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Abstract

A comparison of three labeling strategies for studies involving side chain methyl groups in high molecular
weight proteins, using '*CHs,"*CH,D, and '*CHD, methyl isotopomers, is presented. For each labeling
scheme, '"H-'3C pulse sequences that give optimal resolution and sensitivity are identified. Three highly
deuterated samples of a 723 residue enzyme, malate synthase G, with '*CHs,'>*CH,D, and "*CHD, labeling in
Ile 31 positions, are used to test the pulse sequences experimentally, and a rationalization of each sequence’s
performance based on a product operator formalism that focuses on individual transitions is presented. The
HMQC pulse sequence has previously been identified as a transverse relaxation optimized experiment for
3CHj;-labeled methyl groups attached to macromolecules, and a zero-quantum correlation pulse scheme
("*CH; HZQC) has been developed to further improve resolution in the indirectly detected dimension. We
present a modified version of the '>CH; HZQC sequence that provides improved sensitivity by using the
steady-state magnetization of both '>C and 'H spins. The HSQC and HMQC spectra of '*CH,D-labeled
methyl groups in malate synthase G are very poorly resolved, but we present a new pulse sequence, '*CH,D
TROSY, that exploits cross-correlation effects to record 'H-'*C correlation maps with dramatically reduced
linewidths in both dimensions. Well-resolved spectra of *CHD»-labeled methyl groups can be recorded with
HSQC or HMQC; a new '*CHD, HZQC sequence is described that provides improved resolution with no loss
in sensitivity in the applications considered here. When spectra recorded on samples prepared with the three
isotopomers are compared, it is clear that the '*CHj labeling strategy is the most beneficial from the per-
spective of sensitivity (gains >2.4 relative to either '*CH,D or '*CHD, labeling), although excellent resolution
can be obtained with any of the isotopomers using the pulse sequences presented here.

Introduction dynamics of proteins (Muhandiram et al., 1995;

Tugarinov et al., 2004a, 2005a). Their spectro-
Side chain methyl groups are emerging as valuable scopic properties are favorable: methyl resonances
probes in NMR studies of the structure and are typically well-dispersed in "H-'*C correlation

maps, and cross-correlations among the 'H-'"°C
_— 1 1 . . . . ;.
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produce spectra with dramatically enhanced
resolution (Ollerenshaw et al., 2003; Tugarinov
et al., 2003). It is straightforward to produce
protein samples that are "H,'>C labeled in selected
side chain methyl positions and otherwise uni-
formly 2H,'>C (Goto et al., 1999; Tugarinov et al.,
2004a). This labeling strategy significantly de-
creases the relaxation rates of methyl coherences
and allows the use of simple pulse sequences that
target isolated '*CHj spin systems. Measurements
of methyl-methyl distances via the nuclear Over-
hauser effect deliver a wealth of structural infor-
mation on a protein’s hydrophobic core regions
(Metzler et al., 1996; Rosen et al., 1996; Smith
et al.,, 1996; Gardner et al., 1997), where methyl
groups tend to be concentrated (Janin et al., 1988).
Millisecond dynamic processes can be measured at
methyl positions using recently developed experi-
ments (Ishima et al., 1999; Korzhnev et al., 2004),
and accurate side chain order parameters can be
derived from measurements of intra-methyl
"H-'3C/'"H-'H cross-correlation rates in small
proteins (Tugarinov and Kay, 2004a) or through
’H spin relaxation studies (Muhandiram et al.,
1995; Millet et al., 2002).

Structural studies to date have concentrated on
proteins labeled with '*CH;3 methyl groups at Ile
(81), Leu and Val residues, but it is also possible to
prepare samples that are uniformly labeled at the
same positions with either '*CH,D or '*CHD,
isotopomers. This raises an interesting question:
Which of the three labeling patterns (‘*CHs,
3CH,D or *CHD,) is most advantageous with re-
spect to signal-to-noise and resolution? For example,
reducing the number of 'H spins in a methyl group
attached to a protein may lead to a reduction of
transverse relaxation rates due to the elimination of
strong intra-methyl dipolar interactions. However,
removing 'H spins could also be detrimental
because they will no longer contribute their steady-
state polarization to the NMR signal, and the spin-
lattice relaxation time of the remaining 'H spins
will be substantially increased. In order to address
this question we first study a number of 'H-'*C
correlation pulse sequences and identify those
which provide the best resolution and sensitivity
for each isotopomer. Pulse sequences are tested
experimentally using three samples of a 723 residue
enzyme, malate synthase G (MSG), with '*CHs,
3CH,D, and '*CHD, labeling in Ile 31 positions.
Subsequently a theoretical rationalization of each

sequence’s performance is presented, followed by a
comparison of spectra recorded using the most
favorable experiment in each case.

As has previously been reported, optimal spec-
tra can be recorded for the '*CH; isotopomer using
the HMQC pulse scheme (Ollerenshaw et al., 2003;
Tugarinov et al., 2003) or using a zero-quantum
correlation technique, *CH; HZQC (Tugarinov
et al., 2004b). We present a modified '*CH; HZQC
sequence that boosts sensitivity by using steady-
state '*C magnetization in addition to polarization
from protons. HSQC and HMQC spectra recorded
on *CH,D labeled Ile 81 methyls in MSG are of
remarkably poor resolution. We demonstrate that,
in the case of HSQC correlation maps, this is due to
a "H-'C dipolar cross-correlation effect, and we
present a new transverse-relaxation optimized pulse
sequence, 3CH,D TROSY, that exploits both
'H-'3C and "H-'H/'H-"3C dipolar cross-correla-
tions to record 'H-'>C correlation spectra with
greatly improved resolution in both '>C and 'H
dimensions. For the '*CHD, isotopomer, spectra
generated using HSQC and HMQC pulse schemes
are of acceptable resolution and sensitivity; a
3CHD, HZQC experiment is described that takes
advantage of intra-methyl '"H-H/?H-">C dipolar
cross-correlations to provide datasets with
increased resolution.

The results strongly favor the use of '*CH;
labeling at side chain methyl positions in structural
studies of large proteins. While excellent resolution
can be obtained in spectra of MSG recorded with
any of the three isotopomers using the pulse
sequences presented here, '"H-'*C correlation maps
of 3*CH; methyl groups can be recorded with at least
2.4 times more sensitivity than is possible with either
13CH,D or *CHD, methyls. These other isotopo-
mers are, nonetheless, of considerable interest
because of their use in studies of side chain dynamics
through deuterium (Muhandiram et al., 1995;
Tugarinov et al., 2005b) or carbon (Ishima et al.,
1999, 2001) spin relaxation measurements.

Materials and methods
NMR samples
Three samples of MSG with different isotope

labeling at Ile 51 positions were used in the present
study, including U-['*N,?H], Ile 31-['*CH;]-labeled



MSG, U-["°N,?H], Ile 51-['*CH,D]-labeled MSG,
and U-['"’N,’H], Ile 81-["*CHD,]-labeled MSG.
Each sample was prepared as described in detail
previously (Tugarinov and Kay, 2004b) by E. coli
overexpression in 1 litre of D,O M9 medium using
U-[’H]-glucose (CIL, Andover, MA) as the main
carbon source and '"NH,Cl (CIL, Andover, MA)
as the nitrogen source. One hour prior to induction,
100 mg of 4-'3C-3,3-H,-a-ketobutyrate (Ile 51-
['*CH5] labeling), 4-'3C-3,3,4-’H;-a-ketobutyrate
(Ile 31-['*CH,D]-labeling), or 4-'3C-3,3,4,4->Hy-0-
ketobutyrate (Ile 81-['>*CHD,] labeling) was added
to the growth media. These a-ketobutyrate isotop-
omers were prepared from sodium 4-'3C-o-keto-
butyrate, sodium 4-'3C-4-H-o-ketobutyrate, and
sodium 4-13C-4,4-2H2-oc—ketobutyrate obtained
from Isotec (Miamisburg, OH); the procedure of
Gardner and Kay (1997) was used to deuterate the
C; positions. Each of the three NMR samples was
adjusted to have a protein concentration of
0.80+0.05 mM and a pH of 7.1 (uncorrected), and
contained 99.9% D0, 25 mM sodium phosphate,
20 mM MgCl,, 0.05% NaNjz and 5 mM DTT.

