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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 3C-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 '3C 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

hydrophobic cores of proteins and their motion is essential for

protein folding, stability, ligand binding, and protetprotein

interactiont®-21 Unlike backbone amides, which are considered

as isolated two-spin systems, methyl and methylene groups (CH
and CH) in uniformly 13C-labeled proteins suffer froffC—

3C J coupling and cross-correlated relaxation betweertHC

dipoles in the measurement bIC transverse relaxation time.

Thus the methods used for backbdPé spins cannot be applied

to side-chain!3C spins. Currently, methyl dynamics on a

nanosecond-to-picosecond time scale are obtained mainly from

The dynamic aspects of macromolecules are increasingly re-
cognized as important for describing their biological functibrts.
As a consequence, considerable effort has been made to chara
terize protein dynamic motions, mainly from NMR relaxatfofi,
amide proton exchange studfefiuorescence spectroscofy,
molecular dynamics simulatiod$and X-ray studies?

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 interes€-18 Methyl groups are a particularly good target
for dynamics studies since they are often found in the
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the relaxation data of a deuteron in gHmethyl groups of
13C-labeled, fractionally deuterated proteins, which are made
for the sole purpose of deuterium relaxation studfe3.23
Measurement of deuterium relaxation requitelsdecoupling
hardware and calibration of% pulse that are not used in most

structure studies and are unfamiliar to many spectroscopists. In

principle, methyl dynamics can be extracted fr&i@ relaxation
time T, and a heteronuclear NOE measured at multiple static
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Figure 1. Pulse scheme for the measurement of dipali@ole cross-correlated relaxation in methyl groups of unifor®iy, 1°N-labeled proteins. The
carriers are centered at 4.7 and 19 ppmféand*3C, respectively. Narrow and wide bars correspond tba@@l 180 RF pulses, respectively. The unfilled
1H shapes are rectangular®dulses (1.2 ms). Th&C shaped 180pulses have an REBURP profile (3@8, centered at 38 ppm, bandwid#6.7 kHz).

The value ofT is set ton/Jcc, wheren is an integer. Delays used arg= 1 ms andr, = 1.95 ms. The phase cycling used ¢g:= 4(X), 4(—X); ¢2 = X;

D3 =X, Y, =X —V; ¢4 = 2(X), 2(—X); ¢5 = 2(X), 2(y), 2(—X), 2(=Y); Prec = X =X —X X —X X X —X. The duration and amplitude of the sine-shaped gradients
are: gl= (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 Eimension is achieved by the states-TPPI of phase

magnetic field$* However, order parameters obtained with this to understanding the binding specificity, affinity, and mechanism

method are error-prone because botlaid NOE are insensitive

to methyl order parameters, especially for larger proteins. If a

specifically labeled sample witiC—13CHD; labeling patterns
is available, methyl dynamics can be probed Wb relaxation
data (T, T», and NOE)}*25which is measured and analyzed in
a manner similar to amide dynamics.

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 uniformiC, >N-labeled protein {1 mM,

Recently, we have shown that side-chain dynamics can bePH 6.5, 75 mM phosphate, 10%;0, 27°C), while the experiments

estimated from dipoledipole cross-correlated relaxation using
uniformly 13C '®N-labeled protein$826 However, the methods
are limited to proteins smaller thanl5 kDa. Here, we present
a simple novel method for obtaining methyl dynamics fri®
spin—lattice relaxation ratesR;) and dipole-dipole cross-
correlated relaxation rate§), The cross-correlated relaxation

for intestinal fatty acid binding protein (IFABP) were recorded on
samples of uniformly®3C, **N-labeled protein in the presence and
absence of oleic acid~1 mM protein, pH 7.0, 10 mM KPOy, 10%
D;0, 25°C). The oleic acid concentration in the holo-IFABP sample
is ~1.5 mM.13C R; 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,

rates are measured from a sensitive 2D HSQC-based experiment200, 300, 400, and 650 ms for IFABP. The cross-correlated relaxation
The method is demonstrated on ubiquitin (UB) and applied rates were measured using the scheme shown in Figure 1. For UB, 16
to the study of side-chain dynamics of human intestinal fatty spectra were recorded by setting the constant-int@ 84 ms with a
acid binding protein (IFABP) in the presence and absence of Series ofA values: 0.012,0.6,1.2, 1.8, 2.4, 3.0, 3.6, 4.2, 4.8, 5.6, 6.4,

ligand.
Fatty acid binding proteins constitute a family of smatl6
kDa) proteins with considerable variation in amino acid

