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ARTICLE INFO ABSTRACT

Keywords: Although very effective in decreasing NMR relaxation of large proteins, homogeneous deuteration can be costly,
Kinase and anyway unsuitable for recombinant production in metazoan systems. We sought to explore other deuteration
p38 schemes, which would be adapted to protein expression in mammalian cells. Here, we evaluate the benefits of the
Cell-free expression deuteration on alpha- and beta-positions of amino acids for a typical middle size protein domain, namely the
Deuteration P P yP P > ¥
In-cell NMR model 40 kDa-large kinase p38a. We report the position-specific deuteration of free amino acids by using
enzyme-assisted H/D exchange, executed by the cystathionine gamma-synthase and a newly designed high-
performance mutant E325A. Then, we used cell-free expression in bacterial extracts to avoid any scrambling
and back-protonation of the tested isotopically labelled amino acids (Ala, Leu, Lys, Ser, Asp, Glu, Gly). Our
results show signal enhancements up to three in 'H-'°N spectra when these o/p-deuterated amino acids are
integrated. Because our approach relies on single 2HO(/[;—ISN—amino acid labeling, an additional three-fold increase
in sensitivity is obtained by the possible use of moderate resolution SOFAST-HMQC instead of the classical HSQC
or TROSY experiments. This allows recording residue-resolved solution 'H-'>N NMR spectra of 100 pg of p38a in
one hour with S/N~10.
Introduction -Leu-labeling have been reported for quantitative proteomics purposes

Deuteration of slow-tumbling proteins is a potent strategy to
decrease their NMR relaxation and, in turn, to enhance the detected
NMR signal [1-3]; deuteration is thus often simply necessary to make
large proteins observable by solution NMR. Protocols exist to achieve
perdeuteration of recombinant proteins in Escherichia coli [4-6], or
advanced -but not complete- deuteration in insect cells [7-11]. E. coli
cells can grow and express recombinant proteins in 100% D20 [12], but
metazoan cells cannot [13-15]. Insect cells can be maintained in 100%
D50 in an NMR tube during spectra acquisition, while mammalian cells
suffer above 60% D>0 [16-18]. Cultured mammalian cells stop growing
at D20 levels above 30 to 50% [19-23], depending on the cell lines, even
though a successful expression of GFP in HEK cells was reported once at
70% D,0 -without any evaluation of deuterium integration [16]. Hence,
to the best of our knowledge, advanced deuteration in mammalian cells
has not been achieved, even though 2H-Arg-, -Lys-, -Met- or
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[24-29], and 2H-Leu-labeling for methyl-NMR investigations of anti-
bodies [30]. More thorough deuteration would probably be anyway
expensive in mammalian cells: like insect cells, those require culture
media supplemented with mixes of essential amino acids, which are
commercialized or home-produced at high cost in their 1°N-only labeled
version (between 2,000 and 10,000 euros/L) [31-33].

Expressing proteins in mammalian cells is becoming almost a routine
in both industry and academia (e.g. contributing for about 15, 150 and
1500 structures in the PDB in 2003, 2012 and 2022), giving rise to
intense efforts to improve production yields [34-37]. New isotope la-
beling approaches in mammalian cells, including deuteration, should be
developed for making NMR spectroscopy likely to contribute in many
modern questions in biophysics and biochemistry. We have notably in
mind our long-term goals in making in-cell NMR investigations more
amenable for a broader range of targets [18,38]. Here, we sought to
evaluate some deuteration schemes in regards to their capacity to
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improve two-dimensional 'H-1>N NMR spectroscopy at the widespread
600-700 MHz magnetic fields. At these fields, 'H-'H dipolar relaxation
has dominating contributions on the T2 relaxation of the detected amide
'Hy nuclei. Deuteration in their vicinity should thus have interesting
benefits on signal intensities.

Inspired by recent reports from Shimada and colleagues [7,11,
39-41], we sought to explore in particular the practical NMR conse-
quences of deuteration in a- and p-positions of amino acids for a model
drug target, the kinase p38a [42]. Such deuterated amino acids can
indeed be obtained by H/D exchange catalyzed by the bacterial cys-
tathionine gamma-synthase (CGS), as shown by LeMaster and colleagues
[43]. We designed a mutant E325A, which proved to have superior ca-
pacities in catalyzing o/ H/D exchange for amino acids Glu, Lys and
Arg. We also evaluated the effects of specifically a-deuterated amino
acids produced by chemical catalysis [44,45]. We supplemented 2H,-'°N
or 2H(,L_[;-ISN amino acids in a bacterial cell-free expression system, hence
avoiding any isotopic scrambling [46,47]. This provided specifically
2Ho(_[;-15N labeled p38a samples, allowing the first accurate quantifica-
tion of the benefits of a/p-deuteration on "Hamide NMR relaxation and
signal.

Together with employing 'H-1°N SOFAST-HMQC pulse sequences,
such 2H(,(_ﬁ—lSN amino acid-specific labeling permits the acquisition of
spectra at signal-to-noise ratios about 10 in one hour for p38a concen-
trations at 25 pM in 100 pL, i.e. 100 pg, at 600-700 MHz.

Materials and methods
Chemical a-deuteration of amino acids

2HO(—lsN—Alanine, 2H(],/ﬁ—ls‘N—Serine, 2H(,—15N—Lysine, 2H(X—ISN—L<3ucin(=.
were obtained by stereoretentive deuteration of protonated amino acids,
using Ruthenium-catalyzed H/D exchange according to protocols pub-
lished earlier [44,45]. 2H10—15N—Leucine was purchased from Eurisotop.

Engyme-assisted a/p-deuteration of amino acids

o/p-deuteration was carried out using the approach described earlier
by LeMaster and collaborators [43].

The cystathionine gamma-synthase (CGS) was produced recombi-
nantly in E. coli BL21(DE3)Star, using an optimized gene synthesized
and cloned into a pET-28a(+) vector by Genscript. The designed
construct contained a His6-tag and a Tev cleavage site. The expression
was induced at an OD=0.8 by IPTG at 0.25 mM, and carried out at 310 K
during 4 h. After cell lysis by sonication in Tris at 20 mM, NaCl at 150
mM, DTT at 5 mM and PMSF at 1 mM (pH 7.5), and centrifugation at
15,000 g during 15 min, the soluble fraction was purified using a two-
steps procedure: the lysate was loaded on a Ni-NTA resin column (His-
Trap FF, Cytiva); fractions containing the protein of interest were then
concentrated, and submitted to a final size-exclusion chromatography
(Superdex 16/60 200 pg, Cytiva) previously equilibrated with phos-
phate at 20 mM, NaCl at 150 mM, at pH 7.4. CGS-WT and CGS-E325A
were eluted at a volume of ~70 mL, consistent with the native tetra-
meric form that ensures a catalytic activity. The protein was finally
concentrated at about 1 to 2 mM and lyophilized, then resuspended in
D,0.

