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ABSTRACT: The intestinal fatty acid binding protein (IFABP) is composed of twoâ-sheets with a large
hydrophobic cavity into which ligands bind. After eight 4-19F-phenylalanines were incorporated into the
protein, the acid state of both apo- and holo-IFABP (at pH 2.8 and 2.3) was characterized by means of
1H NMR diffusion measurements, circular dichroism, and19F NMR. Diffusion measurements show a
moderately increased hydrodynamic radius while near- and far-UV CD measurements suggest that the
acid state has substantial secondary structure as well as persistent tertiary interactions. At pH 2.8, these
tertiary interactions have been further characterized by19F NMR and show an NOE cross-peak between
residues that are located on differentâ-strands. Side chain conformational heterogeneity on the millisecond
time scale was captured by phase-sensitive19F-19F NOESY. At pH 2.3, native NMR peaks are mostly
gone, but the protein can still bind fatty acid to form the holoprotein. An exchange cross-peak of one
phenylalanine in the holoprotein is attributed to increased motional freedom of the fatty acid backbone
caused by the slight opening of the binding pocket at pH 2.8. In the acid environment Phe128 and Phe17
show dramatic line broadening and chemical shift changes, reflecting greater degrees of motion around
these residues. We propose that there is a separation of specific regions of the protein that gives rise to
the larger radius of hydration. Temperature and urea unfolding studies indicate that persistent hydrophobic
clusters are nativelike and may account for the ability of ligand to bind and induce nativelike structure,
even at pH 2.3.

The acid state of a protein is one in which all of the
ionizable groups have been protonated but the protein may
still retain some structure. It is believed to have the
characteristics of a molten globule in that it is less stable,
has a radius of gyration larger than that of the native protein,
and shows considerable conformational heterogeneity. It was
proposed over a decade ago that the molten globule state
may be a general intermediate in protein folding (1, 2), and
thus it is of interest to investigate the properties of the acid
state of IFABP,1 one of the most thoroughly studiedâ-sheet
proteins.

The usual NMR techniques used to study molten globule
state focus on the backbone properties such as chemical shift
perturbations and backbone dynamics (3). Such studies
cannot sort out the crucial side chain interactions that provide
stability of the molten globule state. The importance of side
chains in stabilizing the molten globule state is at least
twofold. First, the packing itself of side chains is the driving
force for the topology of molten globule state, and second,

the interaction among side chains could bring distant
segments of the protein within range of other interactions,
e.g., hydrogen bonds. The backbone dynamics revealed by
usual 1H-15H-13C NMR methods for the molten globule
state usually provides information about the main chain on
the picosecond to nanosecond time scale. A full understand-
ing of motions of internal mobility and dynamics on slower
time scales, however, is essential for understanding protein
function. The present study characterizes the acid state of a
â-sheet protein and examines the internal mobility of a
hydrophobic cluster by focusing on the response of side
chains under acidic conditions using19F NMR, a method
which is rarely used to characterize the molten globule state
(4). 19F NMR is unique in the ability to characterize side
chains due to its much greater dispersion in chemical shift
than 1H-15N-13C NMR, which allows conformational
heterogeneity on the microsecond to millisecond time scale
to be more easily characterized.

In our studies using19F NMR we have examined side chain
behavior of IFABP under a variety of conditions and time
scales (5-8) since side chain interactions play crucial roles
in the overall tertiary structure (5, 9) and are critical in
understanding the structure ofâ-sheet proteins.

IFABP contains eight phenylalanine residues that are
distributed on different secondary structural elements (Figure
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1). We have previously assigned the19F NMR resonances
for each phenylalanine residue (5) and examined the NMR
spectrum as a function of urea (6). IFABP is an excellent
model system for studies of the acid state since it is mostly
â-sheet and may show different properties compared to other
proteins that contain eitherR-helical or mixtures ofR-helical
and â-sheet structures. Such studies ofâ-sheet proteins
should be particularly useful becauseR-helical structures are
stabilized by local hydrogen bonds whereasâ-sheet structures
are stabilized by interstrand hydrogen bonds between residues
that are not close in sequence.

