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Selective 13CH3 labeling of Ile(δ1), Leuδ, and Valγ (ILV)
positions in large proteins on a deuterated background1,2 coupled
with Methyl-TROSY3 have significantly extended the range of
applicability of current protein NMR methodology and facilitated
NMR studies of structure and dynamics in very large protein
systems.4-7 Clearly, the availability of only these three probes
represents a serious limitation for structural and dynamics studies
of large proteins. In search of additional NMR probes we have
targeted methyl groups of alanines as potentially an attractive
extension of the ILV labeling methodology. Ala methyls are located
in close proximity to the backbone; their structural “degrees of
freedom” are, therefore, reduced compared to other methyl sites in
proteins. Alanine is one of the most abundant amino acids found
in proteins;8 it is one of the most frequently encountered residues
both in protein hydrophobic cores and at molecular interfaces.9

Resonance assignments of Ala methyls in large and complex
proteins pose significant difficulties even if backbone 13C/15N
chemical shifts are available from prior studies. With the importance
of alanines as structural probes in mind, we have developed an
NMR experiment for assignments of Ala 13CH3 methyls in large
proteins and applied it to Malate Synthase G (MSG), a 723-residue
monomeric enzyme extensively studied by NMR earlier.10

Recently, an isotope labeling strategy has been introduced for
selective labeling of Ala methyls on a deuterated background.11

Since MSG can be obtained in sufficient quantities even when
pyruvate is used as the main carbon source, we have chosen to use
{U-13C}-Pyruvate as the carbon source in a D2O-based minimal
medium to generate protonated Ala methyls in MSG.12,13 The clear
disadvantage of this labeling strategy is that 13CH3 methyl isoto-
pomers are generated only at the maxumim level of ∼25% (of the
total isotopomer content in MSG). 13CHD2 was, however, the only
other methyl isotopomer observable in the spectra of {U-13C}-
Pyruvate-derived MSG. In addition to Ala methyls, the {U-13C}-
Pyruvate-derived samples of MSG contained (partially) protonated
Ileγ2, Valγ, Leuδ methyl sites and Cγ(C�) positions in Arg, Pro,
Glx(Asx, Ser).12,13

Alanine is the most abundant residue in MSG. With 73 alanines
(10.1% of amino-acid content), MSG is an especially challenging
system for assignments of Ala methyls. Ala methyl resonances tend
to be very ill-dispersed in proteins, with 88% of Ala methyls in
MSG clustered between 1.0 and 1.7 ppm (17 and 21 ppm) in the
1H(13C) dimension. As Ala 13C chemical shifts of a deuterated form
of MSG are known from previous studies,10 the assignment problem
seemingly boils down to “positioning” of Ala methyls on a 2D
1H-13C correlation map according to their known 13C� shifts.
However, even this task can not be accomplished without additional
experiments due to degeneracy of many Ala 13C� shifts. The
assignment problem is aggravated by the fact that 13C� chemical
shifts in Ala 13CH3 groups differ from those of 13CD3 methyls by
three times the value of a one-bond deuterium isotope shift14 (1∆DfH

≈ 0.3 ppm) that is uniform, in our experience, only to within (0.1

ppm. Therefore, protonated 13C� shifts in alanines of MSG are
known only approximately.

Figure 1 shows the pulse scheme for a 4D ALA-HMCBCACO
experiment used for assignment of Ala methyls in MSG. The pulse
scheme provides intraresidual correlations of the form (ΩCR, ΩCO,
ΩC�, ΩH�) in alanines and is based upon the methyl-detected “out-
and-back” methodology developed earlier for ILV assignments.15

