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Abstract

A CC(CO)NH TOCSY-based 3D pulse scheme is presented for measuring 'H-'3C dipole-dipole cross-correlated
relaxation at CH, positions in uniformly '3C-, 1’N-labeled proteins. Simulations based on magnetization evolution
under relaxation and scalar coupling interactions show that cross-correlation rates between 'H-'3C dipoles in CH,
groups can be simply obtained from the intensities of '3C triplets. The normalized cross-correlation relaxation
rates are related to cross-correlation order parameters for macromolecules undergoing isotropic motion, which
reflect the degrees of spatial restriction of CHj groups. The study on human intestinal fatty acid binding protein
(131 residues) in the presence of oleic acid demonstrates that side chain dynamics at most CH; positions can be
characterized for proteins less than 15 kDa in size, with the proposed TOCSY-based approach.

Introduction

The availability of a large number of specific as-
signments for >N and '3C resonances in proteins
allows for the detailed study of dynamics of individual
residues in a macromolecule through 2H, PN or 13C
relaxation measurements (Muhandiram et al., 1995;
Nesmelova et al., 2001; Palmer, 2001; Palmer et al.,
1996). Such studies provide information on the loc-
ation and energetics of the conformational changes in
proteins and are important to the understanding of pro-
tein function (Eisenmesser et al., 2002; Wand, 2001).
Data on dynamics can be obtained from auto- and/or
cross-correlated relaxation experiments (Frueh, 2002;
Kay, 1998).

Based on auto-correlated relaxation, side chain dy-
namics are characterized through the measurement of
13C or 2H relaxation times. However, due to 13C-
13C scalar couplings and cross-correlated relaxation
between '3C-'H dipoles in CH, and CH3 groups, the
application of 13C relaxation to side chain dynamics is
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greatly restricted. In this case, the measurement of 13C
relaxation in '2C-13CHD-!2C or '2C-13CHD; groups
provides one with an opportunity to obtain dynam-
ics of CHy and CH3 groups in a protein sample with
alternating '3C-12C labeling pattern, in concert with
partial deuteration (LeMaster and Kushlan, 1996). Un-
like '3C and 'H, %H relaxation is governed mainly by
quadrupolar interaction and is insensitive to interac-
tions with surrounding nuclei. A number of methods
have been developed for measuring *H relaxation
of methyl and methylene groups in uniformly '3C-,
fractionally 2H-labeled samples (Millet et al., 2002;
Muhandiram et al., 1995; Yang et al., 1998a). In con-
trast to the reasonable resolution of methyl groups in
the '3C-"H correlation map to allow one to obtain the
desired information, poor chemical shift dispersions of
13C and 'H in methylene and methine groups makes
the use of 2H relaxation problematic, particularly for
medium and large proteins. Furthermore, in the meas-
urement of 2H relaxation in methylene and methine
groups, dramatic signal loss can occur in magnetiza-
tion transfer steps involving 2H spin (~19 ms), due to
the extremely short longitudinal relaxation times of the
deuterons in these groups. As a result, measurements
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of ?H relaxation times are much more difficult in
methylene and methine groups than in methyl groups.
Finally, in terms of the efficiencies in cost and labor,
approaches using both >H and !3C are somewhat less
advantageous, as additional sample preparation is re-
quired when the 13C, >N samples used in structural
characterization of proteins are not suitable.

Similar to auto-correlated relaxation, cross-
correlated relaxation involving two distinct spin inter-
actions depends on motional timescale and amplitude.
This phenomenon was introduced as a means to ob-
tain information on molecular dynamics around three
decades ago (Mayne et al., 1976; Werbelow and
Grant, 1975). However, it was only recently that cross-
correlated relaxation effects in biomolecules became
widely employed for a variety of purposes such as
the improvement of spectral resolution and sensitivity
(Pervushin et al., 1997), determination of molecular
structure (Reif et al., 1997; Yang et al., 1997), and
probing of molecular dynamics (Brutscher et al., 1997,
Daragan et al., 1993; Engelke and Riiterjans, 1998;
Ernst and Ernst, 1994; Fischer et al., 1997; Tjandra
et al,, 1996; Yang et al., 1998). Based on cross-
correlated relaxation, a number of approaches have
been proposed for the study of dynamics of heteronuc-
lear multiple-spin systems (e.g., CHp and CHz). One
of them involves the measurement of initial decays of
13C multiplet components from '3C-'H scalar coupled
multiplets (Daragan et al., 1993; Mayne et al., 1976).
In principle, auto- and cross-correlation spectral dens-
ity functions can be obtained from relaxation times
of 3 Cmultiplet components which can then be used
to establish motional models and estimate motional
time scales and amplitudes. This method, however,
is applicable only to small molecules or specifically
labeled macromolecules. Another approach is based
on the detection of signal resulting from magnetiza-
tion transfer mediated by cross-correlated relaxation
(Engelke and Riiterjans, 1998; Ernst and Ernst, 1994).
Although the sign of the signal can be used to discrim-
inate between different motional regimes (Engelke and
Riiterjans, 1998), quantitative information in this case
is not easily accessible because auto-relaxation effects
cannot be accounted for in a simple manner. Finally,
yet another approach derives cross-correlated relaxa-
tion rates from the relative intensities of '3C multiplet
components. This approach, which can be viewed
as the extension of the first method mentioned, was
recently applied to methylene groups (Yang et al.,
1998a). In the work, the problem of signal overlap
was solved through the use of a 3D CBCA(CO)NH

scheme (incidentally, the use of this scheme limits
the applicability of the method to Cg sites). Recently,
we have developed a technique to measure methyl
cross-correlated relaxation from !3C multiplet intens-
ities using a CC(CO)NH TOCSY (total correlation
spectroscopy) scheme for magnetization transfer (Liu
et al., 2003); the method has been successfully applied
to the study of an intestinal fatty acid binding protein
(IFABP) in the absence of fatty acid.

In the present paper, we propose an approach
that affords characterization of methylene dynam-
ics at all positions in the IFABP protein, through
the measurement of dipolar cross-correlation using
the CC(CO)NH TOCSY scheme. This new approach
overcomes the problem of signal overlap and at the
same time, does not require additional sample pre-
paration as mentioned above. In our treatment, we
examine in detail the effects of proton spin-flips and
cross-correlated relaxation involving proton-proton
and proton-carbon dipoles and chemical shift aniso-
tropy (CSA) on the accuracy of the proposed method.

