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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 the dynamics of methyl groups
in uniformly '3C-, "’N-labeled proteins has been developed by our group. The method relies on the difference in
peak intensities of '3C quartet components of methyl groups, in a spectrum recording the free evolution of 3C
under proton coupling in a constant-time period. Cross-correlated relaxation rates between '>C-'H dipoles can be
easily measured from the intensities of the multiplet components. The degree of the methyl restrictions (S'*) can be
estimated from the cross-correlated relaxation rate. The method is demonstrated on a sample of human fatty acid
binding protein in the absence of fatty acid. We obtained relaxation data for 33 out of 46 residues having methyl
groups in apo-IFABP. It has been found that the magnitude of the CSA tensor of spin '3C in a methyl group could
be estimated from the intensities of the !3C multiplet components.

Introduction

It is well known that molecular motions prevail in bio-
molecules and they play a critical role in intermolecu-
lar interactions (Stites, 1997) and protein folding
processes (Dyson and Wright, 1996; Onuchic et al.,
1997). Among various biophysical methods, NMR
provides site-specific dynamics information with the
intrinsic nucleus probes (Kay and Petsko, 2001).
With the advent of isotope-edited multidimensional
NMR methods applied to a system consisting of
13C-, >N-labeled protein, NMR spectroscopy be-
comes a powerful approach for quantifying molecular
conformational dynamics at multiple atomic sites and
over multiple time scales (Nesmelova et al., 2001;
Palmer, 2001; Palmer et al., 1996). Up to now, most
of the studies have been focused on the dynamics of
backbone amides using I5N relaxation times Ty and Ty

*To whom correspondence should be addressed, E-mail:
dbsydw @nus.edu.sg

and heteronuclear Overhauser effect (NOE) (Brusch-
weiler et al., 1995; Kay et al., 1989; Mandel et al.,
1996; Mulder et al., 2000), as the I5N relaxation
data can be easily recorded and interpreted. In some
cases, the protein backbone is found to be unaffected
upon ligand binding, while on the contrary, dynamics
of side chains is significantly perturbed (Constantine
et al.,, 1998; Lee et al., 2000). In general, there is
no direct correlation between main chain and side
chain motions (Wand, 2001). In understanding protein
structure-function relationship, it is also necessary to
study the dynamics of side chains.

Carbon nuclei are located in both protein backbone
and side chains. As such, '3C relaxation should in
principle offer a greater wealth of information on dy-
namics. For uniformly '3C-labeled samples, methods
have been developed to measure the auto-relaxation
of 13C, and 3CO (Engelke and Ruterjans, 1995;
Yamazaki et al., 1994) or cross-correlated relaxation
between chemical shift anisotropy (CSA) and dipolar
interactions (Fischer et al., 1997). But due to 13C-13C
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J coupling and cross-correlated relaxation between
13C-TH dipoles, the application of '3C relaxation is
nevertheless greatly limited. A number of methods
aiming to resolve the problem arising from 'Jcc have
since been used to extract information on dynamics
from 13C relaxation; these involve fractional 3C en-
richment (Wand et al., 1996), B¢ site-specific labeling
(Lee et al., 1997; Nicholson et al., 1992) and the
absence of '3C enrichment (Palmer et al., 1991). How-
ever, for CH, and CHj3 systems, the data interpretation
is still complicated by the dipolar cross-correlated re-
laxation. An experiment designed recently to solve
both problems of J coupling and cross-correlated re-
laxation was done by choosing only C-H two-spin
systems in a sample with alternating '3C-12C labeling
patterns in concert with partial deuteration (LeMaster
and Kushlan, 1996). Alternatively, the deuteron nuc-
leus rather than carbon can be used as a probe for
dynamics to avoid J coupling and cross-correlation
problems. Kay’s group recently developed a num-
ber of methods to study the dynamics of methyl and
methylene groups (Millet et al., 2002; Muhandiram
et al., 1995; Yang et al., 1998). However, application
of methods based on special isotope labeling is limited
by sample preparation and spectral resolution of 2D
13C-1H correlation maps.

Cross-correlated relaxation is recognized by the
difference in line widths of the different multiplets in
a two or more spin system known also as the inter-
ference effect (Goldman, 1984; Mayne et al., 1976).
While it needs to be suppressed in the measurement
of auto-correlated relaxation, its measurement alone is
an alternative way of obtaining dynamics and struc-
tural information (Reif et al., 1997; Tjandra et al.,
1996; Yang et al., 1997). In CH, and CH3 systems,
cross-correlation spectral density functions can be ob-
tained from the measurements of initial relaxation
times of the '3C multiplets (Daragan and Mayo, 1993;
Zheng et al., 1993). However the approach is restric-
ted to only small molecules or specifically labeled
macromolecules. A more practical method to detect
the signal resulting from cross-correlated relaxation
between dipoles was proposed by Ernst (Ernst and
Ernst, 1994) and later improved by Riiterjans (En-
gelke and Riiterjans, 1998). Although the sign of the
cross-correlation signal can be used to discriminate a
restricted motional model from an unrestricted one,
no quantitative information has been obtained to date.
Recently, we developed a technique to measure the
cross-correlated relaxation rate between C-H dipoles
in a CH, group from the intensities of 3C triplet com-

ponents (Yang et al., 1998, 1999). Cross-correlation
rates were well correlated to auto-correlation order
parameters determined from deuterium relaxation of
CHD groups (Yang et al., 1998). In comparison to
the measurement of deuterium relaxation in CHD,
cross-correlated relaxation can be more easily determ-
ined from a single 3D spectrum using a uniformly
3., 15N-labeled sample. In fact, a cross-correlation
rate like order parameter reflects the degree of spatial
restriction in the CH; group (Yang et al., 1998).

