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Abstract The HMCM [CG]CBCA experiment (Tugari-
nov and Kay in J Am Chem Soc 125:13868-13878, 2003)
correlates methyl carbon and proton shifts to C,, Cg, and
C,, resonances for the purpose of resonance assignments.
The relative sensitivity of the HMCM[CG]CBCA sequence
experiment is compared to a divide-and-conquer approach
to assess whether it is best to collect all of the methyl
correlations at once, or to perform separate experiments for
each correlation. A straightforward analysis shows that the
divide-and-conquer approach is intrinsically more sensi-
tive, and should always be used to obtain methyl-C,, Cg,
and C, correlations. The improvement in signal-to-noise
associated with separate experiments is illustrated by the
detection of methyl-aliphatic correlations in a 65 kDa
protein-DNA complex.

Keywords Methyl resonance assignment - Protein-DNA
complex - Pulse sequence
Introduction

NMR has made a significant contribution to our under-
standing of the role of dynamics in the function of proteins,
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enzymes, and nucleic acids (Mittermaier and Kay 2006;
Markwick et al. 2008; G&bl and Tjandra 2012; Kleckner
and Foster 2011; Shajani and Varani 2007). Historically,
NMR studies on proteins and nucleic acids have been
restricted to relatively small molecules, on the order of
25 kDa in the case of proteins. The reduction in proton—
proton dipolar relaxation provided by protein deuteration
(Sattler and Fesik 1996), combined with destructive
relaxation interference (TROSY, Tzakos et al. 2006; Fer-
nandez and Wider 2003; Salzmann et al. 1998), has
allowed investigators to obtain near complete assignment
of mainchain and Cg atoms in large proteins (Gardner et al.
1998; McCallum et al. 1999; Salzmann et al. 2000). Deu-
teration restricts the observation of proton resonances to
mainchain Hy atoms, limiting NOEs to those protons. This
limitation causes challenges in the determination of the
tertiary structure of larger proteins because of the reduced
number of inter-residue distance constraints. This problem
has been circumvented by selective reprotonation of the
protein, either randomly at all aliphatic sites (LeMaster and
Richards 1988), or focusing solely on methyl groups from
Ile, Leu, and Val (Goto and Kay 2000), Thr (Sinha et al.
2011; Velyvis et al. 2012), or Ala (Ayala et al. 2009).

There are a number of advantages associated with
labeling methyl groups (Ruschak and Kay 2010). The
dense network of dipolar couplings between the methyl
groups within the core of the protein provides distance
constraints for structure determination of larger proteins
(Mueller et al. 2000), and provides convenient sites for the
characterization of dynamics by '*C and *H relaxation
(Tugarinov and Kay 2005), as well as relaxation dispersion
(Baldwin et al. 2010). Thr residues are frequently found at
protein-nucleic acid interfaces (Biswas et al. 2009), thus
can report on the structure and dynamics of critical regions
in these complexes.
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The assignment of methyl resonances is prerequisite for
the utilization of these groups for protein structure deter-
mination or for the interpretation of relaxation measure-
ments. Methyl resonances can be assigned by predicting
methyl-methyl NOES, either alone (Xu and Matthews
2013), or in combination with paramagnetic relaxation
enhancement (Venditti et al. 2011). If the protein contains a
lanthanide ion binding site, pseudocontact shifts can also
be used to assign methyl resonances (John et al. 2007). In
cases where the N, Hy, CO, C,, and Cg assignments are
known, methyl resonances can be readily assigned by
correlation of the methyl resonances to the already
assigned atoms. This correlation can be accomplished
using COSY type transfers from the methyl to other atoms.
A significant advance in the use of COSY type correlation
experiments was attained by labeling Leu and Val such that
only one methyl was labeled, thus producing a linear
arrangement of coupled carbons for these residues (see
Tugarinov and Kay 2003). This advance in labeling per-
mitted the development of a suite of NMR experiments that
correlated methyl resonances to assigned N, Hy, CO, C,,
and Cp atoms, leading to near complete methyl assign-
ments in a 723 residue protein. One of the key experiments
developed in that work is the HMCM[CG]CBCA pulse
sequence, which simultaneously correlates the methyl
carbon and proton shifts to the rest of the carbons on the
sidechain in a single spectrum. The HMCM[CG]CBCA
experiment has been successfully used to assign methyl
resonances in a number of smaller proteins (Wang et al.
2012; Krejcirikova and Tugarinov 2012; Zhuravleva et al.
2012; Chan et al. 2012). In the case of larger systems, this
experiment has been replaced by a “divide-and-conquer”
strategy, whereby the shifts of the individual carbons, e.g.
C,, are collected in separate experiments (Sprangers and Kay
2007). To the best of our knowledge there has not been a clear
analysis in the literature regarding the relative sensitivities of
each approach, which would provide guidance to users
regarding which experiments to perform. A straightforward
analysis shows that the divide-and-conquer approach should
always be used, regardless of the size of the protein.

