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Abstract The specific protonation of valine and leucine
methyl groups in proteins is typically achieved by over-
expressing proteins in M9/D,0 medium supplemented with
either labeled a-ketoisovalerate for the labeling of the four
prochiral methyl groups or with 2-acetolactate for the ste-
reospecific labeling of the valine and leucine side chains.
However, when these labeling schemes are applied to large
protein assemblies, significant overlap between the corre-
lations of the valine and leucine methyl groups occurs,
hampering the analysis of 2D methyl-TROSY spectra.
Analysis of the leucine and valine biosynthesis pathways
revealed that the incorporation of labeled precursors in the
leucine pathway can be inhibited by the addition of exog-
enous r-leucine-d;y. We exploited this property to label
stereospecifically the pro-R and pro-S methyl groups of
valine with minimal scrambling to the leucine residues.
This new labeling protocol was applied to the 468 kDa
homododecameric peptidase TET2 to decrease the com-
plexity of its NMR spectra. All of the pro-S valine methyl
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resonances of TET2 were assigned by combining muta-
genesis with this innovative labeling approach. The
assignments were transferred to the pro-R groups using an
optimally labeled sample and a set of triple resonance
experiments. This improved labeling scheme enables us to
overcome the main limitation of overcrowding in the NMR
spectra of prochiral methyl groups, which is a prerequisite
for the site-specific measurement of the structural and
dynamic parameters or for the study of interactions in very
large protein assemblies.

Keywords Stereospecific labeling - Methyl groups -
Valine - Acetolactate - Large proteins - NOE

Introduction

Progress in the NMR spectroscopy of high molecular
weight proteins has been strongly connected to the devel-
opment of new isotopic labeling schemes, in particular, the
expression of selectively methyl-protonated perdeuterated
proteins (Gardner and Kay 1997). The objective of these
labeling approaches is to produce highly deuterated (i.e.,
>98 %) proteins with targeted ['*CH;]-labeling at residue-
specific methyl sites. Labeling protocols in which specifi-
cally ["H,">C]-methyl labeled biosynthetic precursors are
added as the sole proton source in a perdeuterated culture
medium can provide a high level of methyl protonation
without detectable isotopic scrambling. The combination of
the selective protonation of methyl groups in fully per-
deuterated proteins with optimized methyl spectroscopy
(Tugarinov et al. 2003; Amero et al. 2009) has enabled
structural studies of large proteins and the dynamics of
protein assemblies of up to 1 MDa to be probed by solution
NMR techniques (Tugarinov et al. 2005; Gelis et al. 2007;
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Hiller et al. 2008; Sprangers and Kay 2007). Over the past
15 years, a variety of strategies for the selective labeling of
the eight different types of methyl groups in proteins have
been proposed (Tugarinov et al. 2006; Sprangers et al.
2007; Ruschak and Kay 2010; Plevin and Boisbouvier
2012). Initial methyl-labeling schemes used a-keto-acids as
the precursors in the production of &;-methyl protonated
isoleucine (Gardner and Kay 1997) or for the simultaneous
labeling of the two prochiral methyl groups of valine and
leucine (Goto et al. 1999; Hajduk et al. 2000; Gross et al.
2003). These first protocols were later complemented by
new schemes to specifically label methyl groups of
methionine (Gelis et al. 2007; Fischer et al. 2007), alanine
(Isaacson et al. 2007; Ayala et al. 2009; Godoy-Ruiz et al.
2010), isoleucine-y, (Ruschak and Kay 2010; Ayala et al.
2012) and threonine (Velyvis et al. 2012), which allowed
the acquisition of high resolution spectra and the detection
of structural and dynamic parameters in large molecular
assemblies.

Most of these precursors allow independent labeling of
each type of methyl side chain. The leucine and valine
labeling schemes are more complex because the isopropyl
group present in both side chains is generated before the
two pathways diverge. Consequently, the labeling tech-
niques directed towards these residues result in equal
labeling of both residues. Labeling schemes based on o-
ketoisovalerate led to the observation of four types of
methyl groups sharing a common spectral window. For
high molecular weight proteins, this labeling strategy can
result in an overcrowded [IH,BC]—correlation spectra due
to the sheer number of NMR-visible methyl probes. Fur-
thermore, the first generation of a-ketoisovalerate precur-
sors proved inefficient for studying large protein
assemblies because the intense intra-residue 'H-"H dipolar
interactions between prochiral methyl groups limited the
sensitivity of NMR experiments. The introduction of
[13CH3/CD3]—oz—ketoisovalerate protonated on a single
methyl (Tugarinov and Kay 2004; Lichtenecker et al. 2004)
has been shown to enhance the resolution and sensitivity of
the methyl-TROSY spectra of large proteins, despite the
50 % incorporation reduction of “NMR visible” '*CH;
isotopomers in the prochiral groups. However, o-ketois-
ovalerate is only available as a racemic mixture of pro-
S and pro-R compounds. Therefore, two signals are still
detected for each leucine and valine residue in the methyl-
TROSY spectra. More recently, stereospecific labeling of
the prochiral methyl groups of leucine and valine was
achieved using specific methyl-labeled 2-acetolactate, a
precursor involved in the early steps of the leucine and
valine biogenesis pathway (Gans et al. 2010). The enzy-
matic rearrangement of the two methyl groups in labeled
acetolactate during leucine and valine biosynthesis occurs
in a stereospecific fashion such that the methyl group