In order to study the dynamics of methyl groups
in a uniformly B, 5N-labeled sample, which is
normally used for structural determination, we present
here a novel approach on the basis of cross-correlated
relaxation between C-H dipoles. The method is ap-
plied to study the methyl dynamics of human intestinal
fatty acid binding protein in the absence of ligand.

Materials and methods

5N, 13C uniformly labeled IFABP was expressed and
purified as described previously (Zhang et al., 1997).
NMR experiments were performed on a sample of
1.0 mM protein, pH 7.0, 90% H»0, 10% D0, and at
25 °C. All the experiments were recorded on a Bruker
Avance DRX 500 MHz spectrometer equipped with
pulse field gradient units and an actively shielded cryo-
probe. To obtain the overall rotational correlation time
of IFABP in the absence of fatty acid, I5N relaxation
times, Ty, T, and heteronuclear NOEs were recorded.
3D experiments were performed for measuring cross-
correlated relaxation using the pulse scheme described
in Figure 1. 32 scans were accumulated for each point
in the indirect dimensions using a relaxation delay of
one second. The 3D data comprised of 82 x 18 x 512
complex points with spectral widths of 3000, 1340 and
8000 Hz in '3C, 15N and 'H dimensions, resulting in
a total experimental time of 64 hours. The data was
apodized with a sine weighting function shifted by
63° in the direct proton dimension. The '3C and N
time domains were doubled by linear prediction prior
to the application of a cosine-squared window func-
tion. After zero filling and Fourier transformation, the
final data sets comprised of 1024, 128 and 1024 points
along the F3, F2 and F1 dimensions, respectively. Pro-
cessing of the spectra was carried out using NMRPipe
software (Delaglio et al., 1995) and analyzed using
Pipp-capp software (Garrett et al., 1991).
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Figure 1. Pulse scheme for measuring the cross-correlated relaxation of methyl carbons. All narrow (wide) rectangular pulses are applied with
a flip angle of 90° (180°). The carriers are centered at 4.7 and 119 ppm for IH and BN, respectively. The 13C carrier is set at 40 ppm until
immediately prior to the B pulse of phase ¢3 at which time the carrier is jumped to 176 ppm. All 'H pulses are applied using a 40 kHz
field while the 13C rectangular pulses are applied with a 19.2 kHz field. All the B¢ shaped 90° pulses (opened shaped) have a G4 profile
(400 ps, 11.7 kHz peak 1f, 9 kHz bandwidth). All the B¢ shaped 180° pulses (filled shaped) have a Q3 profile (Emsley and Bodenhausen,
1992) (300 s, 11.0 kHz peak rf, 9 kHz bandwidth), except for the first and fourth shaped 180° pulses. The first 3¢ shaped 180° pulse has
a REBURP profile (Geen and Freeman, 1991) with a duration of 1.5 ms and excitation centered at 20 ppm (2.6 kHz bandwidth). The fourth
13 caliph ¢haped pulse is a 400 s 180° REBURP shape with a maximum field of 15.6 kHz (10 kHz bandwidth). The !3C shaped 180° pulses
(shaded, 1.5 ms) applied in the middle of the delays ¢ have an IBURP?2 profile centered at 33 ppm with a band width of +11 ppm. These refocus
the 13Ca-13CB couplings for most of the residues. The B¢ spin-lock field strength for FLOPSY is 7 kHz. A decoupling power of 1 kHz is
used during acquisition. Delays used are 1y = 1.9 ms; T = 27.6 ms; 1y = 21 ms; { = 3.8 ms; § = 4.5 ms; 1 = 12.4 ms; & = 5.4 ms;
d = 4.6 ms. The phase cycling used is: 1 = X, ¢ = X, y, —X, —Y¥; $3 = 2(X), 2(—X); ¢4 = 4(x), 4(—X); d5 = X, rec = X, —X, X, —X, X, X,
—X. Quadrature detection in the F1 dimension is achieved by State-TPPI of ¢, while quadrature detection in F2 dimension uses the enhanced
sensitivity pulse field gradient method (Kay et al., 1992b), where for each t, separate data sets are recorded for (g7,¢5) and (—g7, ¢5 + 180°).
For each successive t, value, ¢4 and the phase of the receiver are incremented by 180°. The duration and peak strengths of the sine-shaped
gradients are: gl = (1 ms, 20 G/cm); g2 = (2 ms, —30 G/cm); g3 = (0.2 ms, 40 G/cm); g4 = (4 ms, 25 G/cm); g5 = (1 ms, 25 G/cm); g6 =
(0.5 ms, 20 G/cm); g7 = (1 ms, 40 G/cm); g8 = (1 ms, 4 G/cm).

Results and discussion C, and C,Hzq, where C, and Hzq represent carbon
longitudinal and proton zero-quantum magnetizations,
respectively. During the period from point ¢ to d, each
of the quartet components is equally transferred to the

13, of the same amino acid residue via a FLOPSY

Pulse sequence for measuring methyl '3C relaxation

Figure 1 illustrates the pulse scheme for measuring

cross-correlated relaxation between '3C-'H dipoles
and between '3C-'H dipole and CSA of the spin 3C
in CH3 groups, using a uniformly '3C-, 1’N-labeled
protein sample. The pulse sequence is similar to the
CC(CO)-NH TOCSY (total correlation spectroscopy)
scheme (Montelione et al., 1992). The magnetization
transfer is shown schematically as follows:

H 'Y BepycT ) X Be, T

1300 "9 15N (CT tp) X' NH (t3),
where CT t; is a constant-time acquisition period.
Magnetization originating from protons is trans-
ferred to their attached '>C spin via INEPT. From
point a to b, the 3C quartet components are modu-
lated by their own resonant frequencies and relaxation
rates in a constant-time acquisition mode under free
precession. At point b, the 90° proton pulse and
subsequent gradient destroy magnetization other than

(flip-flop spectroscopy) sequence. Thus, in the ab-
sence of cross-correlation during the CT t; period,
evolution of CyH, magnetization under proton J coup-
ling interaction results in quartet components with a
1:1:-1:-1 intensity ratio in the F1 dimension. This is
extremely important, since cross-correlated relaxation
rates are measured based on the relative intensities of
the '3C quartet. From the point d onwards, magnetiza-
tion is transferred to the amide proton of the following
residue for detection. The initial 90° pulses on 3C
followed by a pulse field gradient before the first pro-
ton pulse are applied in this experiment, which assure
that the subsequent carbon magnetization is from a net
polarization transfer from its attached protons.