Fatty acid binding to IFABP depends on the formation of
a hydrophobic pocket, which is a network of hydrophobic
side chains. Unlike the binding of ANS (1-anilino-8-
naphthalenesulfonate) to probe hydrophobic clusters (10),
which usually provides relatively low resolution structural
information and possible structural distortion, binding of its
native ligand (fatty acid) to the acid state can give detailed
information about the appearance of nativelike topology
using19F NMR.

In addition to examining the side chain behavior of these
residues, we also use1H NMR diffusion experiments to
characterize the change of hydrodynamic radii during acid
denaturation. Unlike such techniques as small-angle X-ray
scattering, the diffusion experiments can be carried out under
solution conditions very similar to those of the19F NMR
experiments, making data interpretation more straightforward.

MATERIALS AND METHODS

Chemicals. Ultrapure urea was obtained from United States
Biochemical. 4-19F-Phe was obtained from ACROS Organics.
All other chemicals were of reagent grade.

Protein Production and Purification.Incorporation of
4-19F-labeled phenylalanine into IFABP and subsequent
purification have been described elsewhere (5).

Sample Preparation for19F NMR.Holo-form stock IFABP
was prepared as described elsewhere (5). Samples with a
final protein concentration of 200µM were prepared by
mixing 2.4 mM protein stock solution [containing 20 mM
potassium phosphate and 0.25 mM EDTA, pH 7.3 (NMR
buffer)] with 20 mM citric acid and NMR buffer at different
ratios to give final pH values of 7.3, 6.3, 5.5, 4.8, 3.9, and

2.8. Samples at pH 8.2 and 2.3 were made by diluting 2.4
mM protein stock solution into 20 mM K2HPO4 or 100 mM
citric acid, respectively.

Sample Preparation for Pulsed Field Gradient (PFG)
Diffusion 1H NMR. The stock protein solution (2.4 mM in
NMR buffer), 20 and 100 mM citric acid, and NMR buffer
in H2O were lyophilized and redissolved in D2O. This was
repeated three times, and the protein was then dissolved in
99.99% D2O. The sample at pH 7.3 was prepared by diluting
the stock protein solution in D2O into NMR buffer in D2O
to a final protein concentration of 1 mM. The samples at
pH 2.8 and 2.3 were prepared by mixing the protein stock
solution in D2O with 20 and 100 mM citric acid, respectively,
to give a final concentration of 200µM. The volume for all
of above samples is 250µL. To each sample was added 2.5
µL of 100 mM dioxane solution in D2O to act as an internal
viscosity standard. Shigemi NMR tubes with 1.5 cm sample
height were used.

Circular Dichroism (CD) Spectra.CD spectra were
recorded at 20°C on a Jasco-715 spectropolarimeter. The
protein concentration was kept at 87µM for both far- and
near-UV measurements. Samples at different pH values were
prepared from a 1.8 mM stock solution of wild-type IFABP
by mixing 20 mM potassium phosphate buffer (pH 7.3,
containing 0.25 mM EDTA) and 20 mM citric acid in
different ratios. The sample at the lowest pH value (pH∼2.3)
was prepared by mixing 1.8 mM stock IFABP solution with
100 mM citric acid to give a final concentration of 87µM.
The pH value of each sample was confirmed after each
measurement. A 0.02 cm path length cuvette was used for
the far-UV measurement between 260 and 180 nm. All CD
spectra were corrected for solvent background. At different
pH values, the same sample was used for near-UV study
between 310 and 250 nm using a 1.0 cm path length cell.
Other parameters were same as those in far-UV measure-
ments. No differences in spectra were observed 12-24 h
after the spectra were first recorded.

19F NMR Spectroscopy.19F NMR spectroscopy measure-
ments are essentially the same as described elsewhere (5).
The chemical exchange rate was determined by performing
phase-sensitive 2D NOESY experiments at different mixing
times from 50 to 200 ms (11, 12). The 2D data were analyzed
by the Pipp program (13).