NMR spectroscopy

All NMR experiments were performed at 37 °C on
a 500 MHz Varian Unity Inova spectrometer
equipped with a room temperature pulsed field
gradient triple resonance probe. Datasets were ob-
tained with (100, 512) complex points in the (°C,
"H) dimensions, corresponding to acquisition times
of (80, 64 ms), with the exception of the HSQC and
HMQC datasets recorded on the Ile 51-['*CH,D]-
labeled sample, which comprised (40, 512) complex
points corresponding to acquisition times of (32,
64 ms). A relaxation delay of 1.5 s was used for each
experiment (excepting the non-sensitivity-enhanced
HSQC spectrum of the Ile 81-['*CH,D]-labeled
sample used to prepare Figure 7a, for which 1.2 s
was used; intensities were subsequently corrected
for the reduced relaxation delay using indepen-
dently measured 7, values so that in all compari-
sons of datasets the same effective delay, 1.5 s, was
employed) and 16 scans/FID were recorded (40
scans/FID for the HSQC and HMQC spectra of the
Ile 81-['"*CH,D]-labeled sample), for total mea-
surement times of 90 min per experiment.

All NMR spectra were processed using the
NMRPipe/NMRDraw suite of programs (Delaglio
et al., 1995). The relaxation rates listed in Table 1
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were measured using straightforward modifications
of the pulse schemes described in the text. R, and R,
rates were extracted separately for each residue by
least-squares fitting experimental decay curves to
the exponential function /(7) = Aexp( —RT), where
T is a parametric relaxation delay.

Results and discussion

As described briefly in Materials and methods and
in detail in a series of previous publications
(Gardner and Kay, 1997, Goto et al.,, 1999,
Tugarinov and Kay, 2004b) it is possible to prepare
highly deuterated protein, with protonation
restricted to Ile (81), Leu and Val methyl positions.
With the recent introduction of commercially
available ketobutyrates/isovalerates with '*CH,D
and '3CHD, labeling, in addition to the more
common '*CHj-based precursors, it is now possible
to generate samples that are uniform in the isoto-
pomer of choice. Three samples of MSG that are
13CH;,"*CH,D, or '*CHD, labeled at Ile 81 posi-
tions and are otherwise highly deuterated and as
similar as possible have been produced and their
'"H-'3C correlation spectra are overlaid in
Figure 1. The isotopomers of a given Ile 61 methyl
group can be distinguished by their slightly dif-
ferent '*C and 'H chemical shifts (due to *H iso-
tope shifts of ~ —0.3 and ~ —0.02 ppm per
deuteron, respectively). It is worth emphasizing
that only a single isotopomer is observed in spectra
of each sample, with the exception of CH,D la-
beled MSG that is ~10% contaminated with the
3CHD, isotopomer due to a 10% 4-13C-4,4->H,-
a-ketobutyrate impurity in the purchased 4-'°C-
4-*H-o-ketobutyrate starting material.

TROSY '"H-'C correlation experiments for
macromolecular >CH,D;., methyl groups

The development of TROSY spectroscopy (Per-
vushin et al., 1997) has significantly increased the
size of biomolecules that are amenable to study by
solution NMR techniques. TROSY-based experi-
ments take advantage of cross-correlated relaxa-
tion interactions to increase both spectral
resolution and sensitivity. Cross-correlation effects,
resulting from interference between the different
magnetic interactions that mediate the decoherence
of a spin system, can divide coherence into two
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classes: one that is fast-relaxing due to constructive
interference between the cross-correlated interac-
tions, and a second that is slowly-relaxing due to
destructive interference. TROSY pulse sequences
exploit this separation by creating coherence
transfer pathways that involve only slowly-relaxing
coherences. This reduces the relaxation rate during
indirect chemical shift encoding steps and during
acquisition, ensuring optimal resolution while
maximizing peak heights, and relaxation losses
during transfer steps are minimized for optimal
sensitivity. In contrast, non-TROSY experiments
tend to interconvert slowly- and fast-relaxing co-
herences during decoupling steps and heteronu-
clear transfers so that there is less benefit from the
existence of the slowly-relaxing coherences.

3CH; methyl groups

It has already been established that HMQC (Miil-
ler, 1979; Bax et al., 1983) is a TROSY 'H-'*C
correlation experiment for '*CH; methyl groups in
large proteins (Ollerenshaw et al., 2003; Tugarinov
et al., 2003). In the case of an isolated '*CHj spin
system that is attached to a slowly tumbling mole-
cule but that itself rotates rapidly about its sym-
metry axis, cross-correlations between different
"H-'"H dipolar interactions give rise to distinct

slowly- and fast-relaxing 'H single-quantum co-
herences (Werbelow and Marshall, 1973; Kay and
Prestegard, 1987; Muller et al., 1987). In a similar
manner, interference between 'H-'H dipolar
interactions and between 'H—'*C dipolar interac-
tions establish slowly- and fast-relaxing 'H-'*C
multiple-quantum coherences (Tugarinov et al.,
2003). While the fast-relaxing coherences decay too
rapidly to be useful, relaxation rates for the slowly-
relaxing coherences are very favorable, as shown by
the experimentally measured values for MSG listed
in Table 1. The HMQC experiment provides opti-
mal resolution and sensitivity because slowly-
relaxing 'H single-quantum coherence created by
the sequence’s initial pulse is converted to slowly-
relaxing 'H-">C multiple-quantum coherence for
13C chemical shift encoding and then back to
slowly-relaxing 'H single-quantum coherence for
detection. Other correlation experiments such as
HSQC (Bodenhausen and Rubin, 1980) contain
additional /2 'H pulses that spoil the TROSY
enhancement by mixing slowly- and fast-relaxing
coherences, and therefore perform poorly com-
pared to HMQC. For example, peaks in the HMQC
spectrum of '*CHj-labeled MSG at 37 °C (Fig-
ure 2aii) are on average more than twice as intense
as the corresponding peaks in the HSQC spectrum
(Figure 2ai).
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Figure 1. Overlaid "H-"2C correlation spectra from highly deuterated samples of malate synthase G with '*CHj (red), "*CH,D (blue)
and '*CHD, (green) labeling at Ile 51 positions. The HMQC pulse sequence was used to record the spectra of the '>*CH; and '*CHD,
samples, while the '>*CH,D TROSY pulse sequence shown in Figure 5 was used for the '*CH,D sample. Signal intensities have been
adjusted for clarity and do not reflect the relative signal-to-noise ratios of the individual spectra.
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Table 1. Average experimental relaxation rates measured for '*CHs, *CH,D, and '*CHD>-labeled Ile 81 methyl groups in malate

synthase G*
Isotopomer 'H R,(s7h BC R, sH 'H R,(s7Y
BCH,P RS 26.4+8.8 Ry 2174121 RSIY 1.0£0.2
RS 277 RSGy 311°
13CH,D! RSP 33.5+12.1 RyCP 13.8+11.6° REHRD 0.8+0.2
RSRP 124.6+53.1 RyP 52.1+£19.2°
13CHD, RS> 23.0£6.5 RECHD: 23.0£10.0° REHD: 0.4£0.1

“Relaxation measurements were made using a 500 MHz spectrometer with samples of MSG dissolved in D,O at 37°C (see Materials
and methods). Rates reported for the 3CH;, *CH,D, and '*CHD, isotopomers are averaged over 38, 29, and 34 of the 44 Ile 31

methyl groups in MSG, respectively.