Theory

For a reference on the evolution of the spin density
operator — eigenfunctions, transitions and transition
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frequencies in an isolated AX3 spin system are given
in the appendix of this paper, where notations used are
similar to Kay’s (Kay and Bull, 1992). For protons,
there are ten transitions but two apparent resonant fre-
quencies wx + mlax and wx — mJax. For 13C, there
are eight transitions but four apparent resonant fre-
quencies. The eight transitions can be recasted into
the following: Four single-quantum coherences (M,
M;, My and Mg) that are the observable quartet of
spin A in the presence of J coupling with spins X,
two multiple-quantum coherences (M3 and Ms) and
two unobservable coherences (M7 and Mg). The '3C
quartet components at frequencies wa + 3mIax, wa +
TIax, wa — Wlax and wa — 37mIax are referred to
as outer peak 1 (M; = pj9), inner peak 1 (M =
(p2,10 + 05,13 + p7,15)/4/3), inner peak 2 (My =
(p3.11 + p6,14 + ps,16)/+/3) and outer peak 2 (Mg =
p4.12). Each of the two inner peaks consists of three
degenerate transitions.

If we neglect proton relaxation during the first IN-
EPT period, the magnetization at point a in the pulse
sequence is CyH;, where Cy and H, denotes y and
z components of carbon and proton magnetization.
This indicates that the four carbon resonances of a
CH3 group have an initial intensity ratio of 1:1:-1:-1.
However, due to auto- and cross-correlated relaxations
among 'H; - 'Hj and 'H; - 3C (i, j = 1, 2 and 3, and
i # j) dipolar interactions during the INEPT period,
the initial intensity ratio of the '3C quartet at point a
may differ from 1:1:-1:-1. In order to evaluate such
relaxation effects, we derived the origins of the carbon
coherences at point a in Figure 1. Carbon coherences
1,9, 2,10, P3,11 and p4, 12 arose as a result of transfers
from proton transitions of the 3/2 manifold and ps 3,
P6.14, p7.15 and pg, 16 from proton transitions of the 1/2
manifold. At point a, the intensities of the outer and
inner lines are

Touw1(0) = 3/8(Im1 + In3) +3/41m
= 3/8[exp(—RH11271a) + exp(—Ru33214)]
+ 3/4 exp(—Ru2221,), (1.1)
Iin1(0) =3/8(Iu1 + In3) — 1/41n2 + Ina/2 + Ius/2
= 3/8[exp(—RHu1127a) + exp(—Ru33214)]
— exp(—Ru2221,)/4 + exp(—Ru4421,) /2
+ exp(—Russ52ta)/2, (1.2)
Iout2(0) = _Ioutl(o)’ (13)

Iin2(0) = —Iin1(0), (1.4)

where Iy and Iy are the respective intensities of
outer peak 1 and outer peak 2; I, and iy are the
respective intensities of inner peak 1 and inner peak
2; Iy is the intensity of the iy, proton transition at the
end of INEPT transfer and Ry;; is the proton relaxation
matrix element, as given in appendix.

Since the proton transverse relaxation is domin-
ated by spectral density function J(0), all other spectral
densities at high frequencies were ignored in the calcu-
lation of proton relaxation. If a CH3 group is rotating
rapidly about its C3 axis and is attached to a spherical
molecule tumbling sufficiently slowly that only J(0)
needs to be considered, the auto- and cross-correlation
spectral densities are identical (Bull, 1992) (Jax(0)
= Jax,ax(0) and Jxx(0) = Jxx xx(0)). In this case,
the relaxations for all of the 1/2 < —1/2 transitions
of the 3/2 and 1/2 manifolds are the same (Ryqq =
Russ = Ruoz). Thus, the intensities of the outer and
inner lines become the same (Ij;; = Iou1) based on
egs. 1.1 and 1.2. In contrast, the transfer of magnet-
ization from carbon to proton is more complicated as
shown by Kay et al. (1992a). Numerical simulations
for various internal motions and overall correlation
times (3—15 ns) indicated that the intensity difference
between the '>C inner and outer peaks was always
less than 0.5% at point a in the pulse sequence. The
intensities of the two multiple quantum coherences
resulting from cross-correlated relaxation during the
INEPT period were in the range of 0—45%, relative
to single-quantum coherences. The inner/outer peak
ratio is independent of the duration of t,. Therefore an
initial intensity ratio of 1:1:-1:-1 can always be used
for the four apparent resonances at the beginning of
the 13C relaxation period.

During the period from a to b, carbon coherences
evolve under the modulations of resonance frequen-
cies. At the same time, their decays are governed by
auto- and cross-correlated relaxation resulting from di-
polar and CSA interactions within the methyl group as
well as dipole-dipole interactions among methyl pro-
tons and their proximal protons. The evolution of the
13C coherences can be described as:

img +i3nJ + Ry Ry Ri3
Ryp iwg +ind + Ryp Ry3

dM__ Ry3 Ry3 iwg +ind + R33
dt R4 Ry R34
Ris Rys R3s
Ri6 Ra6 R3¢



R4 Ris Ri6
Ry Rys Ry
R34 R3s R3¢
iwg —ind + Rag Rus Rag ®
Rys ioyg —ind 4 Rss Rsg
Ry Rsg iy —i3nJ + Reg
M
My
" @)
My
Ms
L Ms |

where M is a vector containing six coherences
Mj,i = 1 — 6); ] is the scalar coupling constant
between proton and carbon in the CH3 group; Ry is
the ij, relaxation matrix element as given in appendix.
The two unobservable coherences M7 and Mg do not
couple with other coherences. They are therefore not
included in the differential equation.

