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Abstract: An understanding of side-chain motions in protein is of great interest since side chains often
play an important role in protein folding and intermolecular interactions. A novel method for measuring
dipole-dipole cross-correlated relaxation in methyl groups of uniformly 13C-labeled proteins without
deuteration has been developed by our group. The excellent agreement between dynamic parameters of
methyl groups in ubiquitin obtained from the cross-correlated relaxation and 13C spin-lattice relaxation
and those derived previously from 2H relaxation data demonstrates the reliability of the method. This method
was applied to the study of side-chain dynamics of human intestinal fatty acid binding protein (IFABP) with
and without its ligand. Binding of oleic acid to the protein results in decreased mobility of most of the
methyl groups in the binding region, whereas no significant change in mobility was observed for methyl
groups in the nonbinding region.

Introduction

The dynamic aspects of macromolecules are increasingly re-
cognized as important for describing their biological functions.1-4

As a consequence, considerable effort has been made to charac-
terize protein dynamic motions, mainly from NMR relaxation,5-8

amide proton exchange studies,9 fluorescence spectroscopy,10

molecular dynamics simulations,11 and X-ray studies.12

Up to now, relaxation studies of proteins on fast motions have
concentrated primarily on backbone dynamics. However, an
understanding of protein side-chain motions is of potentially
greater interest.13-18 Methyl groups are a particularly good target
for dynamics studies since they are often found in the

hydrophobic cores of proteins and their motion is essential for
protein folding, stability, ligand binding, and protein-protein
interaction.19-21 Unlike backbone amides, which are considered
as isolated two-spin systems, methyl and methylene groups (CH3

and CH2) in uniformly 13C-labeled proteins suffer from13C-
13C J coupling and cross-correlated relaxation between C-H
dipoles in the measurement of13C transverse relaxation time.
Thus the methods used for backbone15N spins cannot be applied
to side-chain13C spins. Currently, methyl dynamics on a
nanosecond-to-picosecond time scale are obtained mainly from
the relaxation data of a deuteron in CH2D methyl groups of
13C-labeled, fractionally deuterated proteins, which are made
for the sole purpose of deuterium relaxation studies.13,22,23

Measurement of deuterium relaxation requires2H-decoupling
hardware and calibration of a2H pulse that are not used in most
structure studies and are unfamiliar to many spectroscopists. In
principle, methyl dynamics can be extracted from13C relaxation
time T1 and a heteronuclear NOE measured at multiple static
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magnetic fields.24 However, order parameters obtained with this
method are error-prone because both T1 and NOE are insensitive
to methyl order parameters, especially for larger proteins. If a
specifically labeled sample with12C-13CHD2 labeling patterns
is available, methyl dynamics can be probed with13C relaxation
data (T1, T2, and NOE),14,25which is measured and analyzed in
a manner similar to amide dynamics.

Recently, we have shown that side-chain dynamics can be
estimated from dipole-dipole cross-correlated relaxation using
uniformly 13C,15N-labeled proteins.18,26 However, the methods
are limited to proteins smaller than∼15 kDa. Here, we present
a simple novel method for obtaining methyl dynamics from13C
spin-lattice relaxation rates (R1) and dipole-dipole cross-
correlated relaxation rates (Γ). The cross-correlated relaxation
rates are measured from a sensitive 2D HSQC-based experiment.
The method is demonstrated on ubiquitin (UB) and applied
to the study of side-chain dynamics of human intestinal fatty
acid binding protein (IFABP) in the presence and absence of
ligand.

Fatty acid binding proteins constitute a family of small (∼15
kDa) proteins with considerable variation in amino acid
sequence yet similar three-dimensional structures in different
tissues.27 They are found in cytosol of various tissues and organs,
such as intestinal mucosa, liver, myocardium, adipose tissue,
kidney, and aid in translocating and storing long-chain fatty acids
and certain other lipids.28 Intestinal fatty acid binding protein
(IFABP) is a member of this family of proteins. X-ray structures
indicate only very small conformational differences between
ligand free and bound IFABPs.29 Solution NMR structures show
that the portal region in the fatty acid free form is less ordered
and is considered as the entry to the ligand.30 Backbone NMR
relaxation studies reveal backbone dynamics of apo- and holo-
forms as very similar,31 except for residues in the portal region.
Side-chain dynamics reported here will serve as the first step

to understanding the binding specificity, affinity, and mechanism
of ligand entry and exit.