PFG Diffusion 1H NMR Spectroscopy.PFG diffusion
measurements were made as described for urea denaturation
of IFABP (6). The length of the diffusion gradient was
optimized for each sample. For samples at pH 7.3 and 2.8,
the length of the diffusion gradient was set to 3 ms and to 4
ms for the sample at pH 2.3. All other experimental
parameters and data fitting protocols are the same as
described earlier (6).

RESULTS

Probing Secondary and Tertiary Structures of the Acid
State Using CD Studies. CD measurements have been made
as a function of pH and are shown in Figure 2. In Figure 2A
the far-UV CD shows no difference in secondary structure
between pH 4.1 and pH 8.0 and only a slight change at pH
2.8. Even at pH 2.3, the protein still retains some secondary
structure. In the near-UV CD (Figure 2B), the regions (250-
270 nm) that are attributed to phenylalanine show some

FIGURE 1: The crystal structure (PDB entry 1IFB) of apo-IFABP
(25). The eight phenylalanines are shown in blue. The helical region
and the last twoâ-strands are colored gold while the rest is colored
cyan forâ-strands and gray for turns. The diagram was prepared
using MolMol (26).
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moderate changes between pH 8 and pH 2.8 but a dramatic
change at pH 2.3. Signals (270-300 nm), which are
attributable to tyrosine and tryptophan, are similar below pH
4.1. Those data indicate significant tertiary structure changes
below pH 4.1, consistent with19F NMR data in which
dramatic chemical shift changes occur below pH 3.9 (see
below).

19F NMR Spectra of Apo-IFABP as a Function of pH.
Figure 3A shows changes in the spectrum of apo-IFABP
monitored by 1D19F NMR as a function of pH. IFABP
remains structured at pH 2.8 as indicated by the dispersion
of chemical shifts. There is extensive heterogeneity at pH
2.8 as∼15 peaks appear for the eight phenylalanine residues.
Below pH 3.9, at least two conformations in slow exchange
become obvious, as indicated by the appearance of minor
peaks for Phe55, Phe62, Phe68, Phe93, and Phe128 (Figure
4). The peaks observed at pH 2.8 between-40 and-41
ppm are not denatured peaks but multiple conformations of
Phe2, Phe55, and Phe128 (Figure 4). At pH∼2.3, the protein
is mostly unfolded since most native peaks are either gone
or substantially reduced. Even at pH 2.3, however, the
unfolded IFABP is in slow equilibrium with a small amount
of nativelike structure, as indicated by the resonances outside
the denatured range (-40.3 to-41.3 ppm). Figure 3B shows

the dependence of chemical shift from pH 8 to pH 2.3 and
indicates that, except for Phe2 (Figure 3B), the overall
structure is barely perturbed from pH 8 to pH 5. At pH values
lower than 5, however, the chemical shift changes are
profound. The overall tendency of the chemical shift changes
are similar, but not identical, to those observed with urea at
concentrations below the urea denaturation midpoint as
described elsewhere (6). The similarity in the chemical shift
changes in low urea concentrations and pH values below 5
suggest that the two conditions yield similar structural
changes.

FIGURE 2: Far-UV (A) and near-UV (B) spectra of the IFABP at
different pH values as described in the text.

FIGURE 3: (A) 19F NMR spectra of IFABP as a function of pH.
The spectra were recorded at 20°C with 200 µM protein. The
samples with different pHs were made as described in the text.
Each spectrum was acquired with 64 scans and processed with 12
Hz exponential line broadening. The peak at-46.3 ppm is the
reference peak of 6-19F-tryptophan. (B) Chemical shift change of
19F-Phe-IFABP as a function of pH. At pH values above 3.9, an
average chemical shift (broad peak) was used for Phe68 and Phe93
while the chemical shift of the major conformation was used below
pH 3.9. (C) Line width change of19F-Phe-IFABP as a function of
pH.
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Figure 3C shows the line width changes with pH. Phe128
(in the last â-strand) and Phe17 (in helix 1) experience
dramatic line broadening at pH below 4.8, and Phe68 and
Phe93 (close to the D-E turn) started to broaden at pH∼3.9.
It should be pointed out that all of these line broadenings
are accompanied by the larger chemical shift changes (Figure
3B). Other residues did not show significant line width
changes in the pH range studied. These observations are
consistent with previous studies (14, 15) showing that two
regions appear to be involved in the early stage of urea
unfolding; one is close to the D-E turn and the other one is
close to the I-J turn and helical region (Figure 1).