For deuterating Lys, Arg, Asp and Glu, we used a version of CGS
alanine-mutated at position 325 (E325A): although less stable, this
mutant is more efficient for deuterating the above-mentioned amino
acids. CGS-E325A is prone to release PLP faster than CGS-WT.

o/B-deuteration was performed at 310 K, or 303 K when mentioned.
Amino acids of interest were solubilized in D20 (99% D50, 1% H50),
buffered with phosphate at 20 mM, pH 6.8 +/- 0.1, then lyophilized and
re-dissolved in D,0. Residual HOD 'H resonance from the D50 solvent
was used to reference chemical shift, according to IUPAC recommended
method: HOD chemical shift from DSS was Syop=4.766-(310-298)
*0.0119-0.009=4.614 ppm, according to Wishart et al. and considering
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a salt concentration of 100 mM [48].

Deuteration kinetics were monitored by recording interleaved 1D 'H
and natural abundance 2D 'H-!3C edited-HSQC spectra at 600 MHz or
700 MHz spectrometers, equipped with *H/*3C/'°N cryoprobes TXI and
TCI, respectively. (1D '3C and '3C-dept spectra were also recorded when
monitored at 700 MHz). The analysis was carried out by integrating
peak area in 1D spectra; these were plotted in Kaleidagraph 5 (Synergy
Software), where the curves were fitted using the equation I(t)=A*exp
(-K*t)+B, with A, K and B the fitted parameters. Fig. 3 and S3 were then
edited using Affinity Designer (Serif).

Altogether, every CGS-catalyzed H/D exchange requires about 2-3 h
of bench work, and about 3 lyophilization steps in D0, i.e. ~5 mL of
D,0 for 10 to 100 mg of the amino acid of interest, depending on its
solubility. The bench work to produce the CGS enzyme should also be
included in the global cost; it requires about one day for the purification
of ~100 mg of protein from 4 L of culture.

Theoretical estimation of transverse dipole-dipole component in 'Hy-T2
relaxation

We added hydrogen atoms to crystal structures of p38a (PDB: 3HLL)
and Cdkl (PDB: 4YC6) using Pymol (Schrodinger). For every amide
Leu-'Hy or Lys-lHN, we listed all 'H nuclei closer than 3.5 A to the
considered 'Hy. Then, we used a rigid structure model, where the
dipolar component R24q(*Hy) is the sum of all 'H-'H dipole-dipole
contributions, which are proportional to b?> = ;m, with d(Hy-
Hj) the distance between 1HN and its close neighbor lHj [49,50]. Indeed,
for the sake of simplicity in the context of a rough statistical evaluation,
we neglected all variations due to local order parameters and confor-
mational exchange at any time scale or due to water-amide proton ex-
change. Hence, the relative contribution from every lHj to the transverse
dipole-dipole relaxation of *Hy was simply calculated from the ratio d
(HNf-Hj)’G/bZ. Fig. 2 was plotted in Kaleidagraph 5 (Synergy Software)
and edited using Affinity Designer (Serif).

Recombinant production of isotope-labeled p38a

Recombinant p38a was produced using BL21(DE3)Star E. coli
transformed with a plasmid pET-41a(+) containing an optimized gene
coding for a construct His6-Tev-p38a (synthesized and cloned by Gen-
script, the gene coding for GST, which is present by default in pET-41a
(+), was excised). The extra-N-terminal peptide was
MKGSHHHHHHSAGENLYFQG-. This gene was also used for cell-free
expression but cloned into a pIVEX2.3 vector by Genscript. After
clonal selection and precultures in LB, cells were grown at 37 °C in M9
medium supplemented with 50 pg/mL kanamycin, and containing
I5NHZ (0.5 g/L) as sole source of nitrogen for °N-labeling. For 13CHs
labeling of the isoleucine (§1) methyl groups in a H/*2C background,
cells were progressively adapted to DO in LB culture media integrating
stepwise-increasing D»O concentrations [4], and finally grown in
99%-D,0-based M9 medium containing 2 g/L of [u—2H]—glucose (Cor-
tecnet) and 70 mg/L of [methyl—lSC, 3,3—2H2]—(x—ketobutyric acid
(Eurisotop).

Overexpression was induced at an optical density OD600=0.8 by
supplementing the medium with ITPG at 0.25 mM, incubated at 30 °C
during 4 h or overnight in HyO- and D20-based M9 media, respectively.
Cells were harvested by centrifugation 4 h later and cell pellets stored at
—80 °C. Cell lysis was performed using sonication in Tris at 20 mM, NaCl
at 150 mM, pH 7.5 (TBS) in presence of benzonase, lysozyme, protease
inhibitors 1x (EDTA-free cOmplete, Roche) and DTT at 10 mM. Soluble
and insoluble fractions were separated using 15 min centrifugation at
15,000 g. The soluble fractions were then submitted to the purification
protocol described below.
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Cell-free protein expression and amino acid-specific isotope labeling of
p38a

Cell-free expression kits “Musaibo Kun” were kindly provided by
Taiyo Nippon Sanso; these kits permit coupled transcription and trans-
lation using the T7RNA polymerase and a S30 bacterial extract [46,
51-54]. The cell-free expression was carried out in HO solvent, using
either natural abundance amino acids supplemented with a 10-fold
excess (i.e. at a concentration of 20 mM) of the isotopically labeled
amino acid of interest; a commercial mix of [?H-'°N] amino acids (Taiyo
Nippon Sanso) was used for producing the perdeuterated p38a. These
kits contain the adequate inhibitors avoiding scrambling and
back-protonation of most of the deuterated amino acids [46,51-54]. The
cell-free expression was executed using 1 mL of S30 bacterial extract
(internal solution, reaction mixture) in dialysis exchange with 10 mL of
a feeding mix (external solution) containing notably amino acids and
dNTPs. 10 pg of a pIVEX2.3 plasmid containing a gene coding for
His6-Tev-p38a were spiked in the internal solution, and the expression
was carried out under gentle shaking overnight at 303 K.

