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Abstract The usefulness of selective isotope labelling
patterns is demonstrated using the C-terminal SH2 domain
of PLC-y1 selectively '*C labelled at methionine methyl
groups. We demonstrate the generation and relaxation of
coherences that are second rank in protons and first rank in
carbons that derive from quadrupolar order in protons. The
decay rates of second rank double quantum proton coher-
ences are measured. These terms exhibit fewer channels for
cross-correlated relaxation compared to single quantum
coherences. Our results indicate the potential application of
the measurement of high order proton coherences to the
analysis of dynamics in methyl-bearing side chains.

Keywords Selective labelling - Methyl groups -
Multipolar spin terms - Nuclear spin relaxation

Introduction

NMR spectroscopy presents a powerful probe of structural
and dynamic properties of biomolecules on an atomic level.
As such, it has been providing increasingly detailed
information on thermodynamics and function of proteins.
Traditionally, proteins are prepared by bacterial growth
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using minimal media supplemented with '>’NH,CI (and '*C
glucose) for recombinant protein synthesis, an approach that
yields uniform incorporation of '>N (and '*C) spin labels.
Although generally a high level of incorporation of NMR
active nuclei is desired, in high molecular weight proteins
spectral complexity can impede analysis of protein structure
and dynamics. In addition, fast transverse relaxation in large
proteins will exert an increasingly detrimental effect on the
sensitivity of NMR experiments. In order to obtain more
favourable relaxation properties, bacterial growth can be
carried out in 2H,0, leading to high levels of deuteration at
non-exchangeable positions. The gyromagnetic ratio of “H
being about one sixth of that of 'H, replacement of protons by
deuterium efficiently reduces dipolar relaxation of nuclei
that are otherwise directly attached or in close proximity to
protons. Recently, techniques have become available that
select slowly relaxing components of magnetization (Per-
vushin et al. 1997; Tugarinov et al. 2003) and thus push the
size limit of structure determination to about 80 kDa, using
per-deuterated molecules.

A complementary strategy to address experimental limi-
tations concerning the analysis of large proteins aims at
introducing NMR active (or inactive) labels at specific sites
of the protein by supplementing growth media with selec-
tively labelled amino acid precursors. Such an approach has
been employed to reintroduce proton resonances in methyl
groups for the collection of long-range distance information
in otherwise deuterated molecules (Gardner et al. 1997),
thereby maintaining the favourable relaxation properties of
per-deuterated molecules and at the same time reducing
spectral overlap. Site-specific labelling techniques often
confer magnetic isolation of small spin systems, which is
particularly desirable in certain spin relaxation measure-
ments that serve to characterize local protein dynamics.
Here, selective labelling facilitates the design of pulse
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sequences that would otherwise suffer from the complexity
of the multiple interactions in an extended network of NMR
active nuclei. Although some relaxation methods for methyl
groups, for instance, work for uniformly '*C labelled pro-
teins or selectively labelled proteins with a certain degree of
scrambling of carbon labels (Yamazaki et al. 1994; Millet
et al. 2002; Mulder and Akke 2003), experiments that rely on
selective labelling schemes are generally more sensitive,
since in a system of two or more scalar coupled "*C spins
pulse sequence design is constricted by the need to prevent
the undesired loss of magnetization due to the large one-bond
carbon-carbon couplings. In addition, small scalar couplings
across two or three bonds may cause significant systematic
errors in certain types of relaxation experiments (CPMG or
R;,) if two nuclei cannot be manipulated separately (Mulder
and Akke 2003; Ishima et al. 2004). Furthermore, for a
carbon nucleus, the proximity of another '*C label serves as
an efficient dipolar relaxation channel and complicates the
analysis of relaxation rates (Yamazaki et al. 1994; Ishima
et al. 2001).