Materials and Methods

NMR Spectroscopy.All NMR experiments were performed on a
Bruker Avance 800 MHz spectrometer. The experiments for UB were
recorded on a sample of uniformly13C, 15N-labeled protein (∼1 mM,
pH 6.5, 75 mM phosphate, 10% D2O, 27 °C), while the experiments
for intestinal fatty acid binding protein (IFABP) were recorded on
samples of uniformly13C, 15N-labeled protein in the presence and
absence of oleic acid (∼1 mM protein, pH 7.0, 10 mM K3PO4, 10%
D2O, 25 °C). The oleic acid concentration in the holo-IFABP sample
is ∼1.5 mM.13C R1 data were measured with the pulse scheme shown
in Figure S1 in the Supporting Information. The relaxation delays used
were 10, 50, 100, 200, 300, 400, and 600 ms for UB and 10, 50, 100,
200, 300, 400, and 650 ms for IFABP. The cross-correlated relaxation
rates were measured using the scheme shown in Figure 1. For UB, 16
spectra were recorded by setting the constant-timeT to 84 ms with a
series of∆ values: 0.012, 0.6, 1.2, 1.8, 2.4, 3.0, 3.6, 4.2, 4.8, 5.6, 6.4,
7.2, 8.0, 9.2, 21.2, and 24 ms. For IFABP, 14 spectra were recorded at
a constant time of 28 ms with a series of∆ values: 0.012, 0.6, 1.2,
1.8, 2.4, 3.0, 3.6, 4.2, 4.8, 5.4, 6.0, 6.6, 7.2, and 8.0 ms. A recycle
delay of 1.5 s was used in all13C experiments.15N relaxation times T1
and T1F and 15N{1H} NOE were measured with well-established
experiments.32,33 The T1F experiments were done with a spin-lock
field strength of 1.6 kHz and a recycle delay of 2 s. T2 values were
derived from T1F measurements after offset corrections. The1H
saturation time used for15N{1H} NOE development was about 10T1

of 15N spins.
All NMR data were processed with the NMRPipe/nmrDraw software

package.34 Intensities were obtained using the nonlinear line-shape
modeling procedure included in the software. The standard deviations
of peak intensities were determined from measured background noise
levels. R1 values were obtained from fitting the measured peak
intensities to a single-exponential equation with two parameters.Γ
values were determined by fitting relative peak intensities to eqs 5 and
7, using simplex routines in MATLAB (The MathWorks Inc.). Fitting
errors were calculated using the Monte Carlo method.

Extraction of Dynamic Parameters from Relaxation Data.The
13C spin-lattice relaxation rate (R1) and dipole-dipole cross-correlated
relaxation rate (Γ) of a methyl group in a uniformly13C-labeled protein
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Figure 1. Pulse scheme for the measurement of dipole-dipole cross-correlated relaxation in methyl groups of uniformly13C, 15N-labeled proteins. The
carriers are centered at 4.7 and 19 ppm for1H and13C, respectively. Narrow and wide bars correspond to 90° and 180° RF pulses, respectively. The unfilled
1H shapes are rectangular 90° pulses (1.2 ms). The13C shaped 180° pulses have an REBURP profile (300µs, centered at 38 ppm, bandwidth(6.7 kHz).
The value ofT is set ton/JCC, wheren is an integer. Delays used areτa ) 1 ms andτb ) 1.95 ms. The phase cycling used is:φ1 ) 4(x), 4(-x); φ2 ) x;
φ3 ) x, y, -x, -y; φ4 ) 2(x), 2(-x); φ5 ) 2(x), 2(y), 2(-x), 2(-y); φrec ) x -x -x x -x x x -x. The duration and amplitude of the sine-shaped gradients
are: g1) (1 ms, 7.5 G/cm); g2) (0.5 ms, 15 G/cm); g3) (2 ms, 24 G/cm); g4) (1 ms, 15 G/cm); g5) (1 ms, 10 G/cm); g6) (0.5 ms, 30 G/cm).
Quadrature detection in the F1 dimension is achieved by the states-TPPI of phaseφ2.
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are dominated by13C-1H dipolar interactions and given by26

in which γi andωi are the gyromagnetic ratio and Lamor frequency of
spin i, respectively;p ) h/2π and h is Planck’s constant;µ0 is the
permittivity of free space;∆σ ) σ| - σ⊥, whereσ| and σ⊥ are the
principle components of an axially symmetric13C CSA tensor along
the parallel and perpendicular axes, and∆σ is assumed as 25 ppm;rCH

is the C-H bond distance and is assumed as 1.115 Å;rCC is the C-C
bond distance assumed as 1.517 Å;rHH is the distance between two
protons in the methyl group, and it is 1.821 Å when a tetrahedral
geometry is assumed;J(ω) and JHCH(ω)/JHHH(ω) are autocorrelation
and cross-correlation spectral density functions, respectively.