The optimized gene was synthesized by Genscript and inserted in the
PIVEX2.3 vector at Ndel and AvrlI cloning sites. Several versions of the
coding gene were tested to avoid stable RNA secondary structures in the
vicinity of the Ribosome Binding Site and the Methionine start codon;
this proved to be key for improving the production yields (Fig. $6), in
agreement with recent reports from Kigawa and colleagues [55]. The
RNA secondary structures thermodynamic ensembles were predicted
using the RNA fold webserver (http://rna.tbi.univie.ac.at/cgi-bin/RN
AWebSuite/RNAfold.cgi) [56]. pIVEX2.3 was purchased from Bio-
techrabbit. The reaction mixture was harvested in the morning, spun 5
min at 14,000 g and the supernatant was submitted to the purification
steps described below. Final protein yields after purification were about
0.5 to 1 mg per mL of cell-free reaction mixture (i.e. internal solution).

Purification and sample preparation

All samples were prepared following the same protocol. A first His-
trap chromatography was achieved, by loading cell lysates (for recom-
binant production) or cell extracts (for cell-free expression) on a Ni-NTA
resin column (His-Trap FF 5 mL, Cytiva); fractions containing p38a were
then concentrated after addition of DTT at 2 mM and protease inhibitors
(cOmplete EDTA-free, Roche), and submitted to a final size-exclusion
chromatography (Superdex 16/60 75 pg, Cytiva) previously equili-
brated with phosphate at 20 mM, NaCl at 150 mM (considered to be
phosphate buffer saline, PBS), at pH 7.4. The purification was achieved
at 277 K. The sample was then concentrated after supplementing with
MgCly at 5 mM and DTT at 2 mM. The final protein concentration was
between 50 and 200 pM. The samples were immediately used for NMR
analysis or stored at —20 °C. p38a inhibitors VX-375 and PH-797804
were purchased from Sigma-Aldrich, and dissolved at 14 mM in
deuterated DMSO (Eurisotop). They were further diluted at 1.4 mM in
deuterated DMSO, before mixing at 1.1:1 inhibitor:p38a ratios in final
samples, for p38a concentrations ranging from 20 to 50 pM.

NMR acquisition, processing and analysis of p38a samples

The present NMR spectra were recorded on a 700 MHz Bruker
Avance Neo spectrometer, equipped with a cryogenically cooled triple
resonance 'H['3C/'°N] probe optimized for 'H detection (TCI Bruker
from 2006: 'H 0.1% ethylbenzene S/N = 7260 when delivered). Spectra
were recorded using 3 mm diameter Shigemi tubes, in samples supple-
mented with DSS (final concentration about 100 pM) and 3% D20. The
concentration of p38a ranged from 50 to 200 uM, except for samples
supplemented with inhibitors, where p38a was at 25 pM.

The pulse programs from the Bruker library were used, namely
hsqcetfpf3gpsi2 for the 'H-1°N seHSQC experiments, trosyetf3gpsi.2 for
the 'H-'>N seTROSY experiments, sthmqcf3gpph for the 'H-!°N

Journal of Magnetic Resonance Open 16-17 (2023) 100126

SOFAST-HMQC experiments (using a Reburp refocusing pulse instead of
the r-Snob set by default in the pulse program, in agreement with
Schanda and colleagues [57]), and sf.metrosygpph for the 'H-!3C
SOFAST-methyl-HMQC. The angle of excitation was always 90°

The 'H-'N seHSQC, the 'H-'°N seTROSY and the 'H-'°N SOFAST-
HMOQC experiments were carried out with 1536 (‘H) x 128 (15N) com-
plex points and sweep widths of 16.23 ppm (*H) and 36 ppm (*°N), and
interscan delays of 1 s. The 'H-'C SOFAST-methyl-HMQC experiments
were carried out using 2048 (lH) x 92 (13C) complex points and sweep
widths of 14.87 ppm (*H) and 9 ppm (*3C), and interscan delays of 0.3 s.
For determining apparent T1* relaxation rates, we also recorded: 'H-1°N
seTROSY spectra with interscan delays of 0.6, 1, 2 and 3 s; TH-15N
SOFAST-HMQC spectra with interscan delays of 0.2, 0.3, 0.4, 0.5, 0.6,
0.8,1.2and 1.8 s; 1x-13¢ SOFAST-methyl-HMQC spectra with interscan
delays of 0.04, 0.07, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1, 1.5 and 3 s; up to
128 dummy scans were used for the shortest interscan delays. The
number of scans ranged from 8 to 64, depending on the used concen-
trations of protein and on the interscan delay.

All spectra were processed in Topspin 4.0.4. Different types of pro-
cessing were used depending on the application. For the Signal-to-noise
ratio per molar per unit of time (S/N-PMUT) and T1* measurements of
single amino acid labeled samples (i.e. integrating 'H-, or 2Hy, or ZH(,/[;—,
or 2Hm- and '°N-labeled Ala, Lys or Leu) in 1H-15N SOFAST-HMQC and
'H-15N seTROSY spectra, the FIDs were truncated at 768 and 92 complex
points, and transformed using qcosine and cosine window functions in
the 'H and !°N dimensions, respectively. These settings were also used
for the Figures presenting spectra of single amino acid labeled samples.
For S/N-PMUT measurements of uniformly °N-labeled samples in
'H-15N spectra, the FIDs were truncated at 1028 complex points in the
'H dimension (using the 128 recorded points in the in the >N dimen-
sion), and transformed using a cosine window function in both the H
and !°N dimensions. These settings were also used for the
Figures presenting spectra of the uniformly '°N-labeled samples. For the
S/N-PMUT and T1* measurements of [u*H-'H/ 13C51—Ile] -p38ain .13¢
SOFAST-methyl-HMQC spectra, the FIDs were transformed using a
cosine window function in the 'H dimension. S/N-PMUT were calcu-
lated based on the acquisition time corresponding to the number of in-
crements in the 1°N dimension after FID truncation. For determining the
'H-linewidth at half height in *H-!°N spectra, the FIDs were transformed
using no window function in the 11 dimension and a cosine (or aqcosine
in the case of single amino acid labeled samples) window function in the
15N dimension. For determining the 'H-linewidth at half height in
'H-13C spectra, the FIDs were transformed using no window function in
the 'H dimension and a cosine window function in the ’C dimension.