Methyl groups present extremely valuable probes of
protein dynamics since they are mostly located in the
hydrophobic cores of proteins and are involved in tertiary
contacts that are crucial for protein fold and stability. In
addition, resonances in methyl spectra are usually well-
dispersed and intense due to fast methyl rotation. Here, we
present novel methyl relaxation experiments using a
selectively methionine methyl '*C-labelled sample of the
C-terminal SH2 domain of the signal transduction protein
PLC-y1 (PLCC SH2). We used these selective methyl la-
bels to design a suite of 1D experiments by which we
illustrate the generation of spherical tensor operators of
second rank in the X3 manifold of the AXj3 spin system. On
the basis of the phase cycling strategies that are used in
these 1D experiments to separate the desired terms, we
propose two-dimensional pulse schemes to measure

relaxation rates of coherences derived from quadrupolar
order of protons, TH T}, , where i is equal to O or +1. The
strategy is similar to the one described in the context of
deuterium relaxation in CH,D isotopomers of methyl
groups (Muhandiram et al. 1995; Millet et al. 2002).

Due to rapid rotation of the methyl group around a
threefold symmetry axis, the X5 system is conveniently
represented by a sum of one totally symmetric manifold
with group spin I =3/2 and two asymmetric manifolds
with group spin I = 1/2 (Muller et al. 1987; Kay et al.
1988; Kay et al. 1996); the AX; system accordingly con-
sists in a convolution of these manifolds with another spin
I =1/2 system representing the carbon nucleus. In our
experiments we employ double quantum filters on protons.
Spin terms that derive from the two I = 1/2 manifolds of
the X5 subsystem do therefore not contribute to the
observations, and theoretical considerations and analysis
can be restricted to a spin system represented by an [ = 3/2
nucleus coupled to a spin I = 1/2 nucleus. A schematic
representation of the high order spin terms used in this
work is given in Fig.1. For the description of the pulse
sequences we adopt the spherical tensor operator notation
(Muller et al. 1987) for both proton and carbon magneti-
zation, where T};’ T,,Cp, denotes operators of ranks /,’ and
coherence orders p,p” in protons and carbon, respectively,
as indicated by the superscript. Since for protons we need
not consider the asymmetric I = 1/2 manifolds, we omit the
indices referring to the group spin quantum number for the
sake of simplicity.

Results
Figure 2 shows pulse sequences devised for the measure-

ment of relaxation properties of the multipolar spin terms
TE TG , TR, TS and TH,TC, . Panel a depicts the pulse
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Fig. 1 Energy level diagrams for the spin I = 3/2 manifold of the
AX; system. Depicted from left to right are (a) TATS, (0)TE, TS, (¢)
TZHﬁTICO, and (d) TfﬂTlcil. For T%Tﬁ,, filled circles symbolize
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positive values for population, empty circles are depleted states.
Coherences are depicted by wavy lines. Carbon and proton spin states
that constitute the symmetrised basis are given for T2 T,
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Fig. 2 Pulse schemes for the measurements of relaxation rates of
T8, TS, TH, TG, and T, TE, . Narrow and wide pulses indicate 90°
and 180° pulses, respectively. All pulses are applied along the x-axis
unless indicated otherwise. "H and '*C pulses are centered at 4.77 and
17 ppm, respectively, the 'H carrier frequency is shifted to 1.85 ppm
during relaxation periods. '*C decoupling is achieved using the GARP
sequence (Shaka et al. 1985) with a 2.3 kHz field. Gradient levels
were as follows: gg = 2 ms, 2 Gem™!, g = 0.5 ms, 2 Gem™!, &=
3 ms, 15 Gcrn’l, g3 = 1lms, -5 Gcm’l, g4= 05ms, 4 Gem ™.
Quadrature detection in F1 is achieved via States-TPPI of ¢4. (A)
Pulse scheme for the measurement of the decay of Tﬁ 1TICO. Double
quantum filtering is achieved by the means of cycling ¢s in steps of
45° whereas the receiver is cycled by 180°. The hatched pulse is
applied with a flip angle of 45° in order to generate the maximum