@ Springer

substituent at position 2 becomes the pro-S methyl group
and the methyl at position 4 becomes the pro-R methyl
group. While the aforementioned labeling scheme allows
the study of symmetrical protein assemblies composed of
low molecular weight subunits, the large number of over-
laps between the methyl groups of valine and leucine still
precludes the analysis of the NMR spectra for larger pro-
tein complexes. Recently, it was shown that the methyl
resonances of leucine and valine could be distinguished
using spectral properties of the corresponding *Co/B
atoms (Hu et al. 2012). Here, we introduce a straightfor-
ward labeling scheme to incorporate stereospecific '>CHj
isotopomers into valine residues without labeling the cor-
responding leucine groups. The protocol, based on the
simultaneous incorporation of labeled acetolactate and
deuterated r-leucine, offers a significant simplification of
['*C,'H]-methyl TROSY spectra. This new labeling
scheme has been applied to the 468 kDa homododecameric
peptidase TET2 and has allowed the complete assignment
of the valine methyl resonances by combining mutagenesis,
innovative labeling and adapted triple resonance experi-
ments. As demonstrated here, this new method will be
particularly useful for NMR studies of very large biomo-
lecular assemblies.

Materials and methods
Precursor synthesis

2-Hydr0xy-2-[l3C]methyl-3-0x0-4,4,4-tri-[2H]butan0ate
(pro-S acetolactate-'*C) and 2-hydroxy-2-[?Hs]methyl-
3-ox0-[1,2,3,4-tetra-13C]butanoate (pro-R  acetolac-
tate-13C4) were obtained from NMR-Bio (www.nmr-bio.
com). 2-Hydroxy-2-['*C]methyl-3-ox0-4,4,4-tri-[*H],[3,
4-di-13C]butanoate (pro-Y acetolactate—13C3) was made
as described previously (Gans et al. 2010) using ethyl
[3,4-'3C,]-3-0oxobutanoate and '*CH;I (Sigma-Aldrich).

Optimization of the incorporation of leucine
into overexpressed protein

The initial experiments to determine the level of leucine
incorporation into overexpressed proteins were performed
using ubiquitin as a model system. Escherichia coli
BL21(DE3) cells were transformed with a pET41c plasmid
carrying the human His-tagged ubiquitin (pET41c-His-
Ubi) gene, and the transformants were grown in M9/D,0
medium containing 1 g/L >’ND,Cl and 2 g/L p-glucose-ds.
When the optical density (O.D.) at 600 nm reached 0.8, a
solution containing the labeled acetolactate precursors and
the non-labeled r-leucine was added. After an additional
1 h, protein expression was induced by the addition of
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IPTG to a final concentration of 1 mM. The induced cul-
ture was grown for 3 h at 37 °C. The ubiquitin was then
purified by Ni-NTA (Qiagen) chromatography in a single
step.

The optimal quantity of r-leucine required to achieve
near complete incorporation into the overexpressed protein
was assessed in a series of cultures (50 mL each) in which
different amounts of non-labeled r-leucine were added 1 h
prior to induction to final concentrations of 0, 5, 10, 15, 20
and 60 mg/L in addition to a saturating quantity of the
leucine and valine precursor pro-S acetolactate-'>C (final
concentration of 300 mg/L). r-methionine (methyl-13C)
(Sigma-Aldrich) at 125 mg/L was used as an internal ref-
erence. The level of the non-labeled r-leucine incorpora-
tion into the purified protein was monitored using a '*C-
HSQC experiment (figure S.1). When unlabeled leucine is
incorporated into the overexpressed protein, the leucine-
['*CH5]P™ S residues are replaced by unlabeled amino
acids. The quantification was performed by comparing the
volume of the leucine pro-S methyl group signals to the
methionine methyl signals from 2D '*C-HSQC.

Production and purification of specifically methyl
labeled TET2

Escherichia coli BL21-CodonP1us®(DE3)—RIL cells trans-
formed with a pET-41c plasmid encoding TET2 were pro-
gressively adapted in three stages over 24 h to M9/D,O
medium containing 1 g/L '> ND4Cl and 2 g/L p-glucose-d;
(Sigma-Aldrich). In the final culture, the bacteria were
grown at 37 °C in M9 medium prepared with 99.85 % D,0O
(Eurisotop). When the O.D. at 600 nm reached 0.8, a solu-
tion containing the labeled precursors was added. The pre-
cursor solution added per liter of culture medium contained:

e 125mg of 2-oxo-3-[’H]-3-[*H;]methyl-4-['*C]-but-
anoate (o-ketoisovalerate) for the production of the
U-[*H, "N, '*C], Leu/Val-['*CHy/"*CD5] TET2 sample
(Tugarinov et al. 2006).

e 300mg of 2-hydroxy-2-['*Clmethyl-3-0x0-4,4,4-tri-
[2H]butanoate (pro-S acetolactate-BC) for the produc-
tion of the U-[’H, N, '’C], Leu/Val-['*CH;]"°"
TET?2 sample (Gans et al. 2010).