Peak intensities and 'H-linewidths in two-dimensional *H-'°N and
1H-13C spectra were measured in CcpNMR Analysis 2.4. 'H-linewidths
were obtained by the automatic fitting of the peak lineshapes using a
Lorentzian function. Only well-separated peaks were selected. Noise
levels were evaluated from 100 random points manually picked in
spectra using CcpNMR Analysis 2.4. The root mean square of the 100
intensities was defined as the spectral noise.

Signal-to-noise ratio per molar per unit of time (S/N-PMUT) was
defined as S/N-PMUT=(S/N).[p38a] ’1.(n*Tscan)’l/ 2 with n the number
of scans and Ty.ap being the total experimental time for a single scan, i.e.
Tpulse-seq. + Tacq+Tinterscan, in agreement with the recommendations from
Schanda et al. [57].

The apparent recovery times T1* were obtained from fitting the
buildup curves of isolated peaks using the equation I(Tscan)=Ip*(1-exp
(-Tscan/T1%)).

The residue-specific analysis benefitted from the assignments pre-
viously released by Schwalbe and colleagues, and Peti and colleagues
(BMRB: accession numbers 6468 and 17471) [58-60], and the Ile-51
methyl assignment from Tokunaga et al. (BMRB: accession numbers
19930) [61].

Data in Figs. 1 and 4 were plotted in Kaleidagraph 5 (Synergy Soft-
ware) and edited using Affinity Designer (Serif). Spectra were exported
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A 1H-15N amide crosspeaks
80

B 1H-15N amide crosspeaks
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Fig. 1. A. S/N-PMUT distribution among crosspeaks of

301 [1H-15N-p380 fully protonated (red) and perdeuterated (blue) p38a in
| [2H-15N-p38a. two-dimensional 'H-'>N spectra using se-HSQG,
SOFAST-HMQC and se-TROSY pulse sequences; the
J population is very scattered for the SOFAST-HMQC, so
se-HSQC se-HSQC we doubled the height of the histogram for the sake of
0 ! 1 T 2 0- 40 80 visibility; B. Statistics for 'Hmige-linewidth at half-
80 307 height of well-separated crosspeaks obtained in the
24158038002 _ same conditions than in A; C. 'H-'>N SOFAST-HMQC
pop.(°H- *N-p38a) and se-TROSY spectra obtained from perdeuterated
n SOFAST-HMQC 1 SOFAST-HMQC [u—ZH/lHamide/lsN]—p38(x produced using deuterated
0 p o oA amino acids and cell-free expression in H»O; both
%0 1 2 30- 40 80 spectra are shown using contours visible from 4 times
the average noise level. More spectra are shown in
} Figure S1.
se-TROSY se-TROSY
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from Topspin 4 (Bruker) and edited using Affinity Designer (Serif).
Results

Prior evaluation of NMR sensitivity and linewidth in 'H-1°N 2D spectra for
p38a

As a prior step in our NMR investigations on kinases, we determined
the sensitivities and resolutions generated from '°N-labeled p38a
analyzed using standard 'H-'°N pulse sequences from the Bruker pulse
programs library. We selected the sensitivity-enhanced HSQC (se-HSQC)
[62], SOFAST-HMQC [57] and sensitivity-enhanced TROSY (se-TROSY)
[63], and recorded spectra in a close-to-physiological PBS buffer, at 700
MHz and 298 K. These measures give good hints about the residue-scale
information accessible in 'H-®N two-dimensional spectra for a
15N-labeled Ser/Thr-kinase domain, whose correlation time is expected
to be about 30 ns [64]. Other useful versions of HSQC and TROSY exist
[65-69], some of which can further enhance sensitivity up to a factor
2-3 by better controlling longitudinal magnetization and its relaxation
[70-75]. Their evaluation will be the subject of later reports: here, we
focused on 'Hy-T2-relaxation and the impact of a-p-deuteration.

We compared sensitivity and 'Hy-linewidth at 700 MHz for samples
containing either the recombinant, fully protonated p38a, or the per-
deuterated p38a from cell-free expression (Fig. 1). Using perdeuterated
amino acids and adequate inhibitors of transaminases, commercial cell-
free expression kits permit to produce proteins with >97% deuteration
of alkyl positions, but 100% protonation of amide functions [46,47,
51-54].

We observed that the 'H-'>N SOFAST-HMQC pulse sequence deliv-
ered the highest signal-to-noise ratios per molar per unit of time (S/N-
PMUT) both for protonated and perdeuterated p38a, using adapted
spectral sweep-widths and a maximum °N-chemical shift evolution
time t15:g° of 25 ms (Fig. 1). We must mention that the 111.15N SOFAST-
HMQC selective pulses were set up to maximize signal intensities of

peaks resonating between 6.5 and 10.5 ppm in the 'H-dimension, hence
sacrificing a few peaks above 10.5 ppm. Our S/N evaluation were thus
carried out on crosspeaks in the region 6.5 ppm < §(*H) < 10.5 ppm.
Interestingly, the SOFAST-HMQC experiment benefitted of an average
~3-fold increase in S/N-PMUT between [u-'H]- and [u-2H/ 1HN] -p38a,
while the se-HSQC experiment gains were only ~2. This can be
explained by the fact that the >N chemical shift evolution develops
under a 'Hy-T2+'°N-T2 relaxation in the HMQC scheme, and only
under the 1°N-T2 relaxation in the HSQC approach [57]. Consistently,
the deuteration of positions neighboring the 'Hy has thus a greater effect
when using the HMQC framework: in the fully protonated p38a, the
well-separated peaks have an average 'Hy-linewidth at half-height of
~40 Hz corresponding to 'Hy-T2~8 ms, which results in about 85%
losses in coherent magnetization during the 15 ms-long SOFAST-HMQC
pulse sequence; perdeuteration makes 'Hy-linewidth twice sharper, i.e.
an average 'Hy-T2 of about 15 ms and only 60% of coherent magneti-
zation is lost during the same pulse sequence (of course, these losses
grow when time is given for '°N chemical shift evolution).

