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Abstract The side-chain amide groups of asparagine and
glutamine play important roles in stabilizing the structural
fold of proteins, participating in hydrogen-bonding net-
works and protein interactions. Selective '°N-labeling of
side-chain amides, however, can be a challenge due to
enzyme-catalyzed exchange of amide groups during pro-
tein synthesis. In the present study, we developed an effi-
cient way of selectively labeling the side chains of
asparagine, or asparagine and glutamine residues with
NH,. Using the biosynthesis pathway of tryptophan, a
protocol was also established for simultaneous selective
N-labeling of the side-chain NH groups of asparagine,
glutamine, and tryptophan. In combination with site-spe-
cific tagging of the target protein with a lanthanide ion, we
show that selective detection of '°N-labeled side-chains of
asparagine and glutamine allows determination of mag-
netic susceptibility anisotropy tensors based exclusively on
pseudocontact shifts of amide side-chain protons.
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Introduction

Asparagine and glutamine residues play important roles in
stabilizing proteins and protein—ligand interactions (Creigh-
ton 1993; Lesk 2001). NMR studies have obtained valuable
information on the structure, dynamics, and physiological
functions of proteins from the side-chain amides of aspara-
gine and glutamine (Buck et al. 1995; Pervushin et al. 1997,
Bertini et al. 2000; Cai et al. 2001; Mulder et al. 2002;
Higman et al. 2004; Liu et al. 2006, 2007, 2008a, b). Strat-
egies for resonance assignments of side-chain amide groups
generally rely on triple-resonance NMR experiments using
3C and "N-labeled protein samples (Grzesiek and Bax
1993; Farmer and Venters 1996; Lohr and Riiterjans 1997,
Mclntosh et al. 1997; Cai et al. 2001). Measurements and
assignments of these NMR signals are generally time-con-
suming. Moreover, the sensitivity of the requisite NMR
experiments decreases with increasing protein size and per-
deuteration is generally required for big proteins. If the
protein can be reversibly unfolded to allow back-exchange of
deuterium, the perdeuteration approach allows the assign-
ment of the side-chain amides of asparagine and glutamine in
proteins of high molecular weight. Without perdeuteration,
IS-TROSY (isotope-selective  transverse-relaxation-opti-
mized spectroscopy) has been shown to detect the side-chain
amides for proteins of a molecular mass up to 80 kDa (Liu
et al. 2006, 2007). However, the experiment cannot dis-
criminate between the side-chain resonances of asparagine
and glutamine.

Improving the spectral resolution by selective '°N-
labeling of the side-chain amide resonances is important
for their unambiguous assignment. Glutamine and gluta-
mate are key intermediates in the biosynthesis of amino
acids, causing redistribution of '’N nuclei between differ-
ent amino acids in the process of in vivo protein synthesis.
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>N-scrambling can be suppressed by cell-free protein
synthesis, following chemical inactivation of pyridoxal 5'-
phosphate (PLP)-dependent enzymes (Su et al. 2011).
Selective ]5N-labeling of side-chain amides in vivo, how-
ever, remains a challenge. Selective '’N-labeling of the
side-chains of glutamine and asparagine by '>NH, assim-
ilation in vivo was first reported by Tate et al. (1992). This
method was unable to discriminate between the side-chain
NH, groups of asparagine and glutamine because of the
complex metabolism in Escherichia coli. The problem was
partially overcome by using an auxotrophic strain of E. coli
(JK120, AsnA™, and AsnB™), allowing the selective ISN-
labeling of the NH, group of glutamine side-chains (Vance
et al. 1997). Transaminase-deficient or auxotrophic mutant
strains, however, usually produce the proteins of interest
only in low yields (Vance et al. 1997; Tong et al. 2008;
Whittaker 2007).

