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ABSTRACT: Adipocyte lipid-binding protein (A-LBP) and muscle fatty acid-binding protein (M-FABP)
are members of a family of small (∼15 kDa) cytosolic proteins that are involved in the metabolism of
fatty acids and other lipid-soluble molecules. Although highly homologous (65%) and structurally very
similar, A-LBP and M-FABP display distinct ligand binding characteristics. Since ligand binding may
be influenced by intrinsic protein dynamical properties, we have characterized the backbone and side
chain dynamics of uncomplexed (apo) human A-LBP and M-FABP. Backbone dynamics were
characterized by measurements of15N T1 andT2 values and{1H}-15N NOEs. These data were analyzed
using model-free spectral density functions and reduced spectral density mapping. The dynamics of methyl-
containing side chains were charaterized by measurements of2H T1 andT1F relaxation times of13C1H2

2H
groups. The2H relaxation data were analyzed using the model-free approach. For A-LBP,15N relaxation
data were obtained for 111 residues and2H relaxation data were obtained for 42 methyl groups. For
M-FABP, 15N relaxation data were obtained for 111 residues and2H relaxation data were obtained for 53
methyl groups. The intrinsic flexibilities of these two proteins are compared, with particular emphasis
placed on binding pocket residues. There are a number of distinct dynamical differences among
corresponding residues between the two proteins. In particular, many residues display greater backbone
picosecond to nanosecond and/or microsecond to millisecond time scale mobility in A-LBP relative to
M-FABP, including F57, K58, and most residues inR-helix 2 (residues 28-35). Variations in the dynamics
of this region may play a role in ligand selectivity. The side chains lining the fatty acid binding pocket
display a wide range of motional restriction in both proteins. Side chains showing distinct dynamical
differences between the two proteins include those of residues 20, 29, and 51. This information provides
a necessary benchmark for determining dynamical changes induced by ligand binding and may ultimately
lead to an enhanced understanding of ligand affinity and selectivity among fatty acid-binding proteins.

Adipocyte lipid-binding protein (A-LBP)1 and muscle fatty
acid-binding protein (M-FABP) are members of a family of
intracellular lipid-binding proteins (iLBPs; reviewed in ref
1). Although the precise metabolic roles played by these
proteins are unclear, they are involved in the transport and
storage of lipids. A-LBP occurs in fat cells, while M-FABP
occurs in skeletal muscle, heart, kidney, and other tissues.
Although A-LBP and M-FABP have relatively high

sequence homology (65%; see Figure 1) and similar tertiary

structures, including similar ligand binding pockets, the two
proteins have distinct ligand binding charateristics (2, 3). For
example, M-FABP binds stearic acid with a 30-40-fold
higher affinity compared to A-LBP (2). In addition, A-LBP
and M-FABP display markedly different modes of long chain
fatty acid binding: A-LBP binds fatty acids in a slightly bent
U-shaped conformation (4), whereas M-FABP binds fatty
acids in a U-shaped conformation (5). To more fully
understand the factors that may influence ligand binding and
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FIGURE 1: Amino acid sequences of human A-LBP and human
M-FABP. The complete sequence of A-LBP is shown. For
M-FABP, a dash (-) is used for conserved residues; residues
differing from those found in A-LBP are shown explicitly.
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selectivity, we have conducted NMR relaxation studies of
the apo forms of human A-LBP and M-FABP. Recent
studies of intestinal FABP (I-FABP;6) and ileal lipid-binding
protein (7) indicate that protein flexibility may play an
important role in ligand affinity and selectivity for iLBPs.
The physical basis for ligand selectivity may arise from

both protein structural and dynamic differences. While
structural differences are obvious starting points for identify-
ing selectivity-enhancing features, the potential consequences
of differences in protein dynamics are more abstruse.
Nevertheless, two recent publications indicate that the
intrinsic flexibilities of protein binding site residues, i.e., the
distributions of accessible conformational substates (8) in
the absence of bound ligands, are directly related to the
conformational adaptability observed in various protein-
ligand complexes. The first article (9) describes a study by
X-ray crystallography and hydrogen exchange of the binding
of a set of ligands to a cavity-containing mutant of T4
lysozyme. Residues in the apoprotein showing high tem-
perature factors and rapid hydrogen exchange were able to
adopt different conformations in response to different ligands,
whereas residues characterized by low temperature factors
and slow hydrogen exchange remained fixed in response to
different ligands. In the second article (10), the 120 K X-ray
structure of apo-R-lytic protease at 1.5 Å resolution was
characterized by a multiconformational refinement procedure,
and the results were compared to X-ray structures of the
enzyme complexed to a variety of inhibitors. Quoting the
authors, “The active site residues that are perturbed during
accommodation of different substrates are precisely those
showing conformational substates, implying that substrate
binding selects a subset of conformations from the ensemble
of accessible states.”
These results suggest that so-called “induced fit” binding

modes (11) may often be more accurately described as
“selected fit” binding modes. Induced fit, consistently
defined, involves forcing the protein to adopt a bound-state
conformation that is inaccessible to the apoprotein, whereas
selected fit involves stabilizing an accessible conformation.
Selected fit has also been termed a “ligand-coupled confor-
mational equilibrium” (12), wherein ligand binding shifts a
pre-existing conformational equilibrium. Induced fit will
generally have an unfavorable enthalpic cost (steric hin-
drance) relative to a selected fit. Although a selected fit will
entail a reduction in the conformational entropy of the
protein, this may be a relatively small component of the
overall free energy in many cases (13). Unfavorable steric
clashes are more likely to occur in the rigid regions of a
binding site. Thus, dynamic properties may play a role in
ligand selectivity by allowing additional variability in those
ligand moieties that interact with flexible portions of the
binding site (9). Differences in the distributions of flexible
and rigid residues between homologous binding sites may
account, in part, for differential selectivity.
Among the methods available for characterizing solution-

state protein conformational dynamics, only NMR relaxation
measurements can provide detailed experimental information
for a great variety of sites within a protein. The determi-
nation of15N NMR relaxation parameters has become widely
used in the characterization of protein backbone dynamics
(e.g., see refs6 and14-21). Most commonly,15N longi-
tudinal relaxation rates (R1), 15N transverse relaxation rates

(R2), and{1H}-15N nuclear Overhauser effects (NOEs) are
fit to model-free spectral density functions (22-25), yielding
information on picosecond to nanosecond time scale motions
(N-H vector order parameters and local correlation times)
and microsecond to millisecond time scale motions (exchange
contributions toR2). Alternatively, linear combinations of
15N NMR relaxation parameters can be used to obtain the
values of “reduced” spectral density functions (26-30). The
reduced spectral density approach has the advantage of not
requiring any parameter selection criteria or least-squares
fitting, but the dynamic information obtained is not as
straightforward to interpret. Information on the picosecond
to nanosecond time scale dynamics of methyl-containing side
chains can be obtained using recently developed experiments
(31, 32) for measuring2H relaxation parameters. Specifi-
cally, 2H R1 and rotating frame (R1F) relaxation rates are
obtained and fit to a model-free spectral density function,
yielding methyl axis order parameters and internal correlation
times.
For uncomplexed (apo) human A-LBP and M-FABP, we

have measured both backbone15N and side chain methyl
group 2H relaxation parameters. These proteins share the
common iLBP fold (Figure 2; reviewed in ref1), which is
composed of 10 antiparrallelâ-strands (designated A-J) and
a helix-loop-helix motif connectingâ-strands A and B.
The lipid-binding cavity encompasses an area extending from
near the center of the protein to the internal faces ofR-helices
I and II. The cavity is lined by both polar and nonpolar
residues, including a number with methyl-containing side
chains. Thus, methyl group2H relaxation affords dynamical
information on moieties that are likely to interact directly
with bound ligands.
In this article, the backbone and side chain dynamics of

apo-A-LBP and apo-M-FABP are compared, and potential
correlations between the dynamical properties and structural
features are explored. The backbone dynamics data of these

FIGURE2: Ribbon drawing of the backbone fold of A-LBP derived
from the human A-LBP homology model (see the text). The
â-strands (arrows),R-helices, and selected residue positions are
labeled.
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proteins are also compared to the data given in a recently
reported15N relaxation study (6) of apo-I-FABP. Finally,
the implications of these results for iLBP ligand binding and
selectivty are discussed.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. The recombinant
A-LBP and M-FABP proteins were prepared first by sub-
cloning the respective cDNA sequence into the pET11a
expression vector and then by transformingEscherichia coli
BL21(DE3) cells with that vector. Transformed cells were
grown in 500 mL aliquots at 37°C in minimal medium,
containing both (NH4)2SO4 and glucose, to an OD600of∼0.6.
For 15N-labeled protein, [15N](NH4)2SO4 (Isotec) and unla-
beled glucose were added to the 100% H2Ominimal medium.
For 13C- and15N-labeled protein, [15N](NH4)2SO4 and [13C7]-
glucose (CIL) were added to the 100% H2O minimal
medium. For the 50% fractionally deuterated13C- and15N-
labeled protein, [15N](NH4)2SO4 and [13C7]glucose were
added to the 50% D2O/50% H2O (v/v) minimal medium.
The cells were then induced with 0.2 mM IPTG for 2 h at