Homonuclear19F NOE between 4-19F-Phe68 and 4-19F-
Phe93 as a Function of pH.Phe68 and Phe93 are part of a
hydrophobic cluster and have been suggested to be involved
in the early stages of folding. The distance between 4-19F-
Phe68 and 4-19F-Phe93 was monitored at pH 7.3, 5.7, 4.2,
and 2.8, respectively, by obtaining 2D NOESY spectra
(Figure 4). A Phe68/Phe93 cross-peak was present at all pH
values. The distance barely changes from pH 7.3 to pH 2.8
(Table 1). Essentially all of the nativelike structure persists
at those pH values as fully unfolded peaks at∼-40.8 ppm
barely grow (Figure 3A). The protein concentrations used
at pH values 7.3, 5.7, and 4.2 were 1 mM while 200µM

sample was used at pH 2.8 due to aggregation with 1 mM
protein.

Chemical Exchange Rates Determined by19F NMR for
Apo-IFAPB at pH 2.8.Conformational heterogeneity is a
common property of both the molten globule state and the
acid state. Yet few methods can extract both dynamic
(especially for slower time regime process) and thermody-
namic (populations) parameters for those states. With19F
NMR, conformational heterogeneity can be unambiguously
characterized. As noted in the results for acid denaturation,
the exchange phenomena of some phenylalanine residues
become more obvious at lower pH with a shift in the equil-
ibrium between two different conformations. In the apo form
(Figure 4), not only is an NOE cross-peak observed between
Phe68 and Phe93 but also are chemical exchange peaks of
Phe2, Phe55, Phe62, Phe68, Phe93, and Phe128. Their
exchange rates (11) and population ratios are shown in Table
2. As shown in Table 2, six of the eight phenylalanines are
in slow exchange in the apo form, suggesting high mobility
in the internal hydrophobic clusters. This appears to be
contradictory to the intuitive view that the hydrophobic core
is “more rigid”. However, more studies are beginning to
demonstrate that the hydrophobic core can be very flexible
with large amplitude motions (16) (Li and Frieden, unpub-
lished results). The exchange rates of Phe2 and Phe128 are
about half of the other phenylalanine residues that could be
measured in the apoprotein. This indicates that the whole
structure is still compact even at the ends of the protein.

Chemical Exchange Rates Determined by19F NMR for
Holo-IFAPB at pH 2.8.Similar to the apo form, in the holo
form at pH 2.8 (Supporting Information, Figure 1), Phe2,
Phe62, Phe68, and Phe93 show exchange cross-peaks. But
the chemical shifts of the two conformations of Phe68 are
too close to be able to correctly measure the intensities of
diagonal and cross-peaks in the holo form. Therefore, the
exchange rate of Phe68 of the holo form at pH 2.8 is not
included in Table 2. In addition, both Phe62 and Phe68 have
an extra cross-peak with a very minor conformation, upfield
of the major conformation. However, we cannot determine
whether they are minor conformations in the holo form or
minor apo-form IFABP as their populations are negligible.

There is an exchange cross-peak for Phe17 at pH 2.8 in
the holo form but not in the apo form (Supporting Informa-
tion, Figure 1). We observed the exchange cross-peak of
Phe17 in the holo form at pH 7.3 (5) with the population of
the other conformation very minor (<1%). At pH 2.8,
however, the other conformation of Phe17 increased to about

FIGURE 4: 2D NOESY spectra of 4-19F-Phe-labeled IFABP at pH
values of 7.3, 5.7, 4.2, and 2.8. The spectra were recorded at 20
°C with the mixing time set to 250 ms, and 100 points were used
in the F1 dimension. The spectra were referenced to 6-19F-
tryptophan at-46.3 ppm. The samples at different pH values were
made as described in the text. The protein concentrations at pH
values of 7.3, 5.7, and 4.2 are 1 mM and that at pH 2.8 is 200µM.