Proteins with selectively isotopic labeled amino acids
have been used with great success in biomolecular NMR
studies (McIntosh and Dahlquist 1990; Waugh 1996; E-
tezady-Esfarjani et al. 2007; Kigawa et al. 1995; Tugarinov
et al. 2006; Kainosho and Giintert 2010; Ozawa et al. 2004,
Shi et al. 2004; Staunton et al. 2006; Sobhanifar et al. 2010;
Takeuchi et al. 2010; Loscha and Otting 2013), but there
has been no report on methods for selective '’N-labeling of
asparagine side-chains only. In the present study, a sys-
tematic study was performed to produce proteins with
selectively '°N-labeled asparagine side-chains in vivo. The
new labeling strategy relies on the biosynthesis pathways
of asparagine and allows discrimination between the '’NH,
NMR signals of the side-chain amides of asparagine and
glutamine. Inspired by the successful performance of the
'>N-labeling protocol of asparagine side-chains, an effi-
cient protocol for '*N-labeling of asparagine and glutamine
side-chains was devised too. Both isotope-labeling strate-
gies provide high-quality "’N-HSQC spectra of the proteins
of interest without substantial '>N isotope scrambling.
Based on the biosynthesis pathway of tryptophan that
derives the indole amine from the side-chain amide of
glutamine (Radwanski and Last 1995), we also established
an efficient way for simultaneous selective '’N-labeling of
the side-chain NH groups of Asn, Gln, and Trp. Remark-
ably, labeling degrees of greater than 80 % in the target
proteins could be achieved.

Paramagnetic NMR spectroscopy has become a power-
ful tool in structural biology (Bertini and Luchinat 1999;
Bertini et al. 2002; Pintacuda et al. 2007; Clore et al. 2007,
Otting 2010; Clore 2011; Keizers and Ubbink 2011). The
magnetic susceptibility anisotropy (Ay) tensors of para-
magnetic lanthanide ions provide valuable structural
restraints for the determination of protein—protein and
protein—ligand complexes. In view of the ease with which
proteins with selectively '°N-labeled side-chains of
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asparagine and glutamine can be made, we assessed the
possibility of determining the Ay tensors by using the PCSs
of side-chain amide protons only. The strategy was eval-
uated using E. coli prolyl-cis—trans isomerase B, PpiB
(Edwards et al. 1997), a protein containing eleven aspara-
gine and six glutamine residues, which was site-specifically
labeled with a lanthanide binding tag.

Materials and methods
Protein expression and purification

Protein expression used the high-cell-density method
described previously (Marley et al. 2001) with modifica-
tions. For uniform and selective 15N—labeling, bacterial
cells were grown at 37 °C in 1 L Luria broth rich medium
shaken at 220 rpm. Once the optical cell density at 600 nm
(ODgqo) reached about 0.6, the cell culture was gently spun
down at 3,000 rpm for 5 min, the cells were washed with
MilliQ water and then resuspended in 250 mL of minimal
M9 medium (see below). The cells were allowed to recover
by incubation at 37 °C for 20 min. Protein expression was
subsequently induced by addition of isopropyl B-p-1-thio-
galactopyranoside (IPTG) to a concentration of 0.5 mM.
After about 5 h incubation, the cells were harvested and
stored at —20 °C. It is important to limit expression times
to less then 8 h to minimize isotope scrambling.

The M9 medium was optimized in-house for maximal
protein yields in the high-cell-density method. It contained
160 mM Na,HPO,, 40 mM KH,PO,;, 2 mM MgSO,,
0.1 mM CaCl,, a trace metal mixture (Studier 2005), 0.1 %
12C-glucose, 15NH4C1, and amino acids as specified in
Tables 1 and 2. The high concentration of phosphate was
necessary to stabilize the pH in the high-density cell culture.
The concentrations of N H,4Cl and the amino acids Asp, Asn,
Glu, and Gln were varied for optimal isotopic labeling yield.

NMR experiments

All NMR spectra of protein samples were recorded at
298 K on a Bruker AV600 NMR spectrometer equipped
with a QCI cryoprobe. The protein samples were in 20 mM
MES buffer at pH 6.4 unless mentioned otherwise.