The flow of magnetization from point a to point b can be
represented as
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Figure 1. 4D ALA-HMCBCACO methyl-detected “out-and-back” pulse-
scheme for assignment of Ala methyls in large proteins. All narrow(wide)
rectangular pulses are applied with flip angles of 90°(180°) along the x-axis
unless indicated otherwise. All the pulses shown with black rectangles are
applied with the highest possible power. 13C WALTZ-1616 decoupling is
achieved using a 2 kHz field, while 2H GARP-117 decoupling uses a 0.9
kHz field. The 1H(2H) carrier is positioned at 4.7(2.5) ppm. The 13C carrier
is placed at 18 ppm (the center of the Ala methyl region), switched to 36
ppm before the 13C pulse with phase φ1, to 177 ppm before the pulse with
phase φ3, and then returned to 36 ppm prior to the second open 90° 13C
pulse with phase y, and back to 18 ppm after the pulse with phase φ5. The
90°(180°) 13C and 13CO pulses shown with open rectangles are applied with
a field strength of ∆/�15(∆/�3) where ∆ is the difference (in Hz) between
13CR(53 ppm) and 13CO(177 ppm) chemical shifts.18 The 13C pulses shown
with open rectangles are applied at 53 ppm by phase-modulation of the
carrier.19 The 13C shaped pulses (marked with *) are 400 µs(600 MHz)
RE-BURP20 pulses. It is important to adjust the phases of these RE-BURP
pulses to maximize sensitivity. The 13CO shaped pulses are 400 µs RE-
BURP pulses applied at 177 ppm by phase modulation of the carrier. Vertical
arrows at the end of the t1 and 2TD periods indicate the position of the
13CO Bloch-Siegert compensation pulse.18 Delays are: τa ) 2.0 ms; TC )
3.5 ms; TD ) 4.75 ms; δ ) 1.4 ms. The phase-cycle is: φ1 ) x, -x; φ2 )
2(y), 2(-y); φ3 ) 4(x), 4(-x); φ4 ) 4(y), 4(-y); φ5 ) x; rec ) 2(x,-x),
2(-x,x). Quadrature in F1(F2) and F3 is achieved by States-TPPI21 of
φ1,φ2(φ3) and φ5, respectively. Durations and strengths of the pulsed-field
gradients in units of (ms;G/cm) are: G1 ) (1.0; 5), G2 ) (0.3; 8), G3 )
(0.8; 10), G4 ) (1.2; 12), G5 ) (0.3; 15).
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observable signal at the end of the scheme. The pulse scheme
utilizes the Methyl-TROSY3 principle where possible by keeping
the methyl (1H�-13C�) magnetization in a multiple-quantum state
before the 13Cφ2/Hy pair of pulses and after the 13Cφ4/Hy pair of
pulses (Figure 1). To eliminate 13CHD2 methyl isotopomer signals
from the spectra, the 180° 2H pulses in the middle of 4TC and t3

periods ensure evolution of the 1JC-D coupling; subsequent applica-
tion of 2H 90° pulses at time points approximately equal to 0.25/
1JC-D eliminates most of the deuterium-containing magnetization
terms in 13CHD2 groups.12

Chemical shift degeneracy in 13CR-13C� pairs of a number of
Ala residues in MSG makes the recording of 13CO chemical shifts
indispensible for unambiguous and reliable assignments. Practically
complete assignments of Ala methyls in MSG have been obtained
using either a 4D ALA-HMCBCACO experiment or a combination
of 3D HMCBCA(CO) and 3D HMCB(CA)CO data sets. The
alanine region of a 2D methyl 1H-13C correlation map of {U-13C}-
Pyruvate-derived MSG “filtered” for methyl groups of the 13CH3

variety is shown in Figure 2a. Figure 2b-c show selected 2D

1H�-13CR slices from the 4D ALA-HMCBCACO data set. The 1H
and 13C chemical shifts of alanine methyls in MSG are listed in
the Supporting Information along with a number of remaining
ambiguities in methyl assignments arising primarily from degen-
eracy of all the 13C and 13CO chemical shifts observed in several
alanine residues. On one occasion (A79 and A589, both located in
the beginning of R-helices in the structure of MSG22), the similarity
of structural environment “seen” by alanine residues led to apparent
overlap in all the four dimensions. Of note, the two most upfield-
shifted Ala methyl peaks in the 1H dimension belong to A276 and
A585 with 1H�(13C�) chemical shifts of -0.68(15.6) and 0.68(17.3)
ppm, respectively (outside of the spectral window of Figure 2a), a
direct consequence of the ring-current effect induced by W610 and
W587 indole rings, respectively.

We anticipate that the developed methodology will promote the
use of alanine 13CH3 methyls as probes of molecular structure and
dynamics in large proteins. The NMR experiment described here
is expected to be applicable to protein systems with a high degree
of chemical shift degeneracy, such as membrane or (partially)
unfolded proteins as well as large protein-protein complexes,
irrespective of the labeling strategy chosen to selectively protonate
alanine methyl sites.
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Supporting Information Available: One table listing 1H�, 13C�,
13CR, and 13CO chemical shifts of alanines in MSG (37 °C; pH ) 7.1).
One table listing acquisition parameters of the 4D ALA-HMCMCACO
experiment. Listed also is the Bruker pulse code for the 4D ALA-
HMCMCACO experiment (Figure 1). This material is available free
of charge via the Internet at http://pubs.acs.org.
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Figure 2. (a) Alanine region of a 2D methyl 1H-13C CT-HMQC spectrum
recorded on a 0.9 mM {U-13C}-Pyruvate-derived sample of MSG (99.9%
D2O; 600 MHz; 37 °C; pH ) 7.1). The spectrum was “filtered” for 13CH3

(against 13CHD2) methyl groups.12 Assignments of Ala methyls are indicated
with residue numbers. The peaks belonging to Valγ and Ileγ2 methyl signals
are marked with *. (b-c) Selected 2D 1H�-13CR slices from the 4D ALA-
HMCBCACO data set recorded on the same sample as in (a) using the
pulse scheme of Figure 1. The planes are drawn at 13C�/13CO chemical
shifts indicated at the top left corner of each panel. Methyl cross-peaks are
marked with residue numbers, while the peaks whose maxima lie outside
of the plotted 2D slices are marked with *.
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