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 dfvalues: 0.012, 0.6, 1.2,
1.8, 2.4, 3.0, 3.6, 4.2, 48, 5.4, 6.0, 6.6, 7.2, and 8.0 ms. A recycle
delay of 1.5 s was used in &iC experiments!®N relaxation times T

sequence yet similar three-dimensional structures in different 4 T, and N{'H} NOE were measured with well-established
tissueg’ They are found in cytosol of various tissues and organs, experiment§?23 The T, experiments were done with a spin-lock
such as intestinal mucosa, liver, myocardium, adipose tissue,field strength of 1.6 kHz and a recycle delay of 2 s.values were
kidney, and aid in translocating and storing long-chain fatty acids derived from T, measurements after offset corrections. Thé

and certain other lipid®® Intestinal fatty acid binding protein

saturation time used fofN{*H} NOE development was about 10T

(IFABP) is a member of this family of proteins. X-ray structures 0f **N spins.

indicate only very small conformational differences between

ligand free and bound IFABP8 Solution NMR structures show
that the portal region in the fatty acid free form is less ordere
and is considered as the entry to the ligdhBackbone NMR

relaxation studies reveal backbone dynamics of apo- and holo-

forms as very similaf! except for residues in the portal region.

All NMR data were processed with the NMRPipe/nmrDraw software
packageé Intensities were obtained using the nonlinear line-shape

d modeling procedure included in the software. The standard deviations

of peak intensities were determined from measured background noise
levels. Ry values were obtained from fitting the measured peak
intensities to a single-exponential equation with two parameférs.
values were determined by fitting relative peak intensities to egs 5 and

Side-chain dynamics reported here will serve as the first step 7, ysing simplex routines in MATLAB (The MathWorks Inc.). Fitting
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errors were calculated using the Monte Carlo method.

Extraction of Dynamic Parameters from Relaxation Data.The
13C spin-lattice relaxation rate (Rand dipole-dipole cross-correlated
relaxation rateI{) of a methyl group in a uniformly*C-labeled protein
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are dominated by*C—'H dipolar interactions and given By

R 202 ( 1, )2
R, ~ 3 10rC6 “(ﬁ) Doy — 0o + 3w + 6Jwy, + vJ] +
CH
(1)
Roye (#0)2 WEA
108 ) PO 00) + B200)] + 5w

Koyive(uo)?
= 101 = [431cn(0) + 3Jycn(wd] +
CH
A2y,

6
10y

2
(%) 3@y + 3320)] )

in which y; andw; are the gyromagnetic ratio and Lamor frequency of
spini, respectively;h = h/2r and h is Planck’s constanty, is the
permittivity of free spaceAo = oy — on, whereg, and op are the
principle components of an axially symmett€ CSA tensor along
the parallel and perpendicular axes, @agis assumed as 25 ppimrsy

is the G-H bond distance and is assumed as 1.11554is the G-C
bond distance assumed as 1.517rj is the distance between two
protons in the methyl group, and it is 1.821 A when a tetrahedral
geometry is assumedf{w) and Jucu(w)/Jnnn(w) are autocorrelation
and cross-correlation spectral density functions, respectively.