scheme used for measuring the decay of T4, T};. Magne-
tization starts from any of the three methyl protons and is
transferred to the attached carbon nucleus via an INEPT
step. At point a in the sequence the magnetization
of interest is T TC,,. It evolves due to 'Jey for a delay
1/(21JCH) and is transformed into T%TIC0 (quadrupolar or-
der of protons) at point b. A proton double quantum filter is
employed to exclude terms that are not derived from this
second rank term. It consists in a 90°-180°-90° pulse
element on proton magnetization where the 180° pulse is
cycled in steps of 45° and the receiver is cycled in steps of
180° in order to select a change in proton coherence order
Ap™ = +4. Alternatively, either of the two 90° pulses can
be cycled by 90° to select Ap" = +2; either way, double
quantum coherence of protons is selected (Millet et al.
2002), whereas terms arising from the asymmetric proton
manifolds are suppressed (the phase cycle is given
explicitly in the caption of Fig. 2). The second 90° pulse
restores TH T, and T Tf, is created by a 45° pulse.
Ap' = %1 is selected by simultaneously shifting the phase
of ¢ and the receiver. After the relaxation delay, Tg,
transfer of magnetization is reversed and carbon magneti-

amount of single quantum coherence. Phase cycling is ¢ = x, X,
$2 = 200, 2(X), b3 = 2(x) 2X), s = X, s = 2(0°), 2(90%), 2(45°),
2(135°), ¢ = 4(x), 4(=Xx), rec = X, —X, —X, X, =X, X, X, —X. (B) Pulse
sequence for the measurement of the relaxation of T¥,T{ and
TfﬂTlcil‘ Here, the double quantum filter is incorporated into the
relaxation delay and the hatched pulse is applied with a 90° flip angle.
Pulses with an asterisk are applied with the purpose of generating
T8, TS, but are omitted for measuring relaxation of T4,,T¢, . Dotted
180° pulses during relaxation need not be applied in case carbon is
longitudinal. The phase of the pulse following the first INEPT step
during back transfer has phase y (x) for TZHﬂTlCO(TﬁZT&I). Phase
cycling is ¢y =X, =X, ¢ =4(X), 4(y), ¢3=2(X), 2(-X), P4 =X,

rec = X, —X, —X, X, —X, X, X, —X

zation is allowed to evolve during f#;. Magnetization is
subsequently transferred back to the methyl protons,
yielding a 2-dimensional '*C—"H correlation map where
intensities are modulated during the relaxation period. In
panel b, a similar pulse sequence is depicted for the mea-
surement of the decay of TH,T{, and T ,TC,,. The se-
quence is identical to the first one until point b. The
relaxation delay is subsequently implemented with the
double quantum filter incorporated, and the desired
coherence is excited using a 90° proton pulse. No addi-
tional phase cycling is necessary. The carbon pulses indi-
cated by asterisks serve to generate 74,7}, during the
relaxation period and are omitted if the TH,TC., is
monitored.

The generation of multipolar proton spin terms from
T%Tlc0 as a function of proton pulse length was monitored
using 1D versions of these pulse sequences. In addition,
THTS, was selected by applying a pulsed field gradient
after the excitation pulse. The experimental dependence of
the intensities of the coherences generated from quadru-
polar order on the proton pulse length is depicted in Fig. 3,
where circles correspond to the normalized intensities of
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Fig. 3 Amount of magnetization as a function of proton flip angle:
(a) TATS, (b) TE, TS, (¢) T2, TS, The two most intense peaks were
chosen from a 1D experiment. The flip angle has been determined to
give the best fit for the two resonances and three spin terms simul-
taneously. Normalization was with respect to the first data point in
each series. The theoretical dependence is given by reduced Wigner
matrix elements dZ, = 1/2(3cos? f— 1), d%,, = /3/2sin fBcosf,
and d%,, = \/3/8 sin? § where f is the proton flip angle of the pulse

applied to TH TS

the two strongest resonances that were resolved in the 1D
spectra. The effect of applying pulses of flip angle f is
described by reduced Wigner matrix -elements,
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T = dgo(ﬁ)e’i(-’”2>‘/’, where ¢ = 0 indicates a y-pulse
(Muller et al. 1987). Experimental results are in excellent
agreement with theory. Complete destruction of THT(,
occurs at the magic angle, whereas flip angles for maxi-
mum excitation of 74, T, and T4, T, are 45° and 90°,
respectively. Figure 3 demonstrates that it is not possible
by the mere application of pulses to separate T4 TS or
TE,Tf, from quadrupolar order. Separation is instead
accomplished by appropriate phase cycling as described
above.