Table 1: Relative Distance Change between 4-19F-Phe68 and
4-19F-Phe93 as a Function of pHa

pH 7.3 5.7 4.2 2.8c

distance
(Å)

R0
b (0.96( 0.04)R0 (1.04( 0.03)R0 (1.08( 0.04)R0

a The distance was determined by the relationshipI ∝ 1/r6, whereI
is the intensity andr is the distance between atoms.b R0 is defined as
the distance between the fluorine nuclei of Phe68 and Phe93 based on
the crystal structure.c The distance is obtained with 200µM protein
sample at pH 2.8, while 1 mM protein was used for other pH values.

Table 2: Population Ratio and Chemical Exchange Rates of the
Two Conformations at pH 2.8 for both Apo- and Holo-IFABPa

apo-IFABP holo-IFABP

residue no. ratiob k (s-1) ratiob k (s-1)

62 22/78 20.4( 1.1c 22/78 15.4( 0.4
68 28/72 15.8( 2.6
93 22/78 21.5( 1.6 32/68 9.7( 1.4
2 73/27 7.6( 1.5 70/30 9.8( 0.9
17 92/8 0.95( 0.03
128 72/28 8.7( 2.0
55 64/36 19.5( 4.5

a The ratio was determined by measuring the area under each peak.
b Downfield population/upfield population.c Deviations from the aver-
age of five determinations.
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8%. Interestingly, the exchange rate of Phe17 is almost a
magnitude slower than those of other residues (Table 2),
those being on the same order of magnitude. The exchange
of other residues reflects the overall conformational inter-
conversion and may be closely related, while the exchange
of Phe17 could be dictated by the backbone conformation
of the fatty acid, since Phe17 has extensive contacts with
the hydrocarbon tail (17). At low pH, the binding pocket
might be slightly opened, giving more motional freedom to
the tail of the fatty acid and thus to Phe17 as it maintains
extensive contact with the backbone of the fatty acid.

PFG Diffusion NMR Studies.The apparent hydrodynamic
radii of IFABP at different pH values are listed in Table 3.
The radii are 17.2 and 23.7 Å at pH 2.8 and 2.3, respectively,
which represent 11.0% and 52.8% increases in hydrodynamic
radius or 36.7% and 256.7% increases in hydrodynamic
volume, respectively, compared to the native state (15.5 Å).
Yet, both are smaller than that of the fully denatured state
(36.7 Å) in 7 M urea (6), suggesting that the acid state has
the characteristics of a molten globule.

Probing the Structure Perturbation of the Binding Pocket
at Low pH. Figure 5 shows the spectra of holo-IFABP
(containing oleate) and apo-IFABP at low pH values. Apo-
IFABP is substantially unfolded at pH 2.3 with only small
amount of nativelike structure existing (Figure 5). Holo-

IFABP at pH 2.3 is more structured, and its spectrum is
superimposable with that at pH 2.8 except that a greater
percentage of denatured peaks exists around-41 ppm. Not
only are there dramatic changes in the chemical shifts of
the holo form compared to the apo form but it is also clear
that oleate stabilizes the protein at pH 2.3. At this pH, the
NMR spectrum for holo-IFAPB is similar to that when oleate
is added to apo-IFAPB (Figure 5).

Two other experiments used to probe structural perturba-
tion at low pH are urea denaturation and temperature studies
of apo-IFABP at pH 2.8. As is typical of other molten globule
states, the protein at low pH is much less stable than the
native protein (Supporting Information, Figure 2) with a urea
denaturation midpoint of about 0.9 M compared to 4.8 M
for the native protein (6). Interestingly, the chemical shifts
induced by urea are similar to those induced by urea at pH
7.3 (6).