Materials and methods

Spectra were acquired on a Bruker AMX spectrometer,
operating at 600 MHz ('H) using a standard room tem-
perature probe. The pulse sequences were tested on the 130
residue RNA binding domain of E. coli rho protein
(Rho130) and the 245 residue homodimeric EcCoORV-DNA
complex. Both proteins were perdeuterated and methyl
labeled as described by Goto et al. (1999). The proteins
were expressed from a standard T7 expression system
using C3013 cells (New England Biolabs) as the host.
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Studier’s PG medium (Studier 2005) was used with deu-
terated uniformly 13C  labeled glucose, 15N labeled
ammonium sulfate, and ~100 % D,O. The cells were
grown to an Assy of 0.6 at 37 °C. At this point, methyl-
protonated, '*C-labeled (uniform, except one methyl is
12C) o-ketoisovalerate (100 mg/L) and methyl-protonated
uniformly deuterated and '*C ketobutyrate (50 mg/L), was
added to the media, as described by Goto et al. (1999).
Isotopically labeled compounds were obtained from either
Cambridge Isotopes or Sigma Aldrich. The cells were
allowed to grow for 60 min and isopropylthiogalactoside
(IPTG) (1 mM) was added to induce protein expression.
The cells were harvested 3 h after induction. Rho130 was
purified as described previously (Briercheck et al., 1998)
and the purification scheme for EcoRV will be presented
elsewhere. The EcoRV-DNA complex was generated by
adding the DNA duplex (5-GCAAAGATATCTTTCG-3';
IDT) to the protein in 1:1 stoichiometric ratio.

Results and discussion

The HMCM[CG]CBCA sequence was used to acquire
methyl correlation spectra on a small 130 residue protein
(Rho130) and a 65 kDa EcoRV-DNA complex (see
Fig. 1). Although most (but not all) of the expected cor-
relations were observed for Rhol30, the EcoRV-DNA
complex gave unexpectedly weak signal in the
HMCM[CG]CBCA experiment due to enhanced relaxation
of the protein methyls from protons on the non-deuterated
DNA. Although it was only possible to obtain a small
number of aliphatic-methyl correlations using the
HMCM[CG]CBCA experiment, most of the expected
correlations were obtained using the divide-and-conquer
strategy.

The divide-and-conquer experiments are more sensitive
than the HMCM[CG]CBCA experiment for a number of
Because the HMCM[CG]CBCA experiment
simultaneously correlates the methyl resonances to all of the
other aliphatic carbons (e.g. Ile C,, Cg, C,) it is necessary to

reasons.

produce four different product operator terms (41, C! Cf ,
21, Cg , 41, Cfc 81, ! Cg C?%) prior to recording the ali-
phatic carbon shift. Only the first three lead to single-quan-
tum frequencies, hence one-fourth of the signal is lost.
Second, since all three carbon peaks are acquired in the same
spectrum, the original magnetization from the methyl is
divided among the three peaks, thus each peak represents
one-fourth of the original magnetization. Third, because the
C, and Cg frequencies are detected after the magnetization
has been transferred to the C,, all three of the signals suffer
the large relaxation loss associated with the long delay
required to relay the magnetization from the methyl to the C,,
carbon. By acquiring the shift of each carbon in separate
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Fig. 1 Leucine Methyl Correlation Spectra of Rhol30 and the
EcoRV-DNA Complex. The methyl carbon region was sampled using
21 complex points in all experiments. The C, resonances are
broadened by unresolved coupling to the '’N amide nitrogen. The
concentration of Rho130 was 1.0 mM and spectra were acquired at
30 °C. In the case of the Rhol30 sample, all four spectra were
acquired under identical condition; 8 scans with the same spectral
width (50 ppm) and number of points (40) in the non-methyl carbon
dimension. The total acquisition time/experiment was 9 h. In the
rho130 spectra the one dimensional trace for the Cg peaks are divided
by two and the trace for the C, peak was divided by four. The
concentration of the EcoRV-DNA complex was 0.8 mM and the
spectra were acquired at 35 °C. In the case of EcoORV-DNA sample
the spectral widths for the aliphatic carbons in the C, Cg, C,, and the
HMCM[CG]JCBCA experiments were 20, 60, 20, and 50 ppm,
respectively. These were sampled using 32, 40, 32, and 40 complex