As a result of steric constraints and concerted motions, the dynamics
of methyl groups in protein are complicated, especially for Leu and
Ile, and a detailed picture of the dynamics cannot be obtained merely
from a few experimental data. The simplest approach to extract
meaningful dynamic parameters from relaxation data is the Lipari-
Szabo (LS) model-free analysis.35,36Assuming that the overall tumbling
of protein is isotropic, the model-free form of the spectral density
function is described by

whereSaxis is the order parameter of the methyl rotation axis;Sf
2 )

P2(cos(θij))*P2(cos(θjk)), θij is the angle between bondij and the rotation
axis, and both bondsij and jk undergo free rotation about the rotation
axis; for CH3 methyl groups,θCH ) 110.5°, while θCD ) 109.5° for
CH2D methyl groups;25 τ1

-1 ) τm
-1 + τe

-1, in whichτm is the correlation
time for overall molecular tumbling,τe is the effective internal
correlation time andτm > 10τe; θij ,jk is the angle between bondsij and
jk. In the case whereij ) jk, Jijk(ω) is the autocorrelation spectral density
function and is denoted asJ(ω).

More complicated approaches such as extended LS models with more
motional parameters can be applied to describe methyl dynamics with
multiple internal motions.37 However, recent studies have shown that
the motional parameters for methyl groups extracted from use of the
extended LS models are significantly influenced by small errors in
relaxation data (e.g., as small as∼3%), even in cases where extensive
data sets at four static fields are used.38 This is becauseJ(ω) is
insensitive to methyl motions on subnanoseconds and nanoseconds.
To take account of the effect of overall anisotropic tumbling on methyl
relaxation, precise side-chain geometry (which is available if high-
resolution structures are already determined) and more experimental
data sets are required for extracting meaningful dynamics parameters
since methyl groups undergo multiple restricted rotations aboutø1-øN

torsion angles. Therefore, we only use the simplest model (eq 3) to
extract order parameters and effective internal correlation times.

Both R1 andΓ are dominated by one-bond1H-13C dipolar interac-
tions. In extreme cases, however, the contributions of13C-13C and1H-
1H dipolar relaxations to respectiveR1 and Γ can be significant and
cannot be neglected as shown by our numerical simulations. For
example, the contribution of13C-13C dipolar interaction toR1 is >25%
in the cases whereS2 > 0.95, τf < 3 ps,τm ) 8 ns, andωH ) 800
MHz. This contribution increases withτm and S2 but dramatically
decreases with the increase ofτf (0 < τf < 110 ps). The contribution
of 1H-1H dipolar relaxation toΓ can be>15% in cases whereS2 <
0.2, τf > 100 ps,τm ) 8 ns, andωH ) 800 MHz. This contribution
increases withτf (0 < τf < 110 ps) but decreases with the increase of
τm and S2. The total contribution of all13C dipolar interactions with
remote1Hs to R1 is always smaller than 2% as estimated from proton-
carbon distances in a number of proteins, while the remote1H-13C
and1H-1H dipolar interactions have negligible effects onΓ.

Heteronuclear steady-state NOEs are commonly used for dynamics
studies. However,13C{1H} NOEs in uniformly13C-labeled proteins are
complicated by13C-13C cross-relaxation effects. Our numerical simula-
tions indicated that the contribution from cross-relaxation to measured
methyl NOE values can be as large as up to 7% for methyl groups in
proteins with aτm value of 10 ns (Figure S2 in the Supporting
Information). The contribution increases greatly with the increase in
protein size (e.g., up to 14% whenτm ) 15 ns) and is difficult to predict
without prior knowledge of the dynamics at the sites adjacent to methyl
groups. Moreover,R1 and NOE contain redundant information as both
R1 and NOE are sensitive to fast motions. Therefore, NOE values were
not measured in this study.

