamics revealed by simulations and
NMR relaxation studies. Those discrepancies mainly arise
from the lack of full description of side chains. Thus, it is

not unexpected that the bulk of violations between simulated
data and experimental NOE involve side chain atoms (9).

19F NMR spectroscopy is unique in probing structural and
dynamic features of the side chains of proteins. Despite its
high electronegativity and the strength of carbon-fluorine
dipole, the incorporation of fluorine, which has similar size
as proton, into amino acids, primarily aromatic amino acids,
appears to have a minimal effect on a variety of systems in
terms of function and structure (11-15). Additionally, 19F
NMR is extremely sensitive to environmental changes and
shows a very wide dispersion of chemical shifts making it
easier to apply line shape or line width analysis (11, 12).

In a previous study of IFABP, 6-19F-tryptophan was
incorporated (11) to study the mechanism of protein folding.
These studies led to the observation of an intermediate in
the folding pathway that included several residues in and
near the D-E turn (see Figure 1). There are, however, only
two tryptophan residues in IFABP and there are several
reasons to characterize the eight phenylalanine residues in
detail. As shown in Figure 1 these residues are distributed
throughout the protein. Phe2 is located at the N-terminal
regions while Phe17, Phe47, Phe62, Phe68, Phe93 and
Phe128 are located in theR1, âC, âD, âE, âG, âJ strands,
respectively. Phe55 is located in the turn between theâC
andâD strands. In the crystal structure of holo-IFABP (2),
aromatic side chains cluster in two regions. A U-shaped
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arrangement consists of Phe47, Phe62, Trp82, Phe68, Trp6,
Phe2, and Phe93, located near the carboxylate group of the
bound fatty acid, while Tyr14, Phe17, Tyr117 and Tyr119
are close to the end of the methylene chain of bound fatty
acid with the methyl group of fatty acid pointing toward
Phe55. Each phenylalanine may play a role in the structure.

15N NMR relaxation and1H exchange has been used to
indirectly probe the dynamics of the binding cavity (16).
Other methods used to probe the cavity dynamics include
measurements of magnetic relaxation dispersion (MRD) (17)
and internal water simulations (9). 19F NMR provides an
alternative means to probe the dynamics (side chain dynam-
ics) of the cavity with and without ligand through line shape
and line width analysis.

MATERIALS AND METHODS

Chemicals. 4-19F-Phe was obtained from ACROS Organics
(New Jersey). Oleic acid and heptane were from Sigma-
Aldrich. All other chemicals were reagent grade.

Incorporation of Eight 4-19F-Phenylalanines into IFABP.
The production of 4-19F-labeled phenylalanine IFABP using
an Escherichia colibacterial expression system was es-
sentially as described by Frieden et al. (14). More than 90%
labeling, as indicated by mass spectroscopy, was achieved
by using the phenylalanine auxotroph DL 39 containing the
plasmid pQE80 IFABP in defined medium with 0.1 mM
unlabeled phenylalanine at 37°C. After growing cells to an
A600 of 3, they were harvested and resuspended in a defined
medium containing 0.2 mM 4-19F-phenlyalanine. After 30
min, IFABP production was induced with 1 mM isopropyl
â-D-thiogalactoside (IPTG) for 3 h before harvesting again.
The protein was purified as outlined by Kim et al. (18).

Site-Specific Labeling of IFABP. The initial assignment
of 4-19F-Phe resonances in IFABP was achieved by site-
specific labeling as established by Furter (19) and modified
by Bann et al. (13). Similar to the expression of PapD (14),
plasmid pRO117 contains tRNA Phe/amber gene and plas-
mid pQE 80 contains yeast tRNA synthetase and IFABP
gene. The strain K10-F6∆ was used for the transformation
of these two plasmids. The cells were first grown in medium

containing 0.2 mM unlabeled phenlyalanine to an A600 of 1,
harvested and then resuspended in medium containing 0.04
mM unlabled phenylalanine and 3 mM 4-19F-phenylalanine.
The protein was induced with 1 mM IPTG 30 min later and
purified the same way as for fully19F-Phe labeled IFABP.