This gain was such that the 'H->N SOFAST-HMQC surpassed also
the 'H-15N se-TROSY for both isotopic labeling schemes at 700 MHz. The
TROSY approach generates naturally sharper peaks and better resolved
spectra, which contain consequently more information than their
SOFAST-HMQC counterparts.

In the context of our study, aiming at testing amino acid-specific
labeling schemes and «/p-deuteration, we thought that the 'H-°N
SOFAST-HMQC would give access to a more straightforward and accu-
rate quantification of the differences between fully protonated p38a and
later deuterated versions. Moreover, amino acid-specific labeling results
in much less crosspeaks in two-dimensional spectra, hence permitting
the use of lower resolutions in the '°N-dimension with tlé‘};‘}f‘ of about 10
ms. This would favor the sensitivity of the 'H-1>N SOFAST-HMQC even
more: shorter t13¢ is also favorable for 1H-15N se-TROSY, but its S/N-
PMUT benefits less of a lower °N-resolution than 'H->N SOFAST-
HMQC, because of the 'H-!15N se-TROSY slower relaxation in the °N-
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dimension.

Theoretical evaluation of protons contributions to T2 relaxation and NMR
signal in kinases

Transverse 'H-'H dipolar relaxation is proportional to d(16H_1H), with
dqn-1m) the distance between the considered protons. The proton lH(xi_l
is often the closest to the detected 'Hy;: d(*Hoy1— Hy)~2.25-2.5 Ain
B-strands, and ~3.5 Ain a-helices; 1HNi-1 or 1H[31_1 can also be at ~2.5 A
from 'Hy; in a-helices and B-strands, respectively [76,77]. This would
argue for deuterating preferentially i-1 residues, which is more achiev-
able by uniform labeling than by amino acid-specific approaches.
However, the 260 to 400 residue-long Tyr-Ser-Thr-kinase domains
(Fig. S2) have high a-helical contents of about 50% (among which the
scaffolding F-helix and the regulatory C-helix) and low p-sheet contents
(~15%, mostly in the N-lobe) [78,79]. As an example, the 360-residue--
long p38a contains 170 residues in a-helices and only 45 residues in
fB-strands.

Using crystal structures and a rough model of transverse dipole-
dipole relaxation omitting conformational flexibility and water-amide
proton exchange, we estimated the statistics of the contributions of
Hoy.1, 'Hag, lHﬁi on the dipolar component of THN-T2 for two repre-
sentative amino acids, namely Lys and Leu, in two kinases, namely p38a
and Cdk1 (Fig. 2). We chose these amino acids because they are frequent
enough to obtain decent statistics on the effects of a/p-deuteration, and
also because they permitted to evaluate different types of p- or even
y-deuteration in the case of Leu.

These calculations show that 'Ha;; of Leu and Lys have often more
impact on 1HN—T2 than lH(xi do. However, the lHBi have even higher
contributions in a number of instances for Lys and Leu. Overall, these
predictions argue in favor of our strategy, i.e. integrating o/f-deuterated
amino acids to decrease 'Hy-T2 relaxation and enhance the "H-">N NMR
signal.

Cystathionine gamma-synthase (CGS) WT and E325A for a/-deuteration
of free amino acids

LeMaster and colleagues have shown, 30 years ago, that the

A Lys residues (p38a+Cdk1) B Leu residues (p380+Cdk1)
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Fig. 2. Distributions of the predicted dipole-dipole component of the transverse
relaxation for amide protons Ropp(*Hy)=1/(*Hn-To) of A. Lysine and B.
Leucine residues in p38a and Cdkl, depending on the deuteration scheme of
these amino acids; the calculation was performed based on crystal structures of
these kinases, and using a simplified model of rigid molecules, where relaxation
is only related to proton-proton distances.
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Cystathionine Gamma-Synthase (CGS) from E. coli could catalyze H/D
exchange at the a-, and sometimes also at the $-positions of a number of
amino acids [43]: protonated amino acids dissolved in D,O are thus
progressively turned into a-, or a/p-deuterated amino acids, in presence
of CGS (Fig. S3A). We designed an optimized gene for the recombinant
overproduction of CGS in E. coli. After purification, lyophilization and
resuspension in D20, our version of CGS revealed its catalytic capacities
in H/D exchange on free amino acids (Fig. 3, Fig. S3, Table S1), showing
preferences very similar to those reported by LeMaster et al. [43]. CGS is
potent at varying degrees for H/D exchange i) at a-positions of free
amino acids, except for Thr, Phe, Tyr, Trp and Val, and ii) at one of the
two B-protons of hydrophilic amino acids with strong chiral preferences
(except for Ser, whose p-protons are both rapidly exchanged).

In our hands, this activity is always present but its efficiency is not

A [Ala)=45 g/L

"H normalized intensity (a.u.)
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Fig. 3. A. Left: Time course of the progressive decrease in peak intensity of
NMR signals from Ha (black) and Hf (blue) of free Alanine in presence of
CGSwr; Right: Close-up view of a multiplicity-edited HSQC spectrum recorded
after 3 h of incubation at 37 °C, showing the NMR signals from the mono-, di-
and tri-protonated methyls of Alanine remaining in the sample. This is consis-
tent with a non-processive enzymatic mechanism. B. Left: Time course of the
progressive decrease in peak intensity of the NMR signals from Ha (black and
gray) and Hp (blue and sky blue) of free Glutamate in presence of CGSg3asa
(black and blue) and CGSwr (gray and sky blue); Right: Overlay of multiplicity-
edited HSQC spectra recorded at time 0 and after 35 h of incubation, showing
notably the chiral preferences of CGS among the two Hp of Glutamate for H/D
exchange. C. Same than in B., but with Lysine. In multiplicity-edited HSQC
spectra, signals from -CH and -CHj are positive, those from -CH; are negative.
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fully reproducible from batch to batch: the yellow color of CGS, due to
the complexation of pyridoxal 5-phosphate (PLP) necessary for the
catalytic activity, was of varying intensity depending on the batches,
and it correlates with CGS catalytic power. Consistently, the progressive
release of PLP at 310 K is observable in the test tube by the loss of the
yellow color (we did never observe any CGS precipitation). This affects
the amino acids’ deuteration build-up curves, which are not exactly
mono-exponential because of the progressive exhaustion of CGS activity
(Fig. 3A-B). Moreover, the remaining protons from the lyophilized CGS
and protons released from the concentrated free amino acids (at 0.1 to 1
mol.L™!) upon H/D exchange are responsible for deuteration plateauing
below 95%. Hence, to obtain deuteration levels superior to 95%, we had
to perform more than two rounds of H/D exchange in DO in presence of
CGS: once deuteration was no longer progressing, we boiled the sample
to precipitate the unactive CGS, and then performed a lyophilization
step, resuspended the free amino acid in D20 and supplemented the
sample with fresh CGS (see Fig. 3C, and Fig S3E-F-G).