°For the '>CHj; isotopomer, rates are given for slowly- and fast-relaxing forms of both 'H single quantum and 'H-'3C multiple

quantum coherence, as defined by Ollerenshaw et al. (2003).
“Theoretical estimate.

9The transverse relaxation rates given for the '>CH,D isotopomer correspond to those defined in Figure 4.

°Measured in the presence of >H decoupling.

A 'H-’C zero-quantum correlation experi-
ment for '*CH; groups in large proteins, '*CHj
HZQC, that offers a substantial resolution
enhancement in F; over HMQC has also been
described (Tugarinov et al., 2004b). The experi-
ment relies on the fact that '"H-">C heteronuclear
zero-quantum coherences relax less rapidly than
the corresponding double-quantum elements due
to cross-correlation effects involving dipolar
interactions between the methyl 'H, '*C spins and
proximal spins (either protons or deuterons). The
HMQC pulse sequence interconverts heteronucle-
ar double- and zero-quantum coherences halfway
through ¢, but in the 13CH; HZQC scheme this
interconversion is avoided and relaxation during ¢,
proceeds at the slow zero-quantum rate, resulting
in reduced linewidth in the indirectly detected
dimension. This resolution enhancement comes at
the expense of sensitivity because half of the initial
magnetization is lost to a coherence transfer
pathway involving double-quantum coherence
during ¢;, but this loss is mitigated by a sensitivity
enhancement scheme in which both cosine- and
sine-modulated ¢, components of the signal are
preserved. (The same enhancement cannot be
achieved in the HMQC experiment without spoil-
ing the "*CH; TROSY effect.) To further improve
sensitivity, we have modified the *CH; HZQC
pulse sequence to make use of steady-state '*C
magnetization in addition to 'H magnetization
(Figure 3). When applied to '*CHj;-labeled MSG,
this experiment (Figure 2aiii) is 18% more sensi-
tive than the previous HZQC experiment (Tugar-
inov et al., 2004b) (spectrum not shown; average

over 43 residues). Importantly, the new '*CHj,
HZQC experiment is marginally more sensitive
than HMQC (Figure 2aii) and produces a spec-
trum with noticeably improved linewidths in the
indirectly detected dimension. The relative
sensitivities of HSQC (Figure 2ai), HMQC
(Figure 2aii) and HZQC (Figure 2aiii) datasets
recorded on MSG at 37 °C (t.~55 ns at the
concentrations used here) are 0.44:1.0:0.92,
quantified from a set of 36 correlations that are
well resolved in each of the datasets. Corre-
sponding histograms of residue-specific intensities
relative to the HMQC dataset are shown in
Figure 2aiv,v.

BCH,D methyl groups

Recently Bax and coworkers have published a
TROSY experiment for methylene '*CH, groups
and demonstrated its utility for studies of both
proteins and nucleic acids (Miclet et al., 2004).
There are important relaxation differences between
13CH, spin systems that undergo rapid rotation, as
in a "*CH,D methyl, and those that are essentially
static, as in a methylene, so that a sequence opti-
mized for one of these cases would be ineffective
for the other. A comparison of the different classes
of 3CH, spin system is beyond the scope of the
present work; suffice it to say that the differences in
large part arise from a sign inversion in 'H-"*C
cross-correlation derived terms so that fast-relax-
ing '3C lines in one case become slowly-relaxing in
the other.
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Figure 2. "H-"3C correlation spectra of (a) 13CHs, (b) *CH,D,
and (c) *CHD, Ile §l-labeled samples of highly deuterated
malate synthase G recorded as described in Materials and
methods using (i) HSQC, (ii) HMQC, and (iii) relaxation-
optimized pulse sequences, along with (iv, v) histograms of
signal-to-noise ratios obtained from selected pairs of experi-
ments. All spectra were scaled to have the same noise floor and
are plotted at the same contour level so that peak intensities are
directly comparable. To aid in comparison, assignments to Ile
51 methyl groups are indicated for selected peaks, and a trace
along the indirectly detected dimension through the peak
corresponding to Ile 256 is superimposed on each spectrum.
The spectra in (aiii), (biii), and (ciii) were recorded using the
3CH; HZQC, *CH,D TROSY, and '*CHD, HZQC pulse
sequences shown in Figures 3, 5, and 6, respectively. In the two
HZQC spectra, correlations appear at frequencies of (Qc—Qp)
in the indirectly detected dimension, where Q¢ and Qy are the
offsets from the '*C and 'H carriers, and the scale in this
dimension is in units of ppm relative to the '*C carrier; the 'H
carrier frequency is indicated by an arrow along the 'H
chemical shift axis. The spectra in (bi) and (bii) were recorded
with a shorter #, acquisition time than for other spectra (32 vs.
80 ms; see Materials and methods) to compensate for rapid
relaxation during 7;; in these experiments the number of scans/
FID was increased to obtain the same measurement time as for
the other spectra. The spectra in (ci) and (cii) were recorded
using enhanced sensitivity pulsed field gradient versions of the
HSQC and HMQC pulse sequences (Kay et al., 1992; Schleu-
cher et al., 1993). The histograms were based on the quantifi-
cation of 36, 24 and 36 correlations for '*CH;, '*CH,D, and
3CHD, spectra, respectively; the average sensitivity ratio is
indicated by a dashed line in each plot.

The need to develop a TROSY '"H-'3C corre-
lation experiment for studies of '*CH,D groups
attached to macromolecules becomes apparent
upon inspection of both HSQC and HMQC
spectra recorded on such spin systems, illustrated

'H
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in Figure 2bi, ii, for Ile *CH,D labeled MSG.
To understand why such correlation maps are so
poorly resolved, it is necessary to consider the
relaxation properties of a '>CH,D methyl group
tumbling in the macromolecular limit (defined as
wcte > 1, where oc is the '’C resonance fre-
quency and 7 is the tumbling correlation time) in
detail. Figure 4 shows the energy level diagram of
a '3CH, spin system in a basis of eigenstates of the
system’s free precession Hamiltonian. The single-
exponential relaxation rates indicated in Figure 4
for single-quantum 'H and '’C transitions are
derived assuming that: (1) the methyl group has
regular tetrahedral geometry and rotates rapidly
about its symmetry axis, so that auto- and cross-
correlation spectral densities for a pair of similar
interactions are equal (Kay and Torchia, 1991); (2)
wcte > 1, so that only terms proportional to z¢
are important to transverse relaxation; (3) only
intra-methyl "H-'H and '"H-'C dipolar interac-
tions contribute to relaxation.

