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Nuclear magnetic resonance (NMR) can give a measure of the
frequencies and amplitudes of motions of individual atoms in
proteins on time scales ranging from picoseconds to days.1-7 Most
popular NMR experiments focus on the dynamics of protein
backbones. So far, investigations of side-chain dynamics have
mostly focused on methyl groups,8-12 although other aliphatic13

and aromatic14,15 groups as well as hydrophilic side chains
containing amide16-18 and guanidino19,20 groups have also been
studied. Recent work has shown that fast proton exchange rates
can be determined in arginine and lysine side chains.21,22 On the
other hand, the dynamics of side-chain carboxyl and carbonyl
groups have not been studied in detail despite their obvious
importance for ligand binding, catalysis, and other biological
functions. Here, we introduce a set of 13C relaxation experiments
designed to sample the dynamics of amide carbonyl and carboxyl
groups in the side chains of aspartic acid (D), asparagine (N),
glutamic acid (E), and glutamine (Q) by monitoring relaxation rates
of 13Cγ in D/N and 13Cδ in E/Q. Our approach is illustrated by the
calcium-binding protein calbindin D9k P43G which contains several
carboxyl and carbonyl groups that ligate the calcium ions.23

We have measured the longitudinal relaxation rates (R1) of side-
chain carboxyl and carbonyl 13C nuclei (13C′), their rotating-frame
relaxation rates (R1F) as a function of offset, and the cross-relaxation
rates (ηxy) due to the cross-correlation of their chemical shift
anisotropy (CSA) and the dipolar coupling with the adjacent 13C
nucleus. Expressions for these rates are given in the Supporting
Information (SI).

The pulse sequence employed for R1F measurements is presented
in Figure 1; the corresponding sequences used to measure R1 and
ηxy are given in the SI. Although direct 13C detection can be
employed,24 we used more sensitive out-and-back experiments
where the 1H polarization of the adjacent methylene protons was
transferred via the methylene 13C to the carboxyl/carbonyl 13C.
The continuous wave irradiation applied in the R1F experiments
attenuates undesirable effects of 13C-13C scalar couplings.25,26 The
alignment method of Hansen and Kay27 was employed for R1F

measurements close to resonance, while adiabiatic alignment was
implemented to access a broader range of offsets.28 The scheme
of Massi et al.29 suppresses the effects of CSA/DD cross-
correlations without perturbing the spin-lock RF field. This scheme
also allows one to use low spin-lock RF amplitudes for the study
of slow exchange processes. During the relaxation delays, undesired

cross-relaxation pathways35-37 were suppressed by applying π
pulses to 1H, 15N, and aliphatic 13C nuclei. Depending on the level
of deuteration, maximum signals can be obtained for delays 1/(4JCH)
< τb < 1/(2JCH), i.e., between the optimal values for CH2 and CHD
groups, respectively. A refocused INEPT in a CH2 group, with τb

) 1/(4JCH), generates, in addition to the desired in-phase 13C
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Figure 1. (A) Pulse sequence used to measure the rotating-frame relaxation
rates R1F of side-chain carboxyl/carbonyl 13C nuclei. (B) Alignment
schemes.27 Narrow and wide black rectangles correspond to 90° and 180°
pulses, respectively. Pulses are applied with phase x unless otherwise
indicated. The 1H carrier was placed on the water resonance (4.7 ppm).
Arrows between the 13C channels indicate a change of carrier frequency.
DIPSI-232 and GARP30 were used for 1H and 13C decoupling. Water-
selective sinc-shaped 90° pulses are represented by filled bell shapes. 1H
REBURP31 pulses (open bell shapes) were applied during the relaxation
period. Narrow black and wide gray bell shapes on the 13C channel represent
Q5 and Q3 shaped pulses,33 respectively. “BS” indicates Bloch-Siegert
compensation pulses.34 Relaxation delays were T ) 24, 72, 96, and 144
ms. A series of rates were recorded with the spin-lock carrier shifted from
172 to 186 ppm in 2 ppm steps. The amplitudes (G/cm) and durations (ms)
of the z-gradients were: g0: 7; 0.5; g1: 6; 0.5; g2: 28; 2.4; g3: 7; 0.64; g4:
5; 0.5; g5: 23; 0.5; g6: 23; 2.0; g7: -9; 0.5; g8: -31; 0.5. The phase cycles
were: �1 ) {x, -x}; �2 ) 2{y}, 2{-y}; �3 ) 4{y}, 4{-y}; �4 ) x; �5 )
x; �6 ) 8{x}, 8{-x}; �7 ) 16{x}, 16{-x}; �8 ) 32{x}, 32{-x}. �rec )
{{x}, 2{-x}, {x}}, 2 × {{-x}, 2{x}, {-x}}, {{x}, 2{-x}, {x}}, 2 ×
{{-x}, 2{x}, {-x}}, 2 × {{x}, 2{-x}, {x}}, {{-x}, 2{x}, {-x}}, {{x},
2{-x}, {x}}, 2 × {{-x}, 2{x}, {-x}}, {{x}, 2{-x}, {x}}. Quadrature
detection in the 13C dimension was performed by recording two data sets
with (�3, g6) and (-�3, -g6) for each t1 point. Delays were as follows: τa