Then, based on a structural analysis (PDB: 1CSB), we designed mu-
tants of the bacterial CGS that would present a larger and less
negatively-charged enzymatic cavity, in order to make them more effi-
cient for a broader range of amino acids. We produced CGS-D45A and
CGS-E327A unsuccessfully: they released PLP very soon and did not
present any strong catalytic activity. At the opposite, CGS-E325A
showed exacerbated capacities in H/D exchange for charged amino
acids Glu, Lys and Arg (Fig. 3B-C, Fig S3E-I): CGS-E325A was about 3
times more efficient than CGS-WT for Glu, 2 times for Lys and 7 times for
Arg, both for a- and B-protons in all these cases (see Table S1). CGS-
E325A does not appear to offer better capacities for the other amino
acids, and it releases PLP faster than its WT counterpart at 310 K,
although it looks about equivalently stable at 303 K (Fig. S3H). Despite
lower stability and activity, CGS-E325A is anyway worth using in the
catalysis of H/D exchange of the charged amino acids Asp, Glu, Lys and
Arg.

Hence, using CGS-WT or CGS-E325A, we could produce tens of
milligrams of a-deuterated Gly, Leu and Val, and a/p-deuterated Ala,
Asp, Glu, Lys, Arg and Leu, either 14N- or °N-labeled. Their production
was more affordable than purchasing commercial uniform 2H-!°N-
amino acids, which are on average 4 times more expensive than their
15N—counterparts (see Table S2). We used them later for cell-free
expression and isotope labeling of p38a: we used commercial amino
acid mixes (from the cell-free expression kits), supplemented with a 10-
fold excess of the chosen deuterated amino acids, ensuring a ~90%
o/p-deuteration and/or °N-labeling of the corresponding residues in
the produced protein without isotopic dilution or back-protonation [46,
51-54].

Evaluation of sensitivity and relaxation in 'H-'>N 2D SOFAST-HMQC of
a- or a/p-deuterated p38a

We produced various isotope-labeled versions of p38a, using cell-
free expression in presence of the 2ch/B' and/or *N-labeled Ala, Lys
and Leu. We recorded 'H-'>N SOFAST-HMQC spectra at 600 and 700
MHz at 298 K, using a range of interscan delays from 0.2 to 1.8 s. We
obtained results at 600 MHz very similar to those reported here at 700
MHz, but the set of data at 600 MHz is less complete and was generated
using two different cryoprobes (breakdown issues, data not shown).

Then, we measured the signal intensities, the 1HN linewidth and the
apparent T1* relaxation for every resolved crosspeak in the 'H-!°N
SOFAST-HMQC spectra (Fig. 4A). The experimental results were very
consistent with the predicted effects of o/p-deuteration on 'Hy-T2
(Fig. 2): the a-deuteration provoked signal gains of 10% except in the
case Ala-Ala, Lys-Lys or Leu-Leu motifs, for which signal intensities
doubled because of the a-deuteration in position i-1 (Figs. 4A, 5); the
a/p-deuteration permitted to get 10 to 20% more signal on 1H-15N
crosspeaks, and was a bit more efficient for Lys-residues; the full
deuteration of Leu-residues produced an average 60% gain in signal.
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As expected, the a-deuteration in position i-1 has often important
benefits on 'Hy; S/N-PMUT (Fig. 4A). We thought to integrate 2H, /[5—14N—
Asp, 2Hm/ﬁ-l“N-Glu, 2Hm/ﬁ-HN-Gly and 2H(,[/p-l“N-Lys together with 2H,,
g-lsN-Leu in p38a: Asp-, Glu-, Gly-or Lys-residues are found 16 times in
position i-1 of Leu-residues in the primary structure of p38a, 11 of those
Leu generating well-resolved, assigned cross-peaks. Satisfyingly, six of
these peaks showed 2- to 3-fold S/N-PMUT enhancements in this last
labeling scheme (Figs. 4A, 5). Overall, we evaluated that the improve-
ment in S/N-PMUT was above 1.5 for 16 out of 19 amino acids with an
a-deuterated amino acid in position i-1 (motifs Ala-Ala, Lys-Lys, Leu-
Leu, Asp-Leu, Glu-Leu, Gly-Leu, Lys-Leu, only assigned and non-
overlapping peaks) in the recorded 'H-'N SOFAST-HMQC spectra.

All these S/N gains are due to the fact that a/p-deuteration slows
down 'Hy-T2 relaxation, which can be deduced from the observed
sharper 'Hy-linewidths (Fig. 1, Fig. 4A). o/p-deuteration does also affect
the apparent interscan 'Hy-T1* magnetization recovery in 1H-15N
SOFAST-HMQC, but not enough to abolish the benefits on the THN-T2.
Interestingly, perdeuteration has a more pronounced effects on 'Hy-T1%,
which has deleterious consequences on S/N-PMUT (Fig. 4B): taking the
uniformly protonated form as a reference, p38a perdeuteration de-
creases 1Hamide linewidth by ~60-70%, but it also doubles the lHN—Rl*
(1/T1%) rates.

Finally, our approach using single '°N-labeled amino acids permits to
obtain residue-specific information with lower resolution in the 'H- and
15N-dimensions. This has important consequences on the weakest peaks,
as seen in Fig. 4B (left), which have apparently the fastest T2 relaxations
and greatly benefit from shorter 'H and '°N chemical shift evolutions.
Hence, the S/N-PMUTs of p38a integrating 2H()(/13-15N amino acids is on
average similar to that of the perdeuterated form, especially when
supplementary ZH(,/,;-”N amino acids are present.