Materials and methods

NMR experiments were performed on a sample of
1.0 mM human intestinal fatty acid binding protein,
pH 7.0, 90% H,0, 10% D;,0, 25°C and in the pres-
ence of 1.2 mM oleic acid. All experiments were
recorded on a Bruker Avance DRX 500 MHz spec-
trometer equipped with an actively shielded cryoprobe
and pulse field gradient units. To measure cross-
correlated relaxation, 3D experiments were performed
using the pulse scheme as shown in Figure 1. 16 scans
were accumulated for each point in the indirect di-
mensions using a relaxation delay of one second. The
3D data were comprised of 151 x 19 x 512 complex
points with spectral widths of 6200, 1340 and 8000 Hz
in 3C, N and 'H dimensions, resulting in a total
experimental time of 56 h. The data were apodized
in the direct proton dimension with a sine weighting
function shifted by 63°. The !N and '3C time do-
mains were doubled by mirror-image linear prediction
prior to the application of a cosine-squared window
function. After zero filling and Fourier transformation,
the final data sets comprised of 1024, 128 and 768
points along the F3, F2 and F1 dimensions, respect-
ively. Processing of the spectra was carried out using
NMRPipe software (Delaglio et al., 1995). The spectra
were analyzed using Pipp-capp software (Garrett et al.,
1991).



Results and discussion

Pulse sequence

Figure 1 shows the pulse scheme for measuring
cross-correlated relaxation between '3C-'H dipoles
in CH, groups, using a uniformly '3C-,">N-labeled
protein sample. The pulse sequence is similar to
the CC(CO)NH TOCSY scheme (Montelione et al.,
1992). The magnetization transfer is schematically
shown as follows:

J TOCSY J
'H = BCH,(CTY) B, =8 Beo

YCON 15N (CTry) ™M NH ).
where CT t; is a constant-time acquisition period.
In-phase '3C magnetization (Cy) is generated at
point a in the sequence through magnetization transfer
from 'H to '3C followed by a period for anti-phase
13C magnetization refocusing. Gradient g4 and the
'H 90° pulse just before this gradient are applied
to retain longitudinal magnetization C, and destroy
all other modes, except for zero-quantum coherence
C,(Hi+H>— + H;_Hj). This is necessary to obtain
a 13C triplet with an intensity ratio of 1:2:1 for CH,
groups in the absence of cross-correlated relaxation
during the subsequent CT t; period. From point a to
b, the 13C magnetization is encoded with 13C chem-
ical shift, 'Jc g coupling constant, and relaxation rates
of the triplet components in CH, group. At the end
of the constant-time period, a 90° pulse followed by
gradient g5 suppresses all magnetization modes except
C, and C,(H1+H>— 4+ Hi_Hj4). Once again, this as-
serts a 1:2:1 pattern in the absence of cross-correlated
relaxation. '3C magnetization (C,) is subsequently
transferred to C,; through cross-polarization during
the TOCSY period from point ¢ to point d in the se-
quence. On the other hand, magnetization C,(H+Hy—
+ H;_Hj4) cannot be transferred to C,. Ultimately,
the magnetization is transferred to amide N and then
to amide 'H of the succeeding residue for detection.

Validation of the method

Due to cross-correlated relaxation, the triplet observed
in F1 dimension deviates from a 1:2:1 pattern as ex-
pected for the '3C spectrum of a CH group under
proton-carbon scalar coupling interaction. Assuming
that each of the triplet components decays mono-
exponentially, the dipole-dipole cross-correlation re-
laxation rate, I'cH1,cH2, can be approximated by the
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following expression (Yang et al., 1998a):
Tent,che & —[1/4THn[4lout * loua/Te], (1)

where Iout1, Iour2 and I are the intensities of the outer
lines 1, 2 and the central line at the end of the constant-
time period T. Note that the central line consists of
two near-degenerate transitions. To validate the above
approximation, relaxation of the multiplet compon-
ents during the constant-time period T needs to be
analyzed.

The three spins in a CHy group form an AX, or
AMX system, depending on the equivalence of the two
protons. Although there are four transitions for spin
A in the AX, or AMX system, a triplet instead of a
quartet is observed for CH, groups in the macromolec-
ular limit due to the fact that difference of the two Jcg
coupling constants (< 4 Hz) is small, compared to the
line-width as will be discussed later. Per Equation 1,
we are interested in the summation of the two inner
transitions instead of individual transitions. Therefore,
we can recast the two inner transitions, p3 4 and ps,e,
into (p3,4+ p5,6)/+/2 and (p3.4 — p5,6)/+/2 as shown in
the appendix where (p3 4+ ps.6)/+/2 corresponds to the
central line of the triplet. A similar treatment has also
been employed for the AX5 spin system by Prestegard
and Grant (Prestegard and Grant, 1978). The evolution
of the transverse magnetization of spin A during the
constant-time period T can be described by:

aM
dr
iwg +in(Jam + Jax) + Ri1 R12
_ Ry iwg + R
R31 in(Jam — Jax) + R32
R4y Ry
Ri3 R4
~in(Jam — Jax) + Rp3 Ry
iog + R33 R34
Ry3 iwg —in(Jam + JAX) + Raq
M,
M:
ol |- )
M3
My

where M is a vector consisting of magnetization M;
@ =1, 2, 3 and 4); M; and My represent the
two outer lines while My represents the central line
((p3.4 + ps5,6)/4/2); M3 corresponds to the difference
between the two transitions within the central line
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Figure 1. Pulse scheme for measuring cross-correlated relaxation rates in side chain methylene groups. 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 TH and 1N, respectively. The 13¢ carrier is set at
43 ppm until immediately prior to the 13C’/13C47¢ pulse of phase ¢3 at which time the carrier is jumped to 176 ppm. All IH pulses are applied
using a 40 kHz field while the 3¢ rectangular pulses are applied with a 19.2 kHz field. All the 3¢ shaped 90° pulses (opened shape) have
the G4 profile (400 us, 11.7 kHz peak rf). All the B¢ shaped 180° pulses (filled shape) have the Q3 profile (Emsley and Bodenhausen, 1992)
(300 s, 11.0 kHz peak rf), except for the third shaped pulse on 13C%/P and sixth shaped pulse on 13C’/13C#0_ These two 180° shaped pulses
have a REBURP profile with a maximum field of 15.6 kHz and duration of 400 ps. The 3ca/p shaped 180° pulses (shaded, 1.5 ms) applied
in the middle of the delays ¢ have the IBURP2 profile centered at 33 ppm with a bandwidth of 11.5 ppm. These decouple the 13Cm—13C5