e 300mg of 2-hydroxy-2-['*C]methyl-3-0x0-4,4,4-tri-
[*H]butanoate (pro-S acetolactate-'>C) and 40 mg of
r-leucine-d; (Sigma-Aldrich) for the production of the
U-[*H, "N, '>C], Val-[">CH;]""® TET2 sample.

e 300mg of 2-hydroxy-2-['*Clmethyl-3-oxo0-4,4,4-tri-
[ZH]butanoate (pro-S acetolactate—”C) with 40 mg of
L-leucine-d;y followed by the addition of 60 mg of
2-0x0-3-[*H,]-4-["*C]-butanoate (o-ketobutyrate; Gard-
ner and Kay 1997) for the production of the U-[*H, "N,
12C], Ne-[*CH5]°!, Val-['*CH;]P™ TET2 sample.

e 300 mg of 2-hydr0xy—2-[2H3]methyl-3—0x0-[1,2,3,4-
tetra-'*C]butanoate (pro-R acetolactate-l3C4) and 40 mg
of L-leucine-d, for the production of the U- [2H, ISN, 12C],
Val-[2,3-2H2; 1,2,3-13C3; [13C]H3]pr0—R/[12C2H3]pr0—S]
TET?2 sample.

e 300 mg of 2-hydroxy-2-['*C]methyl-3-0x0-4,4,4-tri-
[ZH],[3,4—di—13C]butanoate (pro-Y acetolactate—13C3)
and 40 mg of r-leucine-d;, for the production of the
U-[*H, "N, "°C], Val-[2,3-*Hy; 3-'°C; [PC*H;P®/
['*C'H;]P™%] TET2 sample.

One hour after the addition of the precursors, TET2
expression was induced by the addition of IPTG to a final
concentration of 0.5 mM. The induced culture grew for 4 h
at 37 °C before harvesting. TET2 was purified using one
anion exchange chromatography step (Resource Q 6 mL,
GE Healthcare) followed by a size exclusion chromatogra-
phy step (HiLoad 16/60 Superdex 200 pg, GE Healthcare).
The final yield generally reached 20 mg/L methyl-specific
protonated TET2. The protein was concentrated in 250 pL
of buffered D,O (20 mM Tris (pH 7.4 uncorrected) and
20 mM NaCl) at a concentration of approximately
40-80 uM of TET2 dodecamer (~0.5—-1 mM of monomer).

Production and purification of TET2 mutants

The constructs containing valine to alanine single point
mutations were generated by an automated molecular biol-
ogy platform (RoBioMol—Institut de Biologie Structurale,
Jean-Pierre Ebel) using an automated PCR-based protocol
adapted from the QuikChange site-directed mutagenesis
method (Amero et al. 2011). The library of mutants was
expressed in parallel using 24-well DeepWell plates. Each
TET2 mutant was produced in 10 mL of M9/D,O medium
supplemented with pro-S acetolactate-'>C and r-leucine-d;,
following the protocol described above. The cells were lysed
by the addition of BugBuster® lysis buffer, and the plate
containing the crude extracts was heated at 85 °C for
15 min. After centrifugation of the 24-well DeepWell plates
at 4,000 rpm for 30 min, the labeled proteins were purified
in parallel from supernatant fractions using a 96-well filter
plate containing Q-Sepharose resin (GE Healthcare). The
TET2 mutants were resuspended in 20 mM Tris (pH 7.4
uncorrected) and 20 mM NaCl (in D,O) to a final concen-
tration of ~4 uM of TET2 dodecamer (~50 pM of
monomer). Each sample (60 pL) was loaded in a 2.5 mm
Shigemi tube placed coaxially to a regular 5 mm NMR tube
used as a sample holder.

NMR spectroscopy
2D HSQC NMR spectra of ubiquitin were recorded at

37 °C on an Agilent DirectDrive spectrometer operating at
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a proton frequency of 600 MHz equipped with a cryogenic
triple resonance probe head. All of the NMR spectra for the
TET2 samples were recorded at 50 °C on an Agilent Di-
rectDrive spectrometer operating at a proton frequency of
800 MHz equipped with a cryogenic triple resonance probe
head. For the assignments of the methyl resonances using
the SeSAM strategy (Amero et al. 2011), the duration of
each 2D SOFAST-methyl-TROSY NMR experiment
(Amero et al. 2009) was adjusted depending on the final
concentration of the purified protein (experimental time
ranging from 0.5 to 2 h maximum per sample). The angle
of the proton excitation pulse was set to 30°, and the
recycling delay was optimized to 0.8 s to enhance
sensitivity.