To solve the ambiguous assignment of Phe47 and Phe93,
two mutants, each containing two 4-19F-Phe residues, were
made, one labeled in position Phe47 and Phe68, the other
labeled in position Phe68 and Phe93. They were expressed
as described above. All proteins were essentially purified
and delipidated as described previously (18).

NMR Sample Preparation. For 1D spectra, the samples
were made by dilution of a 2.4 mM stock solution into 20
mM potassium phosphate buffer containing 0.25 mM EDTA
at pH 7.3 to give a final concentration of 200µM protein.

Holo-IFABP was prepared by mixing 2.4 mM (about 1
mL) stock apo-IFABP with 10µL oleic acid/heptane solution
(1:2 ratio in volume), gently shaken for 1 min and then
centrifuged at 13k rpm for 5 min. The partition coefficient
of oleic acid in heptane and water is 105.36, and the solubility
of heptane in water is 0.0003%, much lower than other
solvents (i.e., ethanol) involved in the preparation of holo-
IFABP (20). Heptane had no effect on the NMR spectrum
of IFABP. We also prepared the holo-protein solution by
diluting the protein and oleic acid to∼2 µM and then
concentrated to about∼200 µM by Amicon ultrafiltration
with a YM-10 membrane. The NMR spectrum is also
identical to that prepared in the presence of a heptane solution
of oleic acid. An advantage of using heptane is that any
excess oleate partitions into the heptane phase, thus excluding
the formation of micelles in the protein solution.

19F NMR Spectroscopy.19F NMR spectra were acquired
on a Varian Unity-Plus 500 MHz spectrometer operating at
470.3 MHz with a Varian Cryo-Q dedicated to 5 mm19F
probe. The19F probe was cooled and kept at 20°K with the
Varian Cryo-Q open cycle Cryogenic system. Unless oth-
erwise indicated, all 1D spectra were recorded at 20°C with
64 scans and processed by NMRPipe (21) with 12 Hz
exponential line broadening. The chemical exchange rate was
determined by performing phase-sensitive 2D-NOESY ex-
periments at different mixing times (50 ms to 200ms) (22,
23). The 2D data were analyzed by the Pipp program (24).
The spectra were referenced to an internal standard of
6-fluro-tryptophan (∼0.2mM, the actual chemical shift is
-46.293 ppm relative to TFA), and all samples contained
8% (vol/vol) D2O. No correction to pH was made with D2O
in the sample.

RESULTS

Assignment of19F Resonances in Apo-IFABP. The location
of the eight phenylalanines in the structure of apo-IFABP is
shown in Figure 1. Incorporation of 4-19F-Phe into IFABP
gives rise to eight well-resolved19F resonances (Figure 2).
The stability of the fluorine labeled IFABP is essentially
identical to that of the unlabeled protein as indicated by urea
denaturation data (not shown), suggesting incorporation of
fluorine does not change the protein stability. The initial
assignment of the eight resonances was achieved by site-
directed incorporation of 4-19F-Phe as described in Methods.
When using singly labeled protein to make these assignments,
two phenomena were observed which made the assignment