Altogether, we reach average S/N-PMUTSs of 0.4-0.5 M~ *.h™1/2 in
the 'H-1>N SOFAST-HMQC spectra recorded with our 2Hm/ﬁ-lsN-Ala,
2H‘,,/|3-15N-Lys or ?Hyo-1°N-Leu p38a samples (0.2-0.25 uM~L.h~1/2 at
283 K, data not shown). This is also due to the limited resolution needed
to obtain resolved peaks with single °N-labeled amino acids, which
greatly favors S/N-PMUT from 'H-1°N SOFAST-HMQC experiments.
Interestingly, these S/N-PMUT levels compare rather advantageously
with the most sensitive NMR experiment providing residue-specific in-
formation, ie. the 'H-'3C SOFAST-methyl-HMQC on perdeuterated
proteins integrating 'H-'3Cg;-Ile [3,80] (Fig. 4C) (its S/N-PMUT also
drops by a factor 2 at 283 K, data not shown). We measured actually
similar S/N-PMUTs from our 2Hm/p-lsN amino acids and from
1H—13C51—Ile—residues in the core of p38a (Fig. 4C, Fig. 5D), those that can
report for ligand binding in the ATP-pocket or for conformational
equilibria, as shown by Shimada and colleagues [61]; at the opposite,
the surface Ile-residues are observed at S/N-PMUT levels above 1 and up
to ~3 pM~L.h2 at 700 MHz and 298 K, and provide interesting in-
formation regarding protein:protein interactions in vitro [61].

We must underline the fact that we compared 'H-1N SOFAST-
HMQC and 'H-!3C SOFAST-methyl-HMQC without tuning the excita-
tion pulse to find the Ernst angle offering the maximal sensitivity. This
might provide supplementary gains in sensitivity, about 20-40% [57,
80]. Finally, we used 3 mm diameter tubes: the use of 5 mm diameter
tubes would naturally yield higher S/N-PMUTs (~ 2-fold).

Application to mapping of p38a’s inhibitors binding

We thought to exemplify the benefits of single amino acid labeling
coupled to a/p-deuteration for kinase detection and residue-specific
characterization by NMR. We show in Fig. 6 the spectra of p38a in
presence of two specific inhibitors targeting its enzymatic ATP pocket,
namely VX-745 and PH-797804 [81-84]. The homogeneous I5N-label-
ing asks for a high resolution to deliver residue-specific information,
hence requiring the use of a HSQC type of experiments (Fig. 6A). At the
opposite, amino acid-specific labeled samples integrating e.g.
2H, /ﬁ-lsN-Leu or 2Hy, /ﬁ-lsN-Lys are much less demanding in resolution to
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Fig. 5. A. B. C. Overlays of 'H-'>N SOFAST-HMQC spectra obtained from p38« integrating *°N-Ala, **N-Lys or *N-Leu (red) or H,/s-'°N-Ala, ?H,/s-'°N-Lys or
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p38a, the latter ones about ligand binding and conformation changes [61].

provide well-separated crosspeaks, and thus are adapted to the use of the
158 SOFAST-HMQC (Fig. 6B-C). Similar spectra were also recorded
with 2H(,L/ﬁ-lsN-Ala- or 2H(W-l5N-Ser-labeling (Fig. S5). This approach
results in important gains in S/N-PMUT, which helps to record valuable
spectra in one hour using only 100 pg of kinase (100 pL at 25 pM).

Indeed, 2HO(/ﬁ—lsN—Leu— or 2H(,(/ﬁ—l5N—Lys—labe1ing schemes generated
well-resolved spectra delivering residue-specific information that
delineate clearly the ATP pocket as the binding site of VX-745 and PH-
797804. We observed also a chemical shift perturbation on Leul95 in
the lipid binding pocket of p38a, which may interact loosely with the
weak stoichiometric excess of PH-797804. This would be consistent with
the fact that this non-ATP site has been reported to accommodate hy-
drophobic species in a number of crystals [83,85-88].

Discussion

The proton-proton dipolar component of 'Hy-Ty relaxation is a
dominant cause of signal losses in two-dimensional 'H->N NMR spec-
troscopy of proteins at 600-700 MHz. Here, we sought to evaluate
experimentally the impact of the sole a- and B-protons on this relaxation,
in the context of searching affordable isotopic labeling schemes
enhancing NMR sensitivity but avoiding perdeuteration. Selective
deuteration would notably find applications in recombinant protein
production in eukaryotic cells for NMR purposes. We tested the per-
formances of a- or a-p-deuteration on 15N—Ala, lsN—Lys, I5N-Leu (and
also 1°N-Ser, which was less straightforward to interpret because of the
effects of large water-amide proton exchange, Fig. S6) integrated in the
kinase p38a. These were chosen because they were representative,
abundant amino acids offering a statistical potential.

We found out that a/p-deuteration of a '°N-labeled amino acid could
provoke sensitivity gains of its 'H-'°N crosspeak, which are about 20%
in the case of Ala- and Leu-, and 40% for Lys-residues. The complete
deuteration of Leucine was necessary to reach about 50-60% S/N-PMUT

enhancements. The effect of a/p-deuteration in position i-1 is much
larger for 'H-'°N;, reaching in a majority of cases 2- to 3-fold enhance-
ments. The introduction of a maximum of 2H,, /ﬁ-HN-amino acids is thus
highly advisable, which would marginally increase the production cost.
Although 2H,, ,p-amino acids are not yet routinely commercialized, costs
of amino acids are in that order: 2Hm/ﬁ—”N < BN < 2Hm/ﬁ—lsN <
u-2H-PN=u-2H-14N (see Table S2, costs for 15N amino acids are about 4
times less than for u->H-'>N and u-?H-'*N amino acids). However, sup-
plemented 2Hm/ﬁ-l“N-amino acids should be carefully chosen: as evoked
below, not all 2HU,/|3 amino acids can conserve their a-deuteration in
living organisms, which can be a source of deleterious heterogeneity in
the produced sample.