A 3D HMQC-NOESY experiment was recorded over
64 h with a 1 mM U-[?H, N, '2C], Ile-['*CH5]®', Val-
["*CH;]P™ sample of TET2 with a NOE mixing time of
400 ms (which corresponds to the optimal NOE mixing time
determined from the build-up of the cross-peak intensities in
a series of short 2D NOESY spectra). The experiment was
collected with 12 scans per increment and a maximum
acquisition time of 20 ms in both the '*C and 'H indirect
dimension. The 3D COSY-based “out-and-back” HCC
(HC(C)C relay) experiments (Tugarinov and Kay 2003;
Ayala et al. 2009; Ayala et al. 2012) were acquired in 11 h
(44h) with 0.5mM U-[’H, "N, '*C], Val-{2,3-°H,;
1,2,3-°C3; [PC'H;]P*/['*C*H;]"] and 0.5 mM U-[*H,
ISN, lZC]7 Val—[2,3-ZH2; 3-13C; [l3C2H3]pro—R/[13C1H3]pr075]
(U-[*'H, N, 'C], Val-[2,3-Hy; 3-"°C; [“C?H5P™%/
['3C'H5]P™5]) TET2 samples, and the experimental data
were collected with 4 scans (16 scans) per increment and a
maximum acquisition time of 11 and 12 ms in the two
indirect carbon dimensions. All of the data were processed
and analyzed using nmrPipe/nmrDraw (Delaglio et al. 1995)
and CCPN software (Vranken et al. 2005).

Results and discussion
Leucine incorporation

The use of regioselectively labeled acetolactate improves the
quality of spectra by reducing the number of resonances by a
factor of two (Gans et al. 2010). However, for high
molecular weight proteins containing many valine and leu-
cine residues, a further reduction of overlaps is a prerequisite
for the unambiguous assignment and analysis of complex
NMR spectra. Leucine could be the choice candidate for this
specific labeling because the metabolic pathway connecting
a-keto-isovalerate (the immediate precursor of valine) to
Leucine is irreversible (Fig. la). The direct addition of
[*H,"*C]-labeled r-leucine or its corresponding precursors
will allow selective labeling of the leucines without
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scrambling to the valines. Recently, Lichtenecker et al.
(2013) demonstrated that the addition of 2—0x0-3-[2H3]-4-
[2H] -4-methyl [2H3] =541 13 C]-pentanoate (or a-ketoisocapro-
ate) in M9/D,0 culture medium can be used to directly label
the methyl groups of leucine. Furthermore, the authors
reported the preparation of a racemic mixture of o-ketoi-
socaproate precursors leading to the non-stereospecific
labeling of either pro-S or pro-R methyl groups, where the
occupancy level for each prochiral site was limited to 50 %.
This decreased incorporation reduces the intensities of the
structurally meaningful long range NOEs by a factor of 4.
Because leucine and valine residues are equivalently abun-
dant in proteins, this labeling scheme failed to significantly
reduce the spectral overlap compared to the stereospecific
labeling of valine and leucine residues using acetolactate
precursors (Gans et al. 2010). In other words, the valine
resonances suppressed by this labeling scheme are replaced
by a similar number of leucine pro-R methyl groups over-
lapping with leucine pro-S resonances. Therefore, deuterated
L-leucine (or its corresponding precursor) stereospecifically
labeled on a single methyl group is required for the optimal
incorporation and improvement of the NMR spectra of large
proteins. Such a complex stereoselective synthesis of r-
leucine was first reported by Kainosho et al. (2006) for the
in vitro production of an optimally labeled protein. A similar
approach is described by the same group in an accompa-
nying article (Miyanoiri et al. 2013) regarding the in vivo
labeling of the valine and leucine prochiral methyl groups of
Malate Synthase G (MSG; Howard et al. 2000) overex-
pressed in E. coli.

Due to the complexity of this stereoselective synthesis
and the associated costs of the labeled r-leucine or its pre-
cursors, we explored an alternative strategy to label only the
valine methyl groups using more accessible precursors:
labeled acetolactate and perdeuterated i-leucine. The addi-
tion of exogenous r-leucine not only allows dilution of the
endogenous '*C-labeled z-leucine but also has an inhibitory
effect on 2-isopropylmalate synthase (EC 2.3.3.13) (De
Carvalho et al. 2005), catalyzing the conversion of o-ke-
toisovalerate to 2-isopropylmalate (the first specific step of
the r-leucine biosynthetic pathway, Fig. 1). Therefore, the
addition of exogenous r-leucine is expected to strongly
reduce the flux of '*C-carbon in this pathway and to prevent
the incorporation of labeled acetolactate into r-leucine
(Fig. 1a). The effect of the addition of exogenous unlabeled
t-leucine on the level of the incorporation of '°C into the
leucine pro-S groups is reported on the Fig. 1b. To this end,
ubiquitin was overexpressed in M9/D,O medium supple-
mented with a saturating amount of pro-S acetolactate-">C
(300 mg/L) and various concentrations of unlabeled r-leu-
cine. Nearly complete inhibition of incorporation (incorpo-
ration level <2 %) of pro-S acetolactate-'>C was achieved
for concentrations of unlabeled i-leucine >20 mg/L.
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Fig. 1 Incorporation pathway of acetolactate into the valine and
leucine residues in E. coli. a The stereochemistry of the different
intermediates in the leucine and valine biogenesis pathway is
displayed (assuming incorporation of pro-S acetolactate-'>C in
D,0-based M9 culture medium). The enzymes responsible for
catalyzing each reaction are indicated by EC number. EC 1.1.1.86:
ketol-acid reductoisomerase; EC 4.2.1.9: dihydroxy-acid dehydratase;
EC 2.6.1.42: branched-chain amino acid aminotransferase; EC
2.3.3.13: 2-isopropylmalate synthase; EC 4.2.1.33: 3-isopropylmalate
dehydratase; and EC 1.1.1.85: 3-isopropylmalate dehydrogenase.
Further information on the leucine and valine metabolic pathway can
be found online: http://www.genome.jp/kegg/. b The decrease in the

