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Abstract

Relaxation measurements of side-chain '*CH,-groups of uniformly !3C labeled human ubiquitin were performed
at 600 MHz and 800 MHz magnetic field strength at 30 °C. Dipole-dipole cross-correlated relaxation effects in T
experiments were suppressed by the combination of radio-frequency pulses and pulsed field gradients during the
relaxation delay leading to monoexponential relaxation decays that allow a more accurate extraction of the '3C
T relaxation times. Heteronuclear { !H}-'3C NOEs obtained by using different proton saturation schemes indicate
that the influence of cross-correlation is small. The experimental T1 and NOE data were interpreted in a model-free

way in terms of a generalized order parameter and an internal correlation time.

Introduction

The detailed characterization of protein dynamics is
important for the understanding of protein function.
Nuclear magnetic resonance (NMR) spin relaxation is
a powerful method to provide dynamics information
on pico- to nanosecond and micro- to millisecond time
scales (Kay, 1998; Ishima and Torchia, 2000; Palmer,
2001). The majority of NMR relaxation studies of pro-
teins focus on backbone SN relaxation and only rel-
atively few studies investigate the side chains. Methyl
groups are the most commonly used probes of side-
chain dynamics (Nicholson et al., 1992; Muhandiram
et al.,, 1995; Wand et al., 1996; Gagne et al.., 1998;
Ishimaet al., 1999; Lee et al., 2000; Millet et al., 2002;
Skrynnikov et al., 2002).

Nearly 50% of the carbon atoms in amino-acid
side chains belong to methylene moieties whose relax-
ation behavior provides unique dynamic information.
Auto-relaxation studies of '3CH, groups face spe-
cific challenges: (i) The CH, groups are usually less
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mobile than methyl groups, which leads to larger
line widths and therefore to lower sensitivity and a
higher occurrence of spectral overlap. (ii) The '3CH,
moiety is a three-spin 1/2 system, which exhibits
dipole-dipole cross-correlated relaxation (Werbelow
and Grant, 1977). Cross-correlated relaxation can
cause multi-exponential relaxation affecting '*C T
and NOE auto-relaxation parameters in a complex
way (Zhu et al., 1995). Cross-correlation effects can
be suppressed by partial deuteration in combination
with selective '3C labeling (LeMaster and Kushlan,
1996) or random fractional deuteration in uniformly
13C-enriched samples (Yang and Kay, 1996). (iii) In
fully '3C-labeled samples dipolar relaxation between
adjacent carbons can influence the measured '3C auto-
relaxation rates provided that the overall rotational
tumbling is very slow. Yamazaki et al. (1994) stud-
ied the relaxation properties of 13C® carbons in uni-
formly '3C labeled alanine over a temperature range
between 10°C and 40 °C, corresponding to tumbling
correlation times between 1 ns and 17 ns. It was
found that at lower temperatures carbon-carbon dipole
relaxation significantly affects C* relaxation times,
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Figure 1. Pulse sequence for measuring (a) the B¢ T relaxation times and (b) {IH}—13C NOEs of CH, groups in uniformly 13¢ 1abeled
protein samples. In Panel b, the region in the sequence marked with B is to be replaced by the elements B1, B2, or B3 given at the bottom.
Narrow and wide bars correspond to pulses with a flip angle of 90° and 180° pulses, respectively. The pulses are applied along the x axis unless
indicated otherwise. All proton pulses had a 32 kHz field strength, which corresponds to a 90° pulse length of 7.8 s, except for saturation
and WALTZ-16 decoupling pulses, which had a field strength of 8.9 kHz and 5.6 kHz, respectively. All carbon pulses (centered at 43 ppm)
were applied with a 20 kHz field strength and WALTZ-16 was employed for decoupling during the acquisition period with a field strength of
2.6 kHz. In the NOE experiment of panel b during the constant-time period B carbonyl decoupling is applied as indicated by dashed vertical
lines and °N decoupling is employed by using WALTZ-16 with 1 kHz field strength centered at 119 ppm. In panel a, the 90°_y 9()3’>3 pulse
pair preceding the relaxation period is optional. Water suppression is obtained using WATERGATE implemented with a 3-9-19-19-9-3 pulse
(Sklenar et al., 1993). The delays used are as follows: T, = 1.7 ms, 1, = 0.85 ms, 3 = 13.3 ms. The following phase cycles were used. (a)
&1 =8() 8(=y); b2 =¥, ¥ =¥, =Y; §3 =¥, —¥; bg = 4(=y), 4(Y); 5 = —X;reC =Y, =Y, =Y, ¥, =% ¥, ¥, =Y, =Y; ¥, ¥, =Y, ¥, =Y, =Y, ¥. (b)
1 = 1600, 16(—x); b2 = X, y» =X, —; b3 = 4(y), 4(—y); b4 = 8(x), 8(—x); rec = 2(x, —x), 2(—X, X)» 2%, —X), 2(—X, X), 2(—=%, X), 2(,—X),
2(—x, X), 2(x, —x). The gradients used in (a) are g = (0.9 ms, 4 G cmfl), 2 =2 ms, 44 G cmfl), 23 =(0.5ms, 83G cmfl), g4 =
(0.3ms,0.7Gem™ 1), g5=(03ms,—1.4Gem™ 1), g6 = (0.3 ms, 1.4Gem™ 1), g7 = (0.3 ms, —0.7 G em™!), g8 = (1.2 ms, —2.6 Gem™ 1),
while for sequence in (b) gl = (0.5 ms, 6.5 G cmfl), 22=(05ms,22G cmfl), 23 =(04ms,44G cmfl). Quadrature detection along 71
was achieved by States-TPPL