The spectra of apo-IFABP at pH 2.8 were recorded at 3,
7.5, 11.5, 15.5, 20, 24, 28, 32, and 36°C (Supporting
Information, Figure 3). Generally, the resonances of Phe62,
Phe68, and Phe93 show the largest temperature coefficient
(∆δ/∆T) in both the native (5) and the acid state. Phe2 shows
negative temperature correlation in both the native and the
acid state, but its temperature coefficient is more negative
in the acid state. Combined with the observation that the
distance between Phe68 and Phe93 maintained up to pH 2.8,
these data collectively suggest that the acid state at pH 2.8
and the native state are closely related in all regions involving
hydrophobic clusters.

DISCUSSION

Protonation of all of the ionizable groups of a protein will
certainly lead to loss of salt bridge interactions and indeed
to repulsion of surface charges with a corresponding loss of
stability. Dyson and Wright (18) postulate that the equilib-
rium unfolded state of apomyoglobin at pH 2.3 may serve
as a model for events that might occur at the earliest stages
of folding with regard to local hydrophobic collapse and
sampling of nativelike secondary structure. Dabora et al. had
earlier examined the acid state of ribonuclease H and
postulated that the acid form had the characteristics of a
molten globule (19). In either case, characterization of the
acid form of different proteins is of interest. Both apomyo-
globin and ribonuclease H contain considerableR-helical
content. If the idea that the acid state approximates a molten
globule, examination of a protein that is primarilyâ-sheet
may give different information especially since the former
studies examined backbone properties while the present study
focuses on side chain behavior.

Nature of the Acid State.Below pH 5, all of the19F-labeled
phenylalanines exhibit apparent chemical shift changes with
Phe128, Phe17, Phe68, and Phe93 showing line broadening
as well. At least six out of the eight phenylalanines are in
slow exchange. In addition, the near-UV-CD spectra show
changes to side chains of tyrosines and tryptophans while
the far-UV-CD indicate that secondary structure is retained
as low as pH 2.8. Even at pH 2.3, someâ-structure remains.
These data indicate that, with decreasing pH, side chain
changes precede backbone changes with increased internal
mobility despite the fact that these side chains are buried in
the hydrophobic clusters.

FIGURE 5: Spectra of apo- and holo-IFABP and the stabilization
of apo-IFABP in the presence of oleate at pH 2.3. The samples
were made by mixing 2.6 mM19F-Phe-IFABP (both apo and holo)
in NMR buffer with 20 and 100 mM citric acid to give a protein
concentration of 200µM and pHs of 2.8 and 2.3, respectively. The
sample for the upper spectrum at pH 2.3 was made by mixing the
apo-IFABP with oleate heptane solution. The peak marked with
an asterisk is the reference 6-19F-tryptophan (-46.3 ppm relative
to TFA).

Table 3: Hydrodynamic Radii of IFABP at Different pH Values

pH 7.3 2.8 2.3
Rh (Å) 15.5( 0.4a 17.2( 0.3 23.7( 0.5

a Deviations from the average of five determinations.
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Table 3 shows that the hydrodynamic radius of IFABP
increases as the pH is lowered. The structural units, however,
as measured by far-UV-CD, stay intact. The19F NMR data
presented here may explain this increase. The line broadening
and chemical shift changes of Phe17 and Phe128 as the pH
is lowered indicate both increased mobility and solvent
exposure. These results would be consistent with separation
of two subsections (shown in gold and cyan in Figure 1) as
a consequence of more solvent entering the interior cavity.
Also consistent with this proposal are the increased motion
of Phe17 in the holo form and the observation that the
distance between Phe68 and Phe93, which are located in the
same subsection of the protein, does not change with
decreasing pH. Further justification for this proposal comes
from the results of Hodsdon and Frieden (14), who examined
the HSQC spectra as a function of urea concentration. One
observation made there was a concerted motion of the C, D,
and E strands and that this subsection of the protein was
particularly susceptible to intermediate urea concentrations.