couplings for most of residues. The 3¢ /13 caro shaped 180° pulses in the middle of the delays T + t;/2 and T — t{/2 refocus the Bc 3¢ and
13¢.13¢Y (aromatic) couplings and are phase-modulated by 107 ppm. Bloch-Siegert compensation pulses are applied at the positions indicated
by ‘BS’. The B¢ spin-lock field strength for FLOPSY is 7 kHz. A N decoupling power of 1 kHz was used during acquisition. Delays used
were Ty = 1.9ms; 15, = 0.95ms; T =26 ms; Ty = 16 ms; £ = 3.8 ms; n = 4.5 ms; 1 = 12.4 ms; 8 = 5.4 ms; 8 = 4.6 ms. The phase cycling
used was: ¢1 =X, 3 =X, y, —X, —y; $3 = 2(X), 2(—x); ¢4 = 4(x), 4(—x); b5 = X, rec = X, —X, —X, X, —X, X, X, —X. Quadrature detection in
F1 dimension was achieved by State-TPPI of ¢, while quadrature detection in F2 dimension used the enhanced sensitivity pulse field gradient
method (Kay et al., 1992)where for each of t, separate data sets were recorded for (g8, ¢5) and (—g8, ¢5 + 180°). For each successive tp
value, ¢4 and the phase of the receiver were incremented by 180°. The duration and peak strengths of the sine-shaped gradients were: gl =
(1.5 ms, 20 G/cm); g2 = (2 ms, 25 G/cm); g3 = (0.5 ms, 20 G/cm); g4 = (1.5 ms, 35 G/cm); g5 = (2 ms, 30 G/cm); g6 = (1.5 ms, 25 G/cm);

g7 = (1 ms, 30 G/cm); g8 = (1 ms, 40 G/cm); g9 = (1 ms, 4 G/cm).

((p3.4 — p5.6)/4/2); R is a relaxation matrix; Jam and
Jax are scalar coupling constants for bonds A-X and
A-M in an AMX spin system. For an AX> spin system,
Iax = Imx.

By considering three dipolar interactions (A-X, A-
M, and M-X) and only the cross-correlation between
A-X and A-M dipoles, the elements of matrix R
for isolated AMX (and AXj) systems have previ-
ously been derived (Kay and Bull, 1992; Prestegard
and Grant, 1978). In addition to these contributions
we took into account the remaining pairs of dipole-
dipole cross-correlations (A-X/M-X and A-M/M-X)
as well as dipole-CSA cross-correlations (A-X/A and
A-M/A). The resulting complete expressions for the
elements of matrix R are given in the appendix. In ad-
dition, dipolar interactions between protons in a CHj
group and its proximal protons have been considered,
although only auto-correlation terms were taken into
account. It should be noted that the complete treatment

based on Equation 2 proved to be of practical import-
ance, as it can affect the interpretation of I'chi,cH2
measurements (see below). The elements of the relax-
ation matrix R, together with eigenstates and transition
frequencies, are listed in the appendix for AMX and
AXj systems.

Due to cross-correlated and auto-correlated cross-
relaxation, all magnetization modes in Equation 2 are
coupled with each other. Each coherence M;, generally
speaking, decays in a multi-exponential manner. If the
precession frequencies of coherences M; and M ; differ
by an amount that greatly exceeds the cross-relaxation
term between these two modes (i.e., |w;ji — wjj| > Rjj),
then Rj; can be neglected in first-order approximation.
This is similar to Redfield’s secular approximation
(Redfield, 1957). Keeping this approximation in mind,
we can see that the two outer lines (M, My) relax in
a mono-exponential manner. On the other hand, the
precession frequencies of My and M3 may coincide



when Jax = Jam. In this case, the cross-relaxation
term Rp3 which couples M, and M3 gives rise to a
bi-exponential decay for M,. However, in practice the
cross-term R»3 is usually much smaller than the differ-
ence of the auto-relaxation rates, R33 — Ryp, and can
be safely ignored on these grounds (see explanation
below).

Indeed, for an AX; system, the cross-relaxation
rate Rp3 contains only spectral densities at high fre-
quencies (wx, wx £ wa), which are much smaller
than that at zero-frequency in the macromolecular
limit. At the same time, R33 — Roy = 4/3 [Jax, ax(0)
— Jax(0)] + Rz — Rixsel, where Jax,ax(0) and
Jax(0) are cross- and auto-correlated spectral densit-
ies at zero-frequency (given in appendix), Rzq is the
relaxation rate of zero-quantum coherence X+ X_ +
X1-X2+ and Rixse is the selective relaxation rate of
longitudinal magnetization X, measured under select-
ive inversion of spin X. Rzq is dominated by spectral
density J(0) and can be considered to be the sum of
transverse relaxation rates of spins X; and X, which
is about 5 times as large as the proton spin-flip rate
(Rzqg ~ 5 Rixsel). Hence R33 — Rz is dominated by
the transverse relaxation rates of methylene protons
and is normally much larger than Ry3 for protein sys-
tems. Therefore, the initial decay of the central line
(M2) during the constant-time period T is a single
exponential in good approximation.

Similar conclusions can be drawn for an AMX sys-
tem. The cross-relaxation term Ry3 in this case is equal
to the difference of the two dipole/CSA rates, I'am A —
I'ax.a. This quantity does not necessarily equal zero
because the orientation of the two dipoles with re-
spect to the CSA tensor may not be exactly identical.
Since I'am,.A — 'ax A contains zero-frequency spec-
tral density terms, Ry3, hypothetically speaking, may
become comparable to R33 — Ra>. However, to our
advantage, the amplitude of the mode M3 (the dif-
ference of the two transitions within the central line)
at point a in Figure 1 is zero. This largely elimin-
ates any cross-relaxation transfer via Ry3, leading to
mono-exponential decay of My over a relatively short
time period T. This behavior is reminiscent of the ini-
tial magnetization decay in the case where a single
mode is selectively excited while other modes are
not disturbed. As shown below by means of numeric
simulations, the mono-exponential decay remains an
excellent approximation for T < 26 ms. Therefore, the
intensities of triplet components in CH; spectra at time
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T can be approximated as:

Ioutt = exp(—[I'ax +T'am + TF'amax + Fam,a
+ Fax.a + Ta + 0.5]mx (om)
+ 0.5Jvx (0x) + 2Imx (oM + ©x)
+ 0.5(Rimsel + Rixse)1T), 3.1