Due to cross-correlated relaxation and proton-
proton spin flips arising from protons surrounding the
methyl group, off-diagonal elements in Equation 2 are
not equal to zero and the magnetizations eventually
decay in a multi-exponential manner. If the frequency
difference between M; and M; is much larger than its
cross-relaxation rate (i.e., |wj — wjj| >> Rjj), Rjj can
be neglected. In this case, the cross-relaxation Ryj has
no effect on the decays of M; and M;. This is similar
to Redfield’s secular approximation (Bull, 1991; Red-
field, 1957). Keeping this approximation in mind, we
can see that the two outer lines M and Mg relax in
a single exponential form. On the other hand, inner
peaks My and My cross-relax with multiple-quantum
coherences M3 and M5, respectively, and should thus
be expected to display multi-exponential decays. The
cross-relaxation rate Rp3 is governed by high fre-
quency spectral densities J(wa + wx), J(wa — wx)
and J(wx) while R33 — Ry» (® 2Rog — Rimsel) i
governed by the proton transverse relaxation rate. As
such Ry3 << R33 — Rop and R45 << Rss5 — Ryy, for
proteins with overall correlation times larger than 2 ns.
Hence we can still describe the initial relaxation of
M; and M4 in a mono-exponential form during a short
constant-time period of ~ 28 ms. This approximation
is also confirmed by numerical simulations, as will be
shown later.

At the end of the constant period (point b in the
pulse sequence), the intensities of the four single-
quantum coherences are:
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Iout = exp[—(BTlax +3lax.ax +3Tax.a
+TA + 6Jxx(2wx) + 3Ixx(wx) (3.1)
+3Jxx, xx(wx) + 1.5R11se) T,

Iour = —exp[—(Blax + 3Tax,ax — 3Tax,a
+TA + 6Jxx(2wx) + 3Ixx(wx) (3.2)
+3Jxx, xx(wx) + 1.5R1use) T,

Iin1 = exp[—(Blax — I'ax,.ax + F'ax.a
+IA + 2Ixxwx) + 3Ixx(wx) (3.3)
—JIxx xx(wx) + 1.5RHse1) T1,

Iy = —exp[—(Bl'ax — F'ax.ax — 'ax,a
+IA + 2Ixx2wx) + 3Ixx(wx) (3.4)
—JIxx xx(wx) + 1.5RHse1) T,

where ["'ax and "4 are auto-relaxation rates resulting
from A-X dipole and CSA interactions respectively;
Rinser is the spin flip-flop rate of methyl protons;
I'ax.ax and T'ax,a are cross-correlated relaxation
between dipoles A-X; and A-X; and between dipole
A-X and CSA of spin A, respectively; T is the duration
of the constant-time period.

Fax,ax = 4/3Jax,ax(0) + Jax ax(wa), (3.5)
Cax,a =4/3Jax,a(0) +Jax,a(wa), (3.6)

where J(w) is spectral density function as shown in
Appendix A.

Using the intensities of the quartet, we can obtain
the following relaxation rate:

I' = 1n[linlIin2/(loutlIoutZ)]/(ST) 4.1)
= I'ax,ax + Ixx2owx) + Jxx xx(wx). 4.2)

In addition to the above, we also obtain cross-
correlated relaxation rate between the dipole and CSA
interaction:

Fax.a = In[—louw2/lout1]/(6T) = In[—ILin2/ Iin11/(2T).

%)
'ax,A may also be measured from the two inner
peaks, but the experimental error could be larger than
that obtained from the two outer lines since the relaxa-
tion rate difference between the inner lines is one-third
as large as that between the two outer lines.
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Justification of dipole-dipole cross-correlation rate
measured from peak intensities through numberical
simulations

To assess how much error can be introduced, by as-
suming each of the '3C quartet components decays
in a single-exponential form, we solved Equation 2
numerically and obtained the intensities of the four
single-quantum magnetizations at point b in the pulse
sequence. The resultant intensities were used to cal-
culate an actual rate I’ that corresponds to the rate
measured experimentally using Equation 4.1. The er-
rors were established by comparing I'" and T' that
was calculated according to Equation 4.2. In the sim-
ulation, relaxation matrix elements were calculated
using equations shown in the appendix, assuming a C-
H bond length of 1.09 A, an axially symmetric >C
CSA of 25 ppm with its symmetric axis coincident
with the C3 axis and an ideal tetrahedral geometry for
methyl groups. Various overall correlation times (3—
15 ns) and internal motions (S;ms2 =0.1 — 1, taxis =
50 — 500ps, 1t = 5 — 100ps) were considered. The
proton spin flip-flop rate Ry contributes to some of
the off-diagonal elements of the relaxation matrix and
thus causes error in the measurement of I'ax Ax using
Equation 4.1. Hence proper Ripygel values should be
used in the simulations. Methyl protons interact with
many surrounding protons with unknown internal mo-
tions and it would be very difficult to calculate proton
spin flip-flop rate Rypge and proton transverse relaxa-
tion rate Roy arising from proton-proton interactions.
Experimentally, we can estimate Rjpge] by measuring
the relaxation rates of two-spin C,H, and single-spin
C, coherences. For human intestinal fatty acid bind-
ing protein, we found that Ry varied from 3.5 to
10 s=! at 25 °C. Although there was a correlation
between the values of Ripgse and methyl dynamics
(Saxisz, which was estimated from cross-correlated re-
laxation rates), several methyl groups have nearly the
same Rigsel values while their Saxisz values differ by
a factor of 1.5. For error estimation purpose, we can
take the largest Ripgel as the methyl proton spin flip
rate of all the residues in human IFABP, which will
result in an error overestimation. Unlike non-selective
longitudinal relaxation rate (R;) that contains no J(0)
term, the selective proton longitudinal relaxation rate
(RiHse1) is dominated by J(0). It can be approximated
as Rigser = c¢*1m, where c¢ is a constant. Accord-
ing to the maximum value of Ryyge (10 s_l) and Tt
(8.4 ns) for IFABP, the constant ¢ was estimated to
be 10/8.4 (s~!/ns). Proton transverse relaxation Roy
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Figure 2. Comparison of I'" and I when 1y = 50 ps, ts = 150 ps,
J =130 Hz and T = 27.6 ms. The contours show the dependence of