torsion angles. Therefore, we only use the simplest model (eq 3) to
extract order parameters and effective internal correlation times.
Both R, andT" are dominated by one-boriti—*3C dipolar interac-
tions. In extreme cases, however, the contributiod8®f13C and*H—
IH dipolar relaxations to respectivig; and I’ can be significant and
cannot be neglected as shown by our numerical simulations. For
example, the contribution 6#C—13C dipolar interaction t@; is >25%
in the cases wher& > 0.95,7¢ < 3 ps,7m = 8 ns, andwy = 800
MHz. This contribution increases with, and & but dramatically
decreases with the increase®f0 < 7; < 110 ps). The contribution
of *H—H dipolar relaxation td” can be>15% in cases wher& <
0.2, 7t > 100 ps,tm = 8 ns, andwy = 800 MHz. This contribution
increases with; (0 < 7y < 110 ps) but decreases with the increase of
m and S. The total contribution of all*C dipolar interactions with
remote'Hs to R is always smaller than 2% as estimated from preton
carbon distances in a number of proteins, while the rerfidte!sC
and*H—H dipolar interactions have negligible effects bn
Heteronuclear steady-state NOEs are commonly used for dynamics
studies. However*C{*H} NOEs in uniformly**C-labeled proteins are
complicated by**C—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 ary, 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% whep = 15 ns) and is difficult to predict
without prior knowledge of the dynamics at the sites adjacent to methyl

As a result of steric constraints and concerted motions, the dynamics groups. Moreover, and NOE contain redundant information as both

of methyl groups in protein are complicated, especially for Leu and

R; and NOE are sensitive to fast motions. Therefore, NOE values were

lle, and a detailed picture of the dynamics cannot be obtained merely not measured in this study.

from a few experimental data. The simplest approach to extract
meaningful dynamic parameters from relaxation data is the Lipari
Szabo (LS) model-free analysfs®® Assuming that the overall tumbling

of protein is isotropic, the model-free form of the spectral density
function is described by

32 ixis":m 4 (Pz(gij ,jk) - éxis§)fl

22 2 2
1+ o, 1+ oty

‘]ijk(w) = ©)

where Suis is the order parameter of the methyl rotation a>5§;=
P5(cos@))* P2(cosBi)), 0; is the angle between boijdand the rotation
axis, and both bondg andjk undergo free rotation about the rotation
axis; for CH; methyl groupsfcn = 110.5, while 6cp = 109.5 for
CH,D methyl groupg® ;71 = 1y * + 772, in whichzy is the correlation
time for overall molecular tumblingze is the effective internal
correlation time and, > 10z¢; 6k is the angle between bongsand
jk. In the case wherig = jk, Jjx(w) is the autocorrelation spectral density
function and is denoted aKw).

Results and Discussion

Measurement of 13C Spin—Lattice Relaxation Rate. The
previous pulse schemes for measuring metig R; values
record the'®C chemical shift after the relaxation periéff® It
has been shown that tig values measured in this manner are
dependent on the initial magnetization of the carbon spins
adjacent to methyl groups and equivalent to nonselective
relaxation rate4? Differences in dynamics at the sites adjacent
to methyl groups will complicate the extraction of accurate
relaxation rates. If thé3C chemical shift is recorded prior to
the relaxation period (Figure S1 in the Supporting Information),
R; 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 errorsRinvalues
are less than 2.5% for proteins with an overall correlation time
(tm) of 8 ns when they are measured with the scheme shown in

More complicated approaches such as extended LS models with moreFigure S1 on an 800 MHz spectrometer. The errors are caused

motional parameters can be applied to describe methyl dynamics with
multiple internal motion§” 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 a8%), even in cases where extensive
data sets at four static fields are usédrhis is because)(w) is

by 13C—13C cross-relaxation effects. The relative erroR{/
Ry, 0Ry is the difference of the theoretical and measuRed
values) decreases dramatically as internal correlation tighe (
increases (e.g.x1.5% whenze > 0.01 ns), but it increases
significantly asty, increases sinc®, and 0R; are dominated

insensitive to methyl motions on subnanoseconds and nanosecondsby (1 — §,J7e and &, am, respectively (Figure S3). The

To take account of the effect of overall anisotropic tumbling on methyl
relaxation, precise side-chain geometry (which is available if high-

error can be as large as 8% for methyl groups in proteins with
a1y value of 15 ns, while it is smaller than 0.4% for proteins

resolution structures are already determined) and more experimentakne size of UB. If the experiment is performed at lower magnetic

data sets are required for extracting meaningful dynamics parametersgaiqs the error iR,

since methyl groups undergo multiple restricted rotations apetin

(35) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4546-4559.
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is even smaller.
Measurement of Methyl Dipole—Dipole Cross-Correlated
Relaxation Rate.Figure 1 shows the pulse scheme used to
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measure methyl dipotedipole cross-correlated relaxation. The

function of I' and . Whenz, = 0.001 s,7, = 0.00195 Sfaq

scheme is similar to the standard constant-time HSQC sequence= 0.057 s, anRopext = 2Tm S 1, our numerical simulations

