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ABSTRACT: Cellular retinoic acid binding protein I (CRABPI) belongs to the family of intracellular lipid
binding proteins (iLBPs), all of which bind a hydrophobic ligand within an internal cavity. The structures
of several iLBPs reveal minimal structural differences between the apo (ligand-free) and holo (ligand-
bound) forms, suggesting that dynamics must play an important role in the ligand recognition and binding
processes. Here, a variety of nuclear magnetic resonance (NMR) spectroscopy methods were used to
systematically study the dynamics of both apo and holo CRABPI at various time scales. Translational
and rotational diffusion constant measurements were used to study the overall motions of the proteins.
Both apo and holo forms of CRABPI tend to self-associate at high (1.2 mM) concentrations, while at low
concentrations (0.2 mM), they are predominantly monomeric. Rapid amide exchange rate and laboratory
frame relaxation rate measurements at two spectrometer field strengths (500 and 600 MHz) were used to
probe the internal motions of the individual residues. Several residues in the apo form, notably within the
ligand recognition region, exhibit millisecond time scale motions that are significantly arrested in the
holo form. In contrast, no significant differences in the high-frequency motions were observed between
the two forms. These results provide direct experimental evidence for dynamics-induced ligand recognition
and binding at a specifically defined time scale. They also exemplify the importance of dynamics in
providing a more comprehensive understanding of how a protein functions.

Cellular retinoic acid binding protein I (CRABPI)1 (136
residues, 15.5 kDa) is a member of the intracellular lipid
binding protein (iLBP) family (1-5) which contains 17
additional members (4, 5), including the recently discovered
Manduca sextaCRABP (msCRABP) (6). These proteins are
expressed in diverse cell types ranging from epithelial to
neural (7), and bind hydrophobic ligands such as fatty acids,
lipids, and retinoids. Each protein in this family exhibits high
specificity for its respective ligand with binding constants
in the nanomolar range (8-10). CRABPI specifically
transports retinoic acid (RA), an active metabolite of vitamin
A (retinol), which mediates several vitamin A-dependent
processes in the cell (11). Although the exact role of CRABPI
in the cell is not known, its differential distribution in chick

limb buds suggests that it is indirectly involved in spatial
modulation of gene transcription (7, 12).

The structures of 11 iLBPs have been determined by either
X-ray crystallography or NMR spectroscopy (5) and show
a high degree of structural homology, with CRABPII being
the closest homologue to CRABPI. The conservation of the
backbone structures among these proteins is remarkable, with
root-mean-square (rms) deviations between theR-carbon
positions ranging from 0.63 to 2.38 Å (4). All the structures
determined consist of two five-stranded, antiparallel orthogo-
nal â-sheets (â-strands designated A-J), and a short N-
terminal helix (RI)-turn-helix (RII). The â-sheets face one
another to form a sandwich commonly termed aâ-clam, the
interior of which contains the ligand-binding cavity. The
inner surface of the cavity is lined with both hydrophilic
and hydrophobic amino acids. The volume of the cavity is
larger than the combined volume of the bound ligand and
crytallographically observed solvent molecules (4). Although
a gap 6-12 Å wide is present between the D and Eâ-strands,
the side chains from these strands are interleaved and prevent
free access to the central cavity. Comparison of the apo
(without ligand) and holo (with bound ligand) structures of
proteins in this family shows that ligand binding does not
induce any large conformational change (4).

Since the relative arrangement of theâ-strands andRI-
turn-RII blocks access to the binding cavity, several
hypotheses have been proposed to describe possible mech-
anisms by which the ligand can enter or exit. In one model,
it is proposed that the high flexibility of theRI-turn-RII
region of the protein, which is highly conserved in the iLBPs,
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plays an important role in identifying and allowing the correct
ligand to enter the binding pocket and bind with high affinity
(13, 14). On the basis of the packing density of atoms on
the surface in the crystal structures of intestinal fatty acid
binding protein (IFABP), Sacchettini et al. (13) identified a
small opening in the region enclosed byRI, RII, and turns
betweenâC-âD andâE-âF. This region was designated
as a “portal” or door that regulates ligand recognition and
binding. This “portal hypothesis” was extended to the
“dynamic portal hypothesis” by Hodson and Cistola (15, 16)
on the basis of the amide backbone relaxation and the
exchange behavior of the same protein. In this model, the
residues in the portal region are able to exhibit large move-
ments that enable the opening or closing of the portal. Since
a narrow channel is observed in this region, it has also been
suggested that motions in this region can widen this crevice
to accommodate ligand entry without resorting to large
motions. Moreover, electrostatic potentials appear to play a
part in ligand recruitment since the crevice and the binding
pocket are lined with positively charged residues (17, 18).
It has also been suggested that an order-disorder transition
occurs upon ligand binding and that release of the ligand
might occur due to collisional mechanisms (15). A recent
crystallographic study of the mutant of the apo CRABPII
(R111M) (18, 19) suggests that partial unwinding ofRII
assists the opening of the portal, in addition to conformational
mobility of the Arg residues in the loop regions between
âC-âD andâE-âF.

Another model for ligand recognition and binding is based
on the 2.7 Å crystal structure of the apo CRABPI (20). In
this model, transfer of bound ligand to another protein
molecule occurs through protein-protein association or
oligomerization, such as formation of dimers. However,
NMR studies of CRABPII (R111M) (18, 19, 21) argue
against the formation of dimers in solution for this close
homologue (77% identical sequence) of CRABPI and support
conformational flexibility as an acceptable mechanism for
ligand entry.

The lack of conformational differences between the apo
and holo structures and the inaccessibility of the ligand-
binding pocket suggest that dynamics of the iLBPs must play
a critical role in the recognition and binding of their
respective ligands (4, 5, 10, 19, 22-26). Thus, to shed further
light on the ligand recognition problem, several NMR
experiments were carried out to identify any differences in
dynamic behavior between the apo and holo forms. Trans-
lational self-diffusion coefficient measurements show the
presence of higher oligomeric states such as dimers at high
(1.2 mM) concentrations. At a lower protein concentration
(0.2 mM), where the protein is predominantly monomeric,
a detailed analysis of rapid water-amide proton exchange
rate measurements showed that the largest difference between
the apo and holo forms involves motions that occur on the
millisecond time scale. Laboratory frame relaxation rates,
heteronuclear NOE experiments at two spectrometer field
strengths, and analysis of data using reduced spectral density
mapping showed that other higher-frequency motions are not
significantly different between the apo and holo forms.