Results and Discussion

Measurement of13C Spin-Lattice Relaxation Rate.The
previous pulse schemes for measuring methyl13C R1 values
record the13C chemical shift after the relaxation period.24,39 It
has been shown that theR1 values measured in this manner are
dependent on the initial magnetization of the carbon spins
adjacent to methyl groups and equivalent to nonselective
relaxation rates.40 Differences in dynamics at the sites adjacent
to methyl groups will complicate the extraction of accurate
relaxation rates. If the13C chemical shift is recorded prior to
the relaxation period (Figure S1 in the Supporting Information),
R1 values not only are equivalent to selective relaxation rates
but also can be accurately measured for small proteins by fitting
the experimental data to a single exponential.

Our numerical simulations showed that errors inR1 values
are less than 2.5% for proteins with an overall correlation time
(τm) of 8 ns when they are measured with the scheme shown in
Figure S1 on an 800 MHz spectrometer. The errors are caused
by 13C-13C cross-relaxation effects. The relative error (δR1/
R1, δR1 is the difference of the theoretical and measuredR1

values) decreases dramatically as internal correlation time (τe)
increases (e.g.,<1.5% whenτe > 0.01 ns), but it increases
significantly asτm increases sinceR1 and δR1 are dominated
by (1 - Sf

2Saxis
2 )τe and Saxis

2 τm, respectively (Figure S3). The
error can be as large as 8% for methyl groups in proteins with
a τm value of 15 ns, while it is smaller than 0.4% for proteins
the size of UB. If the experiment is performed at lower magnetic
fields, the error inR1 is even smaller.

Measurement of Methyl Dipole-Dipole Cross-Correlated
Relaxation Rate. Figure 1 shows the pulse scheme used to(35) Lipari, G.; Szabo, A.J. Am. Chem. Soc.1982, 104, 4546-4559.
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R1 ≈ 3
p2γC

2γH
2

10rCH
6 (µ0

4π)2

[J(ωH - ωC) + 3J(ωC) + 6J(ωH + ωC)] +

(1)

p2γC
4

10rCC
6 (µ0

4π)2

[J(0) + 3J(ωC) + 6J(2ωC)] +
2ωC

2∆σ2

15
J(ωC)

Γ )
p2γH

2 γC
2

10rCH
6 (µ0

4π)2

[4JHCH(0) + 3JHCH(ωC)] +

p2γH
4

10rHH
6 (µ0

4π)2

[3JHHH(ωH) + 3J(2ωH)] (2)

Jijk(ω) )
Sf

2Saxis
2 τm

1 + ω2τm
2

+
(P2(θij ,jk) - Saxis

2 Sf
2)τ1

1 + ω2τ1
2

(3)
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measure methyl dipole-dipole cross-correlated relaxation. The
scheme is similar to the standard constant-time HSQC sequence.
The composite1H 180° pulse applied in the middle of the
constant-time period (T) suppresses the cross-correlation be-
tween1H-13C dipolar and13C CSA interactions. The removal
of 13C-13C coupling effects is achieved by applying a constant-
time acquisition mode. The maximum chemical shift evolution
time for 13C spins equalsT-∆. In the absence of relaxation,
the observed methyl signal intensity is a function of delay∆
and is given by 3 cos(3πJ∆) + cos(πJ∆), whereJ is the one-
bond13C-1H coupling constant. In the presence of relaxation,
the signal intensity cannot be precisely described by a simple
analytical form due to cross-correlated interactions within a
methyl group and cross-relaxation between the methyl and its
proximal protons. Nevertheless, when 2πJ . 1.5R1Hsel, where
R1Hsel is the selective longitudinal relaxation rate of methyl
protons, the dependence of the signal intensity on delays∆ and
T can be approximated as26,41

whereRout is the average relaxation rate of the two outer lines
of the 13C quartet;Rin is the average relaxation rate of the two
inner lines;Rf is the relaxation rate of the proton magnetization
involved in 3/2f1/2 and -1/2f -3/2 transitions; Rs is the
relaxation rate of the proton magnetization involved in1/2f -
1/2 transitions;Rf is dominated by dipolar1H-1H interactions
within the methyl group, whileRs is governed by dipolar1H-
1H interactions between the methyl and its proximal protons
(R2Hext);41 taq is the acquisition time in the direct detection
dimension. The ratio of the methyl signal intensity at delay∆
with respect to that at a delay time of zero (i.e., relative intensity,
I′(∆,Τ)/I′(0,T)) can be written as

whereΓ is the methyl dipole-dipole cross-correlated relaxation
rate given by eq 2, andx is given by