The composite!H 180° pulse applied in the middle of the
constant-time periodT) suppresses the cross-correlation be-
tweenH—13C dipolar and'*C 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 1°C spins equal§—A. In the absence of relaxation,
the observed methyl signal intensity is a function of detay
and is given by 3 cosBA) + cos(JA), whereld is the one-
bond3C—H coupling constant. In the presence of relaxation,

indicate thatx can be approximated as

x~ 157, x [1 — exp(=yI)] (7a)

y =0.2229-0.0046G, + 0.0000525n (7b)
wherer,, T, andI are expressed in units of s, ns, and. o
obtain maximum experimental sensitivityy should be set to
1/(43) (~2 ms). To reduce the value of factgr however, it

the signal intensity cannot be precisely described by a simple Was Sét to 1 ms in our measurements. Figure S4 in the

analytical form due to cross-correlated interactions within a

Supporting Information shows the excellent agreement between

methyl group and cross-relaxation between the methyl and its €3S 6 and 7 (comparison of 1. For small proteins such as

proximal protons. Nevertheless, whend2> 1.5R;nse;, Where
Rinser is the selective longitudinal relaxation rate of methyl
protons, the dependence of the signal intensity on deagsd

T can be approximated #s'!

I'(A,T) = 0.75 cos(3JA) exp(— R, T[exp(—2r,R) +
exp(= 2t,R)] x [exp(— (27, + t,)R) + exp(= (27, +
tagRI] + 0.25 cosfrJA) exp(— R T{[— exp(- 27,R) +
3 exp2t,R)] exp[— (27, + taU)RJ + [Bexp(—2r,R) —

exp(—2z,R)] exp[— (27, + R} (4)

whereR,t is the average relaxation rate of the two outer lines
of the 13C quartet;R,, is the average relaxation rate of the two
inner lines;R is the relaxation rate of the proton magnetization
involved in %/,—%, and —Y,—~ —3, transitions; Rs is the
relaxation rate of the proton magnetization involved/p —

1/, transitions;Rs is dominated by dipolatH—H interactions
within the methyl group, whil&R is governed by dipolatH—

1H interactions between the methyl and its proximal protons
(Rarex);*! taq is the acquisition time in the direct detection
dimension. The ratio of the methyl signal intensity at defay
with respect to that at a delay time of zero (i.e., relative intensity,
I'(A, T)/1'(0,T)) can be written as

3 cos(3tJA) exp(—4I'T) + (1 + X)cosfrIA)
3exp 4T+ (1+x)

(AT) = (®)

whereT is the methyl dipole-dipole cross-correlated relaxation
rate given by eq 2, andis given by

_ 2exp( 2r,R) — expl 26,R)]
T Texp(— 20,R) + expC 26,R)]

[exp(— 27,R)(L — exp(— Ritad)/Rs — exp(— 27,R)(1 — exp(-Rit,)/R)]
[exp(—27,RY(1 — exp(-Rtag)/Rs + exp(-27,R)(1 — exp(— Ri,g)/R)]

(6)

Rs andR: are dependent oy, S Reexs andze, and so is
x. Both Rs and R can be approximately expressed witrand
RoHext FOr proteinsRopext > 2.5R1nser?® Rinseiwas found to be
in the range 0.4,—1.2r, st for UB and IFABP, wherery, is
the overall tumbling time of a given protein in nanoseconds.
To simplify data analysis, it is better to roughly expresss a