MATERIALS AND METHODS

Sample Preparation.Expression and purification of uni-
formly 15N-labeled recombinant CRABPI were carried out

as previously described (14). The protein eluted from the
last ion exchange chromatography step was dialyzed exten-
sively against water, which was adjusted to pH 7.5 with a
small amount of liquid ammonia. The dialyzed sample was
lyophilized and stored at-80 °C. NMR samples were
prepared by dissolving the protein in 10 mM potassium
phosphate (pH 7.5), 5 mMâ-metcaptoethanol, 10% D2O,
and 0.03% sodium azide (NMR buffer) to a concentration
of 0.2 or 1.2 mM, based on the absorbance at 280 nm
(extinction coefficient of 21 294 cm-1 M-1). Holo CRABP
was prepared by adding a slight molar excess (1.2-fold) of
concentrated retinoic acid in DMSO to a dilute solution (1
mg/mL) of protein. The total concentration of DMSO was
kept below 1.5% v/v. The sample was concentrated by
ultrafiltration in a Centricon tube and exchanged with NMR
buffer to remove excess free retinoic acid. The stoichiometry
of CRABP to retinoic acid in the final sample was close to
1:1 based on the ratio of absorbance to extinction coefficient
at 280 and 350 nm, respectively. Samples for NMR experi-
ments were thoroughly degassed under vacuum with gentle
stirring for 10-15 min in a Pyrex glass tube. Part of the
sample (600µL) was then transferred to NMR tubes which
were flushed with helium and capped.

NMR Spectroscopy.All experiments were carried out at
25 °C using either a Varian 600 MHzINOVA(Bo ) 14.1 T)
spectrometer or a Bruker AMX-500 MHz (Bo ) 11.7 T)
spectrometer, as indicated. Self-diffusion coefficients were
measured in a triple-axes pulsed field gradient probe that is
actively shielded, while all the other experiments were
performed in indirect detection probe, with a single-axis
(alongz) actively shielded gradient coil. The probe temper-
ature was calibrated using an external methanol reference.
The gradient strength was calibrated with reference to the
self-diffusion coefficient of residual H2O (1.87× 10-9 m2

s-1 at 25°C) in doped D2O (0.1 mg/mL GdCl3).
Self-Diffusion Coefficient Measurements.Self-diffusion

coefficient measurements were obtained using the BPP-SED
(bipolar pulsed field gradient selective echo dephasing)
sequence (27-29) at 600 MHz. The experimental parameters
were as follows: acquisition time, 0.328 s; spectral width,
12 500 Hz; signal averaging, 64 and 256 scans for the high-
and low-concentration samples, respectively; recycling delay,
4 s; and water-selective pulse, 4 ms. Other delays are as
follows: τ ) 0.1 ms,δ/2 ) 7 ms, andT ) 130 ms. Gradients
were varied from 1 to 32 G cm-1 in units of 0.5 G cm-1,
while the other gradients were applied at a strength of 30 G
cm-1 for 1 ms each, yielding a total echo time (τ1 + τ2) of
14.026 ms. Phase cycling was used to advantageously utilize
the radiation damping effects for water suppression as
previously reported (28).

Calculation and Estimation of Diffusion Constants.Iso-
tropic values of the self-diffusion coefficient (Ds

calc) and
rotational correlation times (τc

calc) were estimated from their
respective translational and rotational diffusion tensor, based
on the beads model approximation of Garcı´a de la Torre and
Bloomfield (30). In this method, the protein is modeled as a
collection of point sources of friction (denoted as beads) with
hydrodynamic Oseen tensor interactions between them. The
diffusion tensors are calculated from a set of linear equations
solved by integrating the 3N × 3N matrix, whereN is the
number of atoms determined from the structure of the protein.
The program DIFFC based on the beads theory was used in
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the present work (31). All backbone atoms were considered
as beads of equal size, whereσ (bead radius)) 5.0 Å, at 25
°C, and the viscosity (in newtons per square meter) of pure
water at the same temperature was used.

The empirical relationship between rotational correlation
time (τc) and solvent accessible surface area (SASA), eq 1
proposed by Krishnan and Cosman (32), was used to
determine theoreticalτc values:

whereKr(F) is the theoretical or experimental empirical value
given by 2031.8( 26.5 or 1775.9( 45.9 m2 s-(2/3),
respectively. In these analyses, SASA andτc are in units of
square angstroms and nanoseconds, respectively. SASA was
calculated using the three-dimensional structures of apo and
holo CRABPI (PDB access codes 1cbi and 1cbr, respec-
tively) using Quanta (Molecular Simulations Inc.) with a
probe ratio of 1.4 Å and a surface point density of 20.

Rapid Amide Exchange Rate Measurements.Rapid amide
exchange rates were measured using the WEX II FHSQC
pulse sequence (33) at 600 MHz. The WEXII part of the
sequence is used to transfer magnetization from the water
spins to the amide protons for a specified mixing time (τmix),
and then the decay is monitored by a1H-detected fast HSQC
experiment. The sequence was modified to detect rapidly
exchanging amide protons by using a continuous gradient
throughout the mixing time (gradients G1 and G2 in the
original sequence). Gradient pulses (duration of 500µs) at
a strength of 0.4 G cm-1 were applied at 1 ms intervals. A
total of eight mixing times were used (τmix ) 0, 6.6, 12.0,
21.0, 30.9, 41.7, 52.5, and 71.4 ms) with duplicates at 0 and
71.4 ms. The spectral widths used for all the experiments
were 10 000 and 2500 Hz for the1H and 15N dimensions,
respectively. Two hundred fifty-six and 64 transients were
used for the low- and high-concentration samples, respec-
tively, with a recycling delay of 2 s. The acquisition times
along the t2 and t1 dimensions were 51 and 12.8 ms,
respectively, for each complex point, while States-TPPI was
used for quadrature detection in the indirect dimension.15N
hard pulses were applied at a field strength of 10.2 kHz,
while the decoupling was achieved by the multi-pulse
sequence GARP1 (34) at 1.5 kHz. Water magnetization at
the beginning of the sequence was selected using a single
lobe sinc [sin(x)/x]-shaped pulse.

Laboratory Frame Relaxation Experiments.The 15N
longitudinal and transverse relaxation rate constants,R1 and
R2, respectively, were determined by collecting a time series
of two-dimensional1H-15N correlation spectra with an
appropriate Rance-Kay type of sensitivity enhancement
(35-37).