the fractional error (I'" — ')/ T'*100 on 1y, and ngis. I’ was calcu-

lated according to Equation 4.1 where the intensities were obtained
by solving Equation 2 numerically. I" was calculated according to

Equation 4.2.

is dominated by J(0) and is about 2.5 times as large
as Ripsel. In our simulations, we simply assumed
that Rigse; = 10*1,/8.4 and Ry = 2.5*Rjpse) for
various sizes of proteins. For proteins, the average
coupling constant for CH3 groups is about 127 Hz with
a standard deviation of 3 Hz and thus a constant-time
of 27.6 ms is used in the experiment. The constant-
time T simultaneously satisfies that 2nJcyT =~ nm
and JccT & m, where n is an integer number and
Jec is the one-bond scalar coupling constant between
carbons. When 2ntJcyT = nm, the error arising from
the assumption of single-exponential relaxation is al-
ways less than 0.05 s~ (|JI” — I'| < 0.05s™!). When
21JT # nw and the side chain motions are restric-
ted, the error can be significantly larger than 0.05 s~!
since the spin flip-flop effect can not be averaged out
to zero (Ghose and Prestegard, 1998). Figure 2 shows
the fractional error (I'" — ')/ T when 1t = 50 ps,
g = 150 ps, J = 130 Hz and T = 27.6 ms.
The small fractional errors indicate that the rate I’
measured from peak intensities approximately equals
Fax.ax + Ixx(wx) + Jxx xx(wx). Below we will
show that I'ax ax ~ In[/in1 fin2/ (Iout1 Lour2)1/ (8T):
Jxx(2wx) and Jxx xx(wx) are normally much
smaller than Jax ax(0) and Jax ax(wa). For vari-
ous correlation times (3—15 ns) and internal motions
(Saxis> = 0.1 —1, Taxis = 100500 ps, tr = 5-100 ps),
we found that the value of Jxx(2wx) + Jxx. xx(®wx)



increases with decrease of Saxisz but is always less than
0.4 s~! at a proton frequency of 500 MHz. At higher
fields, it is even smaller (< 0.2 s~! on an 800 MHz
spectrometer). Therefore, I" can be approximated as
I"'ax,ax in its application to dynamics of medium size
proteins. For very flexible methyl groups (Saxis® <
0.3) however, the cross-correlation rates are small and
the contribution of Jxx 2wx)+JIxx xx(wx) to I" could
be more than 10%.

As shown in Figure 1, magnetization is transferred
from methyl to NH of the subsequent residue. It is im-
portant to establish if the quartet components are trans-
ferred in an equal manner during the TOCSY period.
At point ¢ in the sequence, each component corres-
ponds to coherence Cz[1 + c¢*Hzq], where c is a con-
stant and its value varies for inner to outer lines. In the
absence of the Hzq term, all of the quartet compon-
ents are transferred equally to C5 during the FLOPSY
period and further to NH to be detected. CzHzq may
be transferred to Cz first via cross-correlation effect
and then to CJ through TOCSY process. Fortunately,
the cross-relaxation rate between Cz and CzHzq is
very small (< 0.5 s~1) (Bull, 1992). Within a duration
of 21 ms, the net transfer from CzHzq to Cz and then
to C3 is negligible as established from simulations.
Therefore, cross-correlated relaxation rates between
dipole-dipole and dipole-CSA in CHj3 groups can be
measured using the scheme shown in Figure 1.

Software availability

The computer program used to simulate I" and S'> was
written in MATLAB language. It is available from the
authors upon request.

Evaluation of '3 CH3 CSA values

The magnitude of the 1*CH3 CSA is assumed to be
25 ppm in relaxation data analysis. It can actually be
estimated from cross-correlated relaxation rate I'ax A,
based on Equation 3.6, provided that the motional
parameters and model are known for a methyl group.
Alternatively, it can be obtained in a manner inde-
pendent of motional parameters, using the ratio of
I'ax.a/T'ax ax based on Equations 3.5-3.6. Assum-
ing the symmetric axis of the CSA tensor is the same
as the rotational axis of methyl group, in the case of
Saxisz > 0.3 and T, > 3 ns, the magnitude of the B¢
CSA is given to excellent approximation by:

o —o0L= —%(Moh/SszYAYX/rAX3)/®A
In[—Ioura/Tout1 1/ In[Lin1 Iinz / (Tout1 Tout2) -

(6)
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When the methyl group is highly flexible, e.g.,
Saxisz < 0.3, it becomes difficult to accurately meas-
ure the magnitude of the CSA tensor due to the sig-
nificant contribution of Jxx (2wx) + Jxx xx(wx) to
r.

Application to intestinal fatty acid binding protein

The method developed above for the measurements
of cross-correlated relaxation rates of methyl groups
was applied to study the methyl dynamics of human
apo-IFABP with uniformly '3C-, N-labeled pro-
tein. Figure 3a shows a number of F; slices from the
3D spectra, illustrating the '3C multiplet components
of residues A32, V118, 1127y and 1273. As shown
earlier, the difference in intensities of the quartet com-
ponents are the result of cross-correlation between
dipole-dipole and dipole-CSA relaxation interactions.
The more restricted the motion of the methyl symmet-
ric axis, the more deviation there is from a 1:1:-1:-1
intensity pattern.