Rs andRf are dependent onτm, Saxis
2 , R2Hext, andτe, and so is

x. Both Rs andRf can be approximately expressed withΓ and
R2Hext. For proteins,R2Hext ≈ 2.5R1Hsel.26 R1Hselwas found to be
in the range 0.4τm-1.2τm s-1 for UB and IFABP, whereτm is
the overall tumbling time of a given protein in nanoseconds.
To simplify data analysis, it is better to roughly expressx as a

function of Γ andτm. Whenτa ) 0.001 s,τb ) 0.00195 s,taq

) 0.057 s, andR2Hext ) 2τm s-1, our numerical simulations
indicate thatx can be approximated as

whereτa, τm, andΓ are expressed in units of s, ns, and s-1. To
obtain maximum experimental sensitivity,τa should be set to
1/(4J) (∼2 ms). To reduce the value of factorx; however, it
was set to 1 ms in our measurements. Figure S4 in the
Supporting Information shows the excellent agreement between
eqs 6 and 7 (comparison of 1 +x). For small proteins such as
UB with a τm value of 4.1 ns, the maximum value ofx is ∼0.02
and the effect ofx on I(∆,T) is negligible. Simulations indicate
that the effects ofτe andωH on x are negligible sinceRf andRs

are dominated byJ(0). Simulations also show thatx is insensitive
to the exact value ofR2Hext when R1Hsel is within the range
0.4τm-1.2τm s-1. For example, the maximum value ofx equals
∼0.064 whenR2Hext ) 2.5*0.4τm s-1 ) 8 s-1, while x ) 0.057
when R2Hext ) 2.5*1.2τm s-1 ) 24 s-1. Equation 7b is valid
only whenτa ) 0.001 s,τb ) 0.001 95 s, andtaq ) 0.057 s. If
another set of delays is used,x andy can be calculated from an
MATLAB script freely available at http://yangdw.science.nus.e-
du.sg. Therefore, the cross-correlation rate,Γ, can be obtained
from dependence of the relative intensity ratio (I(∆, T)) on delay
∆ at a given constant-timeT based on eqs 5 and 7.

In this paper, we only analyze the time course of the
magnetization evolution to obtain the cross-correlation rate.
Alternatively, one can use a third dimension to record a
quaternary structure for each methyl group by varying∆
systematically with the same pulse scheme shown in Figure 1.
Note that chemical shifts are removed in the third dimension,
and acquisition of a few points in this dimension is sufficient
to resolve the quaternary structure. The cross-correlation rate
can be obtained by analyzing the line shape of each multiplet
component (or peak intensity ratio) in the frequency domain.

Figure 2 shows the representative profiles of relative peak
intensities for L8δ2, T9γ, V26γ2, and A46â methyl groups in
UB. Due to one-bond1H-13C J coupling interaction, the change
of the peak intensity with delay∆ follows a simple form, 0.75
cos(3πJ∆) + 0.25 cos(πJ∆), shown as dotted lines in Figure
2. Deviation from this profile indicates the presence of cross-
correlated relaxation. Dipole-dipole cross-correlated relaxation
rates andJ coupling constants were determined by fitting the
relative peak intensity profiles to eqs 5 and 7 under the condition
τm ) 4.1 ns (τm was determined from15N relaxation times T1
and T2). The best fits are indicated by solid lines, and they
reproduce the measured peak intensities very well. Since the
HSQC-type experiment is very sensitive, high accuracy in the
intensity ratios is easily achievable. ThusJ and Γ values can
be measured accurately with this experiment. In the case where
the chemical shift difference between Cδ and Cγ spins in a
Leu residue is not much larger than the one-bond13C-13C
coupling constant (i.e.,|σCδ - σCγ| < 12JCC), the strongly
coupled13C-13C interaction interferes with the weakly coupled
1H-13C interaction (or the Hamiltonians corresponding to the
two interactions do not commute). For such a Leu methyl group,
its peak intensity profile can deviate from eq 5 significantly. In
this case,J andΓ values could not be obtained reliably. Due to

(41) Tugarinov, V.; Hwang, P. M.; Ollerenshaw, J. E.; Kay, L. E.J. Am. Chem.
Soc.2003, 125, 10420-8.