R1
500 and R2

500 data sets were obtained using relaxation
delays of 8, 16, 24, 40, 56, 80, 112, 152, and 200 ms forR2

experiments and 10, 60.2, 140.4, 240.7, 361, 531.5, 752.1,
and 1143.2 ms forR1 experiments with duplicate measure-
ments at all the time points.15N hard pulses were applied at
a field strength of 6.4 kHz, while the decoupling during
acquisition was achieved with a WALTZ-16 sequence (38)
at 1.9 kHz. {1H}-15N steady-state NOE data sets were
obtained by acquiring spectra with and without1H saturation
prior to the beginning of the experiment.1H saturation was
achieved by a series of 120° pulses (at a field strength of

7.5 kHz) applied 5 ms apart for a total of 3 s (39). A total
of 64 or 128 transients were collected for each complex data
point for R1, R2, and NOE measurements for the low- or
high-concentration samples, while the recycling delays
between the transients were 1.5, 1.5, and 5 s, respectively.
Spectral widths of 4273.5 and 2000 Hz were used in the
direct (1H) and indirect dimensions (15N), respectively, with
acquisition times of 239.6 and 50 ms, respectively.

Relaxation delays for theR1
600 and R2

600 data sets were
chosen on the basis of the optimal sampling methods
provided by Jones et al. that is based on the Cramer-Rao
invariance approach (40, 41). From the initial estimates of
the average values ofT1 (ca. 〈T1〉av ) 1/〈R1〉av ) 850 ms)
andT2 (ca.〈T2〉av ) 1/〈R2〉av ) 50 ms) obtained at 500 MHz,
a linear sampling scheme was selected to sample relaxation
delays. A total of eight points were sampled forR1

600 and
R2

600 at 0, 245.25, 490.50, 730.3, 975.55, 1220.8, 1460.6,
and 1711.3 ms and at 0.0, 14.4, 28.89, 43.34, 57.79, 72.24,
86.68, and 101.13 ms, respectively, with duplicate measure-
ments performed only at the first and last sampling points.
Field strengths for the15N pulses were the same as in the
rapid amide exchange rate measurements.{1H}-15N steady-
state NOE data sets were collected in the same manner as
that of the data at 500 MHz, with the field strength for the
1H saturation pulses applied at 7.5 kHz. Signal averaging
for the low- and high-concentration samples was obtained
over 256 and 64 transients, respectively, with the delay
between the transients for theR1 (R2) and NOE experiments
being 1.5 s (3 s). The acquisition times along thet2 (1H) and
t1 (15N) dimensions are 102 and 14.2 ms, respectively, while
the spectral widths in the corresponding dimensions were
10 000 and 2250 Hz, respectively. In all the experiments
described above, the carrier for the proton frequency was
kept on the water resonance and the referencing in both the
dimensions was performed externally using the standard
methods.

Data Processing and Analysis.Data obtained at 600 MHz
(14.1 T) were processed using NMRPipe (42). Rapid amide
exchange rates (R1 and R2) and heteronuclear NOE time
domain data alongt1 were forward linear predicted once
before application of a combination of cosine bell and a weak
Lorentzian-Gaussian function, and only a cosine apodization
was applied along thet2 dimension. The data were zero-
filled once before Fourier transformation. The software
package NMRView (43) was used for peak picking and
calculation of peak intensities.R1, R2, and heteronuclear NOE
time domain data obtained at 500 MHz (11.7 T) were
processed on a Silicon Graphics workstation using Felix
version 95 (MSI Inc., San Diego, CA). For each time domain
data set, Gaussian and shifted sine bell apodization were
applied along thet2 andt1 dimensions, respectively. All the
spectra were zero-filled once prior to Fourier transformation
followed by a zero-order baseline correction along theω2

dimension. Individual peak heights were measured from the
spectra using Felix macros (courtesy of M. Akke, Lund
University, Lund, Sweden). The uncertainties in the peak
heights were estimated from the duplicated experiments or
from the base plane noise.R1

500 andR2
500 rate constants were

calculated using SigmaPlot, whileR1
600 and R2

600 were
calculated using Fortran codes developed in-house. Relax-
ation rate constants and related uncertainties were determined
by fitting the experimental points to a monoexponential

SASA ) Kr(F)τc
2/3 (1)
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function. Heteronuclear steady-state NOEs were determined
as the ratio of the peak intensities with and without proton
saturation.

Time domain self-diffusion coefficient data were zero-
filled once, and a cosine bell apodization was applied prior
to complex Fourier transformation. The area under each
spectrum from 4.25 to-1 ppm was integrated, and a
nonlinear least-squares fit of eq 2 was used to estimate the
self-diffusion coefficients (27).

S(q) is the measured integral value as a function ofq, and
S(0) is the value atq ) 0. q is the effective area of the
gradient pulse given by (γgzδ), whereγ is the gyromagnetic
ratio of proton (2.6752× 108 s-1 T-1) andgz andδ are the
amplitude and duration of the gradient pulse, respectively.
Ds is given in units of square meters per second, while∆
andτ are delays employed in the pulse sequence in seconds.

Rapid amide exchange rates (kex
HH) were determined on

the basis of the procedure outlined by Mori et al. (33, 44).
The rate of transfer of magnetization from the water to the
amide protons is given by

where I(τmix) is the normalized cross-peak intensity with
respect to the zero-mixing time experiment,τmix is the mixing
time, andR1w andR1NH are the spin-lattice relaxation rates
of water and amide protons, respectively.R1w was estimated
by independent measurements to be 0.28 s-1. To minimize
cross-relaxation contributions, a two-parameter fit ofI(τmix)
was performed to estimatekex

HH. The intensity of each of
the amide cross-peaks was normalized with respect to their
intensity in the experiment collected with a mixing time of
zero.