The amino acid-specific 1°N-labeling is actually also highly benefi-
cial for sensitivity, because it permits to record lower resolution 'H-'°N
spectra that still provide residue-specific information. This makes the
SOFAST-HMQC pulse sequence better adapted to the analysis of our
model kinase, which yields by itself a 3-fold sensitivity enhancement in
comparison to the use of classical HSQC experiments on the uniformly
15N-labeled protein (Fig. 5). This is notably due to the fast restoration of
spin polarization, or “apparent T1*” relaxation, enabled by the SOFAST-
HMOQC scheme [57,73]. Some HSQC and TROSY pulse sequences also
use band-selective pulses, which accelerate the longitudinal magneti-
zation and can enhance sensitivity up to factors 2 to 3 [70-75]. These
latter ones might compete favorably with the SOFAST-HMQC for
studying amino acid specifically 2Hm/p—l‘r’N—l:albeled proteins, especially
for >50 kDa proteins or at higher fields; the opposite trend is expected
when increasing the temperature to 310 K. Tuning the angle of excita-
tion and using an Ernst angle in the SOFAST-HMQC scheme might add
20-40% gains in S/N-PMUT [73].

The present approach appears to be an accessible alternative to the
strategy considered to offer the highest sensitivity for large proteins, i.e.
single 'H/*3C-methyl labeling in a perdeuterated background coupled to
the detection using y13¢ SOFAST-methyl-HMQC [3,80]. We observed
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Fig. 6. A. B. C. Two-dimensional 'H-1°N spectra corresponding to 1 hour of acquisition, using contours visible from 4 times the average noise level, recorded at 700
MHz and 298 K, in PBS buffer at pH7.4; A. Overlay of 'H-'°N seHSQC spectra of °N-p38a at 100 pM alone (black) or in presence of the inhibitors PH-797804
(magenta) or VX-745 (orange) (1:1.1 stoichiometry for p38w:inhibitor); B. Overlay of H-15N SOFAST-HMQC spectra of [2H(,/l3-15N-Leu] -p38a at 25 uM alone
(black) and in presence of PH-797804 (magenta); C. Overlay of 1H-15N SOFAST-HMQC spectra of [zHu/B-lsN-Lys] -p38a at 25 pM alone (black) and in presence of VX-
745 (orange); D. Cartoon representation of the crystal structure of p38a in complex with PH-797804 (PDB: 3HLL); balls indicate Leu- and Lys-residues, the purple and
orange ones indicating those whose chemical shifts are perturbed in presence of the ligands (n.a.: non assigned; n.d.: non detectable); the ligand PH-797804 is shown
in red in the ATP-site; another low-affinity ligand, in green, fills a non-ATP binding pocket, which can accommodate hydrophobic compounds and is found occupied

in many crystal structures [83,85-88].

that 'H/'3Cg;-Ile-labeling generated the highest S/N-PMUT only for
surface Ile-residues of p38a, while the ones in the core yielded
S/N-PMUTs similar to those observed with our proposed approach, i.e.
using amino  acid-specific 2H(,[/ﬁ-l‘r’N-labeling and 'H-'N
SOFAST-HMQC. 'H/*3C-methyl labeling in a perdeuterated background
has an average cost of 1500 euros/L in E. coli [89]. Its cost in mammalian
cells is uncertain: specific *H/'C-methyl labeling in such cells will not
be achievable by supplementing affordable precursors like in bacteria.
Moreover, it will not be possible to combine it with perdeuteration,
which compromises mammalian cells growth and viability [19-23].
Without perdeuteration, 'H/*3C-methyl labeling is much less effective in
delivering high S/N and well-resolved crosspeaks [30]; a protonated
background would probably provoke large signal losses in 'H/*3C
spectra for kinases, probably in the order of magnitude of a 5-fold
decrease [3,90-92]. Still, partial deuteration of leucine containing a
single 'H-!3C-methyl has been proved to yield excellent S/N perfor-
mances, including upon recombinant production in insect cells [93].
This strategy could probably be implemented with success in mamma-
lian expression systems. 'H-'°N correlation experiments is nevertheless
promising for NMR studies based on expression in mammalian cells,
provided that one uses pulse sequences designed to control the longi-
tudinal relaxation in an optimized fashion [70-75].

To introduce 2Ho,/ﬁ-lsN-amino acids in a recombinant p38a, we used
here a cell-free expression system avoiding scrambling and back-
protonation of deuterated amino acids [46,47,94]. Indeed, amino
acid-specific labeling is not always possible in living organisms due to
isotopic scrambling, and PLP-dependent enzymes like transaminases

often provoke 15N, mide dilution and H/D exchange in a-positions. Hence,
the achievable amino acid-specific labeling schemes depend on the or-
ganism chosen for the recombinant production [10,95-98], whose ca-
pacities can be expanded in auxotrophic strains designed for this
purpose [99,100]. Some isotopically labeled amino acids can be inte-
grated in most organisms with negligible isotopic dilution or alkyl H/D
exchange, because they are found at the end of long metabolic chains
containing unidirectional steps, e.g. Lys, His, Trp. We are currently
testing the introduction of many *3C-, 1°N- and 2H(,C/B—lsN—labeled amino
acids and precursors thereof in mammalian cells. We intend to use mixes
of 2Hm/ﬁ-l“N- and 2Hoz/ﬁ-lsN-amino acids to carry out affordable pro-
ductions of proteins in these cells, and also to generate in-cell NMR
samples.

Conclusion

We demonstrated here the potential gains generated by single 2H,,
ﬁ—lsN—amino acid labeling in NMR studies of ~40 kDa proteins like ki-
nases, eventually combined with 2Hol/ﬁ-l“N-amino acids. At 600-700
MHz, this approach can provide S/N-PMUT enhancement about 4-5
when combined with the use of 'H->N SOFAST-HMQC, as compared to
the more common detection of uniform '°N-labeled proteins and stan-
dard HSQC or TROSY type of experiments. It can still deliver residue-
specific information for characterizing ligand binding or conforma-
tional equilibria.

This strategy benefits of the accessible production of ZHM; amino
acids, using either ruthenium-nanoparticles or enzyme-catalyzed H/D
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exchange; among others, we demonstrated that the mutant E352A of
CGS makes the a/p deuteration more efficient for amino acids Asp, Glu,
Lys, Arg. Our nanoparticles- or enzyme-assisted deuteration methods
give access to a- and o/p-deuterated Ala, Asp, Gly, Lys, Leu, Met, Asn,
Gln, Ser, Thr, to B-stereoselective o/f-deuterated Glu, His, Arg, and only
to a-deuterated Phe, Ile, Pro, Val, Tyr, Trp (see [43], Table S1 and
Table S2).

Our approach is readily applicable for cell-free protein expression,
but it will also find applications in recombinant production using
mammalian cells, which contain less enzymes processing and scram-
bling amino acids than bacteria.
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