Ioue = exp(—[I'ax +T'am +Tamax — Fam,a
—Tax,a +Ta +0.5]vx(wm)
+ 0.5Jvx (0x) + 2Imx (oM + ©x)
+ 0.5(R1Msel + Rixsen)]1T), (3.2)

I. = 2exp(—[Fax +Tam — Famax +Ta
+ 0.5]mx (om) + 0.5Imx (wx)
+ 0.5(Rimsel + Rixse)1T), (3.3)

where I'ax (I’'am) is the auto-relaxation rate attributed
to dipole A-X (A-M); I'am,ax the cross-correlated
relaxation rate between dipoles A-X and A-M; 'a
the auto-relaxation rate attributed to CSA of spin A;
'ax.a (I'am,a) the cross-correlated relaxation rate
between dipole AX (AM) and CSA of spin A; Jyx (w)
is the spectral density at frequency w attributed to
dipole M-X and Rixse] (Rimsel) 1s the selective longit-
udinal relaxation rate of spin X (M). The expressions
for relaxation rates and the definitions of spectral dens-
ities are given in the appendix. Based on Equation 3,
we can calculate cross-correlation rates I'ax am and
I'ax.a + Tam A as follows:

Tamax = —[1/4T]In[4Tou1 Tour /121
— Jmx (oM + wx) 4.1)
= 4/3]am,ax(0) + Jam, ax(wa), (4.2)

Fama +Taxa = —[1/2T]In[lout1 /Tour2] (5.1)
= 4/3Jam,A(0) + Jam,a(wa)
+4/3Jax.A(0)
+ Jax.a(wa), (5.2)

where Jjj xi(w) and Jjj k(w) are spectral densities as
given in Appendix A. In the case where M = X, Equa-
tions 3-5 apply also to an AXj spin system. Jyx (wom—+
wy) reaches a maximum value when (wy + wx)T = 1
and T, > 1 ns, where T = Tt Te/(Tm + Te); Tm and
Te are overall and internal correlation times, respect-
ively. At 500 MHz proton frequency, the maximum
value of Jyrx (oM + wyx) is about 0.45 s~! for highly
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mobile CH; groups (M, X = H and order parameter
of zero). Jmx(wm + wx) decreases with increase of
motional restriction in methylene groups. Therefore,
Imx(wM + wx) can be neglected and the dipolar
cross-correlated relaxation rate in a CHy group can be
determined using Equation 1.

Second-order effect

In the first-order approximation, the effect of R;j; on
the relaxation of M; and M; is negligible when |w;; —
wjjl > Rjj and |wii — wjj| > |Rji — Rjj|. In the second-
order approximation, the decay of magnetization M;
can be described by (Ghose and Prestegard, 1998):

R::
M; (t):e_Riit {1 ——Y  sin [((Dii — (Jojj)l]

Wii — Wjj
e(Rii—Rjj)t} . (6)

When exp[(Rjj — Rjt] < 1 or t=nn/(wj — wjj)
where n is an integer number, the first-order approxim-
ation holds well. Assuming that R;; > Rj;, the behavior
of the coherence with a faster decay rate, M;(t), may
deviate significantly from a single exponential when
(Rji — Rjpt > 1.1. However the component with a
slower decay rate, M;(t), can still be described with
good accuracy by a single exponential. This can be
established by rewriting Equation 6 for M;(t) and ob-
serving that the second term in this expression is small.
It is worth noting that with increase in protein size, the
cross-relaxation terms R, and Ry4 increase accord-
ingly, such that the relaxation coupling between the
inner and the outer lines of the triplet may, in principle,
become appreciable.

Numerical simulations

To estimate the errors resulting from the two approx-
imations described above (i.e., assumption of mono-
exponential decay for all multiplet components and
neglect of Jpx (oM + wx)), we assumed that the over-
all tumbling of the protein is isotropic and internal
motion of the CH» group can be described by a model
of restricted rotation about a single axis. This model
applies to the rotational motion of a CgHy group about
the C,Cg bond. For a simple model such as this,
spectral density function jjj ki(w) can be described by
two parameters pertaining to internal motion — diffu-
sion angular limit and diffusion constant, and a single
parameter pertaining to overall motion (London and
Avitabile, 1978). Alternatively, under the condition

that v,, >> 1., the density function jjj xi(w) can be
expressed as (Lipari and Szabo, 1982):

(@) = St/ |1+ @]
+ [Pz(COSGij,kl) - Sizj,kl]
o/ [1+ @v?], )

where T, is the overall rotational time; T, is the correl-
ation time of internal motion; 1/t = 1/t + 1/71e; Sib
is (cross- or auto-correlation) order parameter, which
describes the degree of spatial restriction of vectors
ij and kI; P2(cos 0jk1) = 0.5 cos? 0ij,x1 — 1) where
0ij,k1 is the angle between vectors ij and kl. For auto-
correlation (i.e., ij = kl), spectral density function and
order parameter are denoted jij(w) and Sizj, respect-
ively. For CHy groups, auto- and cross-correlation
order parameters are related to diffusion angular limit
(y) and are given by (Daragan and Mayo, 1995):

Sen = 1/9+ 8/2D)[(siny/y)*(1 +

+ 2cos? )1, 8.1
S2uicie = 1/9— @4/2D)[(siny/v)2(1 +
+ 2cos’ )1, (8.2)

Stum = 1/44 G/4)(sin2y)/(2))°], (8.3)
Serpm = 1/6+ (1/3)[(sin2y)/(2))*]. (8.:4)

A y-value of 0° corresponds to no internal rotation,
while a value of 180° corresponds to complete rota-
tional freedom. The auto-correlation order parameters
fall in the range from O to +1. The cross-correlation
order parameter S%HI,CH2 varies from —1/3 to 1/9,

while S%H’Hlm varies from 1/6 to 1/2. If the over-
all tumbling is anisotropic, Equations 7 and 8 are no
longer valid. For CH; groups with multiple internal
rotations, the expressions for the order parameters are
much more complicated and involve multiple vari-
ables. However, the order parameters still fall within
the same ranges as those for a single-rotational model,
with the exception that S%H,HIHZ spans the range from
0 to 1/ (Daragan and Mayo, 1997).