A relaxation rate (I') which can be approximated
as dipole-dipole cross-correlation rate (I'ax ax) and
a dipole-CSA cross-correlated relaxation rate (I'ax a)
can be derived from the intensity profiles. 33 out
of 46 residues having methyl groups were measured.
For some valine and leucine residues, the two methyl
groups have degenerate '>C chemical shifts. Thus
only an average relaxation value can be obtained. The
methyl groups in two methionine residues cannot be
detected since the methyl carbon does not directly
bond to a carbon and no TOCSY transfer occurs. The
resonances of 6 residues had insufficient S/N for the
reliable measurement of the intensities of multiplet
components. Spectral overlap was found for several
Val and Leu residues. This can occur when the chem-
ical shift difference between the geminal methyl 13Cs
in Val and Leu is close to 1JCH, 21JCH, or 31JCH. In
total, we obtained relaxation data for 45 (out of 74)
methyl. Figure 3b shows the resultant rates against
residue number. The values of I' distribute in the
range of 1.3-6.9 s~!, reflecting a dynamic variety of
methyl groups located at various environment. The ab-
solute values of I'aAx A are much smaller than I" since
the dipole-CSA interaction is weaker than the dipole-
dipole interaction and they are prone to experimental
errors (data not shown).

Nevertheless, using the intensities of 1>C multiplet
components, we can estimate the amplitudes of the
13CH; CSA tensors from Equation 6, assuming the
axially symmetric axis of the CSA tensor is coincid-
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Figure 3. F1 13CH3 cross-section from data recorded on the IFABP sample that are uniformly labeled with 13C and >N (a). Each multiplet
is split into a quartet from the one-bond scalar coupling. Due to dipole-dipole and dipole-CSA cross-correlated relaxation interactions, the
intensity ratio deviates from 1:1:-1:-1. Dipole-dipole cross correlated relaxation rates derived from the intensities of the multiplets are plotted

against residue number (b).
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Figure 4. The magnitudes of methyl 13C CSA tensor derived from
the intensities of 13C multiplets.

ent with the Cz axis of the methyl group. Some of
the resultant CSA values had large uncertainties due to
insufficient signal to noise ratio. 25 CSA values with
uncertainties less than 5 ppm were obtained. The CSA
amplitudes distribute around 26.0 ppm with a standard
deviation of 5.1 ppm as shown in Figure 4. The actual
CSA amplitudes may deviate from the values shown
here because the CSA tensor can be non-axially sym-
metric. Nevertheless, the average value and variations
are consistent with previous studies using solid state
NMR techniques (Ishima et al., 2001; Ye et al., 1993).

The value of I depends on both methyl dynamics
and overall rotational correlation time. In order to ob-
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Figure 5. Comparison of S’ 2 and Saxisz- The contours show the
dependence of the differences (S 2 Saxisz) on Ty and Smsz when
1 = 50 ps, ts = 150 ps, J = 127 Hz and T = 27.6 ms (a) and the
dependence on T,yjs and Saxisz when 1y = 50 ps, typ = 8 ns, J =
127 Hz and T = 27.6 ms (b).

tain the dynamics, we can normalize I" value using the
following expression:

S/z = F/ Fmax, (7)
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Figure 6. Normalized cross correlation rate (S'2), which can be considered to be Smsz that describes the degree of spatial restriction in the
symmetrical axis of methyl (a). For the residues having two methyl groups (Ile, Leu, and Val), one is indicated by black bar while the other one
by white bar. Differences between S'2 and the average of S’ 2 for each methyl type, (S” 2), for methyls of IFABP in the absence of fatty acid (b).
The top panel shows secondary structures, indicated with boxes (a-helices) or filled boxes (B-sheets).

where I'nax is the value of I' when there are no in-
ternal motions except rapid rotation about the C3 axis
(Taxis = 00 and tf = 0). When 1y, > 4 ns, Taxis = 50—
200 ps, 1 = 5-50 ps and Sayis> > 0.25, simulations
indicated that S'? deviates from Saxisz by less than 0.1.
The deviation increases with the increase of Taxis. For
most methyl groups (Constantine et al., 1998; Kay
et al., 1996; Wand et al., 1996), the internal motional
correlation time Tuyis is less than 200 ps. When Saxis?
is small, S’ is larger than SaxisZ because of the contri-
bution of Jxx (wx) and Jxx xx(wx) to I'. When Syyis”
is large, S”2 is smaller than Saxisz because of the neg-
ative contribution of fast rotation (the second term in
the spectral density function) to I'. Figure 5a shows
a contour plot of the differences (S’2 — Saxisz) when
1t =50ps, ts = 150 ps,J = 127 Hzand T = 27.6 ms.
When J = 130 Hz, the difference is still less than 0.06.
Figure 5b shows a contour plot of the differences when
1t =50ps, tTm =8ns,J =127Hzand T = 27.6 ms.
From the figure, we can see that the order parameter
(S'%) derived from Equation 7 should be reliable within
an error of +0.04 for IFABP when Suys> > 0.1. In
general, $’> can be approximated as Suxjs> provided
that methyl group is not highly flexible.