Reduced Spectral Density Mapping.For a heteronuclear
two-unlike spin system, the relaxation rate constants (R1 and
R2) and the steady-state heteronuclear NOE between the1H-
15N spin pair can be given by the power spectral density
functions of the rotational motions (45, 46) at five frequencies
(ω ) 0, ωN, ωH - ωN, ωH, andωH + ωN). In the reduced
spectral density mapping approach (47, 48), assuming that
dJ(ω)/dω2 is relatively constant between the linear combina-
tions ωH + ωN andωH - ωN, the rate constants and NOE
can be expressed as a linear combination of only three
spectral density functions,J(0), J(ωN), andJ(0.87ωH) (47-
49). Following this procedure, the spectral density functions
at these three frequencies in terms of the relaxation param-
eters can be written as

whereσ [)(NOE - 1)R1γN/γH] is the cross relaxation rate
of the spin pair andγH andγN are the gyromagnetic ratios
of the 1H and15N nuclei, respectively. Accurate estimation
of J(0) values is complicated because the measuredR2 values

are sensitive to motions on the millisecond to microsecond
time scale. These motions tend to increase the apparent
values ofJ(0) and may yield unreliable estimates ofJ(0) in
some cases. As the contributions of these motions to the
effective line width increase with the square of the spec-
trometer frequency, measurements at two field strengths (500
and 600 MHz) allow the determination of reliable effective
spectral density values close to the zero frequencyJeff(0) and
the contributions from millisecond scale motions,Rex (49):

whereκ ) (ωH
600/ωH

500)2, â ) (1 - κ)d2/2, and the subscripts
and superscripts denote the frequency of the spectrometer
at which the measurements were performed. The constants
d ) (µïhγHγN/8π2)〈rNH

-3〉 andci ) ωNi∆σ/x3, with µï being
the permeability of free space,h Planck’s constant,γH and
γN the gyromagnetic ratios of the1H and 15N nuclei,
respectively,ωNi the Larmor frequencies of the15N spins at
Bo ) 11.7 T (500 MHz) or 14.1 T (600 MHz), rNH the
internuclear distance (1.02 Å), and∆σ the chemical shift
anisotropy of the15N spins. Heteronuclear NOEs at 500 MHz
were recorded only once due to sensitivity limitations, and
consequently, no error limits are given for the respective
spectral density functions.

RESULTS

OVerall Motion of CRABPI.The overall motions of the
apo and holo forms of CRABPI at two different concentra-
tions (0.2 and 1.2 mM) were measured by determination of
the translational and rotational diffusion constants. Calcula-
tions based on the beads model approximation were used to
further study the effect of concentration on the oligomeric
state of the protein.

Nonlinear exponential fits to the experimental points
generated by plotting the integrated area of the aliphatic
region (4.25 to-1.25 ppm) of the spectra as a function the
product of the area of gradient pulse strength and the
diffusion length (eq 2, Materials and Methods, Figure 1)
yielded self-diffusion coefficients (Ds

expt) (Table 1). The ratios
of Ds

expt values at high and low concentrations (Table 1, last
column) for apo and holo CRABPI are 0.70 and 0.73,
respectively. A hard-sphere approximation model for dimer
formation predicts a ratio of 0.731 forDs(dimer)/Ds(mono-
mer) (50, 51), suggesting that to a good approximation, both
apo and holo forms of CRABPI can self-associate (presum-
ably forming dimers) at a concentration of 1.2 mM. The
absolute values of self-diffusion coefficients of apo and holo
CRABPI (14.87 × 10-11 and 16.64× 10-11 m2 s-1,
respectively, Table 1) are comparable to that of the mono-
meric form of a protein with a similar molecular mass
(lysozyme, MW) 14.2 kDa,Ds

expt ) 13.36 × 10-11 m2

s-1). Within the framework of self-diffusion coefficient
measurement to determine protein oligomerization states, the
results clearly show that both apo and holo CRABPI are

S(q) ) S(0) exp[-Dsq
2(∆ - δ/3 - τ/2)] (2)

I(τmix) ) [kex
HH/(R1w + kex

HH - R1NH)] ×
{exp(-R1NHτmix) - exp[-(R1w + kex

HH)τmix]} (3)

J(0) ) (6R2 - 3R1 - 2.72σ)/(3d2 + 4c2) (4)

J(ωN) ) (4R1 - 5σ)/(3d3 + 4c2) (5)

J(0.87ωH) ) 4σ/5d2 (6)

Jeff(0) ) 1/â{(R2
600 - κR2

500) - (3d2/8)[J(ωN
600) -

κJ(ωN
500)] - (c2

600/2)[J(ωN
600) - J(ωN

500)] -

(13d2/8)[J(0.955ωH
600) - κJ(0.955ωH

500)]} (7)

Rex ) R2
500 - [(d2/2) + (2c2

500/3)]J(0) - [(3d2/8) +

(2c2
500/2)]J(ωN

500) - (13d2/8)J(0.955ωH
500) (8)
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predominantly monomeric at 0.2 mM, while at 1.2 mM, they
tend to self-associate to form dimers.

Measurements of the laboratory frame relaxation rates
(spin-lattice relaxation rateR1 and spin-spin relaxation rate
R2) of the 15N-labeled backbone nitrogens of apo and holo
CRABPI at 0.2 and 1.2 mM (Table 2) were used to determine
the overall rotational correlation times (52). The correspond-
ing rotational correlation times (τc

expt) determined from
trimmed (average values within one standard deviation)R1/
R2 ratios at 0.2 and 1.2 mM and at field strengths of 500
and 600 MHz are listed in Table 2. In the case of the apo
CRABPI, it was not possible to determine theτc

expt value at
low concentrations as the variations in theR2 values are too
large to obtain an accurate trimmed ratio ofR2 to R1. At 1.2
mM, τc

expt for the apo form is approximately 14 ns. In the
case of holo CRABPI, the experimentalτc values at low and
high concentrations are 11 and 15 ns, respectively.

For a globular monomeric protein with a molecular mass
similar to that of CRABPI (15.5 kDa), the expected rotational
correlation time is around 6-8 ns. Several proteins of this
size in the iLBP family have been studied, and they include
I-FABP (MW ) 14.82 kDa,τc ) 6.7 ns) (15) and CRBPII
(MW ) 15.6 kDa,τc ) 8.2 ns) (53). To better estimate the
expected rotational correlation time (τc

est) based on the set
of monomeric structures, an empirical correlation between
rotational correlation time and solvent accessible surface area
(SASA) was used (32) (Table 2). Accordingly, theτc

est for
the monomeric form of apo CRABPI was 7.3 ns (experi-
mental correlation) or 8.9 ns (theoretical correlation). The
corresponding values for the holo protein are 6.8 and 8.4
ns, respectively (Table 2, last column). The SASA value of
the holo protein is about 300 Å2 lower than that of the apo
protein, suggesting a smaller volume due to a tighter packing
arrangement of the residues, and hence less flexibility (Table
2, footnote e). Although the differences between theτc

expt

andτc
estdo not arise from the anisotropic rotational motions

of CRABPI (Table 2, footnote), they may come from other
sources, such as the accuracy of the trimmed ratio ofR1 to
R2 and the presence of conformational exchange (32, 54, 55).