) τb ) 1/(4JCH) ) 1.8 ms, or τb ) 1/(2JCH) ) 3.6 ms for the selection of
CHD groups; τc ) 3 ms; τd ) 1/(4JCC) ) 5 ms (3 ms were used). Further
details are given in the SI.
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coherence, a doubly antiphase 13C coherence that leads to artifacts
in slowly relaxing systems (e.g., Q75, see SI). The use of τb )
1/(2JCH) provides maximum accuracy when supplemented with a
filter for CHD moieties (see SI). In addition, the quantification of
dipolar interactions with neighboring protons becomes straightfor-
ward and spectral resolution is improved (see SI). Under these
conditions, maximum sensitivity is achieved with a 50% level of
deuteration. The cross-relaxation rate ηxy was measured using
symmetrical reconversion.38

A [15N, 13C, 2H (50%)]-labeled sample of calbindin D9k P43G
was studied at 296 K and pH 6.0 (100 µL at 4 mM concentration).
The 13C′ R1, R1F, and ηxy rates were measured using a Bruker
Avance 600 MHz spectrometer equipped with a triple-gradient TBI
probe. A set of 13C′ R1 data was collected on a Bruker Avance
500 equipped with a TCI cryoprobe. The 13C′ R1 and R1F rates
were also measured at 301 K on a Varian Inova 500 MHz
spectrometer. A typical 2D-H(C)CO spectrum is shown in Figure
2.

Model-free39 analysis of the 13C′ relaxation rates involved a
simultaneous two-parameter fit of the order parameter S2 and the
correlation time τe of local motions against the rates R1(500),
R1(600), and ηxy(600). The overall rotational diffusion of calbindin
D9k is known to be isotropic with a correlation time τc ) 4.17 ns
at 296 K, as determined from backbone 15N relaxation data; τc was
fixed at this value in the model-free analysis. The local motions
were also assumed to be isotropic, in the sense that the amplitudes
of the angular fluctuations of a vector were assumed to be
independent of its orientation, so that a common model-free spectral
density function39 J(ω) could be used for all interactions. The
exchange contributions (Rex) to the line widths were extracted from
a comparison of R2(600) and the exchange-free transverse relaxation
rates R2

0 calculated from fitted model-free parameters.
The model-free analysis depends on the parametrization of the

CSA tensors. For the side-chain carbonyl 13C, we used the average
CSA values determined in ubiquitin40 for the backbone amide
carbonyl 13C: σxx ) 251.8, σyy ) 203.25, and σzz ) 83.6 ppm, where
the latter component is perpendicular to the plane spanned by the
CsC and CdO bonds, and the σxx component subtends an angle
of 25° with the CsC bond. For the carboxyl 13C, the principal
components of the CSA tensors were assumed to be41 σxx ) 242,
σyy ) 191, and σzz ) 105 ppm, with the σxx component being
parallel to the CsC bond. The model-free analysis was repeated
with extreme values for the CSA components of carboxyl groups.42

The variations of carbonyl CSA components were related to the
range of isotropic chemical shifts.40 The resulting variations of the
extracted model-free parameters are small for carboxyl and
negligible for carbonyl groups (see SI). The robustness of our
analysis originates from the linear (rather than quadratic) depen-

dence of ηxy rates upon CSA components as well as a favorable
orientation of the CSA tensors: the angle between the CsC bond
and the variable CSA component is 90° for carboxyl and close to
the magic angle for carbonyl 13C. The influence of this orientation
remains to be evaluated.