Furthermore, no change was observed in the stereospeci-
ficity of the valine methyl group labeling (figure S.1). Sur-
prisingly, we observed a slight (approximately 5-7 %)
decrease in the valine signal, which was dependent on the
exogenous quantity of added leucine (data not shown).
However, by adding U-['*C] z-leucine in deuterated mini-
mal medium containing U—[12C, 2H]—glucose with unlabeled
acetolactate, we did not detect isotopic scrambling of the
added r-leucine into z-valine (figure S.2). This result indi-
cates that the weak unlabeling of valine residues observed
when adding z-leucine is not due to incorporation into valine
of exogeneous r-leucine or the corresponding degradation
products, but is most likely related to a weak feedback
inhibition of valine biosynthesis by excess z-leucine. Despite
not identifying the exact metabolic pathway involved in the
regulation of the labeled valine biosynthesis, we postulate

(2R-38)-isopropylmalate 4-methyl-2-oxopentanoate

EC 2.6.1.42]

HiC, D O, ND:
& F 0

s DSCW

DD o
L-leucine

13C"'H; isotopomers incorporation at the leucine pro-S methyl group
position in overexpressed ubiquitin as a function of the added amount
of exogenous unlabeled leucine. Different amounts of non-labeled .-
leucine were added to the M9/D,0 medium 1 h prior to induction to
final concentrations of 0, 5, 10, 15, 20 and 60 mg/L, together with a
saturating quantity of the leucine/valine precursor, pro-S acetolac-
tate-">C (300 mg/L) and 125 mg/L r-methionine (methyl-'>C). The
decrease in the leucine pro-S methyl group signal is analyzed using
the average volume of the methionine € methyl group signals as a
reference. A level of incorporation into the leucine side chains less
than 5 % was obtained by adding 20 mg of leucine per liter of M9/
D0 culture medium

that the greater than 90 % incorporation level of the '*C'H;
isotopomer into the valine pro-S groups obtained with the
protocol described in this paper, along with the residual
labeling of the corresponding leucine methyl groups being
reduced to less of 2 %, would be sufficient for most bio-
molecular NMR applications.

Application of the labeling to TET2

This labeling strategy was then applied to the TET2 pro-
tein, a 468 kDa homododecameric aminopeptidase of
468 kDa involved in polypeptide degradation in the hy-
perthermophilic Archaea Pyrococcus horikoshii. This
protein contains 37 valines and 23 leucines. The methyl
groups of these 2 amino acid types have similar chemical
shift dispersions, resulting in significant overlap between
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Fig. 2 Comparison of HMQC spectra recorded on specifically
methyl-labeled TET2 samples (468 kDa). The 2D methyl-TROSY
NMR spectra were recorded at 50 °C in D,O buffer (20 mM NaCl
and 20 mM Tris, pH 7.4) on an NMR spectrometer operating at a
proton frequency of 800 MHz. An enlarged picture of the central part
of the spectrum is displayed in the bottom right corner of each panel.
a U-[’H, ®N, '2C], Leu/Val-['*C'H,/'*CD;] TET?2 with non-stereo-
specific  ['*C'H;]-methyl labeling prepared using racemic

them. Figure 2 shows a comparison of the '*C-HMQC
spectra of TET2 obtained for the non-stereospecific label-
ing of the leucine and valine methyl groups using an o-
ketoisovalerate precursor (Fig. 2a; Tugarinov and Kay
2004), the stereospecific labeling of the leucine and valine
pro-S methyl groups using acetolactate (Fig. 2b; Gans et al.
2010) and this new labeling protocol combining the
acetolactate precursor with r-leucine-d;o for the stereo-
specific labeling of valine pro-S methyl groups only
(Fig. 2¢). Although the use of labeled acetolactate alone
already decreased the number of signals twofold, many
leucine and valine methyl resonances still overlapped
(Fig. 2b), hampering spectral analysis. The specific label-
ing of the valine pro-S methyl groups enables a significant
decrease in the number of signals and overlaps in the
central part of the spectrum (Fig. 2b, c). The improvement
of the resolution achieved in the 2D methyl-TROSY
spectra using this specific labeling protocol allowed the
observation of 32 individual correlations out of the 37
expected valine signals. Thus, the quality of the spectrum is
sufficiently high to initiate assignment and NMR analyses
using this improved labeling scheme.