FIGURE 1: The crystal structure (PDB entry: 1IFB) of apo-IFABP
(2) showing the location of eight phenylalanine residues. The
diagram was prepared using MolMol (35).
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ambiguous. First, the19F resonances of single labeling were
not quite aligned with those in the spectrum of full labeling,
possibly due to the extreme sensitivity of19F to local
environment. Second, from 3% to 7% of every Phe position
incorporated 4-19F-Phe, the so-called “contamination” as
mentioned by Furter (19). In the NMR spectra, the contami-
nation is manifested by the appearance of minor19F NMR
peaks, which are actually helpful for the assignment. From
the proximity of chemical shift and minor peaks due to
contamination, it would appear that peaks at-38.84 ppm
and -38.26 ppm should be assigned to Phe93 and Phe47,
respectively. However, the peak at-38.26 ppm shows an
NOE cross-peak with Phe68 (Figure 3, Apo). After adding
hydrogens using InsightII (Accelrys, CA) to the crystal
structure of apo-IFABP (PDB entry: 1IFB), the distance
between 4-H-Phe68 and 4-H-Phe93 is found to be 2.05
Å, while that between 4-H-Phe68 and 4-H-Phe47 is 11.5
Å. To resolve the assignment ambiguity, two doubly labeled
mutants were made, one labeled at Phe47 and Phe68 and
the other at Phe93 and Phe68. Only the latter (Figure 4B)
showed an NOE cross-peak while the former (Figure 4A)
did not. Therefore the peaks at-38.84 ppm and-38.26 ppm
were assigned to Phe47 and Phe93, respectively. The possible
reason for the ambiguity in this assignment is that Phe93
and Phe47 are located in the pocket surrounded by several
aromatic side chains. Any slight change of any of those
aromatic side chains may cause a ring current effect, which
is a major contribution to chemical shift changes. Thus, when
two peaks are close, one must be careful about the assign-
ments. The assignment of the peaks of Phe17 and Phe2,
which are close in Figure 2, was confirmed by the exchange

cross-peak of Phe2 in both native and acidic conditions
(Figure 4C and 4D).

In the 2D-NOESY spectrum of apo-IFABP at native
condition (20 mM potassium phosphate buffer containing
0.25 mM EDTA at pH 7.3) (Figure 3), an exchange cross-
peak was observed for Phe2 from mixing times of 50 ms to
200 ms, thus excluding the possibility of spin diffusion from
surrounding hydrogens. When the pH of apo-IFABP is
decreased to 2.8, the exchange cross-peak became stronger
as the population of the minor conformation increased (data
not shown). This assignment is further confirmed by a 2D-
NOESY experiment using singly 4-19F-Phe2 labeled IFABP
(Figure 4C). To rule out the possibility of labeling contami-
nation, the pH of the protein solution with singly19F-labeling
on Phe2 was decreased to pH 2.8 too. The exchange cross-
peak became stronger at low pH with the population of the
upfield conformation increased (Figure 4D), strongly sup-
porting that the cross-peak observed for Phe2 is due to
chemical exchange.

Comparison of Apo- and Holo-IFABP. From the 2D-
NOESY spectra of apo- and holo-IFABP (oleate-IFABP
complex) (Figure 3), it would appear that the holo-IFABP
is more heterogeneous than apo-IFABP as indicted by more
cross-peaks. In both forms, Phe68 and Phe93 show cross-
peaks as a consequence of their close proximity. In the apo-

FIGURE 2: 19F NMR spectra of 4-19F-Phe labeled IFABP. The
resonances were assigned by site-specific incorporation of 4-19F-
labeled phenylalanine. The spectra were acquired at 20°C with 64
scans and processed with 12 Hz exponential line broadening. The
sample condition is 0.2 mM protein in 20 mM potassium phosphate
buffer containing 0.25 mM EDTA, 10% D2O, pH 7.3.

FIGURE 3: 2D-NOESY spectra of apo- and holo-IFABP in 20 mM
potassium phosphate buffer containing 0.25 mM EDTA at pH 7.3.
The protein concentration used was 1 mM. The spectra were
acquired with 32 scans with 100 points on F1 dimension. The
mixing time was 200 ms. In the apo-form, Phe68 and Phe93 shows
NOE cross-peak, Phe2, Phe47, Phe62 and Phe128 show exchange
cross-peaks. In the holo-form, Phe68 and Phe93 also shows NOE
cross-peak, and Phe2, Phe17, Phe47 and Phe62 exhibit exchange
cross-peaks. The two peaks marked with an asterisk (*) cannot be
unambiguously assigned.

NMR of 19F-Phe-Labeled IFABP Biochemistry, Vol. 44, No. 7, 20052371



form, Phe2, Phe47, Phe62 and Phe128 exhibit exchange
cross-peaks. In the holo-form, in addition to the exchange
cross-peaks of Phe2, Phe47 and Phe62, three additional cross-
peaks appear with one being assigned to the exchange cross-
peak of Phe17 (Figure 3). The other two peaks cannot be
unambiguously assigned.