Analysis of isotope labeling yield

Uniformly '°N-labeled protein samples were prepared and
N-HSQC spectra recorded for protein concentrations of
0.02, 0.04, 0.06, 0.08, 0.10, 0.20, 0.30, 0.40, and 0.50 mM.
The cross-peak volumes of side-chain amides in '°N-
HSQC spectra were integrated using the program Sparky
(Goddard and Kneller 2008). The cross-peak volumes
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Table 1 Experimental conditions used to produce ubiquitin with selectively '*N-labeled side-chains of asparagine

Entry '"NH,Cl (mM) Glu(g/L) Gln (g/L) Asp (g/L) Asn (g/L) other aa® (g/L) [“NH, V['*NH, 1°  Rg, (%) RSy (%)
a 5 2 0 2 0 0.5 3.6 61 62

b 5 2 1 2 0 0.5 49 20 42

c 5 2 3 2 0 0.5 5.5 4 42

d 5 2 4 2 0 0.5 6.5 0 35

e 5 2 4 4 0 0.5 5.5 0 51

f 10 2 4 4 0 0.5 4.0 0 98

* All other amino acids except for glutamate, glutamine, aspartate, and asparagine
® Intracellular relative abundance of [14NH4+] and [ISNH4+] as determined by 1D '"H NMR

¢ Average percentage of '’N-labeled side-chain amides as determined by the comparison of peak intensities in '>’N-HSQC and UV absorption

spectra

Table 2 Experimental conditions used to produce ubiquitin with selectively '’N-labeled side-chains of glutamine and asparagine

Entry 15NH4C1 (mM) Glu (g/L) Gln (g/L) Asp (g/L) Asn (g/L) other aa (g/L) R, (%) Ry, (%)
a 5 2 0 2 0 0.5 61 62
b 10 2 0 2 0 0.5 75 82
c 2 0 0 2 0.5 76 77
d 2 0 0 4 0.5 84 85

See footnotes of Table 1 for further details

measured by NMR were linearly dependent on the protein
concentration measured by UV absorption at 280 nm (Fig.
S1). The calibration data of Fig. S1 were used to determine
the concentration of selectively '°N-labeled protein and the
isotope labeling yield.

NMR measurements of the ['*NH,*)/[">’NH,"] ratio
in cell lysate

The frozen cell pellet was thawed, resuspended in 20 mL
buffer (20 mM Tris—HCIl, pH 7.6, 2 mM EDTA, 2 mM
MgCl,, 1 mM DTT, 0.5 mM PMSF), and sonicated on ice
until a very low viscosity of the suspension was achieved.
The supernatant was recovered by centrifugation. An
0.6 mL aliquot of the supernatant was collected, the pH
adjusted to 2.5 with 3 M HCI, the precipitate spun down,
and the resulting solution was used to record a 1D '"H NMR
spectrum. The relative abundance of ['SNH,*] and
["*NH, "] inside the cell was analyzed by comparing the
respective integrated proton NMR signals.

Site-specific labeling of PpiB K25C with a lanthanide
binding tag

The lanthanide binding tag 4’-((pyridin-2-yldisulfanyl)methyl)-
[2,2:6',2"-terpyridine]-6,6"- dicarboxylic acid (4MMTDA-
Spy; Fig. 1) was site-specifically attached to the K25C mutant of
PpiB. A 0.6 mM solution of PpiB K25C was mixed with three
equivalents of 4AMMTDA-SPy in 20 mM MES at pH 64 at

Fig. 1 Chemical structure of the lanthanide binding tag used in the
present work, 4MMTDA-SPy

room temperature and the pH was adjusted to 6.5. The resulting
mixture was incubated at room temperature for about 2 h. The
final AMMTDA-tagged protein was purified by anion exchange
chromatography. The ligation yield was about 70 %.