Notably, contributions from the pair of "H-'*C
dipolar interactions lead to slowly- and fast-relax-
ing '*C single-quantum coherences. As a result of
destructive interference, '*C coherence associated
with the "H state |2) is unaffected by 'H-">C dipolar
interactions and relaxes at the slow rate R;’EHZD
given in Figure 4. ("*C coherence associated with
'H state |4) also relaxes slowly, but is of limited
interest because it cannot be efficiently prepared
from steady-state 'H magnetization.) On the other
hand, the relaxation of '*C lines with 'H spin states
[1) or |3) is enhanced by constructive interference

el g ¢

WALTZ:16/7,

<

G L JL il

]

Gl G2 G2 G3 G3

G4 G4

Figure 3. Improved pulse sequence for zero-quantum 'H-'3C correlation spectroscopy of macromolecular '*CHs-labeled methyl
groups ('*CH; HZQC). Each narrow (wide) rectangular pulse is applied along the x-axis with the highest available power and with a
tip angle of /2 (1), unless otherwise indicated. During the 'H acquisition period, '*C WALTZ-16 decoupling (Shaka et al., 1983) is
applied using a 2-3 kHz field. For each ¢, point, the pulse sequence is repeated with and without the composite "H r pulse drawn in
dotted lines, giving rise to two separate datasets that are subsequently added and subtracted to generate sensitivity-enhanced
hypercomplex data as described previously (Cavanagh and Rance, 1993 ). Pulse phases are cycled as follows: 1 =—y, —x, y, x; p2=x,
y; 03=y, x, =y, —=x; and dR=x, x, —x, —x. Delay ( is set to 750 us and 7, is set to 1.8 ms. Field gradient pulses (G.) are applied along
the z-axis and have the following (durations, strengths): G1=(2 ms, 4 G/cm), G2=(0.3 ms, 24 G/cm), G3=(0.5 ms, 15 G/cm), and
G4=(1 ms, —10 G/cm).
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Figure 4. Energy level diagram of a '"*CH, spin system, with relaxation rate expressions for selected single-quantum 'H and '*C
coherences. The rate expressions apply to an isolated *CH, system tumbling in the macromolecular limit, subject to conditions given
in the text. S,y is an order parameter describing the amplitude of motion of the methyl threefold axis, J; is the gyromagnetic ratio of
spin i,7¢ is the (assumed isotropic) molecular tumbling time, and r5p is the distance between spins A and B in a '>*CH,D methyl group.

and proceeds at the fast rate R;%Hm. The magni-

tude of this cross-correlation effect is striking, with
the average experimental values of R;"%HZD and
Rg%HzD measured for Ile 81 '*CH,D groupsin MSG
(Table 1) differing by nearly a factor of four, and is
responsible for the HSQC experiment’s poor per-
formance when applied to '*CH,D methyl groups
attached to large molecules.

It is straightforward to show that the initial
INEPT transfer in the HSQC pulse scheme con-
verts steady-state 'H magnetization into exclu-
sively fast-relaxing '*C coherence. This coherence
decays rapidly during the '*C chemical shift
encoding period, t;, resulting in poor resolution
in the "C dimension. The HMQC experiment,
while not affected by "H-'*C cross-correlation,
performs poorly because the multiple-quantum
coherences present during #; are relaxed by both
'"H-'H and '"H-'3C dipolar interactions within
the methyl and are subject to especially
substantial relaxation contributions due to inter-
actions with external spins. Interestingly, zero-
quantum coherences relax much more slowly
than double-quantum coherences due to cross-
correlation  between 'H-'H and 'H-'"C
intra-methyl dipolar interactions, but the theo-
retically predicted relaxation rate for zero-quan-

tum coherence (29 s™' calculated for 7.=56 ns,

S2.=0.6) is still more than double the average
experimentally —observed value of R;’.%HZD
(Table 1). Clearly, in order to deliver optimal
resolution, a TROSY experiment for macromo-
lecular *CH,D groups must use slowly-relaxing
13C single-quantum coherence during ¢;.

We have therefore developed a modified HSQC
pulse sequence, *CH,D TROSY, that uses a
mixing element to transform fast-relaxing into
slowly-relaxing '*C coherence before the '*C
chemical shift encoding period (Figure 5). Like
HSQC, the sequence starts with the transfer
of steady-state 'H magnetization to antiphase
3C single-quantum coherence’, =-2C,H.=
=2C,[1)(1| +2C,|3)(3] (point a in Figure 5),
where H.=H,.+H,, and H;. is the z-magnetiza-
tion of 'H i. This fast-relaxing coherence is
allowed to evolve under 'H-'3C scalar coupling
for a period of 7,=1/(4Jcn) so that it becomes in-
phase with respect to the 'H spins, and a /2 C,

'In this notation the density matrix for a '>*CH,D spin system is
written as the tensor product of a '*C spin operator and an
operator representing the state of the two 'H spins in
the numbered basis defined in Figure 4. For example,
2C,|2)(2] = Cx @ (|aB) + [Bo)) ({otB| + (Barl) and /2Cg|1) (2] =
B (Bl & Jowor) ({ot] + (Por]).
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Figure 5. Relaxation-optimized pulse sequence for single-quantum 'H-'3C correlation spectroscopy of '>CH,D-labeled methyl
groups ('*CH,D TROSY). Each narrow (wide) rectangular pulse is applied along the x-axis with the highest available power (for
"H/'3C; 2 kHz for *H) and with a tip angle of ©/2(n), unless otherwise indicated. During 1,9 ’H WALTZ-16 decoupling (Shaka et al.,
1983) is applied using a 0.75 kHz field. Pulse phases are cycled as follows: ¢l =x, —x; $2=x, x, —x, —x; d3=4(y), 4(-y); dd4=x;
d5=-x; $6 =—x; and $R=x, —x, —x, x. The delays used are 7,= 1.8 ms, 7,=2.0 ms, 7' =0.667 ms, and t”"=0.784 ms. Field gradient
pulses (G,) are applied along the z-axis and have the following (durations, strengths): G1 =(1.0 ms, 15 G/cm), G2=(0.5 ms, 20 G/cm),
G3=(1.0 ms, —16 G/cm), G4=(0.15 ms, 4 G/cm), G5=(0.5 ms, 24 G/cm), G6=(0.25 ms, 24 G/cm), G7=(0.3 ms, —10 G/cm),
G8=(0.25 ms, 60 G/cm), and G9=(0.125 ms, 59.36 G/cm). Quadrature detection in the indirectly detected dimension is achieved via
the enhanced sensitivity pulsed field gradient method (Kay et al., 1992; Schleucher et al., 1993), where for each value of ¢, separate
datasets are recorded for (29, ¢4) and (—g9, —d4). Splittings in the 'H dimension due to "H-'3C scalar coupling are removed by
recording separate datasets for each complex ¢, point for (¢5, $6) and (-5, —d6) and processing them as described in Appendix A.

pulse is applied to produce longitudinal '*C mag- p=2C,|2)(2] cos(Qct) +2C|2) (2| sin(Qct;) whe-
netization associated with the 'H states 1) and |3): re Qc is the offset frequency of the '*C spin.
=-2C,H.?=-QC.|1X1| + 2C.[3)3|) (point b). The rest of the pulse sequence serves to transfer
The goal at this point is to optimally convert p into the slowly-relaxing '*C coherence back to protons
C.[2)(2], since the relaxation of C, ,|2) (2| is much for detection. It is possible to achieve this by
less efficient than C.,|1) (1], C ,[3) (3| (Figure 4). reversing the coherence transfer pathway traversed
This is accomplished through the application of a in the first part of the experiment. Because such a
"H /2 pulse, which leaves the system in the state scheme involves a second 'H mixing pulse (effi-
p = —2C,|2){ DL+ CI3) (3] — C|1){3]— ciency 1/32), the net sensitivity, neglecting relaxa-
C.|3)(1]). Subsequently, application of gradient g6 tion, is half that of a regular HSQC. In applications
dephases the double quantum terms, and a /2 '*C to large proteins, where relaxation effects cannot be
pulse creates a mixture of fast- and slowly-relaxing neglected, some of the intrinsic sensitivity loss can
13C single-quantum coherences, p=—(2C,|2)(2|+ be compensated for by the improved relaxation
C,|1)(1] + C,|3) (3] (point c) Neglecting relaxation characteristics during ¢;; in applications involving
losses, 1N 2 of the initial 'H magnetization has MSG, datasets with dramatically improved reso-
been transferred to slowly-relaxing 2C,|2) (2| at lution in the "*C dimension relative to HSQC maps
this point (see Appendix B). Next, the remaining are obtained (data not shown). However, we pres-
fast-relaxing '’C coherence is filtered out by ent below a more optimal method to transfer
exploiting the fact that the slowly-relaxing coher- slowly-relaxing '*C coherence to 'H coherence that
ence does not evolve under 'H-'’C scalar cou- takes advantage of additional cross-correlation ef-
pling. After a Jcy evolution period of duration fects to further improve sensitivity and resolution.
,=1/(4Jcy) (between points ¢ and d), p= "H single-quantum coherences, like '*C lines, are
=2C,[2)(2| + C|1)(1]—C«|3)(3|, and the fast- subject to strong cross-correlated relaxation effects
relaxing component is then placed along the z-axis in *CH,D groups. Interference between '"H~'H and
by a "°C pulse along y which is phase cycled (¢3 in '"H-3C dipolar interactions give rise to slowly-
Figure 5) to ensure the affected magnetization relaxing 'H coherences, Cg|1)(2], CB| 2[ 1], Cy|2)(3],
makes no contribution to the final dataset. and C,|3)(2| (relaxing at the rate R D defined in
Finally, the isolated slowly-relaxing '*C single- Figure 4), and fast-relaxing coherences Cy|1)(2],