Figure 5 shows the 1D spectra of apo- and holo-IFABP
under native conditions. The chemical shift difference
between the apo- and holo-IFABP are shown in Table 1.
All 19F labeled-Phe (except Phe2) resonances were shifted
downfield. The line widths of holo-form are much broader
than those in the apo-form for all phenylalanines except
Phe47, which did not change upon ligand binding (Table
1).

Side Chain Dynamics in the NatiVe Protein.As it is close
to the C-terminus, the behavior of Phe2 in apo-IFABP might
be expected to act more like a free amino acid or one in
random coil region with resonance around-40.2 ppm, a
region where free19F-Phe resonates. Only about 8% popula-
tion resonated at-40.5 ppm with the other peak resonating
downfield (∼ -37.3 ppm). These two resonances represent
two conformations which are in slow exchange (Figure 4C)
with a rate estimated to be 3.6( 1.6 s-1, obtained from 2D-
NOESY experiments performed at different mixing times
(22). With increasing urea, there is no evidence that the
relative population of Phe2 at-40.5 ppm grows faster than

other denatured resonances (Li and Frieden, unpublished
data). This phenomenon may indicate that the side chain of
Phe2 of IFABP is structured and well correlated with other
residues even in high urea concentrations.

Under native conditions (20 mM potassium phosphate
buffer containing 0.25 mM EDTA at pH 7.3), there are also
at least two conformations for Phe62 in apo-IFABP, with
chemical shifts at-46.24 ppm and-47.15 ppm, respec-
tively, in slow exchange as indicated by their exchange cross-
peak (Figure 3, Apo), although the downfield peak only
accounts for∼0.1% to∼0.5% total intensity. The chemical
shift difference of these two conformations is about 428 Hz
and the exchange rate was estimated to be 10.8( 3.3 s-1

by taking the population ratio as 0.2:99.8. Phe47 also exhibits
two conformations shown by exchange cross-peaks in
NOESY (Figure 3, Apo). However, the minor conformation
at upfield only accounts for a population of<0.5%. Minor
conformations exist for both Phe47 and Phe62. Since the
hydrophobic pocket formed by Phe47, Phe62, Phe68, Phe93,
Trp82 and two leucines at positions 64 and 89, we postulate
that some conformation heterogeneity might occur for other
side chains in this region. In the spectra obtained for doubly
labeled 19F-Phe at Phe68 and Phe93, we observed two
conformations for Phe68, further confirmed by temperature
dependence of the NMR spectrum.

Effects of Temperature. Since protein structure and func-
tion are temperature dependent, the influence of temperature
on NMR spectra is either through dynamics or through
shifting a temperature-dependent equilibrium. The parameters

FIGURE 4: 2D-NOESY spectra used to solve assignment ambiguity.
The mixing time was set to 200 ms with 100 points in F1 dimension.
(A) 4-19F-labeling on Phe47 and Phe68. The protein concentration
is between 2.5 and 3 mM and 56 scans were used. No NOE cross-
peak was observed between Phe47 and Phe68. (B) 4-19F-labeling
on Phe68 and Phe93. The protein concentration was 1 mM and 24
scans was used. Phe68 and Phe93 show a clear NOE cross-peak.
(C) The assignment of Phe2 was confirmed by the exchange cross-
peak at pH 7.3. (D) The exchange cross-peak of Phe2 at pH 2.8.
The protein concentration used was about 1 mM and 32 scans were
used to record the data.