37 °C and subsequently harvested by centrifugation at 4°C.
The cell pellet was resuspended in 100 mL of chilled 50
mM Tris-HCl, 100 mM NaCl, 10 mM EDTA, pH 7.5 buffer
and then sonicated at 4°C for 10 min in pulse mode to
minimize heating. All subsequent steps were carried out at
room temperature. The homogenate was spun down for 20
min at 15 000 rpm and then applied to a MacroPrep-Q
column (Bio-Rad) equilibrated with the same resuspension
buffer. A-LBP (M-FABP) protein comes out in the flow-
through fraction. The flow-through fraction was then applied
to a column of Reactive Red 120 dye resin (40 mL, Sigma)
equilibrated with the same resuspension buffer. The flow-
through fraction was collected, saturated to 40% with
ammonium sulfate, and then stirred on ice for 30 min. Any
precipitate was removed by centrifugation. The supernatant
was applied to a 50 mL column of Phenyl-Sepharose 6
(Pharmacia) and washed with 40% ammonium sulfate in 50
mM Tris-HCl, pH 7.5 buffer until the effluent showed an
OD280 of ∼0.01. A-LBP (M-FABP) was then eluted with
20% ammonium sulfate until the effluent showed an OD280

of ∼0.02. The protein solution was concentrated to 5 mL
using an Amicon concentrator equipped with a YM3
membrane. At this stage, the protein is∼95 to 97% pure
as determined by SDS-PAGE. The concentrated protein
solution was then loaded onto a Superdex 30 16/60 column
(Pharmacia) equilibrated with 50 mM NaPi and 150 mM
NaCl (pH 7.5).
For A-LBP, corresponding protein fractions from the

Superdex column were first warmed to 37°C and then
applied to a prewarmed Lipidex 1000 column (Sigma)
equilibrated with buffer containing 25 mM NaPi, 50 mM
NaCl, 1 mM EDTA, 0.1 mM NaN3, and 10% D2O at pH
7.5 (NMR buffer without DTT). The latter step is designed
to remove bound lipids. The A-LBP protein was left on the
Lipidex column for 2 h at 37°C. After 2 h, the protein was
washed off the Lipidex column using NMR buffer (with 5
mM DTT).
For M-FABP, corresponding protein fractions from the

Superdex column were first warmed to 52°C and then
applied to a prewarmed Lipidex 1000 column (Sigma)

equilibrated with NMR buffer without DTT. The M-FABP
protein was left on the Lipidex column for 30 min at 52°C.
After 30 min, the protein was washed off the Lipidex column
using NMR buffer (with 5 mM DTT). At this point, the
protein solution (A-LBP and M-FABP) was concentrated to
3 mL on a Centriprep 3 concentrator (Amicon). The protein
solution was further concentrated on a Centricon 3 concen-
trator (Amicon) and concomitantly exchanged with NMR
buffer containing 5 mM deuterated DTT. All concentration
steps were performed at room temperature. Typical yields
for a 2 L growth were∼25 mg of highly pure protein.
NMR Sample Preparation. Protein samples for NMR

experiments were concentrated to∼2.0 mM in buffers
containing 25 mM NaPi, 50 mM NaCl, 1 mM EDTA, 5 mM
DTT, and 0.1 mM NaN3 at pH 7.5 with 10% D2O/90% H2O
(v/v). The samples were extensively degassed and trans-
ferred to 5 mm Shigemi restricted-volume NMR tubes, which
were then closed under Ar.
NMR Data Acquisition and Processing. All NMR experi-

ments were carried out at 20°C either on a Varian Unity
Plus 600 spectrometer (operating at a 599.91 MHz1H
frequency) equipped with a Varian 5 mm1H/13C/15N triple-
resonance, triple-axis PFG probe or on a Varian INOVA 600
spectrometer (operating at a 598.15 MHz1H frequency)
equipped with a Varian 5 mm1H/13C/15N triple-resonance,
singe-axis (z) PFG probe. All spectra were processed using
a modified version of the FELIX program (Hare Research,
Inc.; M. S. Friedrichs, unpublished), and the residual1H2O
signal was removed from all spectra by application of low-
frequency deconvolution (33) in the 1H acquisition dimen-
sion.
T1(N) andT2(N) were measured as previously described

(34), with the following modifications. For theT2 measure-
ment, the15N CPMG pulse train was used with a pulse
spacing of 0.8 ms (τ ) 0.4 ms in ref34). In all experiments,
B0z gradients (PFGs) have been employed for both artifact
suppression (35) and coherence-transfer selection (36).
Additionally, water-flipback pulses have been added as
previously described for the HNCO and related experiments
(37). Values for T1(N) were measured using15N T1
relaxation delays of 27.4, 52.4, 102.4, 152.4, 202.4, 302.4,
402.4, 502.4, 602.4, 852.4, and 1202.4 ms (11 time points);
values forT2(N) were measured using15N T2 relaxation
delays of 10.5, 20.9, 41.8, 62.8, 83.7, 94.1, 104.6, 115.1,
125.5, 156.9, and 198.7 ms (11 time points).T1(N) andT2(N)
data were collected with eight transients per FID for a total
acquisition time of 27 and 23 h, respectively.
The 15N heteronuclear NOE was measured as described

in ref 38 with the following pulse-sequence modifications:
the15N f 1HN reverse INEPT transfer module was replaced
with a gradient-enhanced, sensitivity-enhanced module (36),
and two orthogonal RF purge pulses, SLx and SLy, were
applied for a duration of 3.5 and 2.2 ms, respectively,
immediately prior to the first15N 90° pulse. Proton saturation
was achieved by a series of 125° 1H pulses spaced at intervals
of 5 ms during the entire relaxation delay of 8 s. No water-
flipback pulses were employed. Twelve transients were
collected per FID. FIDs with and without proton saturation
were collected back to back for each component of the
complext1 point. The total acquisition time was 28 h.
The time domain15N relaxation data were apodized with

cosine-bell and Lorentzian/Gaussian resolution enhancement
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functions in both the1H and15N dimensions. All data were
Fourier transformed into real (ReRe) frequency-domain
matrixes having a final size of 1024× 1024. After Fourier
transformation alongt2, only the downfield half (4.77-14.35
ppm) was retained inF2, the 1H acquisition dimension.
T1(HzCz), T1(HzCzDz), andT1F(HzCzDy) were measured as

described by Kay and co-workers (31). Acquisition param-
eters were as follows:t90(1H) ) 5.9µs, t90(13C) ) 14.6µs,
t90(2H) ) 119 µs, γB4(2H) ) 0.91 kHz with WALTZ-16,
γB3(13C) ) 2.74 kHz with WALTZ-16, sw1(13Cme) ) 4.51
kHz, t1max(13Cme) ) 26.37 ms, sw(1H) ) 11.5 kHz,t2 ) 120
ms,τa ) 1.8 ms,τb ) 4.0 ms,τc ) 11.0 ms,TC ) 14.5 ms,
g1z ) 32 G/cm (1 ms),g2y ) -6.1 G/cm (0.5 ms),g3z )
25.6 G/cm (0.5 ms),g4z ) 12.8 G/cm (0.5 ms),g5z ) 27.8
G/cm (0.8 ms),g6z ) 15.0 G/cm (0.5 ms),g7y ) 6.9 G/cm
(0.6 ms) with a following delay of 2 ms, andg8y ) 6.1 G/cm
(0.5 ms). All gradientsg are specified by axiszor y, strength
(gauss per centimeter), and duration (milliseconds). The
phase cycle is given in ref31. The water resonance was
selectively saturated with a 60 Hz1H RF field during both
the general relaxation delay (1.2 s) and the2H relaxation
mixing delay. A SCUBA sequence (39) was also inserted
immediately prior to the first 90° proton pulse. The lock
feedback loop was isolated from any incoming2H lock signal
between the first proton 90° pulse and the start of the lastτa
delay. During this same time, the lock preamplifier was also
gated off. WhenT1F(HzCzDy) was measured, a2H spinlock
was applied at an RF field strength of 1.3 kHz and a carrier
frequency of∼1 ppm. T1(HzCzDz) data were collected with
eight transients per FID for a total acquisition time of 9 h;
T1F(HzCzDy) and T1(HzCz) data were collected with 16
transients per FID for total acquisition times of 16 and 18 h,
respectively.
Values forT1(HzCz) were measured using2H relaxation

delays of 5, 20, 40, 80, 120, 160, 200, 300, 400, and 600 ms
(10 time points). Values forT1(HzCzDz) were measured using
2H relaxation delays of 5, 10, 20, 30, 40, 50, 60, 90, 120,
and 200 ms (10 time points). Values forT1F(HzCzDy) were
measured using2H relaxation delays of 1, 2, 4, 6, 8, 10, 12,
16, 20, and 30 ms (10 time points). The time domain data
were apodized with cosine-bell functions in both the1H and
13C dimensions. The data were Fourier transformed into real
(ReRe) frequency-domain matrixes having a final size of 512
× 512 points. In these final spectral matrixes, the1H
dimension ranged from 3.13 to-1.67 ppm.
Sequential Resonance Assignment. Assignments for15N,