Hydrodynamic calculations using the beads model theory
of Garcia de la Torre and Bloomfield (30, 31) provided
additional information about translational rotational motions
of CRABPI. These calculations were based on the mono-
meric forms of the three-dimensional crystal structures of
the apo (PDB entry 1cbi) and holo (PDB entry 1cbr) forms
of CRABPI. As expected, the calculated self-diffusion
coefficient (Ds

calc) values for both the apo and holo proteins
are the comparable, since their structures are similar, but both
are lower than the experimental values measured at 0.2 mM
(Table 1, third column). Theoretical calculations ofDs

calc and
τc

calc using the beads model (fourth column of Table 1 and
fifth column of Table 2, respectively) typically represent
values in the monomeric form and in the absence of hydration
(51, 56).

Residue Specific Motions of CRABPI.Assuming that the
biologically active forms of both apo and holo proteins are
more relevant at the low concentration (11, 26), only the
residue specific dynamics studies at 0.2 mM are presented
here for both apo and holo CRABPI. The backbone amide
1H and15N resonance assignments and secondary structures
for apo (pH 7.5) and holo (pH 3.8) CRABPI were reported
earlier (14). One hundred nineteen cross-peaks from apo
CRABPI and 109 from the holo CRABPI are observed out
of the 133 possible cross-peaks (excluding those from the
three prolines). The assignments for the current study on the
apo and holo forms at the same pH (7.5) were validated by
additional 15N-edited NOESY (nuclear Overhauser effect
spectroscopy) and TOCSY (total correlation spectroscopy)
experiments (57).

Intermediate Time Scale Motions, and Fast Amide Proton
Exchange Rates.In general, motions occurring on a time
scale faster than the conventional proton-deuterium replace-
ment measurements or H-D exchange rates (kex

HD, 0.1-
0.01 s-1), but slower than the rotational correlation time (τc,
ca. nanoseconds), can be defined as “intermediate time scale”
motions. Rapid amide-proton exchange rates (kex

HH) of apo
and holo CRABPI were measured using the15N-directed
WEXII-FHSQC experiment proposed by Mori et al. (33).
This experiment provides an excellent method of measuring
kex

HH with the combined advantages of a well-defined mixing
time, optimum control of water magnetization to avoid
radiation damping, and minimal effects of water saturation.

The number of cross-peaks observed at short mixing times
for the apo form is higher than that of the holo sample. The
backbone amide proton exchange rates, as exemplified by
the representative buildup curves for N14 (Figure 2a) and
G47 (Figure 2b), are also faster for these specific residues
in the apo form than in the holo form. Recently, several two-
dimensional NMR experimental methods have been devel-
oped to provide accurate measurements of the rates of rapid
transfer of water magnetization to protein amide protons
(kex

HH ∼ 0.1-100 s-1) (58-61). These measurements allow
the study of solvent-exposed amide protons, such as those
that are close to or at the surface of the proteins. Plots
summarizing the measured rapid amide exchange rates as a
function of the residue number for the apo (Figure 3a) and
holo (Figure 3b) CRABPI indicate that changes occur on
this time scale in specific regions of the protein upon ligand
binding (Figure 3c). Several residues in the well-defined
secondary structure regions of the protein such as F15 and
K20 in RI and M27, V31, and A35 inRII exhibit faster amide

FIGURE 1: Plot of the self-diffusion coefficient measurements
performed using BPP-SED for apo (a) and holo (b) CRABPI.
Experimental points at the low (0.2 mM) and high (1.2 mM)
concentrations are given by filled circles and squares, respectively,
while the solid and dashed lines correspond to the fit to the diffusion
curve. The error bars were obtained using triplicate experimental
measurements.
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proton exchange rates in the apo form than in the holo form.
Such differences are further seen at theâB region of
CRABPI, while significant changes seem to diminish in the
other regions. In addition, amide protons are located in the
flexible loop regions of the apo protein (for example, N14
in the âA1-RI linker and D103 in theâG-âH turn). In

particular, N14 shows one of the large differences in the
amide exchange rate in the apo CRABPI (kex ) 22.7 s-1),
which might signify a hinge motion of theâA1-RI linker
for ligand entry into the cavity. Several other amide protons
in apo CRABPI (E62 and N64 inâC-âD and S83 inâE-
âF) in the portal region (enclosed byRI, RII, and turns
between âC-âD and âE-âF) also exhibit fast amide
exchange rates. It is striking that in holo CRABPI, most of
these residues do not undergo rapid amide exchange (Figure
3b). As both apo and holo CRABPI are predominantly
monomeric at low concentrations as evidenced by the self-
diffusion coefficient measurements, the difference seen in

Table 1: Overall Parameters of Translational Motion of Apo and Holo CRABPI

protein concentration (mM) Ds
expt (×10-11 m2 s-1)a Ds

calc (×10-11 m2 s-1)b Dxx:Dyy:Dzz
c Ds

1.2mM/Ds
0.2mMd

apo 0.2 14.87( 0.82 12.19 1.0:0.97:0.93 0.70
1.2 10.43( 0.11

holo 0.2 16.64( 0.86 12.45 1.0:0.97:0.92 0.73
1.2 12.30( 0.31

a Experimental self-diffusion coefficient measured using the BPP-SED sequence. Errors are estimated using triplicate measurements.b Calculated
translational self-diffusion coefficient using the program DIFFC for all the backbone atoms with a scaling factor of 5 Å at 298 K in water, using
the PDB (Protein Data Bank) coordinates of 1cbi and 1cbr for apo and holo CRABPI, respectively.c Ratios of the calculated translational diffusion
tensor.d A ratio of 0.731 represents a dimer formation based on a hard-sphere approximation model (51).

Table 2: Overall Parameters of Rotational Motion of Apo and Holo CRABPI

protein
concentration

(mM) 〈R2/R1〉av
a τc

expt (ns) τc
calc (ns)b τc

est (ns)c

apod 0.2 6.44( 0.24
10.30( 0.30

NA 7.64 7.26( 0.09 (c)
8.89( 0.23 (e)

1.2 9.86( 0.16
13.03( 0.2

14.89( 0.8
13.33( 1.1

holoe 0.2 7.27( 0.22
10.28( 0.32

11.67( 1.1
10.86( 0.66

7.13 6.8( 0.08 (c)
8.42( 0.21 (e)

1.2 13.34( 0.26
13.80( 0.24

15.57( 0.57
12.71( 0.59

a Trimmed (average within one standard deviation) ratio of spin-spin to spin-lattice relaxation times at 500 (upper) and 600 MHz (lower).
b Calculated rotational correlation time using the program DIFFC for all the backbone atoms with a scaling factor of 5 Å at 298 K inwater, using
the PDB (Protein Data Bank) coordinates of 1cbi and 1cbr for apo and holo CRABPI, respectively.c Estimated rotational correlation time using the
empirical correlation between experimental values ofτc and SASA (e) and calculated values ofτc and SASA (c).d For apo CRABPI, theDxx:Dyy:
Dzz ratio was 0.81:0.89:1.0, whereDii (ii beingxx, yy, andzz) are the principal components of the calculated rotational diffusion tensor, and SASA
) 7624.22× 103 Å2. e For holo CRABPI, theDxx:Dyy:Dzz ratio was 0.76:0.85:1.0, whereDii (ii beingxx, yy, andzz) are the principal components
of the calculated rotational diffusion tensor, and SASA) 7354.22× 103 Å2.