FIGURE 5: Spectrum comparison of apo- and holo-IFABP (oleate-
IFABP complex) in 20 mM potassium phosphate buffer containing
0.25 mM EDTA at pH 7.3. The protein concentration was 200µM.
The spectra were recorded with 64 scans and processed with 12
Hz exponential line broadening. The spectra were referenced to
6-19F-tryptophan (the actual chemical shift is-46.293 ppm relative
to TFA). Resonances marked with an asterisk (*) at∼ -44 ppm
in both spectra are artifacts.
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that reflect this influence are relaxation times, line widths
and chemical shifts. Temperature-dependent relaxation stud-
ies have been used to probe motions on multiple time scales
(25) and the interactions between protein and DNA (26).
The combined use of temperature dependent changes in the
chemical shift of backbone amide protons with H/D exchange
rates has been shown to be a far more reliable indicator of
hydrogen bonding than either alone (27). The NMR line
width is proportional to the apparent relaxation rate, R2*,
which is the sum of spin-spin relaxation rate, R2, and the
rate from other factors. Usually, slow conformational fluc-

tuations in a protein contribute an exchange rate (Rex) to R2*,
resulting in line broadening. Temperature-dependent line
width analysis has been used to probe side chain dynamics
of molten globule state ofR-lactalbumin by19F NMR (12)
and temperature dependent15N-transverse relaxation has been
used for the identification of exchange heterogeneity for the
folding and unfolding studies of protein GB1 (28).

The NMR spectra of apo-IFABP were obtained at 4°C,
10.5°C, 14.6°C, 20°C, 26.9°C, 34°C, 37°C and shown
in Figure 6. The spectra were processed with 10 Hz
exponential line broadening and deconvoluted by Bayesian

FIGURE 6: The spectra deconvoluted by Bayesian analysis at different temperatures. At each temperature, three spectra are shown, with (A)
being the overlay of real spectrum and deconvoluted spectrum, (B) residual spectrum from real spectrum and deconvoluted spectrum and
(C) deconvoluted spectrum.

Table 1: Chemical Shift (δ) and Line Width (LW) Difference of 4-19F-Phe between Apo- and Holo-Form IFABP

residue number

2 17 47 55 62 68 93 128

δapo(ppm) -37.52 -37.29 -38.84 -40.72 -47.16 -44.80 -38.26 -41.38
δholo (ppm) -37.75 -35.65 -36.76 -39.24 -45.65 -40.16 -38.04 -39.43
∆δholo-apo(ppm) -0.23 1.64 2.08 1.48 1.51 4.64 0.22 1.95
LWapo(Hz) 41.7 48.8 42.8 44.1 45.5 64.7 69.9 48.3
LWholo (Hz) 80.1 90.8 42.4 75.8 93.0 94.7 98.4 81.3

NMR of 19F-Phe-Labeled IFABP Biochemistry, Vol. 44, No. 7, 20052373



analysis (29) with maximum resonance set between 10 and
20 for each spectrum. The results are independent of the
setting of maximum resonances. At each temperature, A (in
Figure 6) is the superposition of real spectrum and decon-
voluted spectrum, B is the residual spectrum of real spectrum
and deconvoluted spectrum and C is the deconvoluted
spectrum. At temperatures higher than 10°C, the broad
resonance of Phe68 was always deconvoluted into two
resonances (spectra labeled C) with about a∼1:3.5 to∼1:
2.6 ratio for the downfield conformation relative to the
upfield conformation (Figure 6). The chemical shift differ-
ence of the two conformations is about 25 Hz, less than the
line width of both conformations, which could explain the
lack of exchange cross-peak in 2D-NOESY between these
two conformations. The deconvolution of Phe68 into two
separate peaks indicates that they could exchange slowly at
a rate less than 25 s-1, their chemical shift difference. When
the chemical shift difference of these two conformations
increased as condition changes (e.g. low pH), these two
conformations showed an exchange cross-peak (Li and
Frieden, in preparation). There is no significant difference
in the ratio and chemical shift difference for these two
conformations with temperature. Although the line width of
the two conformations is different their temperature depen-
dence of chemical shifts for these two conformations is
almost the same.