Using an overall correlation time 8.4 ns obtained
from !N relaxation times at 25 °C, we calculated the
values of S’? as shown in Figure 6a. The values of
S? range from 0.16 to 0.85. The large distribution
of order parameters shown here is consistent with the
conclusion drawn from methyl H and '3C relaxation
studies, but is distinct from the S? values measured
at backbone atoms, which range from 0.75 to 0.95
for most residues in regions with regular secondary
structures. Although we did not measure ngis values
of the IFABP sample using “H relaxation, the data
of its homologue (human muscle fatty acid binding
protein, MFABP) in the absence of fatty acid are avail-
able (Constantine et al., 1998). Human IFABP and
MFABP have relatively high sequence homology (73
out of 131 residues are positively matched between the
two protein sequences, Blast E-value = 107!#) and
have similar tertiary structures. There are a number of
methyl-containing residues that are conserved in both
sequence and structure. The axis order parameters of
these conserved residues available for both proteins
are: 0.79, 0.35, 0.42, 0.70, 0.31 for A73, L893, 11093,
1109y, L1133 of human IFABP and 0.83, 0.34, 0.40,
0.76, 0.25, 0.27 for A75, L9138, 11093, 1109y, L11351,
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L11332 of MFABP (Constantine et al., 1998). We can
see that the results obtained from cross-correlated re-
laxation agree very well with those measured from 2H
relaxation.

Unlike S? values measured at backbone atoms,
order parameters at side chain atoms are position de-
pendent. On average, the more distant the methyl
group is from the backbone, the lower the ngis value
is, i.e., ngiS(B) > ngis(y) > SﬁxiS(S). To correct for
the effect of position, averages of the S’> values for
each methyl type, (S?), were calculated. The differ-
ences between S'? and the appropriate (S'?) are shown
in Figure 6b. S’> values in C-terminal part are higher
than average, while many S’ values in methyl groups
that are relatively isolated are lower than average. The
residues located in the second helix (125, V26, L30,
A31 and A32) display lower order parameters than av-
erage in the absence of fatty acid. This is consistent
with structural changes in solution, i.e., the binding
of oleate to IFABP increases the helical content of
the second a-helix and the order of the highly flexible
ligand entry portal (Hodsdon and Cistola, 1997).

Conclusion

In the past, dipolar cross-correlated relaxation limited
the application of '3C relaxation data (T;, T, and
NOE) to studies on dynamics of CH, and CH3 groups.
Although isotope labeling techniques allowed one to
probe into protein side chain dynamics, applications
are still limited by additional sample preparation and
spectral resolution of the C-H correlation map. The

experiment shown here provides one with a simple
solution to obtain data on side chain dynamics by
using the same sample as in structural determination
(uniformly 13C., I5>N-labeled proteins). With the avail-
ability of cryo-probe technology, this experiment is
sufficiently sensitive to obtain statistically meaningful
data for proteins with overall correlation times less
than 10 ns. For a given protein, cross-correlated relax-
ation is dominated by motional amplitude of methyl
groups, i.e., Saxisz. Thus, the values of I' alone or
the order parameter S’ derived from I' provide a
rough quantitative description of methyl flexibility. In
combination with T; and NOE, dynamic parameters
(Saxisz, Taxis and tf) can be determined more accur-
ately, especially for very flexible residues and small
sized proteins (tm < 4 ns), where the contribu-
tion of Jxx(2wx) + Jxx xx(wx) cannot be ignored.
Unlike transverse relaxation time T,, which is com-
plicated by conformational exchange, cross-correlated
relaxation is free of chemical exchange and provides
more reliable information on the dynamics of methyl
groups.
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Appendix A The first spin state in wavefunction |k > corresponds
to the 13C spin state and the remaining spin states are
Eigenstates, proton and carbon transitions, and trans- associated with the proton spins.

verse relaxation matrices of spins A and X in an AX3

spin system.

Eigenstates

[1 >= Baaa

13 >=B(app + BaB + BBa)/+/3

|5 >= Ba(af — Ba)/2

|7 >= B(aaf + afa — 2Baa)/ /6
|9 >= aqaa

|11 >= a(aBp + BB + BB/ /3
|13 >= aa(ap — Ba)//2

[15 >= a(aap + afa — 2Ban)//6
Transitions and frequencies for spin X
Mui1 = p2,1

Muz = p3.2
Mu3 = p43
Mus4 = p6,5
Mys = psg.7
Mpye = 10,9
My7 = pi1,10
Mmug = pi2.11
Mo = p14,13

MHio = p16.15

Transitions and frequencies for spin A
Mi =op19

Mz = (p2,10 + 05,13 + 07,15)/+/3

M3 = (202,10 — p5,13 — 07.15)/+/6
My = (p3,11 + p6,14 + 08,16)/+/3

Ms = (203,11 — 6,14 — 08,16)/~/6
Mg = p4,12

M7 = (ps5.13 — 07,15)/+/2

Ms = (p6,14 — 08.16)/+/2

12 >= B(oaf + afa + Baa)//3
|4 >=pppp

16 >=BR(af — Par)\/2

I8 >=B(BPa + Pap — 20BP)//6
[10 >= a(aop + afo + Paa)//3
[12 >= appp

114 >= ap(ap — Ba)//2

116 >= a(Bfa + Pof — 20BP)//6

wH] = oy — TJAx
wH2 = of — TJAx
WH3 = WH — TJAX
®WH4 = Wy — TJAX
wHs = of — TJAx
wHe = oy + TJAX
wH7 = Wy + TIAx
wH7 = WH + TJAX
wHy = oy + TIAx
wH10 = WH + TIAX

o) = wA +3mlax
w2 = wa + TIAX
w3 = wA + TJAX
wg = wa — TWIAx
w5 = wa — TWIax
wg = wa — 3mIax
w7 = wa + TIAX
wg = wa — TIAX,
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where Jax is the scalar coupling constant between
spins A and X; oy and wp are the Larmor frequencies
of spin X and A, respectively.