1HN, 1HR, 1Hâ, 13CR, and13Câ resonances were obtained by
semiautomated analyses (40, 41) of two-dimensional (2D)
1H-15N HSQC and three-dimensional (3D) HNCACB,
CBCA(CO)NH, HBHANH, and HBHA(CO)NH spectra.
Methyl group1H and 13C resonances were assigned from
interactive analyses of 3D HCCH-TOCSY spectra. Acquisi-
tion and processing details for these 2D and 3D NMR
experiments are contained in the Supporting Information.
NMR Relaxation Analysis. Relaxation parameters were

evaluated on the basis of peak heights. To avoid underes-
timating the errors in the derived parameters, the standard
deviations of the peak heights were set to twice the root-
mean-square (rms) baseline noise observed in the corre-
sponding spectra. The{1H}-15N steady-state NOE values
were determined by evaluating the ratio of cross-peak heights
from experiments recorded with and without1H saturation

(NOE) Isat/Iunsat). Error estimates for the NOE values were
derived from standard error propagation.15N and 2H
relaxation rates were determined from a nonlinear least-
squares fitting of the peak height data to exponential decays
(17, 42). The errors in the relaxation rates were estimated
by generating simulated data sets from random Gaussian
distributions of the peak intensities, with the mean of each
distribution being set to the respective experimentally
measured height.
The expressions relating2H and15N relaxation parameters

to spectral density functions have been given elsewhere (31,
32, 43) and are described in the Supporting Information.
Motional parameters can be derived from relaxation param-
eters using model-free spectral density functions (22-25).
In this study, three functional forms were used to fit the15N
relaxation data. In order of increasing complexity, these are
as follows:

In these expressions,S2 is the total generalized order
parameter (which depends on the amplitudes of picosecond
to nanosecond motions),τr is the overall molecular rotational
correlation time,τ is an effective correlation time resulting
from internal motions characterized by a single internal
correlation timeτe (1/τ ) 1/τe + 1/τr), Sf2 andSs2 are order
parameters corresponding to fast and slow internal picosec-
ond to nanosecond motions with time scales differing by at
least 1 order of magnitude, respectively (note,S2 ) Sf2Ss2),
andτs′ is an effective correlation time given by 1/τs′ ) 1/τs
+ 1/τr, whereτs is the correlation time associated with slower
internal motions. Theτr value is treated as a global
parameter determined by a preliminary global fitting of the
data. Equations 1-3 contain, respectively, one, two, and
three adjustable parameters. In addition, exchange contribu-
tions toR2(N), R2ex, can be included in the analysis with eqs
1 and 2, resulting in fits that now involve, respectively, two
and three residue-specific parameters.
The globalτr was determined by a global fit that included

all residues withT1(N) andT2(N) values within one standard
deviation of the corresponding mean and with{1H}-15N
NOE > 0.70. This global fit assumedJ(ω) given by eq 2
for all included residues. After the globalτr was determined,
15N model-free parameters and error estimates were inde-
pendently derived for each residue by numerical fits to their
respective relaxation data. The fits were performed using a
grid search followed by the Levenberg-Marquardt algorithm
(44) to minimize ø2 as described (42). The errors in the
fitted model-free parameters of each residue were subse-
quently estimated by generating 100 simulated data sets of
relaxation parameters from a Gaussian random distribution.
The mean of the distribution was set to the calculated
relaxation parameter, and the standard deviation was set to
the estimated error of the relaxation parameter.
To select the model-free parameters to include in the fits

of the 15N relaxation data, we have adopted the following
protocol, which is similar to the approaches described by

J(ω) ) S2τr/(1+ ω2τr
2) (1)

J(ω) ) S2τr/(1+ ω2τr
2) + (1- S2)τ/(1+ ω2τ2) (2)

J(ω) ) Sf
2Ss

2τr/(1+ ω2τr
2) + Sf

2(1- Ss
2)τs′/(1+ ω2τs′

2)
(3)
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Palmer and co-workers (21) and Kay and co-workers (19).
Initially, for all residues, the15N relaxation data are fit using
eq 1 without aR2ex term. This constitutes a one-parameter
(S2) fit. If, for a given residue, this simple model reproduces
all of the 15N relaxation data within their errors (within the
95% confidence interval defined by anF test), the analysis
is concluded. If the15N relaxation data are not reproduced,
then the two-parameter fits are performed: one with eq 2
(S2 and τe) and one with eq 1 (S2) andR2ex. If either of
these models reproduces all of the15N relaxation data within
their errors, the analysis is concluded. If the15N relaxation
data are not reproduced, then the three-parameter fits are
performed: one with eq 3 (Sf2, Ss2, andτs) and one with eq
2 (S2 and τe) andR2ex; then the best fit is selected. In all
cases, the model-free parameters are restricted to within
physically reasonable ranges: 1g S2 g 0, τe < τr, τs < τr,
andR2exg 0. All of the fits were performed with a modified
version of FELIX (Hare Research, Inc.; M. S. Friedrichs,
unpublished). To check for consistency, the fits were
repeated with the program j_f77, which was kindly provided
by L. E. Kay and N. A. Farrow. If a fit to within the 95%
confidence level could not be obtained using any model with
either program, the best overall fit was selected as a tentative
representation of the dynamic behavior. The15N relaxation
data were also analyzed using the reduced spectral density
mapping approach (26-30, 45), as described in the Sup-
porting Information.

The 2H relaxation rates were fit assuming the globalτr
determined from the15N relaxation data, and further assum-
ing that eq 2 holds for all methyl groups (31, 32). Thus, for
each methyl group, values forS2 andτe are obtained. The
order parameter for the methyl group symmetry axis vector,
S2axis, is given byS2axis ) 9.009S2. S2axis is restricted to 1g
S2axis g 0.

Structural Analysis and Modeling. High-resolution X-ray
structures of human M-FABP (5) and murine A-LBP (4) are
available. Since no structure of human apo-M-FABP is
available, we have used the 1.4 Å resolution X-ray structure
of human M-FABP complexed with stearate (PDB code
1HMT; 5) for analysis purposes. The stearate was removed
for accessible surface area calculations (see below), and only
the major conformer was retained for those residues showing
discrete conformations (V32, T36, T39, V80, T85, T102,
L113, and T125). No major conformational changes are seen
with different fatty acids bound to M-FABP (5); therefore,
1HMT should be a reasonably accurate model for the
apoprotein as well.

A homology model of human apo-A-LBP was constructed
starting from the 1.7 Å resolution X-ray structure of murine
apo-A-LBP (PDB code 1LIB;4). The Look program
(Molecular Applications Group, Palo Alto, CA) was used
to construct the homology model. There are 11 residue
substitutions upon going from murine to human A-LBP: L48
f V48, V49f I49, R52f K52, K65f I65, V68f Q68,
I73f V73, I83f T83, A90f V90, N93f H93, D109f
E109, and G110f D110. Most of these are surface
substitutions; the only substitution near the binding cavity
is the one at residue 93. The “model mutant” facility of
Look was used to perform local conformational searchs (46,
47) around the mutated residues while holding the remaining
side chains and the polypeptide backbone fixed.

Hydrogen atoms were built onto the modeled M-FABP
and A-LBP structures using the HBUILD routine of X-PLOR
(48), and a 4° step size was used for the dihedral angle search
if the hydrogen atom placement was not unique. In addition,
all atoms for residues M0 and A132 were built onto the
M-FABP structure using standard internal coordinates with
X-PLOR. The accessible surface areas (49) of each residue
(backbone and side chain) were computed with X-PLOR
using a 1.4 Å probe radius.

RESULTS AND DISCUSSION

NMR Assignments and Slow Conformational Exchange.
Both backbone and methyl side chain resonances in apo-A-
LBP and apo-M-FABP were sequentially assigned by a
general approach described previously (40, 41). Henceforth,
A-LBP and M-FABP refer to the apoprotein unless specified
otherwise. Generalized spin systems, or residue information
data structures (RIDS;40), were initially established on the
basis of peaks observed in the 2D15N-1HN HSQC spectra.
This provided15N(i) and 1HN(i) chemical shift entries for
each RIDi. Data from the 3D triple-resonance spectra were
subsequently loaded into RIDs in a semiautomated fashion
(41). New RIDs were established as needed. At the end of
this process, RIDs generally contained chemical shift entries
for 15N(i), 1HN(i), 1HR(i), 1HR(i-1), 1Hâ(i), 1Hâ(i-1), 13CR(i),
13CR(i-1), 13Câ(i), and 13Câ(i-1). The RIDs were then
automatically linked and assigned (40). Methyl group1H
and13C assignments were subsequently derived from the 3D
HCCH-TOCSY spectra. Since our primary goal was to
characterize the backbone dynamics and the dynamics of
methyl-containing side chains, no effort has yet been made
to obtain comprehensive side chain assignments.
Tables S1 and S2 of the Supporting Information contain

the resonance assignments for A-LBP and M-FABP. Back-
bone1HN and15N assignments were obtained for 119 residues
in A-LBP and for 125 residues in M-FABP. In A-LBP,1HN

and 15N assignments were not obtained for the following
residues: N15, F27, A28, K37, E54, T56, A75, G88, R108,
and D111. In M-FABP,1HN and15N assignments were not
obtained for the following residues: N15, D17, F27, K37,
T56, and G88. In all cases, the unassigned residues occur
in relatively exposed regions. The1HN and15N resonances
of these unassigned residues are missing from both the 2D
15N-1H HSQC and 3D triple-resonance spectra, indicating
that the intensities of these resonances are attenuated by
extreme line broadening and/or saturation transfer.