I′(∆,T) ) 0.75 cos(3πJ∆) exp(- RoutT)[exp(-2τaRf) +
exp(- 2τaRs)] × [exp(- (2τb + taq)Rf) + exp(- (2τb +

taq)Rs)] + 0.25 cos(πJ∆) exp(- RinT){[- exp(- 2τaRf) +
3 exp(-2τaRs)] exp[- (2τb + taq)Rs] + [3 exp(-2τaRf) -

exp(-2τaRs)] exp[-(2τb + taq)Rf]} (4)

I(∆,T) )
3 cos(3πJ∆) exp(-4ΓT) + (1 + x)cos(πJ∆)

3 exp(- 4ΓT) + (1 + x)
(5)

x )
2[exp(- 2τaRs) - exp(- 2τaRf)]

[exp(- 2τaRs) + exp(- 2τaRf)]
×

[exp(- 2τbRs)(1 - exp(- Rstaq))/Rs - exp(- 2τbRf)(1 - exp(-Rftaq)/Rf)]

[exp(-2τbRs)(1 - exp(-Rstaq))/Rs + exp(-2τbRf)(1 - exp(- Rftaq)/Rf)]

(6)

x ≈ 15τaΓ × [1 - exp(-yΓ)] (7a)

y ) 0.2229-0.0046τm + 0.000052τm
2 (7b)
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the strong coupling effect, five Leu methyl groups (L15δ1,
L50δ1, L56δ1 and L56δ2, L69δ1) in UB were excluded for
analysis. Five methyl groups were not resolved in the HSQC
spectrum and thus could not be measured. In total, the cross-
correlated relaxation rates for 39 out of 49 methyl groups
were obtained. Several Leu methyl groups had relatively
large uncertainties inJ and Γ because the spins under in-
vestigation do not form a rigorously weakly coupled spin-
system.

Extraction of Dynamic Parameters.The dynamic param-
eters (Saxis

2 andτe) were determined by fitting T1 andΓ data to
eqs 1-3, assumingrCH ) 1.115 Å andθCH ) 110.5°, where
θCH is the angle between the CH bond and the methyl rotation
axis.25 The error in T1 mainly resulting from13C-13C cross-
relaxation only influences the accuracy ofτe. It has nearly no
effect on the determination of side-chain mobility (Saxis

2 ),
which is dominated byΓ.26 Unlike T2 or T1F, Γ is free of
chemical exchange contributions. Therefore, the determination
and interpretation ofSaxis

2 with this method are not complicated
by slow motions on microsecond-to-millisecond time scales.
Figure 3 shows the comparisons ofSaxis

2 andτe values derived
from 13C and 2H relaxation data. The dynamic parameters
measured using2H relaxation times were taken from Wand’s
work in which the angleθCD was assumed to be 109.5°.24 The
correlation betweenSaxis

2 values is excellent. The small devia-
tions might have arisen from experimental errors and a differ-
ence in sample condition. Theτe values (dominated by T1)

derived from13C relaxation data are∼10% smaller than those
from 2H relaxation times. The difference might have resulted
from the fact that2H T1 is slightly more sensitive to slower
motions than13C T1. A similar discrepancy was also observed
for the effective correlation times derived from13C and 2H
relaxation times that were measured with the respective CHD2

and CH2D isotopomers in the same sample,25 provided thatθΗ

) 110.5° andθD ) 109.5°. The good agreement between the
two sets of data indicates that methyl dynamics can be probed
using 13C T1 and 13C-1H dipolar cross-correlated relaxation
data.

Application to Human IFABP. For rat IFABP, it was found
that the portal region is more dynamic on the millisecond-to-
microsecond time scale in the absence than in the presence of
a ligand based on amide exchange and backbone15N relaxation
times.31 Because most residues in the portal region undergo
conformational exchanges which contribute to relaxation time
T2 significantly, their order parameters, characterizing mobility
on the nanosecond-to-picosecond time scale, cannot be ac-
curately measured. In this case, heteronuclear15N{1H} NOEs
can be used to characterize dynamics differences in fast motions.
A comparison of15N{1H} NOEs of human apo- and holo-
IFABPs is shown in Figure 4. Clearly, the second helix (residues
25-32) is slightly more flexible than other parts of the protein
on the nanosecond-to-picosecond time scale. However, there is
no difference in fast motions between the apo- and holo-forms
within experimental errors.