As shown in Figure 3, the order parameters indicate a rigid
behavior of all side chains that are involved in Ca2+ binding (E27,
D54, N56, E58, E65), with 0.68 < S2 < 0.94. Relatively high order
parameters (S2 > 0.61) are also observed for groups that are either
hydrogen bonded or involved in an electrostatic interaction in the
crystal structure,23 i.e., E17 (H-bonded to S24 OγH), E35 (to Y13
OηH), and D47 (to K25 N	H3

+), with the exception of D19 (to
Q22 NεH), while lower order parameters (S2 < 0.66) are observed
for side chains that are exposed to the solvent (E4, N21, E26, Q33,
E64, Q67, and Q75). E5 features a surprising rigidity that could
not be rationalized so far. The order parameters of E11 and E52
are likely to be overestimated because low intensities in the ηxy

experiments lead to poor sampling of the spectral density function
at low frequency. Future work could involve complementary studies
of relaxation interference in methylene groups.43,44

Figure 4 shows contributions to the 13C′ line widths due to
chemical exchange processes in the range from µs to ms. No µs
time scale conformational exchange was detected so far in
calcium-loaded calbindin D9k P43G.26,45 We attribute these
effects to an interchange between the dominant basic and minor
protonated forms of the carboxyl groups at pH 6.0.46 This
hypothesis is supported by the fact that Rex is negligible for the

Figure 2. H(C)CO spectrum of calbindin D9k. Assignments are shown for
all peaks analyzed in this study. Figure 3. Order parameters S2 determined by model-free analysis of the

relaxation rates of 13C nuclei in carboxyl and amide carbonyl groups in the
side chains of aspartic acid (D), asparagine (N), glutamic acid (E), and
glutamine (Q) residues. Residues involved in Ca2+ coordination, H-bonds,
or electrostatic interactions are indicated together with the interaction partner.

Figure 4. Contributions Rex to the line widths of side-chain carbonyl/
carboxyl 13C nuclei due to chemical exchange processes. Side chains that
act as ligands for calcium binding are indicated by shaded bars.
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amide carbonyl 13C and small for carboxyl groups involved in
Ca2+ binding, for which the equilibrium is heavily shifted toward
the basic form. We found a significant correlation between Rex

and the populations derived from the pKa measured in Ca2+-
free calbindin46 for carboxyl groups that are not involved in
calcium binding (see SI). The large Rex values for 13Cδ in E11
and E52 are likely due to an increased population of the
protonated state, i.e. an upward shift in their pKa as compared
to values characteristic of unstructured peptides.46 Experiments
at a different pH will be carried out to test this hypothesis. Figure
5 shows the variation of R1F with the tilt angle (θ) of the effective
field for 13Cδ of E64. Similar data could be fitted for all residues
without invoking any θ-dependence of R2, thus revealing
that the exchange processes must be very fast, with rates
kex > 104 s-1.

In conclusion, we have introduced a series of 13C relaxation
experiments to study the dynamics of carboxyl and carbonyl groups
in protein side chains. The results provide information on processes
on both fast (sub-ns) and slower (approximately µs) time scales
that are relevant for understanding the biological function of these
groups.
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Figure 5. Typical angular dependence of the rotating frame relaxation rate
R1F of 13Cδ in E64 (T ) 301 K; B0 ) 11.7 T; 1.9 kHz RF amplitude). θ is
the tilt angle of the effective field in the rotating frame. Experimental data
(circles) were fitted (plain line) with only two parameters (R1 and R2).
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