quantum coherence is allowed to evolve in Cy QQ Cg|2)(3], and Cg|3)(2| (relaxing with rate
the presence of *H decoupling during the '*C . For what follows it is useful to define
chemical shift encoding period, to produce the followmg operators describing fast- and
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slowly-relaxing in-phase 'H coherences along the
x- and y-axes:

H™ = (1//2)(C,[3) (2144 2) (314+-Cl2)(114+Cp 1) 21)

1/2)(Hix+Hoy—4C.H yHy.—4C.Hi:Hay)

=(
(

HYOV=(i//2)(Cy|3)(2| —C42) (3]+-Cp[2) (1] —Cp|1)2])
=(1/ )(H11:+H2v*4CzHl}*H2274CzH1:H2\J)
HES = (1/3/2)(Cal2) 1+ Cal 1) 21+ Cyl3) 21+ Cpl2) (3]
=(1/2)(Hix+H+4C.HH,.+4C.H,.H,,)
HP'=(i/v/2)(Cal2)(1]=Cy 1) (2| +Cyp[3) (2| =Cp[2) (3])

(

1/2)(H1} +H2\ +4C. HUH2L+4C HILH%)

and the following operators describing coher-
ences that are antiphase with respect to the '*C
spin:

2CHIY = (1/3/2)(Co[3) 2] + Co[2) (3] — Cpl2)(1] — Gyl 1) (2))
(1/2)(2C.Hiy + 2C.Hs, — 2H; H,. — 2H.Hyy,)
(/2 (Cal3)(2] - Cal2)(3] - Cpl2){1| + Cyl1)
(1/2)(2C.Hj, 4 2C.H;,
(
(
(i
= (

I
2CH}™

=

2))

—2H,H,. — 2H,.Hy,

N

2CH™ = (1//2)(Cl2){1] + Cal1)(2] - Cyl3) (2] — Cl2)

/2)(2C H;, +2C.H,, + 2H, H,. + 2H.H»,

3))

L =<

2C.H™ = (i/y/2)(Cal2)(1] = Cul1)(2] — Cpl3)(2] + Cpl2)(3))

1/2)(2C-Hy, + 2C-Hy, + 2H,, Ha- + 2H -Hy,)

The average experimental values of Rg CH.D

and
Rg%HzD measured for Ile §1 "“CH,D groups in
MSG (Table 1) differ by a factor of 3.7. The
"H-'H /'H-'°C dipolar cross-correlation effect is,
thus, substantial and it is clearly desirable to ex-
ploit it in any relaxation-optimized experiment for
3CH,D groups.

The '"CH,D TROSY pulse sequence
(Figure 5) is designed to optimize resolution in
the '"H dimension by converting the '*C coher-
ence present during 7, into slowly-relaxing 'H
coherence for detection. Remarkably, a previ-
ously known planar TOCSY mixing sequence
(Madi et al., 1997) can be used for this selective
transfer. The pulse train (w/2)—[t/2—(m),—7/2—
(/2),=7/2=(m);—7/2}~(7/2) ., where  (0), de-
notes simultaneous '*C and 'H pulses of tip angle
0 along the x/y axis, simulates evolution under
the planar mixing Hamiltonian H=mnJcy(2H,C,

+2H,C,) for a time nt, subject to the condition
T < 1/Jcn. This has the effect of transferring the
slowly-relaxing '*C coherences, 2CX\2>(2\ and
2C,12)2|, to the slowly-relaxing 'H coherences
2C.H Y and 2C. H, Slow - respectively, and opti-
mal transfer is obtalned with nt=1/(4y/2Jcn).
For the purposes of this experiment, it is not
necessary to simulate the planar mixing Hamil-
tonian exactly, and the desired transfer can be
achieved using a single cycle of the mixing
sequence with optimized delays. In the '*CH,D
TROSY sequence, the element (1/2)\—1"—(m)—1"—
(m/2)y=1"—(m) —1"—(n/2)_, is applied after 7, to
effect the transfer:

2C,12)(2] cos(Qct1) + 2C«|2) (2| sin(Qct1)
—(1/2)(2C-H}*" cos[Qct]
+ 2C.H% sin[Qc 1 ]) (cos* [2nJen ] sin[dn/cnt’)
+ sin[4nJcpt] cos[2ndcut’])
+ (1/2)(2C-H™" cos[Qct1]
— 2C.H™'sin[Qc11]) (cos® 2ncn v'] sin[4ncn ]

— sin[4nJcyt] cos2ntcpt’]).

In addition to the terms listed above, some
'"H-'>C multiple-quantum coherence and some
residual '*C coherence are also present after the
transfer, but these do not contribute to the final
signal and are neglected in what follows. A maxi-
mal amount of slowly-relaxing "H coherence is
obtained when delays of length v = 1/(12Jcp)
and 7" = asin(1/+/3)/(2nJcn) are used, in which
case no fast-relaxing coherence is produced
and the system is left in the state p = (1//2)
(2CZH;1°W cos[Qcty4+2C.H* sin [Qct;]) (point e).
Notably, because this transfer preserves the
equivalent cos(Qct;) and sin(Qct;) pathways, the
experiment’s sensitivity can be increased by a fac-
tor of /2 by implementing a gradient enhanced
sensitivity scheme for quadrature detection in the
13C dimension (Kay et al., 1992; Schleucher et al.,
1993).

The remainder of the *CH,D TROSY pulse
sequence consists of a refocusing element and the
"H acquisition period, #,. Because '*C m pulses
interconvert the fast- and slowly-relaxing 'H co-
herences, '*C decoupling cannot be applied during
acquisition. The slowly-relaxing 'H coherence has
components that precess at two different frequen-



cies during 1, (C,3)2| at Qu —nJcy/2 and
Cpl2X1]| at Qy + mJcu/2) giving rise to doublets in
the '"H dimension, but the experiment is designed
to facilitate post-acquisition manipulation of the
data to yield singlets using a procedure described
in Appendix A. In Appendix B we present a de-
tailed analysis of the efficiency of this pulse scheme
and show that the manipulations ensuring that
slowly relaxing coherences are present during key
steps in the sequence lead to a decrease in the
intrinsic sensitivity of the experiment by 2./2.

As an aside, it is interesting to consider the use
of a planar TOCSY element for the initial 'H to
3C transfer in the pulse sequence of Figure 5.
Planar TOCSY is ideally suited for the '*C-to-'H
step (as described above) because it effects a
selective transfer between the slowly-relaxing
coherences C,[2)2| and 2C3H§°W (and be-
tween C,|2)(2| and 2CZH},). However, when the
"H-to-'3C transfer is considered, this selectivity is a
disadvantage. Using the sequence of Figure 5,
steady-state 'H magnetization is converted to
antiphase 'H coherence, p=2C.H, :2CZH?J°W +
2C.H®, and each of 2C.H3°Y and 2C.H'™! is
transformed to C,|2)(2| with an efficiency of 50%
(so that the net transfer efficiency for the sum,
2C_Hw 4 2C_H™, is 1/4/2). In contrast, the
planar TOCSY element in the same context
transfers only the 2C_,Hj,lOW component to C,|2)(2|,
with an efficiency that is /2 higher than for
2C_HY —C,2)(2| in the scheme of Figure 5.
Regrettably, since 2CZH§I“S‘ does not contribute in
this case the net efficiency becomes 1/,/2 less than
for the approach used here, neglecting relaxation
during the transfer.