In our numerical simulations, the approximate
cross-correlation rates were evaluated based on Equa-
tion 1 where the intensities of the triplet compon-
ents were calculated numerically from Equation 2.
The ‘true’ cross-correlation rates were obtained on
the basis of corresponding spectral densities (Equa-
tion 4.2). The spectral density function throughout



the simulations was calculated from Equations 7 and
8. Proton spin-flip rates generally depend on proton
density within the protein and the overall tumbling
correlation time. For amide protons, for example, pro-
ton spin-flip rate is approximately 1¥10°t,, s~!. For
CH;, protons, we assumed that 0.5%10%, s~! <
Rixsel < 2%10%Ty s™! and Rz = 5 Ryxsel. The initial
conditions for equation 2 are considered separately for
both AX; and AMX systems (see below).

For an AX> spin system exposed to the effects of
the pulse sequence as shown in Figure 1, the initial in-
tensity ratio of the triplet components, M1:M2:M3:My,
at point a in the sequence is 1:2:1:1. Note that the
initial intensity of M3, the difference of the two trans-
itions within the central line, is not equal to zero in
this case. For an AX, system then, M3 actually cor-
responds to a multiple-quantum coherence (in operator
notation, Ay (X;4+Xo— + X1-X24)). As shown in the
section of pulse sequence, C,(Hj+Ho— + Hj_Hp4)
cannot be eliminated by application of rf pulses or
field gradients in the situation where C, needs to be
retained, and thus results in the multiple-coherence at
point a in the sequence. Although M3 is not trans-
ferred for detection during the pulse sequence, it has
the same precession frequency as M, and, therefore
may affect the measurements of cross-correlations.
The simulations carried out indicated that the differ-
ence between the approximate and ‘true’ rates was less
than 0.4 s~! in the cases when T = 26 ms, 0° <
y < 180°% 1 < 1y < 1215, 0 < 1 < 0.5 ns
and Jcy = 135 Hz, which is the average coupling
constant in CHy groups. The difference is practic-
ally insensitive to motional parameters. Although the
motional model is much more complicated for CH;
groups with multiple rotations, the two outer lines
still relax mono-exponentially since the condition of
|wii — wjj| < Rjj holds better for the outer lines of B¢
triplets in CH, groups that are more flexible. It has
been also found out that the cross-relaxation transfer
between M, and M3 is negligible during a short relax-
ation period (T < 26 ms). The major source of error
here results from the omission of Jyim (wH1 + WH2).
Nonetheless, Equation 1 is a good approximation for
obtaining the dipolar cross-correlation rates in AX»
systems. However, when cross-correlated order para-
meter S%HI,CHZ approaches zero or when protein size
is small (T, < 3 ns), the unwanted contribution
of Jyimp(wH1 + wn2) to the rate determined from
Equation 1 is not insignificant.

Next, let us consider an AMX system where
Jax = Jam. The initial intensity ratio of Mj:M>:M3:My
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at point a in the sequence is 1:2:0:1. For an AMX sys-
tem, M3 corresponds to the difference of two single-
quantum coherences (in operator notation, Ay(M, —
X)) instead of a multiple-coherence. In this case,
R»3 may be comparable to Ry» — Ra3, suggesting that
the decay of M, may deviate significantly from a
mono-exponential profile. To estimate the error result-
ing from mono-exponential approximation, we used
a maximum attainable Rp3 value in our simulation.
Using the principal components of CSA tensors from
solid state NMR studies of amino acids (Ye et al.,
1993), the maximum value was searched from among
20 amino acids by varying the orientation of C-H di-
poles of a CH, group, with respect to the CSA tensor,
by performing a rotation about the C-C bond. A max-
imum value of Ry3 = I'chi,c — I'ch2,c was found
to be about 7 s~! for a CH, group fixed in a rigid
spherical molecule with an overall tumbling correla-
tion time of 4 ns. Since Ry3 is dominated by spectral
density at zero-frequency, it scales linearly with ty,
for proteins of larger sizes. Similar to the AXj sys-
tem, deviation of the cross-correlation rate obtained
with Equation 1 from the ‘true’ one can be calculated
with T =26 ms, 0° <y < 180° 1 < 1y < 12 ns,
0 < e <0.5ns,0.5%10%, < Rixsel < 2¥10%t, s !,
ITcui,c — Temz.cl = 7%(10%tm/4) s7! and Jen =
135 Hz. It has been found that the deviation is al-
most insensitive to Rixsel and te and that it reaches
a maximum when t. = 0.16 ns. Figure 2 shows how
the apparent value of cross-correlation differs from the
‘true’ one as a function of the overall rotational time
(tm) and diffusion restriction (y) for te = 0.16 ns
and Rixsel = 1.5%10%1y, s~ L. The difference between
the approximate and ‘true’ rates is less than 0.4 s~!
for Ty, < 9 ns. The difference can be larger when
the protein size is large (1, > 9 ns), due to second-
order effects as illustrated in Equation 6. However, the
fractional error in I'chy,ch2 i8 still very small (< 3%).

In the case where Jax # Jam, four peaks should,
in principle, be observed. To estimate the differ-
ence of the two Jcy coupling constants in a CHp
group where its two protons are magnetically dis-
tinguishable, we measured the 1Jch values from an
HBHA(CBCACO)NH experiment without '3C de-
coupling during the chemical shift evolution periods
of HB and HA spins, using an IFABP sample. The dif-
ference between 1J(;Hl and lJCHZ in CH, groups was
found to be less than 4 Hz. Due to cross-correlated
relaxation between C-H dipole and a second dipolar
interaction involving the methylene proton and one of
its proximal spins, the Jcy constants measured in this



110

160 0.3 1a
/ z
140F o 15
(=) =
120+ 12
’5 =]
Q-
2 100} 1]
& B
g sof //_\0 1§ @
~ be .3 =
-
60 19
=]
L 02 18
“op ’ﬁ / 2
20 // b
N N v & e
Q./_\ | g,: S & é‘-’
[ . . L1 L / ) N -
2 4 6 8 10 12
n
T, (0s)

Figure 2. Comparison of I'cyichz and TI'cui chHz(true).
CcH1,cHz is derived from numerical simulations using Equations 1
and 2. I'cyy, cHa(true) is derived according to Equation 4.2. The
difference, I'cH1,cH2 — I'cH1,cH2(true), shown in the contour plot
is calculated with te = 0.16 ns. T values other than 0.16 ns lead to
the difference that is smaller than the one indicated in the plot for
the given ranges of ty (overall correlation time ) and y (diffusion
angular limit) values.