(41) Tugarinov, V.; Hwang, P. M.; Ollerenshaw, J. E.; Kay, LJEAmM. Chem.
Soc.2003 125 10420-8.
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UB with atm value of 4.1 ns, the maximum valueofs ~0.02
and the effect ok onI(A,T) is negligible. Simulations indicate
that the effects of. andwy on x are negligible sinc& andRs
are dominated by(0). Simulations also show thais insensitive
to the exact value oRznext When Ripser is within the range
0.4r—1.2r, s~ L. For example, the maximum valueéquals
~0.064 wherRopext = 2.5*0.4ry 71 = 8 s71, while x = 0.057
when Ropext = 2.5%1.2r, s71 = 24 s'1. Equation 7b is valid
only whent, = 0.001 s,zp = 0.001 95 s, anthq = 0.057 s. If
another set of delays is usedandy can be calculated from an
MATLAB script freely available at http://lyangdw.science.nus.e-
du.sg. Therefore, the cross-correlation réitecan be obtained
from dependence of the relative intensity ratid\(I")) on delay
A at a given constant-tim& 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 varyifig
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 L&2, T9y, V26y2, and A4® methyl groups in
UB. Due to one-bonéH—13C J coupling interaction, the change
of the peak intensity with delas follows a simple form, 0.75
cos(3rJA) + 0.25 cosfrJA), shown as dotted lines in Figure
2. Deviation from this profile indicates the presence of cross-
correlated relaxation. Dipotfedipole cross-correlated relaxation
rates and) coupling constants were determined by fitting the
relative peak intensity profiles to eqs 5 and 7 under the condition
m = 4.1 ns ¢ was determined fror®N relaxation times T
and T). 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. ThiiendT" values can
be measured accurately with this experiment. In the case where
the chemical shift difference betweerd @nd C spins in a
Leu residue is not much larger than the one-bd#@—13C
coupling constant (i.e.locd — ocy| < 12Jcc), the strongly
coupled'3C—13C interaction interferes with the weakly coupled
IH—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,) andT values could not be obtained reliably. Due to
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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 dipoledipole cross-correlated relaxation. The data were recorded with a constant-time T of 84 ms. Experimental data are indicated by
symbol “0”. 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 egs 5 and 7 and asswing.1 ns. The dotted lines correspond with the predicted curves in the absence

of cross-correlated relaxation. THey coupling constants (fitting errors) for B2, T9y, 130y, and A4 methyls are 128.1 (0.1), 127.3 (0.1), 127.8 (0.1),

and 129.9 (0.1) Hz. The values bfare listed in Table S1.

the strong coupling effect, five Leu methyl groups (W15 derived from'3C relaxation data are-10% smaller than those
L5061, L5601 and L5®2, L6991) in UB were excluded for ~ from 2H relaxation times. The difference might have resulted
analysis. Five methyl groups were not resolved in the HSQC from the fact thatH T; is slightly more sensitive to slower
spectrum and thus could not be measured. In total, the cross-motions thart3C T;. A similar discrepancy was also observed
correlated relaxation rates for 39 out of 49 methyl groups for the effective correlation times derived froFC and2H
were obtained. Several Leu methyl groups had relatively relaxation times that were measured with the respective £HD
large uncertainties id and I' because the spins under in- and CHD isotopomers in the same samptgrovided thaty
vestigation do not form a rigorously weakly coupled spin- = 110.5 and6fp = 109.5. The good agreement between the
system. two sets of data indicates that methyl dynamics can be probed

Extraction of Dynamic Parameters. The dynamic param-  using 3C T; and 13C—1H dipolar cross-correlated relaxation
eters éxis andrte) were determined by fitting ;TandT" data to data.

eqs 13, assumingcy = 1.115 A andfcy = 110.5, where Application to Human IFABP. For rat IFABP, it was found

Ocn is the angle between the CH bond and the methyl rotation that the portal region is more dynamic on the millisecond-to-
axis? The error in | mainly resulting from*3C—13C cross-  microsecond time scale in the absence than in the presence of
relaxation only influences the accuracywf It has nearly no  aligand based on amide exchange and backbdheslaxation
effect on the determination of side-chain mobilit,(), times3! Because most residues in the portal region undergo
which is dominated byl".?6 Unlike T, or Tip, T is free of conformational exchanges which contribute to relaxation time