Decays of T, T, and T#_,Tf,, of the four methionine
methyl groups are depicted in Fig. 4. Rates are generally
high and differ strongly for the four resonances, indicating
that the relaxation properties of these coherences respond
very strongly to differences in motion and/or differences in
proton density of their respective surrounding. T4 ,T§,
relaxes slightly faster than T2 ,TC, . Experimental relax-
ation rates are given in Table 1. If suppression of
'H-3C/'H-'"H dipolar cross-correlated ~relaxation is
desired, it is recommended to apply a train of 180° pulses
on carbon during the relaxation periods at a rate that is fast
compared to the cross-correlation rate. Notably, we did not
observe significant deviations from mono-exponentiality in
any of the relaxation decays we recorded, although pulse
trains on carbon were not applied. However, two carbon
180° pulses are applied after delays of Tr/4 and 3Tgr/4,
such that the maximum evolution period before inversion
of 'H-"3C/"H-'H dipolar cross-correlated relaxation was
12.5 ms. Furthermore, loss of correlation can be caused by
rapid spin flips of the dipolar coupled methyl proton due to
the contribution of non-bonded protons to proton longitu-
dinal relaxation (Ishima et al. 2001; Tugarinov and Kay
2004), thereby suppressing cross-correlated relaxation
pathways in the protonated background of our sample. Of
note, TH,,TC,, is even less affected by dipolar cross-cor-
related relaxation. A detailed investigation of the effects of
cross-correlated relaxation will be published elsewhere.

Summary

We have used uniformly '°N labelled and selectively
methionine methyl '*C—labelled PLCC SH2 in order to
demonstrate the potential use of high rank methyl proton
spin terms in NMR relaxation spectroscopy. The strategy
of precursor synthesis follows the one that was described
recently (Lichtenecker et al. 2004). Details of the precursor
synthesis and its selective incorporation into the protein are
described elsewhere (Fischer et al. 2007).

The generation of multipolar proton spin terms was
monitored as a function of pulse length in order to devise
the phase cycling procedures that are necessary to
monitor the relaxation properties of proton second rank
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Fig. 4 Multiple quantum
decays of T4, T (solid
line), 7,5, and (dashed
line) of the four Methionine
peaks in the C-terminal SH2
domain of PLC-y1.
Intensities have been
normalized to 1 and error
estimates are based on MC
analysis using the noise
level as a measure for
random uncertainty (error 0

Mo

I/lo

bars are smaller than the 0
symbol size)

10 20 30 0 10 20 30
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Table 1 Relaxation rates of the methyl groups of the four methionine
residues in the carboxyl-terminal SH2 domain of PLCC-y1 at 18.8T.
Assignments were taken from the BMRB, entry 5310 (Kay et al.
1996)

R(THTE)[s ™" ]

R(T3Ti) s ]

M24 56.2 0.8 67.0 = 1.0
M26 28.6 +0.3 39.0+0.4
M68 495 +04 614 +0.6
M93 85.8 £ 1.4 962+ 14

coherences in methyl groups. Exemplary decays of the
coherences TH,T( and T ,TC, demonstrate the
excellent sensitivity despite of the fast relaxation of
the coherences. Although in methionine residues the flow
of magnetization is not compromised by one-bond
13C-13C scalar couplings, the isolation of the '*C spin in
methionine groups may nonetheless be crucial in CPMG
or Ry, experiments because artefacts are introduced by
small scalar couplings to more remote carbon nuclei
(Mulder and Akke 2003; Ishima et al. 2004).

To date, methyl dynamics have been studied mainly by
'3C and ?H NMR relaxation techniques since the relaxation
properties of these nuclei are hardly sensitive to the pres-
ence of external protons (Ishima et al. 2001). Qualitative
correlation between proton transverse relaxation in CHD,
groups and 3¢ (ZH) transverse relaxation rates in CHD,

10 20 30
t[ms]

t[ms]