FIGURE 2: Normalized transfer of magnetization from water to
amide protons in rapid amide exchange rate measurements as a
function of mixing time,τmix, using WEXII-FHSQC for residues
(a) N14 and (b) G47 in apo (b) and holo (9) CRABPI. The solid
and the dashed lines are the corresponding fits to the experimental
data as outlined in Materials and Methods. The error bars are
obtained using duplicate measurements at specific mixing times.

FIGURE 3: Measured rapid amide exchange rates (kex
HH) for apo

(a) and holo (b) CRABPI as a function of the residue number in
the amino acid sequence. The difference between exchange rates
[∆kex

HH ) kex
HH(apo)- kex

HH(holo)] is given in panel c. Error bars
are obtained from the corresponding fits, and no error bars are given
in the difference plot. The secondary structure of CRABPI is also
represented at the top.

9124 Biochemistry, Vol. 39, No. 31, 2000 Krishnan et al.



the rapid amide exchange rate measurements can be con-
sidered to arise primarily from the effect of ligand binding.
These results provide direct experimental evidence that the
retinoic acid recognition process proceeds through a dynam-
ics-induced mechanism that involves slow motions of the
portal region, which presumably make the internal binding
cavity accessible for the ligand. It further indicates that the
time scales of the motions that are important for ligand
recognition are in the intermediate region, in the range of
10-30 s-1.

The accuracy ofkex
HH rate measurements depends on the

other homonuclear cross-relaxation effects as the first water-
selective pulse in the experiment may also excite other CR

protons that are close to the water frequency. Nonequilibrium
magnetization from these CR protons might subsequently
transfer through NOE to the amide protons, which could
mistakenly be identified as rapidly exchanging amide protons.
Of the observed amide resonances of holo CRABPI, three
of the residues (D46, A124, and V128) have their corre-
sponding CRH chemical shifts coincident with the water
frequency. In addition, 14 other CRH resonances (S11, R44,
Q45, Q49, F50, I52, T54, T61, F65, E69, E73, R89, C95,
and D126) fall within 0.1 ppm of the water resonance at 25
°C. Except for S11 (located at the beginning ofâA2) which
shifts by 0.18 ppm toward lower field, none of the above-
mentioned residues shift more than 0.1 ppm upon ligand
binding. Since none of these residues show large values of
rapid amide proton exchange rates in either apo or holo
CRABPI, the influence of selective transfer of NOE from
the CRH protons in these measurements can be safely
ignored. Recently, Mori et al. (44) have proposed a method
for separating the exchange peaks from NOE peaks by means
of a spin-echo filter prior to the water exchange (WEX)
experiment. Although this method is effective in eliminating
artifacts from NOE transfer, it was not possible to perform
this experiment on our low-concentration samples due to low
sensitivity. The upper limit of thekex

HH is governed by the
pulse-interrupted free precession delay during the initial
polarization transfer part of the pulse sequence, which is
estimated to be approximately 100 s-1, assuming an average
nitrogen-proton coupling constant (1JNH) of 90 Hz. The
lower limit is influenced by other cross-relaxation processes
and can be approximated to be equivalent to the upper limit
of the conventionalkex

HD rate (0.1 s-1).
Fast Time Scale Motions, and Laboratory Frame Relax-

ation Rate Measurements.The spin-lattice relaxation rate
constant,R1, the spin-spin relaxation rate constant,R2, and
the steady-state{1H}-15N NOE were all obtained for the
backbone 15N nuclei by analysis of1H-detected two-
dimensional1H-15N heteronuclear single-quantum correla-
tion (HSQC) spectra (52, 62, 63). The experimental values
of R1

500, R2
600, and NOE500 are plotted versus residue number

for the apo (left panels, a, c, and e) and holo (right panels,
b, d, and f) forms of the protein in Figure 4. Although
changes in the relaxation parameters on a residue-by-residue
basis are potentially informative in comparing how these
residues alter their dynamic behavior upon binding to retinoic
acid, such differences are not significant enough here for
further interpretation. As average values provide information
about cooperative motions that might occur, Tables S1 and
S2 (Supporting Information) list the average values of the
various dynamic parameters over the NMR-identified sec-

ondary structural elements of apo and holo CRABPI,
respectively. At 500 MHz, the values ofR1 for the apo and
holo forms (1.78( 0.4 and 1.81( 0.20 s-1, respectively)
do not vary significantly as a function of sequence position.
The corresponding values at 600 MHz are 1.59( 0.2 and
1.49( 0.14 s-1, respectively. In general, theR2 values for
apo CRABPI are lower for most residues at 500 MHz than
at 600 MHz, while the NOE values are higher at 500 MHz
than at 600 MHz. In the case of holo CRABPI, several
residues in the C-terminal segment and a few residues in
the N-terminal region exhibit small variations in theR2 values
between 500 and 600 MHz, while the variations in the NOE
between the 500 and 600 MHz data are not significant. Large
variations in theR2 values in both apo and holo CRABPI
strongly suggest the presence of low-frequency motions,
including possible conformation exchange on the microsec-
ond to millisecond time scale region.

The model-free method of Lipari and Szabo (64) for the
analysis of the laboratory frame relaxation rate measurements
yielded unreliable overall and internal motional parameters
for both apo and holo forms. The rotational anisotropy of
the protein is not a reason for the failure as the ratio of the
principal components of the rotational diffusion tensor is not
highly anisotropic (Table 2) (54). In comparison to the
model-free analysis of Lipari and Szabo, the reduced spectral
density mapping method (47-49) gives a more simplified
interpretation of experimental relaxation data without the
requirement for a specific motional model (62). The analysis
is independent of the rotational anisotropy of the protein and
does not bias the estimated relaxation parameters if the
system is undergoing a conformational exchange. Values of
spectral density functions at three frequencies (ω ) 0, ωN,
and 0.87ωH) were derived from the values ofR1, R2, and
NOE collected at 500 and 600 MHz (eqs 4-6, Materials
and Methods). In general, the trends and variations inJ(0),
J(ωN), andJ(0.87ωH) are similar to the observed variations
in R2, R1, and (1- NOE), respectively (Tables S1 and S2).
Although J(0) is sensitive to motions that occur on both
millisecond and microsecond time scales, it is not possible
to separate these motions in a straightforward manner.