1HN and15N resonances indicative of minor states (popula-
tions of∼5 to∼25%) have been assigned for some residues
in both proteins (see Tables S1 and S2 of the Supporting
Information). In A-LBP, minor states were observed for
eight residues, all of which are within or spatially near the
N-terminal segment (Figure 3A). Interestingly, F4 and V5
show three and two minor states, respectively. In M-FABP,
23 residues display minor1HN and15N resonances. Residues
with minor1HN and15N resonances are distributed throughout
the M-FABP structure (Figure 3B). As with A-LBP, human
M-FABP displays minor states within and around the
N-terminal segment. In addition, four residues in M-FABP
display minor methyl group1H and 13C resonances; these
residues are V25, V32, T53, and L113.
Distinct resonances are observed for the minor states in

both proteins, indicating that the lifetimes of these states must
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be on the order of 100 ms or longer. These states may be
due to either chemical or conformational heterogeneity. With
regard to chemical heterogeneity, we have found no evidence
of limited proteolysis using SDS-PAGE. N-Terminal
sequencing indicated that the N-terminal methionine was
fully intact in M-FABP and fully cleaved in A-LBP, and
mass spectrometry revealed no evidence of N-terminal Met+/
Met- heterogeneity. The minor states are likely to be long-
lived minor conformational states. In general, the1HN and
15N resonances are the most affected, suggesting that many
of the minor states may involve subtle differences in

backbone hydrogen bonds. It is worth noting that minor
states were observed for 25 residues in bovine M-FABP with
bound palmitic acid (50). All of the relaxation data reported
below reflect only the major state for those residues
displaying both major and minor states. Major-state1H and
13C assignments have been obtained for all methyl groups
in both proteins.

15N and 2H Relaxation Parameters. Throughout the
ensuing discussion, the standard deviation reported for the
average value of a relaxation parameter is the standard
deviation over all characterized sites, reflecting the distribu-
tion of that relaxation parameter. The standard deviation
reported for a site-specific relaxation parameter is the error
associated with that specific site. For both A-LBP and
M-FABP, 111 peaks were sufficiently resolved and suf-
ficiently intense in the1H-15N correlation spectra to allow
measurement of the15N relaxation parameters. Table 1
reports the average, maximum, and minimumT1(N) and
T2(N) values for each protein over these 111 residues. The
minimum {1H}-15N NOE value is also reported for each
protein over these 111 residues.T1(N), T2(N), and{1H}-
15N NOE values for each measured residue in both A-LBP
and M-FABP are listed in Tables S3 and S4, respectively,
of the Supporting Information.
Although all methyl group resonances have been assigned

for both proteins, significant overlap and significant intensity
variation exist for peaks in the 2D1H-13C correlation
spectra. In total,2H relaxation parameters could be measured
for 42 out of 82 methyl groups in A-LBP and for 53 out of
90 methyl groups in M-FABP. The average, maximum, and
minimumT1(D) andT1F(D) values are reported in Table 1
for each protein.T1(D), T1F(D), andT1(HzCz) values for each
measured methyl group in both A-LBP and M-FABP are
listed in Tables S5 and S6, respectively, of the Supporting
Information. One special case did come to light during the
analysis of the2H relaxation data. In A-LBP, the two methyl
group resonances of L113 overlap completely; bothδ-car-
bons resonate at 25.1 ppm, and allδ-protons resonate at
-0.12 ppm. Because theT1(HzCzDz), T1(HzCz), and
T1F(HzCzDy) data for these two methyl groups could be fit
as single-exponential decays, both methyl groups were
assumed to have identical relaxation properties.
Model-Free Analysis of15N Relaxation Data. The first

task in extracting motional information from15N relaxation

FIGURE 3: Residues with minor backbone15N and1HN resonances
mapped onto color-coded solid ribbon representations of the
proteins. Residues for which minor15N and1HN resonances have
been assigned are shown in red; all other residues are shown in
blue. Selected residues are labeled. (A, top) Minor states of A-LBP
mapped onto the human A-LBP homology model, derived from
PDB entry 1LIB. (B, bottom) Minor states of M-FABP mapped
on to the M-FABP X-ray structure (1HMT). These images were
created using InsightII (MSI, San Diego, CA).

Table 1: Average, Maximum, and Minimum15N and2H Relaxation
Parameters for both Apo-A-LBP and Apo-M-FABP

average maximum residue minimum residue

T1(N) (ms)
A-LBP 630( 76 739( 21 V73 431( 20 F57
M-FABP 676( 81 830( 14 A132 341( 10 G46

T2(N) (ms)
A-LBP 79.1( 11 97.0( 3.5 D87 40.9( 2.1 A33
M-FABP 77.9( 12 156.6( 2.9 A132 59.2( 2.1 F57

{1H}-15N NOE
A-LBP 0.63( 0.03 K58-N59
M-FABP 0.23( 0.01 A132

T1(D) (ms)
A-LBP 70.4( 43.9 248.3( 8.2 M35ε 22.7( 4.6 V25γ1

M-FABP 68.3( 45.7 273.4( 8.7 M0ε 26.7( 2.4 L5δ1

T1F(D) (ms)
A-LBP 12.5( 8.0 54.9( 1.8 M35ε 7.1( 0.4 V80γ1

M-FABP 13.9( 14.4 103.4( 5.5 M0ε 6.3( 0.3 A122â
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data involves determining the parameters that define the
overall rotational motion of the protein. Isotropic motion is
defined by the single parameterτr. Principle moments of
the inertial tensors, computed from the A-LBP and M-FABP
structures, yield ratios of 1.00:1.19:1.42 and 1.00:1.21:1.46,
respectively. These ratios indicate that the assumption of
isotropic motion is reasonable for both proteins, with the
following caveats taken into consideration. Model-free
spectral density functions that take into account overall
rotational anisotropy are available (22, 23). In general, for
proteins that are moderately asymmetric, theS2 values
obtained are insenstive to the choice of an isotropic versus
an anisotropic motional model (51-53). Neglect of anis-
tropy for moderately asymmetric proteins can lead to
moderate (∼1.0 s-1 or less) overestimates ofR2exvalues (53-
55). Therefore,R2ex values of<1.0 s-1 must be viewed with
caution when isotropic motion is assumed. Neglect of
anisotropy may also lead to a distortion of the internal
correlation time when the extended model-free formalism
(eq 3) is required for an adequate fit (54, 56). For these
reasons, we focus primarily onS2 values and onR2ex values
of g2.0 s-1; we do not discuss in detail internal correlation
times or residues withR2ex values of<2.0 s-1. It should be
pointed out that using an anisotropic model has its own set
of disadvantages, requiring one either to use N-H vector
orientations derived from a structural model (57-60) or to
fix internal correlation times during the fitting process (61,
62). Also, if one does not use N-H vector orientations from
a structural model, the simplest possible anisotropic model
contains four adjustable parameters, whereas the simplest
isotropic model (see model 1 below) contains only two
adjustable parameters. Clearly, an anisotropic model is
essential in cases of highly asymmetric or multidomain
proteins (51, 59, 60, 62). For the moderately asymmetric
proteins examined in this study, we choose to employ the
more widely used isotropic analysis, focusing on those
parameters that are expected to be insensitive to the choice
of global motional model.
Assuming isotropic motion, an estimate ofτr can be

derived fromT1(N)/T2(N) ratios that fall within one standard
deviation of the meanT1(N)/T2(N) ratio (14). This approach
assumes thatJ(ω) can be represented by eq 1 for residues
satisfying theT1(N)/T2(N) criteria. Under such an assump-
tion, T1(N)/T2(N) depends only onτr.
We have adopted an alternate approach to obtainτr (42).

A global fit of the 15N T1, T2, and NOE data is performed
for selected residues assuming thatJ(ω) can be represented
by eq 2. Subsequently, 2N + 1 model-free parameters (τe
andS2 for N selected residues andτr) are fit to 3N relaxation
parameters (15N T1, T2, and NOE values forN selected
residues) to obtainτr. Moreover, this global analysis was
used only to obtain a value forτr; residue-specific parameters
obtained from this global analysis were not considered
further.
Residues selected for the globalτr fitting had to have the

following 15N relaxation characteristics: aT1(N) within one
standard deviation of the mean, aT2(N) within one standard
deviation of the mean, and a{1H}-15N NOE of >0.70. In
A-LBP, 53 residues satisfied these “rigid residue” criteria.
Using those 53 residues, theτr for A-LBP was estimated to
be 8.70( 0.10 ns/rad. In M-FABP, 83 residues satisfied
these rigid residue criteria. Using those 83 residues, theτr

for M-FABP was estimated to be 9.05( 0.10 ns/rad. It
should be noted that uncertainties associated withτr values
will primarily affect the absoluteS2 values; the relativeS2

values for a given protein are maintained even with errors
in τr that are quite large (63). Since theτr values obtained
for A-LBP and M-FABP are both close in absolute terms
and consistent with M-FABP having two more residues than
A-LBP, a comparison of theS2 values obtained for both
proteins is expected to be meaningful. With theτr values
determined for both proteins, the15N relaxation data were
subsequently fit on an individual residue basis for each
characterized residue (see Experimental Procedures). Five
models ofJ(ω) were possible: eq 1 withoutR2ex (model 1),
eq 2 withoutR2ex (model 2), eq 1 withR2ex (model 3), eq 3
without R2ex (model 4), and eq 2 withR2ex (model 5).
Table S7 of the Supporting Information lists in detail the