Figure 2. Time dependence of the relative peak intensities of a number of representative methyl groups in ubiquitin, which is caused by the one-bond
1H-13C coupling and dipole-dipole cross-correlated relaxation. The data were recorded with a constant-time T of 84 ms. Experimental data are indicated by
symbol “o”. The experimental errors in intensities are shown in vertical bars which were often smaller than 1% and thus are within the symbol. The solid
lines represent the curves with the best fit using eqs 5 and 7 and assumingτm ) 4.1 ns. The dotted lines correspond with the predicted curves in the absence
of cross-correlated relaxation. TheJCH coupling constants (fitting errors) for L8δ2, T9γ, I30γ, and A46â methyls are 128.1 (0.1), 127.3 (0.1), 127.8 (0.1),
and 129.9 (0.1) Hz. The values ofΓ are listed in Table S1.
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Since the backbone may not participate in direct interactions
with a fatty acid, side chains must interact directly with the
ligand. To investigate the effect of fatty acid binding on side
chains, we applied the method shown above for probing methyl
dynamics of human IFABP in the presence and absence of
oleic fatty acid using uniformly13C-, 15N-labeled proteins.
Figure 5 shows the intensity profiles of a couple of methyl
groups of IFABP in the presence and absence of oleic acid.
Cross-correlated relaxation rates were obtained by fitting the
intensities to eqs 5 and 7 under the condition ofτm ) 8.2 ns.Γ
values obtained here are consistent with those measured using
a TOCSY-based experiment,26 but they are more accurate
because the HSQC-based experiment is much more sensitive
than the TOCSY-based one. Using methyl13C T1 andΓ data,
methyl dynamics parameters were obtained with an isotropic
overall tumbling time of 8.2 ns for both apo- and holo-forms.
The overall tumbling time was calculated from15N relaxation
times T1 and T2. The dynamic parameters for 46 and 48 out of
74 methyl groups were obtained for apo- and holo-forms,
respectively (Tables S2 and S3 in the Supporting Informa-
tion), while the dynamic parameters were available for only

37 methyl groups in both forms. Ten Leu methyl groups
were excluded for analysis due to the strong coupling effect
mentioned above. Eighteen and 16 methyl groups were not
resolved in the13C-1H HSQC spectra of apo- and holo-IFABPs,
respectively. Thus they were excluded for extracting dynamics
data.

Many methyl groups show small but significant increases in
order parameters upon oleic acid binding to IFABP. Figure 6
shows changes of methylSaxis

2 values. Methyl groups located in
the portal region (M18, M21, V23, I25, V26, L30, A31, A32,
A54, and A73) become more rigid in the presence of the ligand.
This is consistent with structural changes in solution as observed
for rat IFABP;30 i.e., the binding of oleate to IFABP increases
the helical content of the secondR-helix and the order of the
flexible ligand entry portal. Note that human and rat IFABPs
have very high sequence homology (81% in identity and 90%
in similarity). In the absence of fatty acid, M18Cε is quite
flexible with an Saxis

2 value of 0.3. On the other hand, it
becomes very rigid with anSaxis

2 value of 0.94 in the presence
of a fatty acid. According to the solution structure of the holo-
form,42 the methyl group of M18 interacts with a number of
residues inâ-turns in the portal region (Y14 and M21 in the
first helix, V23 between two helices, and A31 in the second
helix) in the presence of a fatty acid. Although no structure is
available for the apo-form of human IFABP, the dramatic
change ofSaxis

2 for M18 indicates that many of the hydrophobic
interactions involved in the holo-form do not exist in the apo-
form (i.e., the portal region is less ordered in the apo-form on
the nanosecond-to-picosecond time scale). The methyl group
of M21 is located in a less compact region in the holo-form.
Thus its Saxis

2 is much smaller than that for M18. A much
smaller increase in theSaxis

2 (∼0.09) of M21 induced by fatty
acid binding implies no major difference in side-chain arrange-
ment around the methyl group of M21 between the apo- and
holo-forms. Interestingly, M18 is conserved among all human
fatty acid binding proteins, but M21 is not. This conserved Met
may play an important role in regulating the binding affinity of
fatty acids to proteins.

Although the exact ligand binding site is unknown for human
IFABP, intermolecular1H-1H NOEs (unpublished data) indicate
that M18, M21, V23, and A73 interact with the methyl group
of the fatty acid; V60 and W82 interact with the middle part
and carboxyl end of the ligand, respectively. W82 is in contact
with R106. R106 is a conserved residue for intestinal FABPs,
found to form hydrogen bonds with the carboxyl group of the
fatty acid. The residues located in the ligand binding region
(I58 and V60 are close to each other; I40 and L113 are in one
cluster close to R106) become more rigid upon formation of a
protein-ligand complex. This reduction in methyl mobility
arises from van der Waals interactions between methyl side
chains and the fatty acid. A number of methyl groups (V8, I90,
I108, I109, and I127) that are far away from the binding sites
also show increases inSaxis

2 when IFABP binds to a fatty acid.
This may result from changes of side-chain orientations instead
of mobility17 or from long-range conformational couplings to
the residues in the binding regions.43 A couple of methyl groups

(42) Zhang, F. L.; Lucke, C.; Baier, L. J.; Sacchettini, J. C.; Hamilton, J. A.J.
Biomol. NMR1997, 9, 213-228.