FIGURE 4: Representative examples of the relaxation parameters
of apo (left panels) and holo (right panels) forms of CRABPI as a
function of the residue number: (a)R1

500 (apo), (b)R1
500 (holo),

(c) R2
600 (apo), (d)R2

600 (holo), (e) NOE500 (apo), and (f) NOE500

(holo). The secondary structure is shown at the top, with letters
and roman numerals corresponding to theâ-sheets andR-helices,
respectively. Average values are also given by solid (apo form)
and dotted (holo form) lines.
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Alternatively, Farrow et al. (49) have shown thatR1, R2,
and NOE values obtained at two different field strengths can
separate motions that occur close to zero frequency by
effective spectral density close to zero frequency [Jeff(0)] and
those of residues that undergo dominant conformational
exchange byRex rates (eqs 7 and 8, Materials and Methods).
Figure 5 shows the plots ofJeff(0) (Figure 5a,c) andRex

(Figure 5b,d) as a function of the residue number. At
effective spectral density functions close to zero frequency,
Jeff(0) samples motions predominantly on the millisecond
time scale as well as homonuclear cross-relaxation processes,
which also occur at this frequency. TheRex terms in the
relaxation experiments sample motions on the microsecond
time scale that might arise from conformational exchange.
In the case of both apo and holo CRABPI, most residues
undergo these types of motions, with moderate changes in
Jeff(0) found for the apo protein (Tables S1 and S2). In
contrast to the rapid amide exchange rate measurements, slow
time scale motions (milliseconds to microseconds) sampled
by the multiple-field-dependent laboratory frame relaxation
experiments do not show any residue specific differences.
However, these results are important in separating the various
time scales involved in the dynamics of CRABPI.

DISCUSSION

Protein Concentration Effects on Dynamics.Our detailed
studies of CRABPI have revealed concentration-dependent
effects on dynamics. Measurement of the overall motion of
apo and holo CRABPI by self-diffusion coefficients and
rotational correlation times (Tables 1 and 2) showed that an
aggregation process is occurring as a function of increasing
protein concentration. A decrease in the self-diffusion
coefficient or an increase in the rotational correlation time
signifies either of two phenomena: an increased solvent
viscosity and an increase in the protein molecular mass. Self-
diffusion coefficient measurements show that the effective
diffusion constant of holo CRABP is higher than that of the
apo form at the same concentration (Table 1, third column),
suggesting that the increase in the diffusion constant cannot
be attributed to lowering the solvent viscosity. Hence, self-
diffusion coefficient measurements unequivocally show that
apo and holo proteins undergo oligomerization (presumably

dimerization) with increases in protein concentration. The
results of the rotational correlation time measurements
suggest that at low concentrations these proteins have a
higher population of monomers, and no further investigations
are performed due to the inherent uncertainties in the
estimation. Nonetheless, the presence of a small amount of
dimers or other oligomers may not be ruled out by the data;
it might be possible to eliminate the presence of dimers
altogether by further lowering the protein concentration.
However, such protein concentrations are unlikely good
conditions for detailed NMR study.

Measurements of backbone relaxation rates and rapid
amide exchange rates for both the apo and holo CRABPI at
a concentration of 1.2 mM were also performed (data not
shown). No significant changes in the backbone relaxation
parameters were observed upon increasing the concentration
(from 0.2 to 1.2 mM) in either form, except for minor
variation in theR2 values. However, a noticeable reduction
in the rapid amide proton exchange rates was observed only
in the apo protein at the increased concentration, but the
reduced exchange rates were still much larger than these in
the holo protein at the same concentration. In addition,
reduced spectral density mapping of the high-concentration
data of both apo and holo CRABPI (data not presented)
continues to show the presence ofJeff(0) andRex terms.

When the protein concentration is increased from 0.2 to
1.2 mM, the observed changes in the amide proton or15N
chemical shifts are not significant. Gabdoulline and Wade
(65, 66) have recently suggested that long-range electrostatic
interactions between two monomers can influence the overall
motional parameters such as rotational correlation time or
self-diffusion coefficients, without stable van der Waals
contacts between the monomers. In the case of CRABPI,
however, it is not known whether electrostatic polarization
of the charges that occur around the surface of CRABPI can
aid the formation of dimers. Thus, the source for dimer
formation is not clear under our experimental conditions. The
physiologically relevant concentration of CRABPI is on the
order of 2-5 µM (67), and it seems unlikely that the
observed concentration-dependent dimer formation is rel-
evant for its in vivo function. However, there are precedents
that the formation of dimers may be important in how iLBPs
function in the cell (68).

The crystal structure of apo CRABPI reveals the formation
of an asymmetric dimer, in which the conformations of the
monomeric units are not identical (20). TheâD strands from
each molecule formed five hydrogen bonds between them,
to form a 20-stranded doubleâ-barrel. Although it is not
clear whether such structures exist in vivo, the earliest NMR
studies of apo and holo forms of CRABPI also suggested
that this protein self-associates, but only at a pH near the
isoelectric point of 4.76 (14). A more recent solution structure
study reported that at a concentration of 2 mM, CRABPII,
which exhibits a high degree of sequence and structural
homology with CRABPI, does not form a dimer (25).
However, the evidence presented was indirect, such as a lack
of NOEs between the monomers, rather than direct experi-
mental measurements.

Oligomerization effects have been studied by NMR
spectroscopy with increasing concentrations for several
proteins (55, 69-73). In most cases, however, these con-
centration effects directly manifest themselves in the mea-

FIGURE 5: Effective spectral density close to zero frequency [Jeff(0)]
contributions for the apo (a) and holo (b) CRABPI and conforma-
tional exchange (Rex) contributions for the apo (c) and holo (d)
forms as a function of the residue number estimated using reduced
spectral density mapping at two spectrometer field strengths (500
and 600 MHz) along with the secondary structural elements shown
at the top.
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sured NMR relaxation parameters such as line widths. For
example, in the case of human cystatin (69), although self-
diffusion coefficient measurements supported the presence
of dimers, no monomer-dimer interconversion was ob-
served. On the other hand, cold-shock protein A (73) shows
a time-dependent formation of fibrils, but the conversion is
slow enough to be monitored by a change in the15N line
widths. The nature of a protein and the choice of experi-
mental conditions, in some cases, have made it possible to
characterize the monomers as well as dimers in solution (71,
72).