results of the15N model-free analysis on A-LBP. Figure 4
depicts backbone HNS2 values,R2ex values, and backbone
atom solvent-accessible surface areas for this protein. In
summary, for A-LBP, 42 residues were fit by model 1, 10
residues were fit by model 2, 22 residues were fit by model
3, 13 residues were fit by model 4, and 23 residues were fit
by model 5. The data for D98 yielded extremely poor fits
with all models (the bestø2 ) 88.43 using model 3);
therefore, no model-free parameters are reported for this
residue. The potential reasons for such poor fitting are
discussed below in the context of the reduced spectral density
mapping. A-LBP has 23 residues withS2 values ofe0.70
and 32 residues withR2ex values ofg2.0 s-1. Interestingly,
13 residues have both anS2 value ofe0.70 and anR2ex value
of g2.0 s-1, indicative of significant motions on multiple
time scales. Of the 46 A-LBP residues requiring models 2,
4, or 5 for an adequate fit, 42 yielded internal correlation
times (τe or τs) of >1.0 ns (Supporting Information),
suggestive of motions on the nanosecond time scale. In
general, internal correlation times are defined quite impre-
cisely by the15N relaxation data, and therefore are not
discussed here in detail. It is worth noting that 28 residues
in apo-I-FABP yielded internal correlation times of>1.0 ns
(6).
Table S8 of the Supporting Information lists the15N

model-free parameters for M-FABP; Figure 5 shows the
backboneS2 values,R2ex values, and backbone atom solvent-
accessible surface areas. For M-FABP, 49 residues were
fit by model 1, 7 residues were fit by model 2, 26 residues
were fit by model 3, 5 residues were fit by model 4, and 24
residues were fit by model 5. A poor fit was obtained for
G46 (ø2 ) 31.82 using model 2), so the model-free
parameters reported for this residue must be regarded as
approximations. M-FABP has 12 residues withS2 values
of e0.70 and 14 residues withR2exvalues ofg2.0 s-1. Eight
residues have both anS2 value ofe0.70 and anR2ex value
of g2.0 s-1, and 28 residues have internal correlation times
of >1.0 ns (Supporting Information). Overall, these results
demonstrate that substantially fewer residues in M-FABP,
relative to A-LBP, display significant dynamics on the
picosecond to nanosecond and/or microsecond to millisecond
time scales.
Reduced Spectral Density Mapping of15N Relaxation

Data. Reduced spectral density values for A-LBP and
M-FABP are listed in Tables S9 and S10 of the Supporting
Information. For A-LBP, the average values ofJeff(0),J(ωN),
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andJave(ωH) are 8.81( 1.48 ns/rad, 0.762( 0.107 ns/rad,
and 12.6( 4.5 ps/rad, respectively, while for M-FABP, these
values are 8.95( 1.10 ns/rad, 0.711( 0.107 ns/rad, and
12.3( 7.6 ps/rad, respectively.
In general, the spectral densityJ(ω) reflects the power

available from magnetic field fluctuations at the transition
frequencyω. For a protein undergoing isotropic overall
motion, an interatomic vector that is completely rigid in the
molecular frame will yield aJeff(0) equal toτr. Highly
restricted vectors will also have relatively high values of
J(ωN) and relatively low values ofJave(ωH). Vectors with
significant picosecond to nanosecond time scale motions will
have low values ofJeff(0) and J(ωN) and high values of
Jave(ω). SignificantR2ex values will increaseJeff(0) beyond
τr for a vector that is rigid on the picosecond to nanosecond
time scale. As discussed below, deviations from these simple
patterns may be indicative of significant motions on multiple
time scales.
On the basis of the model-free analysis, many A-LBP and

M-FABP residues appear to be quite mobile on both the
picosecond to nanosecond and microsecond to millisecond
time scales. A number of these same residues also display
deviations from the simple patterns of reduced spectral
densities described above. For example, many A-LBP
residues in or nearR-helix II (residues 28-35) have small
S2 and largeR2exvalues; many of these same residues display

above average values for all three reduced spectral density
functions. A33 of A-LBP has above average values for all
three reduced spectral density funtions, including an ex-
tremely highJeff(0) value (17.07( 0.92 ns/rad), consistent
with its massiveR2ex value (14.2( 1.2 s-1). These results
lend confidence to the model-free analysis for these residues;
i.e., both approaches indicate significant motions on both
the picosecond to nanosecond and microsecond millisecond
time scales.
Residues that could not be fit well by the model-free

approach also do not yield simple patterns of reduced spectral
density values. For example, D98 of A-LBP yields high
values for all three spectral density functions, while G46 of
M-FABP yields a very low value forJeff(0) and high values
for J(ωN) andJave(ωH). For these two residues, the reduced
spectral density functions indicate that the poor model-free
fits are due to dynamic complexity, rather than to poor
performance of the model-free fitting routines.
One precaution must be noted when interpreting reduced

spectral density functions: for residues experiencing sig-
nificant motions on multiple time scales, the opposing effects
of picosecond to nanosecond and microsecond to millisecond
motions onJeff(0) can mask important aspects of the dynamic
behavior. Consider T29 of A-LBP, for whichS2 ) 0.59(
0.08 andR2ex ) 2.9( 0.5 s-1. This residue yieldsJeff(0) )
8.60 ( 0.24 ns/rad,J(ωN) ) 0.934( 0.031 ns/rad, and

FIGURE 4: Histograms summarizing the15N model-free parameters and solvent-accessible surface areas for A-LBP. (A) Backbone amide
S2 values. (B) Backbone atom solvent-accessible surface areas (Å2). (C) Backbone amideR2ex values (s-1). The value for A33 (14.2 s-1)
is off the scale.
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Jave(ωH) ) 17.3 ( 3.7 ps/rad. While the high value of
Jave(ωH) indicates significant picosecond to nanosecond time
scale motions, the microsecond to millisecond motions are
not evident in the value ofJeff(0). Since the vast majority
of A-LBP and M-FABP residues were adequately fit by the
model-free approach, the remainder of this article will focus
on the results obtained using the model-free analysis.
A-LBP and M-FABP Backbone Dynamics. Panels A and

B of Figure 6 display the1H-15N S2 values mapped onto
the respective backbones of A-LBP and M-FABP. Highly
rigid residues are colored blue, and highly flexible residues
are colored red (see the Figure 6 legend for additional
details). Specific regions in A-LBP display considerably
greater flexibility on the picosecond to nanosecond time scale
relative to those of M-FABP. In particular, many residues
are significantly more flexible in A-LBP in the proposed
ligand entry portal (64, 65), which is in the vicinity ofR-helix
II and the C-D turn. For A-LBP and M-FABP,15N
relaxation parameters have been obtained for eight corre-
sponding residues between positions 26 and 36 (inclusive).
For these residues, the averageS2 value is 0.64( 0.15 for
A-LBP and 0.89( 0.07 for M-FABP. The A-LBP and
M-FABP sequences differ at positions 31 and 34 inR-helix
II (Figure 1). In particular, the glycine at position 34 in
A-LBP may destabilizeR-helix II. In the C-D turn, F57
and K58 have respectiveS2 values of 0.33( 0.12 and 0.67
( 0.04 in A-LBP, whereas these residues have respective

S2 values of 0.62( 0.08 and 0.96( 0.02 in M-FABP.
Furthermore, I104 inâ-strand I and C117 inâ-strand J of
A-LBP display lower S2 values than the corresponding
residues L104 and L117 in M-FABP. Residues 104 and 117
are important binding pocket residues.
The backboneS2 results described above can be compared

to results previously reported for apo-I-FABP (6). In the
portal region of apo-I-FABP, the following residues exhibit
S2 values near 0: G31-D34 of R-helix II, N54 and F55 of
the C-D turn, and A73, D74, and G75 of the E-F turn. In
contrast, no evidence of high mobility in the E-F turn has
been found for either A-LBP or M-FABP. Therefore, apo-
I-FABP appears to be significantly more flexible on the
picosecond to nanosecond time scale in the portal region than
A-LBP; A-LBP is in turn significantly more flexible in this
region than M-FABP. In contrast to these solution-state
results, the 1.2 Å resolution crystal structure of apo-I-FABP
(66) exhibits low temperature factors in bothR-helix II and
the C-D turn, whereas the 1.7 Å resolution crystal structure
of murine A-LBP (4) exhibits high temperature factors in
these regions. Thus, the profile of crystalline-state dynam-
ics-disorder may in some cases differ significantly from that
of solution-state dynamics.
Panels A and B of Figure 7 display theR2exvalues mapped

onto the respective backbones of A-LBP and M-FABP. As
with the picosecond to nanosecond time scale motions,
A-LBP appears to be significantly more mobile than M-