while at higher temperatures and thus shorter tumbling NMR pulse sequences
correlation times such effects are small.

In this work modified T; and NOE relaxation ex- The 2D NMR pulse scheme for measuring T parame-
periments are described that suppress dipole-dipole ters of CHy groups is shown in Figure la. It consists
cross-correlated relaxation. The experiments are used of the following steps. Magnetization is first trans-
for relaxation measurements of side-chain CHy groups ferred from 'H to 1’C spins via a refocused INEPT,
of uniformly '3C labeled human ubiquitin at two H; — C.. During the following relaxation delay, C;
magnetic fields. undergoes longitudinal relaxation. At the same time

the three-spin order term C,Hj;H>; is created due
to 13C-TH,13C-'H dipole-dipole cross-correlated re-

Materials and methods laxation. These unwanted spin terms are purged as

follows. A 90° proton pulse is applied first, which gen-
NMR sample erates double- and zero-quantum coherence of the type

C.H{'H,, C;H{ Hy , and C.H,"H, , C.H[ H;", re-
A sample of uniformly 1N, 13C labeled human ubiq- spectively. The double-quantum terms are destroyed
uitin was obtained from VLI-research (Southeastern, by the application of a pulsed field gradient (PFG),
PA). The sample contained about 4 mM ubiquitin in while the zero-quantum terms are partially converted
50% D,0/ 50% H,O with a 45 mM sodium acetate into double-quantum terms by additional 90° proton
buffer at pH 4.7. The sample was deoxygenated and pulses with different phases. These double-quantum
sealed in a standard 5 mm NMR sample tube. terms are subsequently destroyed by PFGs as is in-

dicated in Figure la. The N-fold repetition of this
procedure counteracts the relaxation-induced produc-
tion of three-spin order terms during the delay N - T
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Figure 1. Continued.

where N is an integer number. During the #; pe-
riod magnetization of '>C nuclei undergoes precession
under the chemical shift Hamiltonian and is then
back-transferred to the directly coupled protons for
detection during t,.

To assess the performance of the suppression
scheme, two control experiments were performed. In
the first experiment, 90° proton pulses without PFGs
were applied during the delay and in the second one
180° proton pulses were applied together with PFGs.
The effects of dipole-CSA cross-correlated relaxation
rates, which are small due to the small size of 13C
CSA tensors in methylene groups, were eliminated by
the proton pulses applied during the delay N - T of
Figure 1a (Boyd et al., 1990).

T; relaxation times were determined from expo-
nential fitting of the cross-peak intensities of a series
of 2D spectra collected with different relaxation delays
N -T using the pulse sequence of Figure 1a. A fit to the
function I (N-T) = ag exp(—N-T/Tp) was performed

for each cross-peak intensity series I (N - T') with ag
and T as fit parameters using the program NMRView
(B. Johnson, Merck and Co., Inc.).