manner are subject to small errors. However, the true
difference between Jcpy; and Jep should not signi-
ficantly exceed 4 Hz (Yang et al., 1998b). Therefore,
the two inner lines cannot be resolved given the small
difference in their frequencies. Note that the slight dif-
ference in frequencies between the two components
of the central line makes the cross-relaxation between
these two components less effective. In this sense,
Equation 1 is a better approximation for the case where
Jax # Jam than for the case where Jax = Jam. In our
previous and present experiments, the !3C resonances
were recorded in a constant-time mode so that all sig-
nals in the '3C dimension have the same line-width.
As a result, peak heights can be equated with signal
intensities. When the two components of the central
line are slightly shifted with respect to each other,
the observed peak height may differ from the sum of
two individual heights. Numerical simulations indic-
ate that the resulting error in peak height is less than
1.5% when the separation of the two components is
less than 6 Hz. A 1.5% underestimation of the central
peak intensity results in about 0.3 s~! overestimation
of 'chi,ch2 for T = 26 ms. Therefore, Equation 1 can
be considered a reliable approximation for obtaining
dipole-dipole cross-correlated relaxation rates in CH;
groups in proteins.

Table 1. Dipole-dipole cross-correlated relaxation rates of lysine
residues in the human intestinal fatty acid binding protein in the
presence of oleic acid

Residue  Teppcme(s™1) 8Tcnrcmz 6™H* 8 38’

K7Cq —-0.91 0.85 0.04 0.04
K7C, 0.63 0.60 —0.03 0.03
K7Cs 1.28 0.97 —0.05 0.04
K7C; 2.38 1.67 —0.10 0.07
K16C5 —2.37 0.72 0.10 0.03
K16Cy —0.01 0.38 0.0 0.02
K16Cy 1.67 0.83 —0.07 0.04
K16Cq —3.00 1.24 0.13  0.05
K20Cg —19.07 3.02 0.82 0.13
K27Cq —-7.13 1.02 0.31 0.04
K27C, 2.05 0.61 —0.09 0.03
K27Cy —3.31 1.38 0.14 0.06
K27C¢ 3.07 1.84 —0.13 0.08
K29Cq —4.26 0.69 0.18 0.03
K29C, 0.43 0.44 —-0.02 0.02
K29Cj —0.83 0.83 0.04 0.04
K29C¢ 3.08 1.32 —0.13 0.06
K37Cg 1.71 0.90 —0.07 0.04
K37C, 1.30 0.73 —0.06 0.03
K37Cs 3.04 1.17 —0.13  0.05
K37C¢ 7.30 1.97 —0.31 0.08
K46C5 —5.13 0.91 0.22 0.04
K46C,, —2.88 0.60 0.12 0.03
K46Cs 3.04 1.07 —0.13 0.05
K46C¢ 7.08 1.59 —0.30 0.07
K50C,, 0.17 1.19 —0.01 0.05
K50Cs —-2.17 1.82 0.09 0.08
K50C¢ 3.47 2.37 —0.15 0.10
K88Cg —9.33 1.72 0.40 0.07
K88C¢ —0.18 2.28 0.01 0.10
K92C5 —3.24 1.34 0.14 0.06
K92C, 0.48 0.65 —0.02 0.03
K92Cy —0.08 0.95 0.0 0.04
K92C, —4.23 1.68 0.18 0.07
K94Cy —2.41 0.89 0.10 0.04
K94C,, 2.73 0.56 —-0.12  0.02
K94Cy 6.14 1.01 —-0.26 0.04
K94C, 0.82 1.35 —0.04 0.06
K125Cg 2.26 1.84 —0.10 0.08
K125C,, 5.72 1.51 —-0.25 0.06
K129Cg  —10.99 1.29 0.47 0.06
K129C, —5.37 0.93 0.23 0.04
K129C;y —-2.07 1.35 0.09 0.06
K129C¢ 0.60 1.95 —0.03 0.08
K130Cg 1.43 0.53 —0.06 0.02
K130C, 4.84 0.45 —0.21 0.02
K130Cy 2.85 0.94 —0.12 0.04
K130C, 2.08 1.38 —0.09 0.06

*8Ccu1,cH2 and 88’ are errors for ey chp and S/, respectively.
They were estimated from the uncertainty of the triplet intensity
(Tout1» Lout2 and ).



Application to human intestinal fatty acid binding
protein (IFABP)

Using the pulse sequence shown in Figure 1, we meas-
ured the dipole-dipole cross-correlation rates of CHp
groups in human intestinal fatty acid binding protein
in the presence of oleic acid. Figure 3 shows the
F1 13C slices for residues Lys129 and Lys130. Four
triplets were observed for four CH, groups in each
lysine residue as expected. '3C; is scalar coupled to
an odd number of carbons while carbon spins from
all other sites are coupled to an even number. Hence,
the sign of the '3C; signal is opposite to that of the
other carbons. Due to cross-correlated relaxation, in-
tensities of the triplet components deviate from the
pattern of 1:2:1. Using peak intensities (heights), the
dipole-dipole cross-correlation rates, I'cH1,cH2, were
calculated according to Equation 1. Although lysine
residues possess very long side chains, causing relat-
ively inefficient TOCSY transfer, the S/N ratios are
sufficient to provide information on dynamics for most
lysines in IFABP (131 residues, overall rotational time
of 8 ns). Table 1 lists the cross-correlated relaxation
rate constants for lysine residues. In general, the CH»
groups residing in side chains shorter than lysine show
better sensitivity in the spectra recorded with the se-
quence of Figure 1. In total, we obtained I'cHi,chH2
values for 74 out of 111 CHjy groups from non-lysine
residues. Some multiplets showed phase distortions
due to the effect of strong coupling between '3C
spins — these residues were not included in the ana-
lyses. Other multiplets registered very low intensities
and were likewise omitted. It is noteworthy that re-
liable data were obtained for most of the aromatic
residues although auto-correlated relaxation rates for
these residues tend to be very large because of the
highly restricted internal motion. We conclude that the
proposed method can be successfully applied to pro-
teins with overall rotational correlation times of 8 ns
or less.