The broadest peak of Phe93 separated into two peaks
above 30 °C with the ratio of the two conformations
(downfield:upfield) increasing from∼1:2.2 at 34°C to ∼1:
1.2 at 37°C (Figure 6). The chemical shift difference of
these two conformations is also about 25 Hz. The changing
ratio of these two conformations with temperature could
possibly explain why the broadest peak of Phe93 was not
separated into two peaks by Bayesian analysis at temperature
lower than 34°C. Since temperature shifts the equilibrium
of these two conformations, the ratio of the two conforma-
tions could be very small at low temperatures, which makes
it impossible to deconvolute this peak. This is the case for
Phe62. Although from the 2D-NOESY, an exchange peak
is very obvious for two conformations at a ratio between
0.1:99.9 and 0.5:99.5, Bayesian analysis did not show the
peak of a minor conformation due to its very weak intensity.

DISCUSSION

Comparison between Apo- and Holo-IFABP. The dramatic
downfield chemical shift change for most phenylalanines
upon ligand binding is mainly due to a deshielding effect.
In the apo-form, the binding site contains 13 ordered water
molecules, the so-called “water pump” (30). Because of the
higher electronegativity of oxygen atoms than that of carbons,
this “water pump” imposes a higher shielding effect on side
chains in the binding pocket. The binding of oleic acid is
accompanied by the exclusion of some of those ordered water
molecules (2, 30), resulting in a deshielding effect on the
side chains surrounding oleate. Of the seven downfield
shifted phenylalanines, Phe68 was shifted the most and Phe93
was shifted the least. In the crystal structure of apo-IFABP
(30), Phe68 is somewhat closer to the ordered water
molecules than other phenylalanines (Figure 7A). But in the
holo-IFABP binding with oleate, two carbon atoms of oleate
are within 4.5 Å range contact to Phe93 while no carbon
atom are within 4.5 Å of Phe68 (10). As in a similar structure

with palmitate (2), 4 carbon atoms of palmitate were in
contact with Phe93 within 4.5 Å range and only one carbon
atom is within 4.5 Å to Phe68 (Figure 7B). Therefore, Phe93
experiences more shielding effect from the fatty acid chain
than Phe68. In other words, Phe93 experiences less of an
overall deshielding effect than does Phe68. The small upfield
shift of Phe2 could be caused by slight conformational
perturbation, which is consistent with the observation that
the largest difference between CR positions of holo- and apo-
IFABP exists in the first three N-terminus residues (30).

Cistola and co-workers (4, 16) have shown that holo-
IFABP exhibited sharper peaks than the apo-form and the
backbone of the holo-form was more ordered than the apo-
form. Unlike that observed by Hodsdon and Cistola (16),
however, most of the side chains of phenylalanines of holo-
IFABP showed broader line widths than those of the apo-
form (Table 1). One possible explanation is due to on-off
exchange of ligand. As the binding affinity of oleate-IFABP
is between 20 and 40 nM and the oleate left in the solution
is saturated by heptane (∼5 µM), >99% protein is in the
holo-form. Hence, the exchange of ligand between apo- and
holo-form is very slow and unlikely to cause line broadening.
The most likely explanation for line broadening is the
presence of more motion in the binding cavity with the side
chains becoming more disordered upon ligand binding. As
the binding of fatty acid is maintained by the interaction
between the backbone of the fatty acid and side chains in
the binding cavity, side chain flexibility may be reflected
by the mobility of fatty acid. This logic is supported by
simulated data (9), which show that palmitate retains
substantial flexibility in the protein cavity with considerable
overall motion. Although the time scale as manifested by
line broadening is out of the reach of molecular dynamics
simulations, the simulation data mentioned above are still

FIGURE 7: (A) Diagram of Phe68 and Phe93 to surrounding water
molecules in apo-IFABP (PDB entry; 1IFB). (B) Diagram of Phe68
and Phe93 to bound palmitate (PDB entry 2IFB).
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expected to provide some insights about the dynamics of
the cavity at slower time scales as motions at different time
scales are always coupled to some extent (9). The simulations
(9) also revealed the following properties: 1) there is less
similarity between side chain hydrogen bond networks of
apo-and holo-form than between their backbone counterparts,
indicating the overall mobility of side chains; 2) holo-IFABP
shows a higher rate of exchange between internal and
external water molecules than apo-IFABP even though
smaller amount of water molecules reside in the cavity of
holo-IFABP. Therefore, it is the dynamics of the fatty acid
in the cavity that leads to the extra motions of side chains,
resulting in line broadening. Of the eight phenylalanines, only
Phe47 maintains the same line width upon ligand binding
as in the apo-form (Table 1), indicating that the fatty acid is
less influential to Phe47 than other phenylalanines.