The pulse sequence for measuring the {'H}-!3C
NOE values of CH, groups is given in Figure 1b. It
is based on the sequence of Yamazaki et al. (1994)
for the measurement of main chain 13C% T; relax-
ation. Proton saturation is achieved by applying a
series of 120° pulses (Markley et al., 1971) with or
without PFGs (elements B1 and B2 of Figure 1b)
or by a series of 180° pulses with PFGs (element
B3). The original magnetization originates from equi-
librium magnetization of '3C nuclei. 'H decoupling
is applied immediately after the excitation of car-
bon magnetization and stopped at the time 21, =
1/(4 "Tue) prior to the INEPT transfer of the carbon
magnetization to the directly attached protons. The
constant-time chemical shift evolution period was set
to 28 = 1/'Jcc to obtain adequate resolution in the 2D
13C-TH correlation spectra along the '3C dimension,
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Table 1. Experimental vs. back-calculated relaxation parameters

Relation 600 MHz 800 MHz
parameter exp ! exp !
I; _Tlcac NOE®XP _NOE¢alc T, _Tlcac NOE®XP _ NOE*alc
Tlexp NOESXP TICXP NOEFXP
Error (%)  10.7 3.0 6.7 22

where !Jcc is the aliphatic carbon-carbon coupling
constant (Santoro and King, 1992; Vuister and Bax,
1992). To assess the effect of cross-correlated relax-
ation, different experiments were performed with the
pulse-sequence elements B1, B2, or B3. The heteronu-
clear NOE values were determined using the 3C-'H
cross-peak intensities obtained with and without sat-
uration of the protons using the heteronuclear NOE
analysis module of NMRView.

Results and discussion

Relaxation measurements

The longitudinal spin dynamics of a '3CH,-moiety
in the absence of radio-frequency (rf) pulses is gov-
erned in good approximation by the Master equation
(Werbelow and Grant, 1977)

dm

Fr R{m(t) — m.q}. ey

With one-spin polarization, C, as initial condi-
tion and if dipole-CSA cross-correlated relaxation can
be neglected, m is a four-dimensional column vec-
tor consisting of the expectation values of one- and
three-spin order terms m = ((C;), (Hiz), (Haz),
(4C,H1;H>;)); m,q contains the corresponding ex-
pectation values at thermal equilibrium. The diagonal
elements of the 4 x 4 rate matrix R are the auto-
relaxation rate constants of the individual spin terms
and the off-diagonal elements are the auto- and cross-
correlated (cross-relaxation) rate constants between
the different spin terms. Since the solution of Equa-
tion 1 is multi-exponential, the accurate determination
of individual elements of R is not straightforward. The
relaxation behavior can be simplified by the applica-
tion of rf pulses and PFGs during the relaxation period
N - T of Figure la: The goal is the accurate deter-
mination of element Ry = 1/71(C) by ‘decoupling’
the evolution of magnetization C; from all other terms.
While decoupling of C, from Hj; and H»; is accom-
plished by irradiation of the protons, the dipole-dipole

cross-correlation process C; — 4C;Hj;H>; cannot
be suppressed by (non-selective) proton pulses only.
Therefore, the suppression scheme shown in Figure 1a
uses a combination of 90° proton pulses and PFGs
as described above. In contrast, 180° proton pulses
would not have the desired effect because they leave
the 4C, Hy; H»; term invariant.

The performance of the pulse sequence of Fig-
ure la is shown in Figure 2 for selected '3CH, groups
at 600 and 800 MHz (Figures 2a, c and 2d). The re-
laxation decays follow in very good approximation
monoexponential behavior. In contrast, if during de-
lay T the 90° pulses are replaced by 180° pulses,
the dipole-dipole cross-correlated evolution C, —
4C, H1; H>; occurs uninhibited and can lead to a pro-
nounced multi-exponential decay behavior as is illus-
trated in Figure 2b. Analogously, if during delay T
the 90° proton pulses are retained but the PFGs are
removed, multi-exponential decay is observed (not
shown). Multi-exponential relaxation behavior due to
dipolar 13C_13(C relaxation is not manifested, since for
the relatively short overall tumbling correlation time
of ubiquitin (< 5 ns) such relaxation effects are small
(Yamazaki, 1994).