(43) Millet, O.; Mittermaier, A.; Baker, D.; Kay, L. E.J. Mol. Biol.2003, 329,
551-563.

Figure 3. Comparison of order parameters (Saxis
2 , a) and internal effective

correlation times (τe, b) determined from13C T1’s and methyl dipole-dipole
cross-correlated relaxation rates versus the values determined from2H
relaxation times T1 and T2. TheSaxis

2 andτe values from2H measurements
were taken from a previous published paper.24
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(T48 and V89) have smallerSaxis
2 values in the holo-form than

apo-form. In addition, several methyl groups (T41,V66, T67,
T76, T81, V105, and V114) that are not resolved in the13C-
1H HSQC spectra of the apo- or/and holo-IFABP display
decreasedSaxis

2 upon oleic acid binding to IFABP as shown by
3D TOCSY-based experiments (unpublished data).26 This might

be caused by increases in mobility, side-chain orientation
changes, or the long-range conformational couplings.

Concluding Remarks

In summary, we have described a simple method for probing
methyl dynamics from dipole-dipole cross-correlated relaxation

Figure 4. Plot of heteronuclear15N{1H} NOE as a function of residue number for apo- (O) and holo- (b) IFABP. Uncertainties in NOEs are indicated with
vertical bars.

Figure 5. Profiles of relative peak intensities of representative methyl groups in both apo- and holo-IFABPs. The data were recorded with a constant-time
T of 28 ms. Experimental data are indicated by symbol “O”. The experimental errors in intensities are shown in vertical bars. The solid lines represent the
curves with the best fit using eqs 5 and 7 and assumingτm ) 8.2 ns. The dotted lines correspond to the predicted curves in the absence of cross-correlated
relaxation.
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and13C spin-lattice relaxation. The method has been demon-
strated on a sample of ubiquitin and applied to obtain side-
chain dynamics changes of human fatty acid binding protein
upon ligand binding. Although apo- and holo-IFABPs show very
similar backbone dynamics on a nanosecond-to-picosecond time
scale, methyl dynamics reveal that side chains in the portal
region and binding sites become more rigid upon formation of
a protein-ligand complex. Unlike TOCSY-based experiments,
the method presented here is suitable for both small and large
proteins because of the high sensitivity of the 2D HSQC-based
experiment. The consistency of order parameters obtained from

2H autorelaxation and13C cross-correlated relaxation shows that
methyl dynamics on a nanosecond-to-picosecond time scale can
be easily obtained from methyl CH3 T1 andΓ using the same
sample as in structural determination (i.e.,13C-, 15N-labeled
proteins).
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Figure 6. (a) Plot ofSaxis
2 (apo) versusSaxis

2 (holo). Only the methyls with significant differences in order parameters (∆Saxis
2 ) Saxis

2 (holo) - Saxis
2 (apo), larger

than 0.025 or smaller than-0.025) are labeled. (b, c).∆Saxis
2 values are mapped onto the solution structure of human IFABP in the presence of a fatty acid.

The backbone is shown as a ribbon diagram. Methyl carbons are shown in a space-filling representation. Methyl groups for which no∆Saxis
2 data could be

obtained for both apo- and holo-IFABPs are shown in cyan. The remaining methyl groups are color-coded as follows:∆Saxis
2 g 0.075 (red); 0.025e ∆Saxis

2

< 0.075 (orange);-0.025< ∆Saxis
2 < 0.025 (yellow);∆Saxis

2 e -0.025 (green). Panel c presents the back view of the structure as shown in panel b.
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Supporting Information Available: One figure depicting the
pulse sequence for the measurement of methyl13C R1, two
figures showing the influence of13C-13C cross-relaxation on
the measurements of methyl13C R1 and NOE, three tables listing

the dynamic parameters and relaxation data of methyl groups
in UB and IFABP. This material is available free of charge via
the Internet at http://pubs.acs.org.

JA057579R
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