The dipole-dipole cross-correlated relaxation rate
depends on both overall and internal motions. To
probe internal dynamics from relaxation data, a mo-
tional model is required. While many models have
been proposed over the last several years (Bremi and
Bruschweiler, 1997; for reviews, see Daragan and
Mayo, 1997; Frueh, 2002; Korzhnev et al., 2001), all
of them require two or more parameters for parameter-
ization of internal motion. In our situation where only
one piece of experimental data is available for each
CH; group, we define a normalized cross-correlation
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Figure 3. F1 13C cross-sections from data recorded on an 15N—,
13C-labeled human fatty acid binding protein in the presence of
oleic acid. Each carbon in the side chain CH, group gives rise
to a triplet resulting from one-bond scalar coupling interaction.
Cross-correlated relaxation interactions make the triplet deviate
from a pattern of 1:2:1 intensity ratio.

rate as:

§'=r g—rl)l,CH2/ Fglg{ull,cm’ ©)
where Fgﬁ?,cm is the value of I'ci,cH2 in the
absence of internal motions and equals —23.3 s~!
for holo-IFABP at 25°C; Féﬁ’LCHZ is the cross-
correlation rate measured experimentally according
to Equation 1 and approximates the equation 4/3
Jcni,cn2(0) + Jeni,cnz(wc) + Jainz(wH1 + on2). It
has been shown that S’ correlates with the order para-
meter obtained from deuterium relaxation times when
the overall tumbling motion is nearly isotropic (Yang
et al., 1998a). When contributions of internal motions
and spectral densities JcH1, cH2(wc) and Jyia2 (wH1 +
wH2) to Fgﬁl,cm are negligible, S’ is reduced to
S%HI,CH2/P2(COSB)’ where B is the angle between the
two H-C dipoles in CH, group (109.5°). Numer-
ical simulations conducted indicate that S’ correlates
very well with SZy; opy,/P2(cosB) in the case of iso-
tropic overall motion. In these simulations, the values
of S%Hl,cm used were in the range from —1/3 to
1/9 and S’ was calculated according to Equation 9.
For side chains restricted in motions, S’ is slightly
smaller than S%HI,CHZ/PZ(COSB)' On the other hand,
for highly flexible side chains S’ is somewhat larger
than S%Hl.cm/ P;(cosB). The comparison of S’ and
S%Hl,cm is shown in the contour plot in Figure 4 for
Te = 0.25 ns. The larger the t value, the larger the
difference between S’ and S%H 1,CH2/P2(COSB)' It must
be emphasized that the good correlation between S’
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Figure 4. Comparison of s’ and S%Hl CH2 S’ is obtained using
Equation 9. The value of S(ZZHI. CH used was in the range of —1/3 to
1/9, with intervals of 0.01. The difference, S’ — S%H 1,CH2/P2(COSB)
where P(cosp) = 0.5(3 coszﬁ — 1) and B = 109.5°, shown in the
contour plot is calculated with te = 0.25 ns.

and S(szl,CHZ is limited to proteins with isotropic or
slightly anisotropic overall tumbling. For proteins with
overall rotational correlation times larger than 4 ns and
internal correlation times less than 0.25 ns, the differ-
ence between S’ and S%HLCHZ/PQ(COSB) is quite small
(absolute value less than 0.09), especially in cases
where S%H 1.c2/P2(cosp) > 0. For smaller proteins,
or for highly mobile side chains, I'ch1,cH2 alone can-
not provide an accurate measure of the amplitude of
internal motion. In this case, meaningful interpretation
can be obtained in combination with relaxation time
T and heteronuclear NOE.

Table 1 shows the normalized cross-correlation
rates, S', defined according to Equation 9. Except for
K20, all of the lysine residues possess very flexible
side chains. This is consistent with the structure de-
termined by NMR where all lysine residues reside on
the outer surface of the protein (Zhang et al., 1997).
The S’ value for CgHy group in K20 is close to the
maximum value of 1, indicating that the rotation about
X1 torsion angle is highly restricted. Other CH; groups
in K20 produce insufficient signals for the measure-
ment of cross-correlation rates. This implies that the
rotations of these CH, groups are also restricted, res-
ulting in short relaxation times and concomitant signal
loss during the TOCSY period. Solution NMR struc-
tures show the existence of side chain - side chain
interactions between K20 and V122 (Zhang et al.,
1997). The terminal of K20 may also interact with

E120 through charge-charge interaction since the two
side chains are very close to each other. This sugges-
tion is supported by the high rigidity of the side chain
of E120 (S’ (Cg) = 0.72and S’ (C,) = 0.54).

For a given lysine side chain with uninhibited ro-
tations about the C-C bonds, the magnitude of S’
declines dramatically along the side chain towards the
terminus (S2 =1 /9N, where N is the number of di-
hedral angles intervening between the site of interest
and Cy). According to the data in Table 1, none of
the lysine residues display such an absolute motional
freedom. In majority of cases, the mobility of the side
chain increases towards the end of the side chain. A
number of exceptions have been observed, however,
such as K16 and K27, which can be attributed to
side chain — backbone and/or side chain — side chain
interactions.

Conclusion

In conclusion, dipole-dipole cross-correlated relaxa-
tion rate in a CH; group can be approximated using the
intensities of the components in '3C triplet according
to Ccntcnz = —[1/4T] In[4Lou1 *Tou2/12]. Numerical
simulations conducted indicate that the rate determ-
ined from peak intensities is larger than the true rate,
but the difference is less than 0.4 s~! when 1, < 9
ns. Although the absolute error in I'cHi,cH2 can be
larger than 0.4 s~! when 1, > 9 ns and internal mo-
tions are restricted, the fractional error does not exceed
3%. The normalized cross-correlated relaxation rate
obtained from Equation 9 correlates very well with
the cross-correlation order parameter S%HI,CHZ’ which
reflects the degree of spatial restraint of the side chain.
The experiment proposed here allows one to obtain
information on local dynamics for a majority of CH»
sites in the protein. Although the method is limited by
sensitivity due to the application of TOCSY transfer;
with the availability of cryoprobe technology, it can be
applied to proteins with overall rotational correlation
times of around 8 ns or less. In contrast to “H relaxa-
tion studies, the present approach requires only a 13C-,
I5N-labeled sample that is used for structural studies.
Moreover, spectra recorded with the proposed pulse
sequence do not encounter problems caused by poor
chemical shift dispersion of the 'H and 'C nuclei,
characteristic of side chain CH, groups. In applic-
ation to human intestinal fatty acid binding protein,
side chain dynamics varies substantially (S’ from -0.3
to ~1), even among amino acids of the same type.



Information on side chain dynamics obtained in this
manner is expected to provide valuable insights into
protein folding, stability and function.
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Eigenstates, carbon transitions and transverse relaxation matrix elements for AMX and AX» spin systems where

A=1C,M,X="H

The first spin state in wave function [k> corresponds to the '3C spin state and the remaining spin states are

associated with the proton spins.