Heteronuclear NOEs were measured using the
pulse sequence of Figure 1b with three different satu-
ration schemes B1, B2, and B3. The NOE differences
among the different saturation schemes are compara-
ble to the experimental errors, which indicates that
cross-correlated relaxation effects have only a minor
influence on the heteronuclear NOE. T and NOE data
of good quality at 600 and 800 MHz proton frequency
could be obtained for non-overlapping cross peaks for
30 3CHj, side-chain groups and the backbone '3C*H,
of Gly 10. The data are displayed in Figure 3. For
CH, groups for which the intensities of both C-H cross
peaks could be measured, the relaxation parameters
were analyzed separately for each cross peak and then
averaged.
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Figure 2. Experimental T relaxation curves of the 13Cl—[2 groups of C3 of Pro 19 (a, b, ¢) and CP of Leu 43 (d) of uniformly I5N and 13C
labeled ubiquitin at two B magnetic fields using the pulse sequence of Figure 1a. Decay curves of the C-H cross-peak intensities in (a), (c), (d)
were obtained using suppression of cross-correlated relaxation, while the decay curve of (b) was obtained by replacing the 90° pulses during
the relaxation delay T (Figure 1a) by 180° pulses rendering the suppression ineffective.

Model-free analysis

The relaxation parameters were analyzed on a residue-
by-residue basis using the model-free approach by
Lipari and Szabo (1982). Two local model-free para-
meters, the generalized order parameter S? and the in-
ternal correlation time t;,,;, were fitted together with an
overall tumbling correlation time t.. Because confor-
mational exchange processes do not affect the T; and
NOE data, the model-free analysis is rather straight-
forward. It was applied separately to the T; and NOE
relaxation data at 600 MHz and at 800 MHz as well as
to the combined data at both fields. The overall tum-
bling correlation time was set to T, = 4.75 ns, which
was determined from backbone SN relaxation exper-
iments. The results are shown in Figure 4. The error
bars were determined using a Monte Carlo error analy-
sis with 100 runs. The three analyses give for most
CH; groups consistent results for the order parameters
with S? differences below 0.12 indicating that a two-

parameter model works quite well for these residues.
Exceptions are CP of Ser 20, CY of Pro 36, and CP
of Leu 56 for which the S?> parameter extracted at
600 MHz is highest and the one at 800 MHz is lowest.
For those methylene groups for which all relaxation
parameters could be determined for both cross peaks,
the individual order parameters generally differ by less
than 2%.

Most internal correlation times Tt;,; are below
500 ps. Their relative uncertainties are on average
larger than the ones of the S values. For very high S?
values, such as the ones found for CP of Lys 27 and CY
of Gln 41, the t;,; values are notably underdetermined.
The relaxation parameters were back-calculated from
the best fitting model-free parameters and compared
with the experimental relaxation data. The average dif-
ferences, which are given in Table 1, vary between
2% and 11% for the combined fitting of the data at
600 and 800 MHz. With the exceptions mentioned
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Figure 3. Experimental T{ and NOE relaxation parameters of 13CH2 groups of uniformly 13C labeled ubiquitin at 600 MHz (black) and
800 MHz (red) proton frequency using the pulse sequences of Figure 1.
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Figure 4. Model-free analysis of the 13CH2 relaxation parameters of Figure 3 in terms of a S2 order parameter and an internal correlation time
Tint- Model-free parameters were obtained by separately fitting T; and NOE data at 600 MHz (black) and at 800 MHz (red), and by combined
fitting of T and NOE data at both field strengths (green). The error bars were obtained by Monte Carlo simulations.



above, the relaxation behavior of most CH, groups
is well captured by the model-free analysis with in-
ternal correlation times falling into the subnanosecond
time-scale range. The generalized S order parameters
vary between 0.5 and 0.95 reflecting a larger vari-
ability than what is found for the corresponding N-H
backbone order parameters (Wand et al., 1992; Tjan-
dra et al., 1995; Lienin et al., 1998). No significant
correlations between side-chain and backbone order
parameters or between side-chain order parameters
and secondary structure and amino-acid type could be
detected.

In summary, the 2D NMR relaxation experiments
presented here allow the quantitative measurement
of longitudinal relaxation times and heteronuclear
NOE:s of '3CH, groups in biomolecules by suppress-
ing dipole-dipole cross-correlated relaxation induced
three-spin order. The relaxation data of ubiquitin col-
lected at 600 and 800 MHz magnetic field strength
could in most cases consistently be described in a
model-free way. For small to medium large proteins,
the pulse sequences can be applied to uniformly '3C-
labeled samples, such as the ones typically used for
protein structure determination, overcoming the need
of partial or specific deuteration.
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