Dynamical Changes upon Ligand Binding.The three-
dimensional structures of the ligand-bound and free forms
of proteins in the iLBP family do not show any significant
differences, even at high resolution, although changes in
stability are observed (4). Studies characterizing the dynamics
of these proteins have provided indirect evidence, such as
the absence of long-range homonuclear NOEs and small
variations in the order parameter in the model-free analysis
of Lipari and Szabo, for dynamics-induced ligand recognition
and binding (14, 16, 19, 74, 75). However, the exact time
scales of the motions that may be important determinants in
ligand interactions were not determined. The dynamical
measurements of CRABPI in its apo and holo forms
presented here help to further define the time scales and
nature of the motions that are important in how CRAPBI
functions.

The extensive and systematic measurements of the relax-
ation rates at two spectrometer field strengths (R1, R2, and
NOE at 500 and 600 MHz) and the subsequent analysis using
reduced spectral density function analysis (eqs 4-8, Materi-
als and Methods) show that there are no significant differ-
ences between the apo and holo forms of CRABPI at micro-,
nano-, and picosecond time scales. The uniform presence of
terms representing sub-microsecond time scale motions [Jeff-
(0) andRex] suggests that there is some form of conforma-
tional exchange that is dominating the relaxation processes
on these time scales.

Although there are no significant differences in the
dynamics of apo and holo forms on most time scales, distinct
motions that occur on the millisecond time scales were
observed in apo CRABPI in the portal region (C-terminal

portion ofRII, the RII-âB linker, and theâC-âD andâE-
âF turns) of apo CRABPI, and these motions were arrested
upon retinoic acid binding. Previous measurements of
exchange rates for the apo (pD 6.4 and 5°C) and holo (pD
3.5 and 25°C) forms using hydrogen-deuterium exchange
experiments (14) have provided information that supports
the dynamic portal model and about protein folding processes
in CRABPI (23). Since these experiments could not provide
information about the exchange rates of protons that are faster
than the dead time of these experiments (typically, 2-5 min),
saturation transfer experiments have been used to identify
the rapidly exchanging amide protons well below 0.1 s-1

(15, 19). These methods cannot accurately quantify exchange
rates when unwanted spin diffusion effects are present in
the measurements, which are inherently introduced by the
required long saturation of water magnetization and also
assume a uniform spin-lattice relaxation time (T1) for all
the amide protons. Thus, we have used the15N-directed
WEXII-FHQC experiment to provide reliable measurements
of the rapid exchange rates that occur on the millisecond
time scale (33). In the case of CRABPI, these measurements
have been important in identifying the exact time scale of
the motions that change specifically upon ligand binding.
However, to completely estimate the accuracy of these
measurements, it is necessary to deuterate the aliphatic
protons, and such an effort is underway in our laboratory.
Nevertheless, the results we have obtained on the detailed
dynamics of the apo and holo forms of CRABPI provide
direct experimental evidence for the portal entry model, in
which millisecond motions of the helix-turn-helix part of
the apo protein allow the ligand entry into the binding pocket.
These motions are arrested in the holo form, probably
because of formation of stabilizing interactions between the
ligand and the protein.

The schematic representation of the intermediate time scale
motions as defined by the superposition of the observed
values ofkex

HH at 0.2 mM onto the three-dimensional X-ray
structures of the apo and holo forms (Figure 6) graphically
illustrates the regions in which the motions are arrested upon
ligand binding. The radius of the tube representing the CR

trace of the molecule is proportional to the observed rapid
amide exchange rates in the respective apo and holo forms.

FIGURE 6: Schematic representation of the intermediate time scale motions that occur in apo (left) and holo (right) forms of cellular
retinoic acid binding protein I (CRABPI). The rapid amide exchange rates (kex

HH) are superimposed onto the CR traces of the crystal
structure of apo (1cbi) and holo (1cbr) CRABPI. The magnitude of the motion is depicted as a tube with the radii proportional to the
measured rapid amide exchange rates. The color codes of red, golden, and silver correspond toâ-sheets,R-helices, and loops, respectively.
The structure of the ligand is omitted in the holo CRABPI for the sake of clarity, and the figure was produced using MOLMOL (80).
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The structure of holo CRABPI is presented without the
retinoic acid for the sake of clarity. Although these results
reveal the residues and the time scales involved in ligand
binding processes, it is not yet possible to predict the exact
roles of the various residues involved in these motions and
the sequence of events that are important in ligand recogni-
tion. Future experiments on analogues with specific mutations
in the helical region of the protein, which will either alter
the electrostatic potential or arrest the motion or both, will
better address the role of individual residues in ligand
recognition and binding.

CONCLUSION

As noted by Laskowski et al. (76), only small differences
are observed between the atomic resolution structures of
many apo and holo proteins reported in the Protein Data
Bank; typically, residues within a 5 Å radius of the ligand
do not deviate more than 2 Å. Recently, efforts have been
made to understand the subtle changes in conformational
space due to ligand binding by careful analysis of changes
introduced in surfaces, volumes, electrostatic potentials, and
hydrophobic gradients (77-79). Although such efforts
identify consistent changes (e.g., increased surface area and
binding cavity volume upon ligand binding), the results are
strictly based on the static or structural information of the
proteins. NMR dynamic studies of proteins in the solution
state provide an additional and powerful method for better
understanding the differences between the apo and holo
forms that are important in protein function.

Determination of self-diffusion rates shows that both apo
and holo forms of CRABPI tend to self-associate and form
higher-order aggregates such as dimers at higher concentra-
tions (1.2 mM). Although there is no evidence that CRAPBI
can exist as a dimer at the concentrations present in vivo,
we cannot rule out the possibility that the concentration
dependence of the oligomeric state of this protein may be
important in regulation and ligand transfer processes.

Measurements of rapid amide proton exchange rates
strongly indicate that several residues located in the helical
regions of apo CRABPI undergo rapid amide exchange with
water on the sub-millisecond time scale and that these
motions are reduced significantly in holo CRABPI. These
results not only further support the dynamic portal hypothesis
but also suggest that the millisecond time scale motions in
specific regions of the apo form may be important for ligand
recognition and interaction.
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