chemical exchange contributions. Therefore, the determination T, significantly, their order parameters, characterizing mobility
and interpretation of, with this method are not complicated on the nanosecond-to-picosecond time scale, cannot be ac-
by slow motions on microsecond-to-millisecond time scales. curately measured. In this case, heteronuclédf{H} NOEs
Figure 3 shows the comparisonsﬁtis andr. values derived can be used to characterize dynamics differences in fast motions.
from 13C and?H relaxation data. The dynamic parameters A comparison of!N{!H} NOEs of human apo- and holo-
measured usingH relaxation times were taken from Wand’s  IFABPs is shown in Figure 4. Clearly, the second helix (residues
work in which the anglé)cp was assumed to be 109.58 The 25-32) is slightly more flexible than other parts of the protein
correlation betweei;, ; values is excellent. The small devia- on the nanosecond-to-picosecond time scale. However, there is
tions might have arisen from experimental errors and a differ- no difference in fast motions between the apo- and holo-forms
ence in sample condition. The values (dominated by 1J within experimental errors.
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37 methyl groups in both forms. Ten Leu methyl groups

T oa _;f% i were excluded for analysis due to the strong coupling effect
0sf j. LI mentioned above. Eighteen and 16 methyl groups were not
asl (s | resolved in thé3C-'H HSQC spectra of apo- and holo-IFABPs,

) % + respectively. Thus they were excluded for extracting dynamics
o7 ] data.
08k _ Many methyl groups show small but significant increases in

T ¢ order parameters upon oleic acid binding to IFABP. Figure 6
N“g osr l shows changes of methgf, . values. Methyl groups located in
© g4t . the portal region (M18, M21, V23, 125, V26, L30, A31, A32,
0l | A54, and A73) become more rigid in the presence of the ligand.
This is consistent with structural changes in solution as observed
02l . for rat IFABPEi.e., the binding of oleate to IFABP increases
i | the helical content of the secomdhelix and the order of the
: flexible ligand entry portal. Note that human and rat IFABPs

v e Ms, o;fsc) e e have very high sequence homology (81% in identity and 90%
e in similarity). In the absence of fatty acid, M18Gs quite
‘ ‘ flexible with an S, value of 0.3. On the other hand, it
° } % becomes very rigid with af, . value of 0.94 in the presence
of a fatty acid. According to the solution structure of the holo-
form,*? the methyl group of M18 interacts with a number of
residues ins-turns in the portal region (Y14 and M21 in the
sl 3 | first helix, V23 between two helices, and A31 in the second

helix) in the presence of a fatty acid. Although no structure is

%, (H,ps)

wl - i i available for the apo-form of human IFABP, the dramatic
¥ change oBﬁxiSfor M18 indicates that many of the hydrophobic

sl E i interactions involved in the holo-form do not exist in the apo-

4 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.
1l I i Thus its S, is much smaller than that for M18. A much
w w . : \ \ \ smaller increase in th&,, (~0.09) of M21 induced by fatty
10 20 30 40 50 60 70 80 . . . . . . . . . .
(. ps) acid binding implies no major difference in side-chain arrange-
© ment around the methyl group of M21 between the apo- and
Figure 3. Comparison of order parametef&, a) and internal effective  holo-forms. Interestingly, M18 is conserved among all human

correlation timeste, b) determined from*C Ty's and methy! dipole-dipole I ; - .
cross-correlated relaxation rates versus the values determined?fom fatty acid binding proteins, but M21 is not. This conserved Met

relaxation times Tand T. The &, andze values from?H measurements My play an important role in regulating the binding affinity of
were taken from a previous published paffer. fatty acids to proteins.
Although the exact ligand binding site is unknown for human