HSQC, HMQC, and "*CH,D TROSY spectra
of BCH,D-labeled MSG, 37 °C are shown in
Figure 2bi—iii. The datasets have been acquired to
account as best as possible for the dramatic dif-
ference in the average relaxation rates of operative
coherences during the indirectly detected acquisi-
tion period (Table 1); thus acquisition times of
32 ms were used in ¢; for the HSQC and HMQC
maps, while 7{"** =80 ms was employed in the case
of the TROSY. The number of transients in each
experiment has been adjusted so that the net
acquisition time for each spectrum is the same. In
this way the average sensitivity of the HSQC
experiment is not marginalized by the rapid decay
of '3C magnetization, although this fast relaxation
is reflected in the resolution in F;. The TROSY
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spectrum (Figure 2biii) shows a striking improve-
ment in resolution over the HSQC (Figure 2bi)
and HMQC (Figure 2bii) datasets. Nevertheless,
there is a significant sensitivity drop (Figure 2bv)
which reflects the facts that the sequence is
inherently 2,/2 less sensitive and that #™* values
(and consequently the number of scans) are ad-
justed in each experiment to reflect the difference
in T, values. For more than half of the residues
that could be quantified, the ratio of the signal-to-
noise in the HSQC relative to the ?*CH,D TROSY
is between 1.2 and 2.0 (i.e., less than the 2/2 that
would be predicted in the absence of relaxation)
due to the substantially improved linewidths for
the TROSY in F, (see above). For a smaller
number of correlations the sensitivity is far better
for the HSQC (ratios < 3); these peaks derive from
residues where the ‘slowly-relaxing’ carbon
coherence, C.,|2)(2|, decays much more rapidly
than average (possibly due to exchange) or where
the decay of the fast-relaxing C, ,|1){1[, C, ,[3)(3|
terms is slower than average (due to ps—ns time
scale motions). An analysis of the intensities of
correlations for MSG, 37 °C (t.~55 ns) measured
in each of the HSQC, HMQC and TROSY data-
sets shows average sensitivities of 1.0:0.88:0.51
(based on 24 cross peaks that are quantified in
each of the datasets of Figure 2b), although it is
important to emphasize that the distributions of
intensities are far from Gaussian and the averages
are very much skewed by outliers (Figure 2biv,v).
Of interest, when the HSQC and TROSY-based
experiments are modified for the measurement of
’H relaxation rates in '*CH,D groups attached to
high molecular weight proteins by including sub-
stantial additional delays during which '*C mag-
netization evolves, the TROSY experiment
emerges as the more sensitive by a factor of 2
(Tugarinov et al., 2005b), although there is a wide
distribution in the sensitivity ratios of different
residues (from 0.5 to 4.0).

BCHD; methyl groups

HSQC and HMQC spectra of '*CHD,-labeled
MSG at 37 °C are shown in Figure 2ci and cii,
respectively. The '*CHD, methyl essentially com-
prises an AX spin system and it is therefore not
surprising that both HSQC and HMQC datasets
are well resolved, with correlations of similar
intensities (see below).
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We have also developed a '*CHD, HZQC essentially negates the auto-correlated '"H-D and

pulse sequence (Figure 6), similar to the improved 3C-D dipolar contributions, and as a result,
13CH; HZQC pulse scheme (Figure 3), that pro- RggDz and R(ZZSDZ can differ by an order of
vides better resolution in the indirectly detected magnitude, although this difference is reduced
dimension than HSQC and HMQC. The relaxa- when relaxation contributions from dipolar
tion of 'H-'>C multiple-quantum coherences in interactions with spins external to the '*CHD,
this spin system is dominated by intra-methyl group are considered. Thus, although there is a
13C-D and 'H-D dipolar interactions, and cross- twofold reduction in the intrinsic sensitivity of the
correlation between these interactions enhances HZQC experiment relative to the HSQC/HMQC
the relaxation of double-quantum coherences schemes (due to the elimination of the transfer
while slowing the relaxation of zero-quantum ele- pathway involving double quantum coherence),
ments. For an isolated '>CHD> spin system tum- this loss can be compensated for in applications
bling in the macromolecular limit, the relaxation involving high molecular weight proteins due to
rates for double and zero-quantum coherences are the reduced line widths in the indirectly detected
given by dimension. The relative intensities of correlations
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respectively, where all symbols are as described measured in the HSQC, HMQC and HZQC

for the ">CH,D relaxation rates given in Figure 4 datasets of Figure 2¢ are 0.93:0.96:1.0, respec-
and where the same assumptions as used in that tively (average over 36 residues). Figure 2civ,v
derivation (see above) have been employed. shows histograms of intensity ratios obtained in
The cross-correlation contribution to RCHD 2 the various experiments.
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Figure 6. Pulse sequence for zero-quantum 'H—'3C correlation spectroscopy of '*CHD»-labeled methyl groups (‘**CHD, HZQC).
Each narrow (wide) rectangular pulse is applied along the x-axis with the highest available power (except for ?H where a 2 kHz field is
employed) and with a tip angle of /2 (1), unless otherwise indicated. WALTZ-16 decoupling on the '*C (*H) channel is applied using a
2-3 kHz (0.75 kHz) field. For each ¢, point, the pulse sequence is repeated once with the 'H = pulse at position a and once with the '"H
n pulse at position b (dotted lines), giving rise to two separate datasets that are subsequently added and subtracted to generate
sensitivity-enhanced hypercomplex data as described previously (Cavanagh and Rance, 1993). Pulse phases are cycled as follows:
d2=2x, y; 3=y, —x, —y, x; when the 'H = pulse is applied at position a, ¢1 =—-y, —x, y, x and pR=x, —x, —x, x; and when the '"H
pulse is applied at position b, ¢l =y, x, —y, —x and ¢R=x, x, —x, —x. Delay 1, is set to 1.8 ms. The (durations, strengths) of the field
gradient pulses (G,) are G1=(2.0 ms, 4 G/cm) and G2=(0.35 ms, 24 G/cm).
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Table 2. Expressions for the relative sensitivities of several '>*C—"H correlation experiments on '*CH,,Ds., methyl groups attached to
molecules tumbling in the macromolecular limit

Isotopomer, Relative theoretical sensitivity®

experiment

13CH,, HMQC 3
PN Siae=3 exp (=5

+exp (—

01 o) 1 (RS ) o (RET 2)
3/JCH)H1 (Rgfé?_f,[rlnax)Hl (R;;H3,lglax):| |:1 —CXp( RCdel):|
13 1 .
CH,D, HSQC Sgs{é% :E [exp( sCH2 /2JCH) n exp( fCH2 /2JCH)} H, (RfCH ,D tlindx)

x Hj (% (Rb CH.D | RfCH D)ngax’JHD) [1 — exp(_ CH7Dd1)}

3CH,D, TROSY CH,D

1
LD RO i 1 oo ) s R ) v (2R )

xexp(—( RSCH2D +Rg%ﬂ D)/4JCH)H1( RSCH.D Zrlnax>
x[exp( RS D/4JCH)+exp( REGH:D /4JCH)]H2( RS CHD deJD>