Assignment of TET?2 valine pro-S methyl groups using
the SeSAM approach

While efficient methods can be used to connect methyl
resonances to sequentially assigned backbone nuclei in
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3-[2H3]methyl-3-[2H]-4-[13C]-u-ketoisovalerate (Tugarinov et al.
2006). b U-[*H, "N, 2C], Leu/Val-['>*C'H;]P™ TET2 with stereo-
specific labeling prepared using 2-hydroxy-2-['*C]methyl-3-oxo-
4.4 4-tri-[*H]butanoate (pro-S acetolactate—BC) (Gans et al. 2010).
¢ U-[*H, "N, '>C], Val-["*C'H;]"™5 TET2 with stereospecific
labeling of only valine residues prepared using 2-hydroxy-2-
[13C]methyl-3-0x0-4,4,4-tri-[2H]butan0ate (pro-§ acetolactate-'>C)
and r-leucine-d;q

medium-size proteins, the stereospecific assignment of
prochiral methyl groups remains a difficult step. Moreover,
the size of the TET2 particle (468 kDa) impedes sequential
assignments using classical approaches relying on magne-
tization transfer along the backbone and the side chain
bonds. Recently, we have established an efficient approach
based on the systematic mutagenesis of methyl containing
residues for the sequence specific assignment of methyl
groups in large proteins (Amero et al. 2011). This tech-
nique, named SeSAM for Sequence-Specific Assignment
of methyl groups by Mutagenesis, is based on using site-
directed mutagenesis to individually “turn off” the NMR
signal of each methyl-containing amino acid in the target
protein and thereby provide a sequence-specific resonance
assignment. Conceptually, assignment-by-mutagenesis is
straightforward. In practice, however, the overlap of reso-
nances and the occurrence of secondary chemical shift
changes (Sprangers et al. 2007; Amero et al. 2011) can
make the analysis more difficult. The resonance perturba-
tions of non-mutated methyl-containing residues are likely
to occur but can be minimized using conservative muta-
tions. In the first round of this approach, all of the spectra
with only one missing peak are considered for a straight-
forward assignment of a first set of resonances. Then, more
complex spectra affected by the secondary chemical shift
perturbations are analyzed taking into consideration the
first set of unambiguous assignments, the 3D structure of
the protein assembly and the entire set of spectra. Because
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Fig. 3 Assignment of TET2 pro-S valine methyl groups. The 2D
SOFAST-methyl-TROSY spectra displayed in this figure were
recorded using the valine to alanine mutant samples of the U-[*H,
5N, '2€), val-["*C'H;]"™S TET2 protein assembly. a The mutant
spectra of V76A, b VI93A and ¢ V15A and the d WT spectrum of

it cross-validates the results several times, considering the
full library of single-site mutations greatly simplifies the
process of resonance assignment.

Here, we systematically mutated each valine residue
into an alanine. The stereospecific labeling of a single
methyl group (valine pro-S) instead of the labeling of 4
methyl groups (valine and leucine) using o-ketoisovalerate
reduces, up to a factor of 4, peak overlapping as well as the
number of correlations affected by secondary chemical
shift. Therefore, in most cases, the disappearance of only
one signal unambiguously provides the assignment of the
corresponding valine. For TET2, 24 of the 37 valines were
directly assigned from the library of mutants. Examples of
these assignments are presented for valine 76 and valine
193 in Fig. 3a, b, respectively, where the mutant spectra
are shown superimposed on the WT spectrum. In the
remaining spectra, the disappearance of the signal upon
mutation was accompanied by small changes in the
chemical shift of a few additional correlations (see, for
example, the VI5A mutant spectrum in Fig. 3c). Peak

TET?2 annotated with residue-specific assignments of the valine pro-
S methyl groups. Each mutant spectrum extract (red) was overlaid
with the reference spectrum of the native particle (black). The arrow
in panel ¢ indicates a secondary chemical shift perturbation

movements that do not directly concern the mutated reso-
nance can complicate the process of obtaining a sequence-
specific assignment from a single experiment, especially in
an overcrowded region of the spectrum. Nonetheless, sec-
ondary chemical shift perturbations reflect modifications in
the local electronic environment and can therefore provide
complementary information that can be used to confirm the
proposed assignment. Ambiguous assignments can there-
fore be readily cross-validated using structurally close and
previously unambiguously assigned methyl groups. Ana-
lysis of the secondary chemical shift for the complete
library of mutants with regards to the proximity predicted
from the TET2 structure (PDB code: 1YOR) allowed
unambiguous assignment of eight supplementary valine
resonances. The remaining valines correspond to weak
methyl resonances or signals located in the overlapped area
of the spectrum. These five remaining resonances, corre-
sponding to valine residues 21, 46, 187, 236 and 334, were
assigned based on the detection of intermethyl NOE cor-
relations as described below. The completely assigned
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spectrum corresponding to the valine pro-S methyl groups
of the TET?2 protein is shown in Fig. 3d, and the proton and
carbon-13 chemical shift values are listed in table S.1.

Cross-validation of the assignments using methyl—
methyl NOEs

We have demonstrated that the use of the specific labeling
of methyl groups in a small perdeuterated protein allowed
detection of long-range NOEs between methyl groups
separated by up to 12 A (Sounier et al. 2007). For a protein
the size of TET2, NOEs between methyl groups separated
by up to 7 A are still expected to be detectable. Therefore,
if the crystal structure of a large assembly is available, the
detection of NOE correlations between remote methyl
probes could be used to confirm and extend the assign-
ments. However, the analysis of the TET2 X-ray structure
(Borissenko and Groll 2005) indicates that the expected
number of NOE connectivities between valine pro-
S methyl groups is reduced to approximately 50. Such a
small number of putative NOE restraints is too low to allow
cross-validation of the assignment. Consequently, to
increase the number of NOE connectivities detected, we
combined the labeling of the valine pro-S groups with
isoleucine-d; methyl probes. The resonances of these

methyl groups have distinct chemical shifts from valine
resonances (figure S.3), avoiding overlapping. These
methyl group resonances were previously assigned using
the SeSAM approach (Amero et al. 2011).