Transverse relaxation matrix elements for spin X

Rui1 = 2/3Jax(0) + 3Ixx(0) + 3Ixx,xx(0) + 16/3Jax,xx(0)

Ru2z = 10/9Jax(0) — 4/9Jax,ax(0) + 2Jxx (0) — 2Jxx xx(0)

Ru24 = —4/9Jax(0) +4/9Jax.ax(0) + Ixx(0) — Jxx xx(0)

Ris = —Rpo4

Rusz = 2/3Jax(0) + 3Ixx(0) + 3Ixx,xx(0) — 16/3Jax,xx(0)

Ruaq = 4/3Jax(0) — 2/3Jax,ax(0) + Jxx(0) — Jxx,xx(0)

Ruas = —2/9Jax(0) +2/9Jax.ax(0)

Rpss = Ryaa

Ruij = Ruyji

Rues = Ru3z Ru77 = Ruzz Ru79 = Ruoa Ruzi0 = Rus

Russ = Rui1 Rugg = Rua4 Rug1o = Ruas Rui010 = Russ

Only non-zero elements are shown above.

Transverse relaxation matrix elements for spin A

Ri1 = 3Tax +3Tax,ax +30ax,A + Fa + 6IxxCwx) + 3Jxx(wx) + 3Ixx, xx(0x) + 1.5R Hsel
Ri2 = /3[0.5Jax(wx) — Ixx(wx) — Ixx,xx (wx) — 0.5RHsel]

Ri3 = 0.5/6[Jax ax(ox) — Jxx(wx) — 3Jxx, xx(0x)]

Ris = —2/3Ixx2wx)

Ris = —2,/6Jxx, xx(2wx)

Rig=0

Rop = 3Tax — Fax,ax + Fax,a + Fa + 2Jxx Cwx) + 3Ixx(wx) — Ixx xx(wx) + 1.5RHsel
R23 = 2[Jax, ax(®wx) + 2Jax, ax(@a + wx) +Jax.ax(wa — wx)/3 + Ixx(0x) + Ixx xx(0x) + 2Jxx, xx(2ox)]
Ro4 = Jax ax(wx) — 2[Jxx(wx) — Jxx xx(®x)] — Risel

Ros = 0.5./2[Jax, ax(®wx) — [Ixx(0x) — Ixx xx(wx)]]

Ry6 =Ry

R33 =3lax — Fax.ax + Fax.a + Ta +4/3[0ax.ax(0) —Jax(0)] + 3[Jxx(0) — Jxx xx(0)] + Jax ax(wx)+
Jax.ax(wa — wx)/3+

2Jax, ax(wa + ox) + Hxx(ox) + 2Ixx Cox) + 2Ixx xx(2wx) + 0.5R Hsel + 2Roy

R34 = Ros

R3s5 = 0.5Jax(wx) + Jax, ax(wx) — 2Jxx xx(wx) + 2Ixx(0x)] — 0.5RHsel

R36 = Rys

Rgqg = 3Tax — Tax,ax — Fax,a + Fa + 2IxxQwx) + 3Ixx(wx) — Ixx,xx (0x) + 1.5R Hsel
R45 = Ro3

R4 =Rp2

Rss = 3T'ax — Fax,ax — Fax,a +Ta +4/300ax,ax(0) —Jax(0)] + 3[xx(0) — Jxx xx(0)] +Jax, ax(wx)+
Jax.ax(wa — wx)/3+

2Jax ax(wa + ox) + 4T xx(0x) + 2IxxCwx) + 2Ixx, xx(2wx) + 0.5R1Hsel + 2Ron

Rs¢ = Ri3

Res = 3T'ax +3Tax,ax — 3lax,A + I'a + 6Ixx(2wx) + 3Ixx(wx) + 3Jxx,xx(wx) + 1.5RHsel
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Fax =2/3J1ax(0) + 1/6Jax(wa — wx) + 1/2Jax(wa) + 1/2]ax(wx) + Jax(wa + wx)

Cax,.ax = 4/3Jax,ax(0) + Jax, ax(wa)
Fax,.a =4/3Jax,4(0) +Jax a(wa)
I'a =4/3JaA(0) + Jaa(wa)

Jaa(®) = 1/15[wi(o) — 011 {Saxis>Tm/[1 + (©Tm)?] + (1 — SaxisHT2/[1 + (0712)21}
Jij. k(@) = 0.3(noh/87yivj/rii) (oh/8T2yicy1 /mia®)jij ki (w)

Jij(w) = Jjj jj(w)
Jij.i(w) = 0.2(oh/8m2yiyj/rij® ) wi (o) — 01 )jij,i(w)

jiki(@) = S*tm/[1 4 (@Tm)?] + [Pa(wij - i) — SP1T1/[1 + (0T1)] + S — SaxisH T2/ [1 + (012)%]
jigi(@) = S*tm/[1 4 (@Ttm)] + [Pa(wj - 1) — Se1ti/[1 4 (@11)2] + S (1 — Saxis) T2/ [1 + (072)2].

In the equations above, T, is the overall rotational
time and an isotropic overall motion is assumed;
/v = ltm + 1/t /o = 1/tm + 1/7axis,
T¢ is the correlation time for methyl rotation about
the symmetric axis, Taxis iS the correlation time for
reorientation of the methyl symmetric axis; S? =
Saxis“St%; St = Pa(cos(8;))) P2(cos(6u)), B (1) the
angle between bond ij (kl) and the symmetrical axis
(Kay and Torchia, 1991); Saxisz is the order parameter
of the symmetrical axis of methyl group; u;; is a unit
vector describing the orientation of interaction vector
ij in a frame that is fixed in the macromolecule; u;
is a unit vector describing the orientation of axially
symmetric CSA tensor in the molecular frame; vy is the
gyromagnetic ratio; h is Planck’s constant; g is per-
meability of a vacuum; rj; is the length between atoms
i and j; o and o are the parallel and perpendicular
components of assumed axially symmetric chemical
shift tensor. In the case where ij = kI, jjj,ki(w) is auto-
correlation spectral density function and is denoted as
Jij(w). RiHsel and Roy are the longitudinal and trans-
verse relaxation rates of methyl protons. They arise
from dipolar interactions among methyl protons and
their surrounding protons.
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