FIGURE 5: Histograms summarizing the15N model-free parameters and solvent-accessible surface areas for M-FABP. (A) Backbone amide
S2 values. (B) Backbone atom solvent-accessible surface areas (Å2). (C) Backbone amideR2ex values (s-1).
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FABP on the microsecond to millisecond time scale,
especially in the portal region. SignificantR2ex values were
also obtained for many of the residues in the portal region
of I-FABP (6).
To examine the dynamics of the portal region in more

detail, we will focus on two residues in particular: A33 and
F57. In A-LBP, these residues have respectiveR2ex values
of 14.2 ( 1.2 and 8.9( 1.2 s-1, while in M-FABP, the
respectiveR2ex values are 2.1( 0.6 and 6.8( 0.9 s-1. The
value obtained for A33 in A-LBP is unusually large. While

it is not possible to rigorously identify the underlying cause
of such a largeR2ex value using the data currently available,
we nevertheless can put forth a reasonable hypothesis that
may be testable in future studies. Before this hypothesis is
described in detail, it is necessary to discuss the general
nature of exchange contributions toR2. Unlike S2 values,
which are directly related to motional amplitudes (22, 23,
42, 67), the relationship betweenR2ex values and motional
amplitudes is indirect. Any process that produces a variation
in the15N chemical shift at the appropriate rate will produce

FIGURE 6: Backbone amideS2 values mapped onto color-coded
solid ribbon representations of the proteins. Gray indicates residues
for which 15N relaxation data are not available. The remaining
residues are color-coded as follows. Residues withS2 values of
<0.50 are colored red. For the remaining characterized residues,
the color is scaled from red (S2 ) 0.50) to yellow (S2 ) 0.75) to
blue (S2 ) 1.00). (A, top)S2 values for A-LBP mapped onto the
human A-LBP homology model, derived from PDB entry 1LIB.
Selected residues are labeled. (B, bottom)S2 values for M-FABP
mapped onto the M-FABP X-ray structure (1HMT). These images
were created using InsightII.

FIGURE 7: Backbone amideR2ex values mapped onto color-coded
solid ribbon representations of the proteins. Gray indicates residues
for which 15N relaxation data are not available. The remaining
residues are color-coded as follows. Residues withR2ex values of
>5.0 s-1 are colored red. For the remaining characterized residues,
the color is scaled from red (R2ex ) 5.0 s-1) to yellow (R2ex ) 2.5
s-1) to blue (R2ex) 0.0 s-1). (A, top)R2exvalues for A-LBP mapped
on to the human A-LBP homology model, derived from PDB entry
1LIB. Selected residues are labeled. (B, bottom)R2ex values for
apo-M-FABP mapped on to the M-FABP X-ray structure (1HMT).
Selected residues are labeled. These images were created using
InsightII.
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an exchange contribution. For a two-state exchange process,
the value ofR2ex depends on the square of the chemical shift
difference between the states, the rate of the exchange
process, and the product of the fractional populations of the
states (68-70).
Given this background, we can suggest a possible cause

for the largeR2ex values found for A33 and F57 in A-LBP.
Xu et al. (4) reported significantly different conformations
for the F57 side chain in the apo and fatty acid-bound forms
of murine A-LBP. Bound fatty acids positioned F57 in an
“open” conformation, extending away from the body of the
protein, whereas F57 was found in a “closed” conformation
in the apoprotein. If static, this closed conformation would
preclude ligands from entering the portal. Examples of these
two conformational states are shown in Figure 8. Xu et al.
(4) speculated that F57 must be able to transiently swing
into the open state to allow ligand entry. We suggest that
the largeR2ex values found for A33 and F57 in A-LBP
provide direct evidence for a dynamic equilibrium between
the open and closed states of F57. As can be seen in Figure
8, such a conformational change would be likely to perturb
the chemical shifts of the A33 and F5715N nuclei, as well
as those of other residues in the portal region. We have
previously suggested that reorientations of nearby aromatic
rings, rather than motions of the15N-1H vectors per se, are
often the cause of observedR2 exchange contributions (17).
In the case of M-FABP, F57 still has a largeR2ex, but most
of the remaining residues in the portal region show signifi-
cantly smallerR2ex values. This could be due to a number
of factors (68-70); clearly, the nature of the microsecond
to millisecond dynamics in the portal regions differs some-
what between A-LBP and M-FABP. If our hypothesis is
correct, we expect that replacing F57 in A-LBP with a
nonaromatic residue would result in a significantly smaller
R2ex value for A33.

We have also examined the data for possible relations
between backbone atom solvent accessibilities and backbone
dynamics. In a study of the backbone and side chain
dynamics of hen egg white lysozyme (20), the authors
reported that “the most significant correlations are found
between residues with low order parameters and high surface
accessibility in both crystal and solution structures.” In
contrast, A-LBP and M-FABP have yielded no clear cor-
relation between backbone atom solvent accessibilities and
backbone amide order parameters. For example, G24, which
is highly exposed in both A-LBP and M-FABP with
respective solvent accessibilities of 62.6 and 67.0 Å2, is
highly ordered in both proteins, with respectiveS2 values of
0.87( 0.04 and 0.93( 0.03. However, the backbone atoms
of residues 29-33 (part ofR-helix II) in A-LBP exhibit both
low accessibilities and relatively lowS2 values. In general,
we conclude that local solvent accessibility, as determined
from a “static” structure, is only one of many factors
influencing the backbone dynamics of a specific residue. As
such, local solvent accessibility alone is a poor predictor of
local backbone dynamics.
The proposed iLBP ligand entry portal (64, 65) can display

highly varied backbone picosecond to nanosecond time scale
dynamic behavior among iLBPs, progressing from relatively
rigid in M-FAPB, to flexible in A-LBP, and finally to almost
completely disordered in apo-I-FABP (6). In this context,
a recent protein engineering study merits discussion. A
helix-less variant of I-FABP has recently been shown to have
a model-dependent pseudo-first-order association rate con-
stant (k2) for oleate similar to that for wild-type I-FABP,
whereas the oleate dissociation rate was significantly slower
for the wild-type protein (71). For the wild-type protein,
the experimentally observed oleate association rate (kobs)
reached a limiting value of∼1000 s-1. The simplest binding
model that fits all of the data included an equilibrium

FIGURE 8: Stereoview showing the alternate conformations observed for F57 in murine A-LBP in the apo and stearate-bound states (4).
The backbone N, CR, and C traces of residues 28-35 and residues 55-58 are shown. The apo form (1LIB) is colored green, and the
stearate-bound form (1LIF) is colored red. The N atoms of A33 and F57 are colored blue for both forms. This image was created using
InsightII.
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between open and closed conformations of the helical region,
with ligands binding to only the open state. It was concluded
that the helical region regulates ligand affinity by altering
the dissociation rate. These results suggest that the open
conformation of the helix-loop-helix motif of I-FABP does
not present a significant kinetic barrier to ligand entry. That
this conclusion may apply only to I-FABP is suggested by
the relatively more ordered ligand entry portals observed for
both A-LBP and, especially, M-FABP. Assuming that the
open states among the iLBPs are similar in terms of their
average conformations, the more ordered ligand entry portals
in A-LBP and M-FABP may result in more restrictive
barriers to ligand entry in the open state. Consistent with
this suggestion, Richieri et al. (3) reported larger association
rate constants for I-FABP, relative to those of A-LBP and
M-FABP, for all five different fatty acids that they examined.
Thus, in addition to the slower open-closed interconversion,
ligand association may be further influenced by the pico-
second to nanosecond time scale mobility of the helical
region.

Given the results described above, variations in the
dynamics of the portal region may play an important role in
ligand selectivity. In particular, because the protein backbone
of A-LBP may be able to adopt a greater variety of
conformations than that of M-FABP in response to different
ligands, larger ligands may enter the A-LBP binding pocket
more easily. Similar suggestions have recently been made
regarding both ileal lipid-binding protein and the type III
domains from fibronectin and tenascin. On the basis of
relatively rapid hydrogen exchange rates, the wide ligand-
binding specificity of ileal lipid-binding protein was sug-
gested to be due in part to a weaker hydrogen bonding
network in theâ-sheets (7). This suggestion is consistent
with the T4 lysozyme studies (9); i.e., a weaker hydrogen
bonding network presumably enhances the binding pocket
plasticity. Thus, although the long time scale processes
involved in hydrogen exchange are unlikely to be directly
involved in ligand binding, rapid exchange rates may provide
a measure of local structural softness (9, 17). In a different
study (72), 15N relaxation measurements have demonstrated
that the RGD motif of the tenth fibronectin type III domain
is much more flexible than the RGD motif of the third type
III domain of tenascin. This result may possibly explain
the broader binding specificity of the fibronectin type III
domain (72).

Model-Free Analysis of2H Relaxation Data. The 2H
relaxation data were analyzed withJ(ω) modeled exclusively
by eq 2 (31, 32). This analysis requires knowledge of a
global τr value. A global τr value cannot be reliably
determined fromT1(D)/T1F(D) ratios because methyl groups
generally display a wide range of dynamic behavior (31, 32,
73-75). Therefore, the globalτr value used in the2H
relaxation analysis was that determined from the model-free
analysis of the15N relaxation data. This choice for theτr
value was deemed reasonable because the sample tempera-
tures, concentrations, and buffers were closely matched in
both the15N and 2H relaxation data sets. It is especially
critical that both 15N and 2H relaxation experiments be
performed in buffers with the same D2O:H2O ratio. D2O is
significantly more viscous than H2O, resulting in a longer
overall rotational correlation time in D2O solutions (76).