(CH,D) methyl isotopomers has been reported (Ishima
et al. 2001) for HIV-1 protease. Only recently, the potential
role of proton relaxation in the analysis of methyl group
dynamics has been demonstrated for the 7.5 kDa protein L
and the 82 kDa protein MSG (Tugarinov and Kay 2006)
with selectively '>*C—'H labelled methyl groups of Val,
Leu, and Ile. Both these approaches employ single quan-
tum coherences of protons. Here we present another ap-
proach to qualitatively address methyl dynamics, using
second rank double quantum coherences. The advantage of
these spin terms lies in the reduction of cross-correlated
relaxation channels as compared to single quantum terms.
Generally, the number of cross-correlated relaxation path-
ways decreases with the number of nuclei involved in the
coherence. As such, T4 ,Tf,, is the term that is entirely
devoid of intra-methyl cross-correlated relaxation. Gener-
ation of third rank terms is possible (Skrynnikov et al.
2001), their systematic investigation is, however, beyond
the scope of this work and will be addressed in future
studies. With our approach we find relaxation rates be-
tween 28 and 85s' (T#,TC,), and 39 and 97 s
(T, TS,), respectively, for the methionine methyl groups
in PLCC SH2. Relaxation is systematically slightly faster
for T ,T{ due to additional contributions from C-H
dipolar interactions. Notably, relaxation rates are highest
for Met93, for which an order parameter has been reported
that is significantly higher than for the other methionines
(Kay et al. 1996). This qualitative agreement demonstrates
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the potential applicability of the proton relaxation mea-
surements for the analysis of methyl group dynamics. For a
more rigorous interpretation of rates in terms of dynamics
it will be necessary to perform experiments in a completely
deuterated background.

Materials and methods
Protein preparation and purification

E. coli BL21(DE3) containing the expression plasmid for
PLCC SH2 were grown in minimal media supplemented
with 15NH4C1 and 12C—glucose. Precursor (keto-methi-
obutyrate) was added to the growth medium prior to
induction with IPTG. The protein was purified to homo-
geneity by affinity chromatography on a phosphocellulose
column and subsequent size exclusion chromatography.
The NMR sample (IH,15 N, methionine—13CH3 PLCC SH2)
was 1 mM in protein, 20 mM potassium phosphate, at
pH 6.5 and contained 8% “H,0.

NMR spectroscopy

Measurements were performed at 25 °C on Varian Inova
Spectrometers operating at static magnetic field strengths
of 11.8 and 18.8T. Experiments devised for the generation
of quadrupolar order T4 Tf; , and coherences T4, T and
T4, TG were recorded at 11.8 T in a 1D manner by
arraying the length of the proton pulse that generates the
desired coherences from TH TS between 0 and 18 p's in
steps of 0.6 u s, which covered nutation angles between 0
and 180°. Relaxation experiments for T%,Tf, and
Tﬁzlecil were recorded at 18.8 T. Spectra had
(224 x 1630) and (184 x 1630) complex data points for
TH,TG and T, T, respectively. Relaxation delays
were (2, 4, 4, 6, 8, 10, 12, 16, 16, 20, 20, 25) ms for
TE, TS and (3, 5, 8, 8, 10, 12, 16, 16, 20, 20, 25, 30,
35) ms for TH, T, .

Data analysis

Spectra were processed using the nmrPipe Software
package (Delaglio et al. 1995). The generation of the de-
sired spin terms was followed by measuring peak heights
of two of four non-overlapping proton resonances in a suite
of 1D spectra using VNMR software. Curves in Fig. 2 were
obtained by a simultaneous fit of the theoretical relation-
ship between flip angle and amount of TR TS, T, TS, and
T4 , T, to the respective measured signal intensities, and
of the 2 X 3 data sets using in-house written software
(Matlab, The MathWorks Incs., USA). For relaxation
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experiments, partial peak volumes were determined via
summation over a grid of 7 X 7 data points distributed
around the centre of each peak position. Analysis of data
was accomplished using in-house written software (Matlab,
The MathWorks Incs., USA). For the computation of
relaxation rates, a mono-exponential decay was fitted to the
data. Error estimation is based on a Monte Carlo analysis
(100 steps) where peak intensities were varied according to
a normal distribution with a width calculated on the basis
of the estimated noise level. Errors in experimental inten-
sities (Fig. 4) correspond to standard deviations of the
randomised intensities, and errors in rates are given as
standard deviation of extracted rates (Table 1).
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