Since the backbone may not participate in direct interactions IFABP, intermoleculatH—H NOEs (unpublished data) indicate
with a fatty acid, side chains must interact directly with the that M18, M21, V23, and A73 interact with the methyl group
ligand. To investigate the effect of fatty acid binding on side of the fatty acid; V60 and W82 interact with the middle part
chains, we applied the method shown above for probing methyl and carboxyl end of the ligand, respectively. W82 is in contact
dynamics of human IFABP in the presence and absence ofwith R106. R106 is a conserved residue for intestinal FABPS,
oleic fatty acid using uniformly’3C-, 15N-labeled proteins.  found to form hydrogen bonds with the carboxyl group of the
Figure 5 shows the intensity profiles of a couple of methyl fatty acid. The residues located in the ligand binding region
groups of IFABP in the presence and absence of oleic acid. (158 and V60 are close to each other; 140 and L113 are in one
Cross-correlated relaxation rates were obtained by fitting the cluster close to R106) become more rigid upon formation of a
intensities to eqs 5 and 7 under the conditiompf= 8.2 ns.I' protein—ligand complex. This reduction in methyl mobility
values obtained here are consistent with those measured usingrises from van der Waals interactions between methyl side
a TOCSY-based experimetft,but they are more accurate chains and the fatty acid. A number of methyl groups (V8, 190,
because the HSQC-based experiment is much more sensitivd108, 1109, and 1127) that are far away from the binding sites
than the TOCSY-based one. Using methi@ T, andT data, also show increases i, when IFABP binds to a fatty acid.
methyl dynamics parameters were obtained with an isotropic This may result from changes of side-chain orientations instead
overall tumbling time of 8.2 ns for both apo- and holo-forms. of mobility!” or from long-range conformational couplings to
The overall tumbling time was calculated froftN relaxation the residues in the binding regiofisA couple of methyl groups
times T, and T,. The dynamic parameters for 46 and 48 out of
74 methyl groups were obtained for apo- and holo-forms, (42) zhang, F. L.; Lucke, C.; Baier, L. J.; Sacchettini, J. C.; Hamilton, J.A.
respectively (Tables S2 and S3 in the Supporting Informa- ., Biomol. NMR1997 9, 213-228.

. . . . (43) Millet, O.; Mittermaier, A.; Baker, D.; Kay, L. E]l. Mol. Biol. 2003 329,
tion), while the dynamic parameters were available for only 551-563.

201 B
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Figure 4. Plot of heteronuclea®N{H} NOE as a function of residue number for ap®) @nd holo- @) IFABP. Uncertainties in NOEs are indicated with
vertical bars.
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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 symligl.“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 assuming 8.2 ns. The dotted lines correspond to the predicted curves in the absence of cross-correlated
relaxation.

(T48 and V89) have smalle, . values in the holo-form than ~ be caused by increases in mobility, side-chain orientation
apo-form. In addition, several methyl groups (T41,V66, T67, changes, or the long-range conformational couplings.

T76, T81, V105, and V114) that are not resolved in #e—

IH HSQC spectra of the apo- or/and holo-IFABP display
decreased,,; upon oleic acid binding to IFABP as shown by In summary, we have described a simple method for probing
3D TOCSY-based experiments (unpublished d&athis might methyl dynamics from dipoledipole cross-correlated relaxation

Concluding Remarks
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Figure 6. (a) Plot of &, (apo) versusy,(holo). Only the methyls with significant differences in order paramet®&, (= S, (holo) — S,{apo), larger

than 0.025 or smaller than0.025) are labeled. (b, Cz)\ixis 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 forAnBjj(gdata could be
obtained for both apo- and holo-IFABPs are shown in cyan. The remaining methyl groups are color-coded as Aﬁﬁ;,\g\/s: 0.075 (red); 0.02% AsixiS

< 0.075 (orange):-0.025 < ASfmS < 0.025 (yelIow);AEflxis < —0.025 (green). Panel c presents the back view of the structure as shown in panel b.

and13C spin-lattice relaxation. The method has been demon- 2H autorelaxation an¢fC cross-correlated relaxation shows that
strated on a sample of ubiquitin and applied to obtain side- methyl dynamics on a nanosecond-to-picosecond time scale can
chain dynamics changes of human fatty acid binding protein be easily obtained from methyl GH'; andT" using the same
upon ligand binding. Although apo- and holo-IFABPs show very sample as in structural determination (i.£C-, 1°N-labeled
similar backbone dynamics on a nanosecond-to-picosecond timeproteins).

scale, methyl dynamics reveal that side chains in the portal

region and binding sites become more rigid upon formation of  Acknowledgment. This research was supported by the
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Supporting Information Available: One figure depicting the  the dynamic parameters and relaxation data of methyl groups
pulse sequence for the measurement of metf@l Ry, two in UB and IFABP. This material is available free of charge via
figures showing the influence 36C—13C cross-relaxation on  the Internet at http:/pubs.acs.org.
the measurements of metiyC R; and NOE, three tables listing  JA057579R
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