Implications from Oleate Binding at Low pH.As stated
in the Results, the acid state at pH 2.8 is closely related to
the native state in terms of hydrophobic clusters, as suggested
by their chemical shift dispersion, side chain response to
temperature and urea denaturation, and almost unchanged
distance between Phe68 and Phe93. Furthermore, the ability
of IFABP to bind oleate at low pH provides a straightforward
method to monitor the existence of nativelike topology.
Lowering the pH of holo-IFABP to 2.8 results in a shift of
many of the peaks compared to either the apoprotein at this
pH (Figure 5) or the holoprotein at pH 7.3 (Supporting
Information, Figure 4), suggesting that the binding pocket
remains intact.

Although fluorine chemical shifts in proteins are difficult
to interpret in terms of specific structure perturbation, they
are more meaningful when the structure is known or when
structures are related. We have shown elsewhere that in the
native state the binding of oleate caused dramatic downfield
chemical shift changes for almost all19F-phenylalanines
(except Phe2) in IFABP (5) without any apparent structural
changes (17) due to exclusion of some of the ordered water
molecules which impose a shielding effect on side chains in
the pocket. Binding of oleate at pH 2.8 (Figure 5) also causes
downfield chemical shift changes, but to a lesser extent, for
all 19F-labeled phenylalanines except Phe47. Among those
residues, Phe68 shifted the most (∼1.7 ppm). In the native
state, binding of oleate also causes Phe68 to be shifted the
most (∼4.64 ppm) (5). It should be noted that in the native
state Phe68 has more surrounding water molecules than other
phenylalanines. We can postulate that the binding pocket at
pH 2.8 retains more or less ordered water molecules and
that binding of oleate is also accompanied by the exclusion
of some of ordered water molecules, resulting in a deshield-
ing effect on the side chains surrounding the oleate.

At pH 2.3, the addition of oleate to the apoprotein yields
a spectrum similar to that observed on lowering the pH of
the holoprotein (Figure 5). The persistent nativelike structure
at pH 2.3 in the apo form probably binds to oleate and thus
shifts the equilibrium between the nativelike structure and
unfolded state toward the nativelike state. Oleate may also
induce the formation of the binding pocket directly from the
unfolded state. Whatever the reason, the pocket is formed
through oleate interaction with multiple nativelike subsets

of side chain clusters that persist at pH 2.3.
Possible Role of a Molten Globule-like State in Transport-

ing Fatty Acid. The molten globule state has been suggested
to be important for biological functions in vivo including,
for example, delivery of retinol by retinol binding protein
to target cells (20). This hypothesis can be extended to the
function of the molten globule state of IFABP. It has been
demonstrated recently that electrostatic interactions are a
major determinant of the collisional mechanism of fatty acid
transfer between IFABP and membranes (21). The high
density of negatively charged groups at the membrane surface
could create a strong electrostatic potential leading to local
acidic pH (22-24). The local acidic pH could facilitate
transfer of uncharged fatty acid with the positively charged
protein interacting with the negatively charged membrane,
resulting in subsequent release of the ligand at a physiologi-
cally reasonable rate. We note that the chemical exchange
rate of Phe17, which is thought to be controlled by oleate as
discussed above, is on the same order of magnitude as the
fatty acid transfer rate determined between IFABP and the
mimic membrane (21). The loosely packed and slow breath-
ing of the hydrophobic pocket at low pH, as demonstrated
by their exchange rate, could be responsible for ligand
exchange. More evidence, however, would be needed to
establish a convincing relationship between the molten
globule state and the transfer of ligand.

In conclusion,19F NMR, combined with other techniques,
has enabled us to characterize the acid unfolded molten
globule-like state of aâ-sheet protein through side chain
analysis. The secondary structure of the molten globule state
is closely related to its native state; i.e., the acid state contains
most of theâ-structure for theâ-sheet protein (IFABP) while
helical proteins such as apo-Mb (18) retain helices. Thus,
there is no common structure for the acid form of a protein.
Rather, the structure is similar to that of the native protein.
In the acid unfolded state of IFABP, side chain changes occur
before any backbone changes. The same could be true for
helical proteins based on side chain analysis. In contrast to
the general definition of the molten globule state that it lacks
fixed tertiary packing interactions, the acid unfolded state
of IFABP contains subsets of nativelike hydrophobic clusters,
which could be intermediates resulting from hydrophobic
collapse.
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