A total of 292 NOE cross-peaks can be detected between
the 71 labeled valine and isoleucine methyl probes, cor-
responding to an average of 4 connectivities for each
methyl group. All of the observed NOE connectivities
between assigned methyl probes correspond to the pre-
dicted NOE based on the theoretical methyl-methyl dis-
tance extracted from the crystal structure. We were unable
to detect NOE connectivities involving leucine resonances
or valine pro-R methyl groups, illustrating the specificity of
the reported labeling strategy. Figure 4 shows examples of
2D planes extracted from the 3D '*C-HMQC-NOESY
experiments at the '*C frequencies of the valine 105 pro-S,
valine 87 pro-S and isoleucine 141 &; methyl groups. Each
of these three residues presents correlations with the other
two as well as with supplementary methyl groups. This
unambiguous NOE network (as illustrated on the TET2
structure in Fig. 4) allows reliable cross-validation of the
assignment based on mutagenesis. As already mentioned,
some valine methyl groups remained unassigned after the
SeSAM protocol. These residues have been assigned by
analyzing the TET2 structure and looking for unassigned

J(a) Fc=184 pom: vaL 10§

VAL 76 VAL 87 ILE 113

VAL 105 ILE 162

“1(c) Fc=s8 ppm i 1a1]

— VAL78 VAL 87

I|II[|III|III|III|{II'II

1.0 0.8 0.6 04 0.2 0.0

Fig. 4 Cross-validation of the valine methyl group assignments.
a The 2D extracts of the 3D '*C-HMQC-NOESY spectrum of the
U-[?H, "N, '2C], lle-["*CH5]®!, Val-['>*CH;]P TET2 sample. The
planes were extracted at the '°C frequencies of valine 87 (NOE
connectivity annotated in blue), valine 105 (red) and isoleucine 141
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(green). b The NOEs observed in the three planes are displayed on
the 3D structure of TET2 (PDB code: 1YOR). Lines represent the
detected NOE connections between the methyl groups, where each
color is related to the corresponding residues annotated in the
depicted 2D extracts
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NOE correlations with their neighboring residues. Exam-  the corresponding pro-R methyl resonances. The connec-
ples are shown in figure S.4 for the valine 46 and valine 21 ~ tion between both valine methyl resonances can be
methyl groups. achieved using through-space NOE transfer provided that

The assignment of such high quality 2D correlation  the protein sample is simultaneously ['*C'H;]-labeled on
spectra is a prerequisite for the measurement of structural ~ both prochiral methyl groups, as previously reported
and dynamic parameters or for the study of interactions.  (Sprangers and Kay 2007). This approach is limited by the
We have already shown that methyl-specific labeling can  significant overlap (Fig. 2a) from the presence of both pro-
be used to detect the interaction between large protein R and pro-S methyl signals in the NMR spectra and the
assemblies, such as TET2, and small molecules (Amero extensive line broadening in the '"H-dimension due to the

et al. 2011). In this previous study, isoleucine-3, and ala-  intense intra-residue methyl-methyl "H-'H dipolar inter-
nine-f3 methyl probes were used to characterize the per-  action (Tugarinov and Kay 2004). To preserve the high
turbations induced by the addition of amastatin, an  resolution of the NMR spectra (Fig. 2c), we preferred the
inhibitor of aminopeptidases. The assigned valine pro-  exploitation of the intra-residue network of scalar cou-
S groups can be used to map the binding site of this  plings to connect both prochiral methyl group signals.

inhibitor more precisely. As shown in Fig. 5a, the addition Indeed, the frequencies of the valine pro-S and pro-

of a saturating amount of amastatin significantly modified =~ R methyl groups can be connected to Cf resonances using
the position of the methyl resonances of several valine  a combination of two different TET2 samples labeled with
residues. Together with chemical shift changes previously  different labeled acetolactate precursors and simple 3D
detected for isoleucine-8; and alanine-B methyl groups ‘out-and-back” NMR experiments. Sample 1 (Sal) was
(Amero et al. 2011), these new data better defined the  obtained by incorporating pro-R acetolactate-'>C, (2-
interaction surface of the inhibitor in the TET2 internal hydroxy-2-[2H3]methyl-3—0x0-[1,2,3,4-tetra-]3C]but-
cavity (Fig. 5b) and agreed with the TET2/amastatin  anoate) to produce a TET2 sample with the valine residues
structure previously resolved by X-ray crystallography  containing a linear chain of '>C spins connecting the