1. AMX spin system

Eigenstates

[1 >= Baa |2 >= aaa |3 >= Bap |4 >= aap

|5 >= BPa |6 >= afa |7 >= BPB |8 >= afp
Transitions (p;; = |i><j|) and frequencies for spin A

P1,2 w] = wa — TWlam — TWJaAx

03.4 w2 = wp — Tlam + TIax

05.6 w3 = wa + Tlam — TWIax

P7,8 w4 = wa + Jam + TIAx

Basis for relaxation matrix R
Mi = p12
My = (p3.4+ ps5.6)/V2
Mz = (p34— ps.6)/V2
p7,8

g
I
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Transverse relaxation matrix elements for spin A

Ry

Ri2

Ri3

Ry =

R
Ro3

Ry =

Ri3

R3q

Ryq

Rjj

Fax +Tam + Famax + Fama + Taxa + Ta + 2Ivx (oM 4+ wx) + 0.5]mx (wm) + 0.5]mx (wx)
+ 0.5(RMsel + Rixsel)

V2/40ax(@x) + Tam(om) — Imx (wx) — Imx(om) — 2Jax,mx (@x) — 2JaM,Mx (@M)

— (Rimsel + Rixse)]

V2/40ax(wx) — Jam(om) — Imx (wx) + Imx (om) — 2Jax Mx(0x) + 2Jam Mx (om)

+ (RiMsel — Rixsel)]

—2Jmx (oM + 0x)

Fax + Tam — Famax + Ta + 0.5)mx (om) + 0.5Imx (0x) + 0.5(Rimsel + Rixsel)

Fama —Tax A

V2/40ax(wx) 4+ Jam(om) — Imx (0x) — Imx (om) + 2Jax Mx(0x) + 2Jam Mx (om)

— (Rimsel + Rixsel)]

Cax +Tam — Famax + Ta + 2/3Imx(om — ox) + 0.5Imx (wm) + 0.5Imx (0x)

+ 0.5(RMsel + Rixsel)

V2/4 =T ax(wx) + Jam(om) + Ivx (0x) — Imx (om) — 2Tax, Mx (0x) + 2Jam,mx (wm)

- (RlMsel - Rleel)]

Fax + Tam + Famax — Tama — Faxa + Ca + 0.5Ivx (om) + 0.5Tmx (0x) + 2Imx (oM + wx)
+ 0.5(RiMsel + Rixsel)

Rji

2. AX; system

Eigenstates

|1 >= Baa |2 >= aaa 13 >=B(ap + Ba)//2 |4 >= aBa + af)/s/2

5>=BB —Pw)/y2  [6>=a(@p—Ba)/y2  [T>=BPB |8 >=oapp

Transitions and frequencies for spin A

M| =p1,2 o] = wa — 2mJax
Mz = (p3,4+ 05,6)/+/2 02 = wp
M3 = (p3,4 — p5,6)/+/2  ©3 = wp

My = p7,8 w4 = WA + 270Jam
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Transverse relaxation matrix elements of spin A

Ry
Rpp =
Riz =
Ry =
Ry =
Ry =
Ry =
R33 =
R3s =
Ry =
Rjj =

= 2I'ax + Tax,ax +2Tax.a + T'a + Ixx(wx) + 2Ixx(2wx) + Rixsel

V2/412Jax (wx) — 2Ixx(wx) — 4Jax xx(0x) — 2RixXsel]

V2/412)ax, ax(0x) — 2Ixx(0x) — 4Tax xx(0x)]

—2Jxx (Qwx)

2l'ax — Fax.ax + I'a + Jxx(wx) + Rixsel

Ixx(wx) + 1/3Jax,ax(wa — wx) + Jax,ax(wx) + 2Jax,ax(wa + wx)
V2/42Jax (wx) — 2Ixx(wx) + 4Jax xx(0x) — 2Rixsel]

2ax — Fax.ax + Ta — 4/3[Jax(0) — Jax, ax(0)] + Jxx (wx) + Rzq
V2/421ax ax(0x) — 2Ixx(0x) + 4Tax, xx (wx)]

2T ax + Fax,ax — 2Tax,A + T'a + Jxx(wx) + 2Jxx(2owx) + Rixsel
Rji

3. Notations used in the relaxation elements

Fam =

CaM,AX
Cam,A
Ca

Jij xi(w)
Jij(w)
Jiji(w)
Ja(w)
Jij.k1 (o)

jaa(w)

2/3J1am(0) + 1/6Jam(wa — oom) + 1/2Tam(wa) + 1/2Tam(wm) + Tam(wa + om)
= 4/3Jam,ax(0) + Jam, ax(wa)

= 4/31am,A(0) + Jam,A(wA)

= 4/3J7(0) + Ja(wA)

= 0.3(ovivik/BT*r))) (royevih/ BT riy))jij (w)

= Jijij(w)

= 0.2[novivik/ @7 ri)]lwi(Py(cos X)ox + Pa(cosY)oy + Pa(cos Z)ozljij i(w)

= l/lSwi(c& + G% + G% — 0X0y — 0X07 — 0y0z)jAa.A(®)

= SF qtm/[1 + (@Tm)*] + [Pa(cosbij i) — S5 1q1t/[1 + (01)]

= S?tn/[1 + (@tm)?] + [1 — $2)t/[1 + (01)?]

I'ax, I'ax.a and I'ax ax can be derived from substitution of M for X. In the above equations, Ty, is the overall
rotational time; 1/t = 1/ty + 1/t Where T is the effective correlation time of internal motion; Sizj « 18 the cross-

correlation order parameter; P> (cos 6;j,k1) = 0.5(3 cos? 0i,x1 — 1) where 0; ki is the angle between vectors ij and
kl; for auto-correlation (i.e., ij = kl), Sizj are referred to as order parameter (Sz); ox, oy and oz are the principle
components of the tensor along X, Y and Z axes; cosX, cosY and cosZ are the direction cosines of the AM or AX
bond vector in the principle frame of 1*C CSA tensor. Jij,iis the spectral density for dipole-CSA cross-correlation
and is assumed to be the same as ja A and jjj ij in our simulations, which is correct only when the internal motion
is isotropic or the angle between the principal axis of the CSA tensor and the dipole is small (Ghose et al., 1998;
Tjandra et al., 1996). Rixsel is the selective longitudinal relaxation rates of methylene protons. Rzq is the relaxation
rate of zero-quantum coherence X4 X>— + X1_Xo4. Both Rixsel and Rzq arise from dipolar interactions between
methylene protons and their surrounding protons.
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