X [1 —exp(—ngdel)}

13CHD2, HSQCb Sg};gé _ exp( CHDZ /JCH)HI (RCHDz lllnaX)H (RCHDz EnaX,JHD) {1 _ exp< CHDadl)}

* In these expressions, Jey and Jyp are coupling constants for one-bond 'H-'?C and two-bond 'H-D couplings within the methyl
group, d; is the relaxation delay between repetitions of an experiment, and 1"** and 5™ are the acquisition times 1n the indirectly and
directly detected dimensions, respectively. Relaxation rates are written in the notation used in Table 1, except for RTRosy, which is the
effective relaxation rate during the planar TOCSY period of the ')CH,D TROSY experiment. The function
H|(R, t) = [1 — exp(—R?)]/R, which gives the maximum intensity of a one-dimensional Lorentzian line that includes the effect of finite
acquisition time, is used to account for relaxation during '*C chemical shift encoding periods and 'H acquisition periods. The
functions H(R, ¢, Jup) =[1-exp(—=RN)]/3R+ (2/3)A(R, t, 2nJyp) and H;(R, t, Jup) =[l—-exp(—R0)]/3R +(4/9)A(R, t, 2nJyp)+
(2/9)A(R, 1, 4nJyp), where Jyp is the two-bond intra-methyl "H—"H coupling constant and A(R, 1, v) = {exp(—Rf)[—Rcos(vi)
+vsin(ve)] + R}/(R? +V?), are similar to H,(R, 1) but also account for the effects of "H->H coupling during 'H acquisition for >*CH,D
and "*CHD, groups, respectively. The planar TOCSY transfer delays are defined as v = 1/(12Jcy) and 7 = asin(l/\/3)/(21‘cJCH).
For a non-sensitivity-enhanced HSQC pulse sequence.

Comparison of spectra recorded on the different
isotopomers

The relaxation properties of '*CH;, '*CH,D, and
3CHD, labeled methyl groups attached to mac-
romolecules are subtle and must be considered in
terms of the coherence transfer pathways gener-
ated by specific pulse sequences. Thus, although it
is tempting to conclude that the transverse relax-
ation characteristics of *CHD, methyls will be
desirable relative to other methyl isotopomers

because the number of 'H dipoles contributing to
relaxation has been minimized, the situation is, in
general, more complex. The relaxation-optimized
experiments discussed above, which partially or
fully negate the effects of 'H-'"H and 'H-'3C
interactions for all three isotopomers, allow
"H-'3C correlation spectra of comparable resolu-
tion to be recorded for all three methyl types.
However, there are large sensitivity differences
between the optimal experiments for '*CHs,
13CH,D and "*CHD, groups. This can be appre-
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ciated from a consideration of the operative
coherence transfer pathways in each experiment,
where the effects of relaxation are included. Table 2
lists expressions derived for these sensitivities in
terms of measurable single-exponential relaxation
rates. In addition, intensities of correlations can be
quantified from the experiments and compared
between isotopomers. Here we have measured peak
intensities in the HMQC spectrum of '*CHj;-

<
«

Figure 7. Comparison of experimentally observed to theoret-
ically predicted ratios of sensitivity between (a) '*CH; HMQC
vs. *CH,D HSQC, (b) '*CH; HMQC vs. '*CH,D TROSY,
and (c) *CH; HMQC vs. '>*CHD, HSQC (not sensitivity-
enhanced) datasets recorded on appropriately labeled samples
of malate synthase G. Theoretical sensitivity ratios were
obtained by evaluating the expressions in Table 2 with resi-
due-specific relaxation rates measured as described in Materials
and methods. In evaluating S(T:Egg\, it was assumed that
RED, = LRGP 1 RGP 4 R 1 RES) Values of
SEEIQ% and Sﬁ];,fgc were adjusted to account for the fact that
these spectra were recorded with different numbers of scans/
FID and a different /™" than the other spectra (see Materials
and methods). Experimental sensitivity ratios were quantified as
ratios of maximum peak intensities measured from spectra
recorded as described in Materials and methods and normalized
to the same noise floor. Experimental intensities from the
HSQC and '*CH,D TROSY experiments on '*CH,D-labeled
MSG were multiplied by 1/0.9 to account for the 10% '*CHD,
impurity present in the o-ketobutyrate precursor used to
produce this sample.

labeled MSG, the HSQC and "“CH,D TROSY
spectra of '*CH,D-labeled MSG and the HSQC
spectrum of '*CHD,-labeled MSG. We report
relative sensitivity on a per-residue basis in terms of
the ratio of peak intensities observed for a specific
Ile 561 methyl group in a test spectrum vs. a refer-
ence spectrum, where both spectra have been nor-
malized to have the same noise floor. The HMQC
spectrum of '*CHj-labeled MSG is used as the
reference. Three sets of experimental intensity
ratios are shown in Figure 7, plotted against the-
oretical sensitivity ratios obtained using the
expressions in Table 2. The HMQC dataset of
13CH;-labeled MSG is, on average, 3.3 and 5.2
times as sensitive as the HSQC and TROSY spectra
recorded on '*CH,D-labeled MSG, respectively,
and 3.4 times as sensitive as the HSQC correlation
map obtained from '*CHD»-labeled MSG (al-
though comparison with a dataset obtained from a
sensitivity-enhanced HSQC pulse sequence reduces
this factor to 2.6). The results in Figure 7 also serve
to validate the expressions in Table 2, as the the-
oretical sensitivities are reasonably consistent with
experiment, with average errors of 21%, 18%,
and 29% in the comparisons of Figure 7a—c,
respectively.

This study clearly establishes that the '*CH;
isotopomer is best in structural studies of proteins
where methyl groups are used as probes. Using the
HMQC or the '*CH; HZQC (Figure 3) pulse
sequence, 'H-'3C correlation spectra of a '*CHj,
labeled sample can be recorded with much greater



sensitivity than can be achieved using '*CH,D or
3CHD, labeling and with comparable resolution.
In a pairwise comparison of the nine spectra of
Figure 2, the average ratio of intensities between
corresponding peaks in the '"CH; HMQC
(Figure 2aii) and the '*CHD, HZQC (Figure 2ciii)
spectra is 2.4, with larger ratios obtained when the
13CH; HMQC is compared to other datasets. The
sensitivity advantage arises because the '*CHj iso-
topomer has the largest number of 'H spins con-
tributing polarization to the signal and because fast
and slowly relaxing components are isolated auto-
matically without additional elements such as those
used in the *CH,D TROSY sequence. In addition,
recovery of equilibrium 'H magnetization is rela-
tively fast for '*CHj5 methyls, a factor which ac-
counts for approximately half of the sensitivity
difference between '*CH; HMQC and experiments
on '*CHD; labeled groups. Finally, it is important
to note that, while ?*CHj labeling is best for many
purposes, the ability to produce samples that are
uniformly labeled with "*CH,D or '*CHD, facili-
tates studies of side chain dynamics via H spin
relaxation (Tugarinov et al., 2005b) and allows a
rigorous ‘dissection’ of relaxation in methyl spin
systems through comparison of results obtained on
the different isotopomers.
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Appendix A: Post-acquisition removal of "H-'3C
scalar coupling derived splittings from the 'H
dimension of the '*CH,D TROSY spectrum

When the pulse sequence of Figure 5 is applied to
a ">CH,D spin system attached to a macromole-
cule, the system’s state at point e in the scheme is

p =(1//2)(2C.H;}*Vcos[Qct]
+2CH™"sin[Qcti]).

Contributions to the final signal deriving from
the cos(Qct;) and sin(Qct;) components of this
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density matrix are separated and recombined post-
acquisition as part of a gradient enhanced sensi-
tivity scheme (Kay et al., 1992; Schleucher et al.,
1993). For simplicity, in the following discussion
we will consider only the cos(Qc?;) component by
setting #; =0, and state without further proof that
the behavior of the sin(Q¢?;) component is similar.
This simplifies the density matrix to

p=(1/y/2)2C.H}.