experiments only the intensity of the C, is affected by the
long transfer time, effectively increasing the signal of the Cg
and C, resonances. Since only one signal is being detected at
a time, the full magnetization from the methyl is also
detected, increasing the signal by four-fold for the C, and Cg
resonances. The increase in signal intensity is smaller for the
C, resonances because it is necessary to lengthen the last
polarization transfer step from 7 to 14 ms to allow for
complete conversion of the anti-phase term ZCf Cito C;
prior to the evolution period that records the C,, frequency
(see supplementary material figure S1 for pulse sequences).
Regardless of the increase in polarization transfer time, the
sensitivity of the C, experiment still exceeds that of the
HMCM[CG]CBCA experiment, except for very short car-
bon T, times, on the order of 10 ms (see figure S3). Although
it is necessary to run all three experiments to obtain the
same chemical shift information as obtained in the
HMCM[CG]CBCA experiment, the additional acquisition
time is significantly reduced due to the increase in sensitivity
of the Cg and C, experiments. For example, at a carbon T of
40 ms, the sensitivities of the C,, Cg, and C, experiments are
approximately 2.8, 5.7, and 11.4 times that of the
HMCM[CG]CBCA experiment. In addition to the gains in
sensitivity, the C, and C, experiments can be acquired with a
much narrower sweepwidth (see figure S4), reducing the
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points, respectively. A total of 40, 16, 8, and 40 scans were acquired
for the C,, Cp, C,, and HMCM[CG]CBCA experiments, respectively,
giving total acquisition times of 35.8, 17.92, 7.17, and 44.8 h,
respectively. The entire one dimensional trace for the
HMCM[CG]CBCA experiment is multiplied by two. The increase
in signal intensity for one residue from the EcoRV-DNA sample, after
scaling for the total experimental time, is 2.0, 8.8, and 6.0 for the C,,
Cp, C,, experiments. These ratios are the lower limit because many
correlations could not be observed in the HMCM[CG]CBCA
experiment. The Cg experiment could have been run in '% the time
(8 scans), which would have given a total acquisition time for all three
experiments of approximately 52 h, i.e. not much longer than the
entire HMCM[CG]CBCA experiment. Pulse sequences can be found
in figure S1, along with additional guidelines for defining the
acquisition time for the detection of non-methyl carbons

acquisition time of the experiment. The increase in sensi-
tivity allows the C,, Cg, and C,, experiments to be acquired in
approximately 24/30, 5/30 and 1/30, respectively, of the time
required for the HMCM[CG]CBCA experiment and still
yield a 2—4 fold increase in intensity.

The predicted gains in sensitivity are essentially realized
in practice. In Fig. 1 we show spectra of Rho130 and the
EcoRV-DNA complex that were obtained using the C,, Cg,
and C, and the HMCM[CG]CBCA experiments. Signals
from 15 Leu residues in Rho130 gave relative intensities of
1.9 £0.5,4.4 £ 0.9, and 8.4 & 3.6 for the C,, Cg, and C,
peaks, respectively, compared to the HMCM[CG]CBCA
experiment. Note that the sensitivity gain for the C,
experiment is a lower limit since a number of C, peaks
were missing in the HMCM[CG]CBCA experiment, but
present in the C, experiment. In the case of the larger
EcoRV-DNA complex, only a few correlations were
observed in the HMCM[CG]CBCA experiment hence it is
difficult to compare sensitivities. When C, resonances
could be observed, they were approximately two fold less
intense in the HMCM[CG]CBCA spectra than in the
experiment that only detected the C, shifts.

In conclusion, because the sensitivity of detecting
methyl-aliphatic correlations is significantly increased by
recording each carbon shift in a separate experiment,
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separate experiments should be run, even for smaller pro-
teins. A similar philosophy has also been historically
applied when recording correlations between NH reso-
nances and Cp resonances. In this case, the standard
HNCACB experiment, which detects both C,, and Cg shifts
simultaneously, is often run with the delay for magneti-
zation transfer between the C, and Cg spins set to 1/2],
causing complete conversion of the C} product operator to
anti-phase 2C# C?, prior to recording of the carbon
chemical shift. This approach transfers all of the magne-
tization from the NH group to the Cp peak, instead of
splitting it between the C, and Cg peaks.
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