It should be emphasized that higher ordering of backbone
of the holo-form, as suggested by Cistola and co-workers
(4, 16), does not conflict with more flexibility of the side
chains because the ordering of backbone can counteract the
disorder effect of side chains. This explains the general
observation that holo-IFABP is more stable than apo-IFABP
even though the side chains of holo-IFABP are more flexible.

Side Chain Dynamics. Figure 8 shows that the line widths
decrease with the increasing temperature for all of the19F-
labeled phenylalanines, suggesting additional motional pro-
cesses at elevated temperatures. We interpret those additional
motions to be in the fast exchange category since Rex

increases with temperature in the slow exchange regime and
decreases in the fast exchange regime (28). As Phe2 and
Phe128 are located near the N- and C-teminus of the protein,
respectively, and Phe55 is located in the turn betweenâC
andâD strands and believed to be disordered (30), we would
expect narrower line width due to higher degree of freedom
of these side chains relative to others. Yet, for IFABP, this
is not the case. At 4°C, Phe2, Phe55 and Phe128 have
broader line widths than do Phe17, Phe47 and Phe62. (The

discussion of Phe68 and Phe93 is described below). This
implies that Phe2, Phe55 and Phe128 are structured with
extensive low rate motions. With increasing temperature, the
line widths of Phe2, Phe55 and Phe128 sharpen faster than
those of Phe17, Phe47 and Phe62. At 10°C or above, they
have essentially the same line width and the same temper-
ature dependence, further indicating that, even at higher
temperature, Phe2, Phe55 and Phe128 do not show obvious
a higher degree of motion freedom.

The chemical exchange with minor conformation for Phe2,
Phe47 and Phe62 was observed for both apo- and holo-
IFABP, which may suggest that these exchanges between
major and minor conformations are an inherent property of
IFABP. The extra exchange cross-peak of Phe17 in holo-
form could be the result of its extensive contact with oleate,
as the region that fatty acid bends upon binding with IFABP
is very close to Phe17. Structural perturbation (i.e. lower
pH) may further characterize the conformational exchange
of Phe17.

Implications for the Line-Broadening of Phe68 and Phe93.
While both Phe68 and Phe93 show only a single NMR peak,
these peaks are broader than other resonances. There could
be two reasons. First, there may be two or more conformation
forms in intermediate to fast exchange at a rate comparable
to their chemical shift difference. Second, they may be in
slow exchange, but the chemical shift difference is smaller
than the line width, which makes direct observation of
exchange cross-peak impossible. The latter reason applies
to Phe68 and Phe93 as shown in the results. The persistence
of the two conformations of Phe68 at different temperatures
may be a hint of its special function as a barrier, together
with Phe62 and Phe47, between the interior and exterior of
the protein (31). This barrier could open and close through
side chain rotations, at a rate which is comparable to
estimated exchange rate, allowing for such events as water
entering/exiting and coordinating ligand binding. Alanine
mutations of each phenylalanines (except Phe2 and Phe128)
reduce the binding affinity of the protein with F68A showing
largest reduction of binding affinity among a large number
of mutants which were examined (31). This observation
further explains the exchange property of Phe68 as residues
or regions, which are critical for function, are always
dynamic.