The remainder of the experiment consists of a
refocusing element and the 'H acquisition period,
t,. During the refocusing period, the system is
allowed to evolve under "H-">C scalar coupling
for a duration of t,=1/(4Jcy), so that an equal
superposition of in-phase and antiphase coher-
ences is present at the beginning of ,.

Two datasets are recorded using slightly differ-
ent versions of the pulse sequence. In one version, a
13C 1 pulse is applied immediately before acquisi-
tion, so that p=—(1/2)QC.H¥ +HsV) at the
beginning of ¢, (this corresponds to ¢s5=dg=x in
Figure 5). Let us refer to the resulting dataset as>

Si = SQCH;*Y + H3v).

In the second version of the experiment, the final
13C 1 pulse is removed and the phase of the /2 '*C
pulse preceding the refocusing period is inverted,
so that p=—(1/2)2C.H}*"~Hj") at the begin-
ning of acquisition (¢s= P =—x in Figure 5; the ©
pulse is effectively replaced by a pulse of the same
duration with no net effect). This experiment yields
the dataset

Sy = S(C.HJ™ — HIoY),

Taking the sum and difference of S; and S, isolates
the antiphase and in-phase components of the
signal in two new datasets, S; and Sy:

S3 =8| + Sy = SQC.H}Y)
Sy =8 — S, = S(HI™)

2 The notation S(p) represents the data set that is obtained when
the system is in state p at the beginning of the 'H acquisition
period. Because acquisition is a linear operation, combining
two datasets post-acquisition is analogous to combining the
corresponding density matrices before acquisition; i.e.
S(p1) +S(p2) =S(p1 + p2).
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Dataset S; is subjected to a m/2 phase shift in the
'H dimension to give Ss:

S; — phase shift — S5 = S(2C.HS*Y)

Taking the sum and difference of S; and S5 isolates
the upfield and downfield components of the 'H
doublets in two new datasets, S¢ and S7:

Se = Sq+ S5 = S([I/2 + C.JHY)
(upfield doublet components)

S7 =S4 — S5 = S([I/2 — C.JHY)
(downfield doublet components)

A downfield (upfield) Jcy/2 frequency shift in the
"H dimension is applied to dataset Sy (S5), relying
on the fact that 'Jcyy values are very uniform in Ile
methyl groups. Finally, the frequency-shifted data
sets are combined and processed to yield a single
spectrum with the desired singlets in the 'H
dimension.

It should be noted that, when relaxation effects
are ignored, this procedure is a factor of /2 less
efficient than conventional decoupling. When '*C
decoupling is applied during acquisition, the up-
field and downfield components of the 'H signal
combine to form a single signal with twice the
intensity. When the 'H doublets are instead col-
lapsed using the post-acquisition method described
here, noise collected at the frequencies of the up-
field and downfield peaks is combined in the final
spectrum, so that the net increase in the signal-to-
noise ratio is only a factor of /2. However, as
noted in the main text, the effective relaxation rate
of the 'H coherence observed in this experiment
increases dramatically when '*C decoupling is
applied and relaxation-related gains in sensitivity
and resolution obtained in the absence of '*C
decoupling more than compensate for the lost
factor of /2 discussed here.

Appendix B: Inherent sensitivity of the '>*CH,D
TROSY experiment

When applied to a "CH,D spin system, the
BCH,D TROSY pulse sequence (Figure 5) is
inherently less sensitive by a factor of 2,/2 than
HSQC or HMQC, in the absence of relaxation.
This factor, which reflects the cost of selecting
for slowly-relaxing coherences in the TROSY

sequence, is the product of three independent
contributions which each reduce the sequence’s
sensitivity by /2. In the following, these three
contributions will be explained in detail, beginning
with a discussion of how the efficiency of a
coherence transfer element can be quantified.

The density matrix p, when expanded over an
orthogonal set of product operators {B,} nor-
malized such that Tr{B,B,,}=39,,, can be inter-
preted as a vector in Liouville space, p=>_:b;B.
Based on the work of Sorensen (1989), the effi-
ciency, F, of a transfer step in an NMR experiment
can be measured in terms of the norm of this
vector: E = [lpell/llpill, where [lp]l = v/(Xb2). o,
and p; represent the density matrix before and
after the transfer, respectively, and terms in p; and
pr that do not lie on a coherence transfer pathway
leading to detectable magnetization at the end of
the experiment are neglected.

This formalism will be now used to establish
that a factor of /2 in inherent sensitivity is lost
during each of two transfer steps in the '*CH,D
TROSY pulse sequence. First, a transfer element
involving a 'H mixing pulse is used to convert fast-
relaxing to slowly-relaxing '*C coherence before ;.
Before the 'H pulse (at point b in Figure 5), the
state of the spin system is p; = —/2(/2C|1)(]]
+4v/2C.|3X3]), and after the pulse the state is
pr = —v/2(1/2C .|2)(2]) (neglecting terms that do
not eventually lead to detectable magnetization).
The operators /2C.|n)n| (n=1,2,3) are ortho-
normal, so the efficiency of the transfer is
E = ||pell/llpsll = V2/2 = 1/+/2. Later in the se-
quence, a planar TOCSY element is used to
transfer slowly-relaxing '*C coherence present at
the end of #; (p;) to slowly-relaxing 'H coherence
(pr). Without loss of generality, we can consider
the 7;,=0 case so that p; = /2(1/2C,|2)(2]). Ne-
glecting relaxation during the transfer and drop-
ping terms that do not lead to detectable
magnetization, p; = 1(y/2C.H,"*") (point e in
Figure 5). It is readily established that \/2C,[2)(2|
and \/2C.H3°" are mutually orthonormal. There-
fore, the efficiency of this transfer is
E= llpll/lloill = 1/y/2

In the calculation above the transfer efficiency
from slowly relaxing carbon to slowly relaxing
proton elements has been ascertained, but what is
detected in the NMR experiment is not H3°¥ but
rather H,. The inherent sensitivity of the experi-
ment is thus further reduced (by a third factor of



2, see below) because the slowly-relaxing coher-
ence present during the 'H acquisition period, 2,
gives rise to a less intense signal than would or-
dinary 'H coherence. This can be understood by
noting that H°V=(1/2)(H,,+H,,—4C.H, H,.-
4C.H,.H,,) has components 4C.H;H,. and
4C.H,.H,, that do not contribute to the detected
signal (see text). The signal observed in a 'H-de-
tected experiment is given by /=Tr{p-M}, where p
is the system’s density matrix during acquisition
and M is the normalized observable operator. In
the '*CH,D TROSY experiment, for the purpose
of this discussion we can assume that the
density matrix is proportional to HY° at the
beginning of ¢, If the observable operator
were M= (1/4/2)H3°Y (the normalized form of
Hslow), the initial intensity of the signal would
be I = Tr{HY - M} =+2. However, as indicated
above, the observable operator is actually M=
(1/2)H, (the normalized form of H, = H;,+ H,,
= Hlow + HfY), 5o the initial signal intensity is
I = Tr{H®¥.M}=1. The observed signal is
therefore a factor of V2 less than it would be if all
components of HS® were detectable.

As an aside, the inherent sensitivity of '*CH,D
TROSY is affected by two other considerations in
addition to the factors discussed above. First, a
sensitivity loss of V2 is associated with the post-
acquisition removal of Jyc splittings in the 'H
dimension, as discussed in Appendix A. Also,
because the planar TOCSY transfer from *C to
"H preserves both sine- and cosine-modulated 1,
components, a gradient enhanced sensitivity
scheme can be used to increase sensitivity by a
factor of V2. Thus, when taken together these two
issues have no net effect.
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