Tables 2 and 3 report the results from the respective
model-free analyses of the A-LBP and M-FABP2H relax-
ation data. Theø2 values are negligible for all fits of the2H
relaxation data. The resultingτe values are also generally
well-defined. Tables 2 and 3 also list both the methyl carbon
temperature factors (B-factors) and the backbone and side
chain solvent-accessible areas for the characterized residues.
In A-LBP, S2axis values range from 0.11( 0.01 (M35
ε-methyl) to 0.96( 0.09 (A36â-methyl) andτe values range
from 6.1( 0.7 ps (M119ε-methyl) to 109.5( 26.8 ps (V25
γ1-methyl). In M-FABP,S2axis values range from 0.05(
0.01 (M0ε-methyl) to 0.99( 0.04 (V84γ2-methyl) andτe
values range from 7.7( 2.7 ps (M20ε-methyl) to 90.9(
10.5 ps (L5δ1-methyl).

Table 2: 2H Model-Free Parameters, Accessible Surface Areas, and
B-Factors for A-LBP

methyl S2axis τe (ps)
accessibility

(Å2)a B-factor (Å2)b

A3 â 0.78( 0.08 66.4( 6.3 13.2, 30.0 14.8
L10 δ2 0.64( 0.05 26.0( 3.9 18.2, 5.9 12.3
V11 γ2 0.38( 0.02 71.0( 2.1 30.7, 46.4 18.9
M20 ε 0.43( 0.02 17.9( 1.0 0.0, 8.6 22.2
V23 γ1 0.66( 0.05 89.8( 6.0 5.9, 8.0 19.6
V23 γ2 0.75( 0.05 39.6( 3.4 5.9, 8.0 19.6
V25 γ1 0.71( 0.17 109.5( 26.8 8.0, 1.8 18.3
A28 â 0.75( 0.06 52.5( 4.0 10.6, 62.3 26.3
T29γ2 0.78( 0.06 40.6( 5.4 0.0, 34.9 24.0
M35 ε 0.11( 0.01 8.3( 0.4 21.5, 138.2 NDc

A36 â 0.96( 0.09 32.6( 4.7 16.2, 1.7 36.5
M40 ε 0.30( 0.01 12.6( 0.7 0.0, 2.6 26.5
I41 δ1 0.30( 0.01 15.0( 0.7 0.5, 44.9 18.1
I41 γ2 0.81( 0.04 36.7( 2.8 0.5, 44.9 16.8
I42 δ1 0.75( 0.03 17.7( 2.0 1.3, 0.0 14.5
I42 γ2 0.87( 0.04 24.4( 2.0 1.3, 0.0 9.0
V44 γ2 0.37( 0.02 60.6( 2.1 15.1, 36.5 14.4
V48 γ2 0.88( 0.04 51.0( 3.2 0.3, 54.7 -
I49 δ1 0.31( 0.01 20.6( 1.2 0.0, 1.2 -
I51 δ1 0.78( 0.04 14.0( 1.6 0.7, 0.7 10.7
I51 γ2 0.95( 0.05 10.8( 1.8 0.7, 0.7 10.8
T56γ2 0.58( 0.03 48.8( 3.0 39.2, 107.4 31.0
I62 δ1 0.79( 0.04 13.9( 1.7 3.3, 17.5 14.0
I62 γ2 0.82( 0.05 34.6( 3.3 3.3, 17.5 12.7
I65 δ1 0.45( 0.01 18.4( 0.9 0.0, 73.6 -
I65 γ2 0.70( 0.03 60.8( 2.9 0.0, 73.6 -
A75 â 0.86( 0.09 50.0( 6.1 1.5, 33.0 17.7
V80 γ1 0.90( 0.07 73.7( 6.3 2.3, 1.3 11.8
V80 γ2 0.95( 0.06 17.1( 2.8 2.3, 1.3 11.8
I84 δ1 0.75( 0.05 32.6( 3.1 0.3, 1.2 11.6
I84 γ2 0.80( 0.06 61.5( 5.3 0.3, 1.2 8.3
L86 δ1 0.37( 0.04 47.0( 4.4 23.8, 51.0 15.8
L86 δ2 0.36( 0.02 63.3( 3.2 23.8, 51.0 15.8
V90 γ1 0.78( 0.02 31.9( 1.6 0.0, 17.5 -
L91 δ1 0.42( 0.02 51.9( 3.0 0.0, 0.0 11.6
L91 δ2 0.33( 0.05 84.0( 8.6 0.0, 0.0 11.6
T103γ2 0.75( 0.06 54.0( 4.9 0.1, 46.0 15.8
I104δ1 0.39( 0.02 12.0( 0.9 0.0, 16.4 15.0
I104γ2 0.86( 0.05 28.0( 4.0 0.0, 16.4 16.9
L113δ 0.18( 0.01 46.0( 1.5 0.0, 0.0 17.6
M119 ε 0.68( 0.01 6.1( 0.7 0.0, 8.7 19.3
A131â 0.47( 0.02 37.9( 1.2 77.8, 18.7 15.0

a The first number is the accessible surface area for all backbone
atoms, and the second number is the accessible surface area for all
side chain atoms. These values were computed after modeling human
A-LBP on the basis of the murine A-LBP structure (PDB entry 1LIB)
and adding hydrogens.b Temperature factors for the methyl carbon as
given in PDB entry 1LIB. For V and L residues, the methyl carbon
B-factors were averaged.B-factor values are not given for residues that
are not conserved between human and murine A-LBP.cND, not
determined.
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A-LBP and M-FABP Side Chain Dynamics. Panels A and
B of Figure 9 display the methylS2axis values mapped onto
the respective methyl groups of A-LBP and M-FABP. For
both proteins, the methyl groups display a wide range of
motional restriction on the picosecond to nanosecond time
scale. There is some tendency for methyl groups with similar
dynamic behavior to cluster spatially. Overall, little cor-

relation exists between local side chain solvent accessibility
and side chain disorder (as reflected inS2axis). For example,
L91, which is essentially completely buried in both A-LBP
and M-FABP, exhibits a highly disordered side chain in both
proteins (Tables 2 and 3). T40, which is essentially
completely buried in M-FABP, also displays a very lowS2axis
value (0.17( 0.03). However, on average, theδ- and
ε-methyl groups display lowerS2axis values than theâ- and
γ-methyls. If methyl groups from both A-LBP and M-FABP
are included,S2axis values have been obtained for 10
â-methyls, 46γ-methyls, 32δ-methyls, and 7ε-methyls. The
averageS2axis values for these methyls are 0.76( 0.21, 0.73
( 0.20, 0.49( 0.21, and 0.38( 0.31, respectively. Also,
one can predict, with reasonable confidence, high mobility
for methyl groups at the ends of long, exposed side chains;
e.g., the M35ε-methyl in both proteins is highly mobile, as
expected. Otherwise, we conclude that neither solvent
accessibility nor side chain position is a reliable predictor
of methyl group dynamic behavior. Kay and co-workers,
in a study of the side chain dynamics of a Src homology 2
(SH2) domain (32), noted that a residue can be completely
buried and yet still be quite mobile. Under certain circum-
stances, there may be multiple ways for side chains to pack
together with extensive contacts. In such a situation, the
favorable enthalpy of van der Waals contacts would be
retained with higher conformational entropy compared to
rigid packing. Interactions of this type have recently been
termed “dynamic close packing” (10).
TheB-factor values reported in Tables 2 and 3 have been

taken from crystal structures that do not correspond exactly
to human apo-A-LBP and human apo-M-FABP. Dynamical
changes relative to the apo states of the human proteins may
arise either from residue substitutions in the case of murine
A-LBP or from stearate binding in the case of human
M-FABP. Therefore, theB-factor data must be viewed with
caution when comparisons are made to the2H relaxation
results. Nevertheless, even with these caveats, the side chain
atom B-factors do not appear to be reliable indicators of
solution-state side chain dynamics.
In addition toB-factors, the existence of discrete confor-

mations also provides evidence for side chain motions.
Discrete conformations are displayed by residues V32, T36,
T39, V80, T85, T102, L113, and T125 in the M-FABP
crystal structures (5). V32, T36, and L113 haveS2axis values
consistent with multiple conformations, and V80 and T85
haveS2axis values consistent with relatively rigid side chains.
V80 and T85 may undergo conformational interconversions
on time scales sufficiently long that the2H relaxation rates
are not affected. T39, T102, and T125 have not been
characterized.
There are several distinct dynamical differences between

corresponding side chains within or near the binding pockets
of A-LBP and M-FABP. For example, M20 is quite flexible
in A-LBP (ε-methylS2axis) 0.43( 0.02), whereas it is rather
rigid in M-FABP (ε-methyl S2axis ) 0.95 ( 0.08). In
contrast, the spatially adjacent residue T29 is relatively rigid
in A-LBP (γ2-methylS2axis ) 0.78( 0.06), but it is highly
flexible in M-FABP (γ2-methylS2axis) 0.30( 0.06). There
are no obvious structural differences that can account for
this result. I51 is relatively rigid in A-LBP (γ2-methylS2axis
) 0.95( 0.05,δ1-methyl S2axis ) 0.78( 0.04), whereas
L51 is highly flexible in M-FABP (δ1-methylS2axis ) 0.28