(Borissenko and Groll 2005). backbone atoms to the pro-R 3ClH, groups (Fig. 6). A

second sample (Sall) was obtained using pro-Y acetolac-
Transfer of assignments from TET2 valine pro-S to tate-'>C; (2-hydroxy—2-[13 C]methyl-3-oxo-4,4,4-tri—[ZH],
pro-R methyl groups [3,4-di-"*C]butanoate). For Sall, only the isopropyl end of

the valine side chains is '*C-labeled, and only the pro-
The stereospecific assignment of the valine pro-R methyl S methyl group is protonated (Fig. 6).
groups could be potentially obtained using the SeSAM The 3D COSY-based ‘out-and-back’ HCC experiments
approach. However, because the valine pro-S methyl  (Tugarinov and Kay 2003; Ayala et al. 2009, 2012) were
groups were already assigned, it was more attractive to use  collected using both Sal and Sall samples for the correlation
these previous assignments as a starting point to identify ~ of the resonances of each methyl group to the B carbon

(a) 18.0
236
‘é‘- 19.0
o
R
&
20.0 =
k)
(= 317
0.9 0.8 0.7 0.6
'H (ppm)
Fig. 5 Characterization of the amastatin binding surface of TET2 by with amastatin is displayed. The chemical shift perturbation data
NMR spectroscopy. Left the overlay of a region of the 2D 'H-13C obtained for the valine residues were combined with previously
SOFAST-methyl-TROSY spectra (Amero et al. 2009) of free (black) obtained data for alanine and isoleucine methyl groups (Amero et al.
and amastatin-bound (red) TET2 particles (Borissenko and Groll 2011). The molecular surface corresponding to these residues is color-
2005) specifically labeled on the valine pro-S methyl groups. Right coded in blue (no perturbation) and red (shifted resonances). We
the binding-induced chemical shift perturbations mapped onto the observed a moderate chemical shift perturbation for the valine 161
inner surface of the TET2 dodecamer in complex with amastatin. resonance upon addition of amastatin, but this residue is located
Only an expansion of the TET2 region involved in the interaction outside of the structure zoom displayed on the right panel
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Fig. 6 3D ‘out-and-back” HCC and HC(C)C experiments used to
transfer the assignment between prochiral methyl groups. Each
valine-labeling scheme is described in the upper part of the figure.
The three boxes represent the 3D extracts corresponding to the
correlation detected for valine-310. The experiments used for the
assignment transfer are a a 3D HCC experiment using the U-[H, "N,
120, val-[2,3-Hy; 1,2,3-13C5; [BC'H5 P ®/[12C?H5]PS] TET2
sample prepared with pro-R acetolactate-'>C, and r-leucine-d;o; b a
3D HCC experiment using the U-[*H, °N, '*C], Val-[2,3-*H,; 3-1°C;
[BCPH5 P R/[*C'H;)"™S  TET2  sample  prepared  with

resonances. A common frequency can be used to connect
prochiral methyl groups belonging to the same residues.
However, in the case of TET2, which contains 37 valines, the
superimpositions of some of the CP signals impede unam-
biguous assignments for 16 valines. We then used the Sall
sample to collect a 3D ‘out-and-back’ HC(C)C-relay experi-
ment to obtain another frequency to resolve the ambiguities.
This experiment correlates the '*C resonances of the pro-
R groups to the '*C and 'H resonances of the pro-S methyl
groups. Together with the connection to the C resonances,
these supplementary connectivities linking together prochiral
methyl groups allowed the reliable transfer of the sequence-
specific assignment obtained for the pro-S methyls to all of the
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pro-Y acetolactate-13C3 and r-leucine-d;yp; and ¢ a 3D HC(C)C
experiment using the U—[ZH, '5N, 12C], Val—[2,3—2H2; 3—13C;
["*CPH; P ®/["*C'H;]P™S TET2 sample prepared with pro-Y aceto-
lactate-'>C; and r-leucine-d,o. The corresponding magnetization
transfers are reported on the valine structure (at the top of each
panel) with colored arrows. The assignment process is described in
the lower part of the figure by the arrows showing the connection
between the sampled frequencies in each of the three experiments. All
of the spectra were recorded at 50 °C in D,O on an NMR
spectrometer operating at a proton frequency of 800 MHz

pro-R groups. This assignment protocol is illustrated in Fig. 6,
which displays the 2D extracts corresponding to the methyl
group chemical shifts for valine 310. The assignment of the
pro-R methyl groups of the TET2 assembly is detailed in
figure S.5, and the corresponding 'H and '*C chemical shift
values are listed in table S.1.

Conclusion
A stereospecific labeling scheme of the valine methyl groups

in large proteins was developed based on the simultaneous
introduction of specifically labeled 2-acetolactate and
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perdeuterated L-leucine into the culture medium. This pro-
tocol enables efficient inhibition of the incorporation of
labeled methyl groups into the leucine side chains (scram-
bling was reduced to less than 2 %), while the stereospecific
incorporation of the '*CHj; isotopomers in valine is pre-
served (at approximately 95 %). This innovative labeling
scheme was applied to the 468 kDa homododecameric TET2
protein to give a significant reduction in the number of
overlaps between the resonances of the prochiral methyl
groups. The resulting improvement of the 2D methyl TRO-
SY spectra resolution allowed the assignment of all 37 valine
methyl resonances of TET2 through a combination of
mutagenesis, innovative labeling and adapted triple reso-
nance experiments. This robust and simple labeling strategy
will be particularly useful for the detection of meaningful
structural and dynamic parameters or for the study of inter-
actions in large oligomeric proteins containing many leucine
and valine residues.
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