It has been shown that the mere observation of a single
exchange broadened resonance does not necessarily mean
that the exchange is fast on the chemical shift time scale
(32). This statement is further discussed by Palmer et al.
(33) for two conformations (A and B) in slow exchange. In
the slow exchange limit, the resonance at frequencyΩB of
conformation B is lower in intensity than the resonance at
frequencyΩA of conformation A by a factor ofpB/pA (where
pB/pA is the population ratio of conformation B and confor-
mation A), and broader by a factor of (R2B

0 + pAkex)/(R2A
0 +

pBkex), where theR2A
0 and R2B

0 are relaxation decay con-
stants andkex is the exchange rate. Therefore, in the case of
pA . pB, the resonance (ΩB) of conformation B may not be
detectable (33, 34). The broadened peak of Phe93 could be
the result of slow exchange also, with the minor conformation
broadened. Another reason to classify Phe93 in the slow
exchange limit is that it forms a hydrophobic cluster with
Phe68, Phe62 and Trp82 (11), which were identified to be

FIGURE 8: The line width of eight 4-19F-labeled phenylalanines in
IFABP as a function of temperature. The protein concentration was
1 mM in 20 mM potassium phosphate buffer containing 0.25 mM
EDTA (pH 7.3). The sharp decrease of the line width of Phe93
from 34 °C to 37°C was due to the fact the Phe93 resonance was
deconvoluted into two peaks. The data shown here for Phe93 at 34
°C to 37°C is the line width of the major downfield conformation.
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in slow exchange. Hence the motion of Phe93 at a quite
different frequency is less likely.

Unusual BehaVior of Phe47 in the Hydrophobic Core. In
the model proposed by Ropson and Frieden (11), a hydro-
phobic cluster is comprised of Trp82, Phe47, Phe62, Phe68,
Phe93 and two leucine residues, with each aromatic amino
acid on a different strand of theâ-sheet. In the structure (30)
Phe47, Phe62, Phe68, partially stack on each other, with
average distance∼6 Å between Phe47 and Phe62, and∼
5.5 Å between Phe62 and Phe68. Ropson and Frieden (11)
observed chemical exchange phenomena of Trp82 in this
most hydrophobic region. In this study, we found that
chemical exchange is prevalent in this region. All four
phenylanalines involved in this region are in low-frequency
exchange.

The present study suggests, however, that it may not be
appropriate to include Phe47 in the hydrophobic core. There
are several lines to support this suggestion. First, Phe47 has
the narrowest line width over almost the whole experimental
temperature range, indicating higher degree of motional
freedom for Phe47 relative to other phenylalanines. Second,
Phe47 experienced the smallest chemical shift change during
the course of urea denaturation, possibly due to its indepen-
dence on overall conformational perturbation (Li and Frieden,
data not shown). Third, its temperature coefficient of the
chemical shift is the smallest, only higher than those of Phe2
and Phe128, which are close to the C-teminus and N-
terminus, respectively, while the temperature coefficients are
the largest for Phe62 and Phe68 (Figure 9). These results
imply that with the increasing temperature, Phe47 moves
independently of Phe62 and Phe68. Fourth, binding of oleate
did not change the line width of Phe47 (Table 1). There are
at least two reasons for grouping Trp82, Phe62, Phe68 and
Phe93 together. First, they are all in slow chemical exchange.
Second, their chemical shifts change in the same upfield
direction while that of Phe47 slightly changes downfield at
low urea concentration (1.5 M urea) but moves upfield at
high urea concentration (Li and Frieden, data not shown).
This suggests that Phe47 and other aromatic residues are in
different frames of motion and the hydrophobic collapse
during early folding stage may not include the side chain of

Phe47. The exchange phenomenon of Phe47 at 20°C or
lower could be the result of the exchange of Phe62 or even
Phe68. As Phe68, Phe62 and Phe47 partially stack on each
other (Figure 1), the conformational change of Phe62 (i.e.
rotation of aromatic ring) may sterically or energetically
unfavorable for Phe47, which will make Phe47 change its
conformation (i.e. rotation of side chain) coordinately. In this
case, Phe47 could be involved in a later stage of folding,
i.e., side chain stabilization.

In summary,19F NMR is a powerful tool for characterizing
local side chain structural and dynamical properties of a
protein. The data obtained are complementary to crystal-
lographic and structural NMR studies. Furthermore,19F NMR
can examine either individual side chain or a group of side
chains to determine whether motions are concerted or not.
For IFABP the surprising result is that motion of side chains
in the binding cavity is greater in the holo-form compared
to the apo protein while the backbone is less flexible in the
holo-form (3).
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