Table 3: 2H Model-Free Parameters, Accessible Surface Areas, and
B-Factors for M-FABP

methyl S2axis τe (ps)
accessibility

(Å2)a B-factor (Å2)b

M0 ε 0.05( 0.01 8.5( 0.3 55.5, 104.9 -
V1 γ1 0.28( 0.01 65.8( 1.7 0.0, 12.7 28.0
A3 â 0.85( 0.04 74.0( 3.4 17.6, 39.5 24.2
L5 δ1 0.73( 0.07 90.9( 10.5 4.9, 34.3 17.5
L5 δ2 0.78( 0.03 32.6( 2.7 4.9, 34.3 17.5
L10 δ2 0.57( 0.02 25.3( 1.7 4.3, 4.4 29.6
V11 γ1 0.48( 0.01 63.6( 2.1 24.5, 41.1 15.3
V11 γ2 0.58( 0.02 80.2( 2.9 24.5, 41.1 15.3
M20 ε 0.95( 0.08 7.7( 2.7 0.0, 10.1 13.4
V25 γ2 0.93( 0.07 15.8( 2.6 7.6, 5.7 17.7
A28 â 0.86( 0.01 51.9( 4.3 8.6, 54.5 21.0
T29γ2 0.30( 0.01 30.1( 1.3 1.3, 37.8 18.4
V32 γ2 0.35( 0.03 84.7( 4.7 7.8, 49.4 28.0c

M35 ε 0.12( 0.01 8.1( 0.3 20.5, 140.8 30.7
T36γ2 0.52( 0.08 55.6( 12.4 4.4, 7.4 25.1c

T40γ2 0.17( 0.03 53.2( 4.2 0.0, 2.2 13.0
I41 δ1 0.43( 0.01 15.9( 0.8 0.0, 30.9 16.0
I41 γ2 0.89( 0.03 31.8( 1.6 0.0, 30.9 20.2
I42 γ2 0.89( 0.03 24.2( 1.7 0.5, 0.0 15.6
I48 γ2 0.86( 0.03 30.2( 1.3 0.7, 58.8 14.5
L49 δ2 0.14( 0.01 34.2( 0.9 0.0, 2.4 24.7
L51 δ1 0.28( 0.02 46.8( 2.1 0.0, 5.9 20.0
T56γ2 0.58( 0.05 45.8( 3.9 40.6, 107.8 25.4
I62 δ1 0.80( 0.04 13.4( 1.9 5.6, 15.1 13.2
I62 γ2 0.84( 0.03 40.6( 3.1 5.6, 15.1 15.1
L66 δ1 0.79( 0.05 55.3( 3.8 17.1, 43.9 35.9
T74γ2 0.84( 0.48 32.3( 19.7 4.5, 3.5 12.0
A75 â 0.83( 0.13 68.1( 10.3 10.9, 36.0 13.6
V80 γ1 0.90( 0.06 64.6( 5.8 2.8, 0.0 14.7c

V80 γ2 0.94( 0.06 21.5( 3.3 2.8, 0.0 14.7c

I83 δ1 0.61( 0.02 11.6( 0.9 0.3, 50.3 21.5
I83 γ2 0.60( 0.02 41.5( 1.3 0.3, 50.3 16.8
V84 γ2 0.99( 0.04 9.4( 1.9 0.0, 1.2 11.6
T85γ2 0.81( 0.06 67.4( 4.9 0.0, 50.3 26.6c

L91 δ2 0.34( 0.02 81.7( 3.0 0.0, 0.3 23.0
V92 γ1 0.93( 0.03 23.1( 1.4 0.4, 28.6 13.3
L94 δ1 0.51( 0.01 38.3( 1.4 0.1, 31.4 22.4
T103γ2 0.57( 0.03 63.4( 2.9 0.1, 38.8 15.1
V105γ1 0.86( 0.03 51.3( 2.6 0.0, 25.7 14.3
V105γ2 0.86( 0.03 21.6( 1.5 0.0, 25.7 14.3
L108δ2 0.31( 0.02 41.4( 1.7 21.6, 25.3 25.0
I109δ1 0.40( 0.01 30.1( 1.1 2.4, 88.0 34.6
I109γ2 0.76( 0.02 29.1( 1.2 2.4, 88.0 31.7
L113δ1 0.27( 0.02 32.7( 1.7 0.0, 2.0 32.5c

L113δ2 0.25( 0.01 26.4( 1.0 0.0, 2.0 32.5c

I114δ1 0.32( 0.02 31.7( 1.5 0.0, 28.0 25.7
I114γ2 0.87( 0.04 24.9( 1.6 0.0, 28.0 14.8
L115δ2 0.88( 0.13 12.5( 7.0 0.0, 7.2 13.7
L117δ1 0.45( 0.09 47.4( 10.4 0.0, 7.2 20.6
T118γ2 0.86( 0.05 38.2( 3.2 0.7, 45.8 16.5
A122â 0.98( 0.07 80.3( 6.3 7.1, 5.0 16.1
V123γ1 0.79( 0.02 51.8( 2.3 6.8, 66.8 19.5
A132â 0.29( 0.01 31.6( 0.7 98.2, 60.2 -

a The first number is the accessible surface area for all backbone
atoms, and the second number is the accessible surface area for all
side chain atoms. These values were computed after adding hydrogen
atoms and residues M0 and A132 to PDB entry 1HMT.b Temperature
factors for the methyl carbon as given in PDB entry 1HMT. For V and
L residues, the methyl carbonB-factors were averaged.cResidues with
both major and minor conformers in PDB entry 1HMT.
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( 0.02). Other less dramatic differences are also apparent
(Tables 2 and 3).
Finally, we note that L115 in M-FABP is relatively rigid

(δ2-methylS2axis) 0.88( 0.13). Comparative2H relaxation
data were not obtained for V115 in A-LBP. L115 in
M-FABP is an important residue for two reasons. First, the
side chain of L115 protrudes into the M-FABP binding
pocket. Second, L115 is also one of the binding pocket
residues that is substituted in A-LBP (V115). Both the larger
volume occluded by a leucine residue relative to that of a
valine and the rigidity of L115 in M-FABP suggest that this
site, by way of steric hindrance, may play a role in defining
differential ligand selectivity between A-LBP and M-FABP.
Implications for Ligand SelectiVity. A comparison of the

structures reveals the following sequence differences (A-LBP
f M-FABP) in residues that lie within or near the binding
pocket: V23f L23, A36f T36, M40f T40, I51f L51,
S53f T53, I104f L104, V115f L115, and C117f

L117. Several of the differences involve replacing a smaller
residue in A-LBP with a larger residue in M-FABP. In
general, this observation suggests that A-LBP-selective
ligands may be the result of steric clashes with the larger
residues in the M-FABP binding pocket. Alternatively,
ligands that fit into the M-FABP binding pocket without
steric clashes may show higher affinity for M-FABP due to
more extensive contacts with binding site residues and
smaller reductions in the conformational entropy of the portal
region. This may help account for the generally higher
affinity of M-FABP relative to that of A-LBP for natural
fatty acids (2, 3). In this context, we note that the binding
of palmitate to I-FABP has been observed to increase the
order of the highly flexible ligand entry portal (6). Further-
more, entropy changes associated with fatty acid binding are
generally more negative for I-FABP compared to A-LBP
and M-FABP (77).

FIGURE 9: Stereoviews of side chain methyl groupS2axis values mapped onto the protein structures. The CR traces and non-methyl side
chain heavy atoms are shown as gray sticks. All methyl groups are shown in a space-filling representation. Methyl groups for which no2H
relaxation data could be obtained are shown in gray. The remaining methyl groups are color-coded as follows. Methyl groups withS2axis
values of<0.30 are colored red. For the remaining characterized methyl groups, the color is scaled from red (S2axis) 0.30) to yellow (S2axis
) 0.65) to blue (S2axis ) 1.00). (A, top) MethylS2axis values for A-LBP mapped onto the human A-LBP homology model, derived from
PDB entry 1LIB. Selected residues are labeled. (B, bottom) MethylS2axis values for M-FABP mapped onto the M-FABP X-ray structure
(1HMT). Selected residues are labeled. These images were created using InsightII.
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The impact of a steric clash on ligand binding may depend
on the relative rigidity and/or flexibility of the involved side
chains. As such, the side chain dynamical properties
described herein should have important consequences for
both ligand binding and ligand selectivity. Flexible residues
are more likely to adopt alternate conformations in response
to the binding of different ligands, while rigid residues are
more likely to clash sterically with ligands that bind with
less than ideal fits.

CONCLUSIONS

The combined use of15N and2H relaxation measurements
has afforded detailed characterizations of both the backbone
and side chain dynamics of A-LBP and M-FABP. Our
results, along with the published results for apo-I-FABP (6),
demonstrate that iLPBs can display markedly different
backbone dynamic behavior, particularly in the proposed
ligand entry portal (64, 65). A-LBP is significantly more
mobile than M-FABP in the portal region on both the
picosecond to nanosecond and microsecond to millisecond
time scales. This property, along with the larger binding
cavity in A-LBP relative to that in M-FABP, suggests that
A-LBP should be more promiscuous in its ability to bind
larger ligands. Although I-FABP is highly flexible (6), its
specificity may be restricted by its relatively small cavity
volume; the cavity volume of I-FABP is only 451 Å3,
whereas the cavity volume of A-LBP is 670 Å3 (1). In
general, our results indicate that differences in both structural
and dynamical properties must be considered to fully account
for differential ligand selectivities.
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