Results and discussion

Selective '°N-labeling of the side-chains of asparagine
residues

As amino groups are transferred between glutamate, aspar-
tate, glutamine, and asparagine by complicated metabolic
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inter-conversions, the side-chain amides of glutamine and
asparagine tend to be labeled simultaneously, if NH,CI is
the sole nitrogen source (Table 1, entry a). Experiments with
low concentrations of glutamate invariably resulted in sub-
stantial '’N-scrambling and hence 2.0 g/L glutamate was
used throughout this study. For selective '°N-labeling of the
side-chain amide of asparagine, the main steps in the bio-
synthesis of asparagine have to be taken into account.
Firstly, '>NH," assimilation by glutamate to create gluta-
mine should be inhibited (Woolfolk et al. 1966; Stadtman
2001). Secondly, the metabolic conversion of glutamine to
asparagine catalyzed by Escherichia coli asparagine syn-
thetase B (AS-B) (EC 6.3.5.4) needs to be suppressed (Bo-
ehlein et al. 1994). Thirdly, the transformation of aspartate
to asparagine should be retained (Cedar and Schwartz 1969).
We recorded '>N-HSQC spectra to quantify the '*N-incor-
poration yield of side-chain amides in protein synthesis,
using the calibration curves established with uniformly '°N-
labeled protein samples (Fig. S1). The average isotope-
labeling ratio of different side-chain amides, R, was calcu-
lated by comparison with the total protein concentration
measured by UV absorption (Table 1).

The influence of unlabeled glutamine on '’N-glutamine
biosynthesis by '"NH4" assimilation of glutamate was
verified (Table 1, entries a—d). As expected, the signals of
'>N-glutamine side-chain amides decreased with increasing
14N—glutamine concentrations (Fig. S2, A-D). However,
higher concentrations of glutamine also resulted in lower
>N-labeling yields of asparagine, which is probably caused
by the following metabolic pathways: (i) high concentra-
tions of glutamine increase the concentration of "*NH,"
inside the cell through glutaminase (EC 3.5.1.2); (ii) high
concentrations of glutamine decrease the '’N-labeling of
asparagine via asparagine synthetase B (AS-B) (EC
6.3.5.4). To verify these effects, we analyzed the relative
intracellular abundance of '>’NH," and "“NH," as a func-
tion of added '*N-glutamine. We achieved this by record-
ing 1D "H NMR spectra of the cell lysate (Fig S3). Under
acidic conditions, the proton signals of '*NH," and
'SNH,4* can readily be resolved in 1D NMR spectra (Fig. 2
and Fig S3). Integration of the respective multiplet com-
ponents allows calculation of the ["*NH4"]/['’NH, ] ratio.
This showed that the intracellular ["*NH,*]/["*NH, "] ratio
increases with increasing '*N-glutamine concentration in
the outside feeding buffer (Table 1). When ["*NH4 "] is
abundant, it can be incorporated into '*N-asparagine via
asparagine synthetase A (AS-A) (EC 6.3.1.1). The side-
chain amide of glutamine can also be directly transferred to
asparagine by asparagine synthetase B (AS-B) (Huang
et al. 2001). As shown in Table 1, the isotopic N/N-
labeling ratio of asparagine side-chains decreased from 62
to 35 % with increasing concentrations of unlabeled glu-
tamine in the medium (see also Fig. S2 and S4).
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To improve the intracellular ["*NH,)/['"°NH, "] ratio
and the '°N-labeling yield of asparagine side-chains, we
turned to optimizing the concentrations of aspartate and
SNH," in the M9 medium (Table 1 entries ef). Increas-
ing concentrations of aspartate and '°NH4CI both
decreased the intracellular ["“*NH,"J/['">’NH,*] ratio and
the '°N-labeling yield of the asparagine side-chain amides
improved significantly (Fig. S4). In addition, the NMR
signals of '°N-glutamine side-chains were completely
suppressed. Up to 98 % '°N-labeling of asparagine side
chains was achieved without any significant isotope
scrambling (Table 1; Fig. 3).

Simultaneous selective '*N-labeling of the side-chains
of Asn and GlIn residues

The high yield and selectivity of '*N-labeling that can be
achieved for asparagine side-chains enables discrimination
of the NMR resonances of Asn and Gln side-chains in the
N-HSQC spectrum. In a second step, we developed an
effective approach for simultaneously labeling the side-
chain amides of Asn and Gln residues with >N in vivo.
Unexpectedly, the '’N-labeling yield for the Asn and Gln
side-chains was boosted simply by replacing aspartate with
asparagine using the same concentration of '*NH,CI
(Table 2 entries a and c; Fig. 4). Table 2 also shows the
effect of doubling the concentration of 15NH4C1 (entries a
and b). Clearly, replacing aspartate by asparagine is the
more efficient strategy. Using even more unlabeled aspara-
gine further improved the isotopic labeling ratio, resulting in
over 80 % '"N-labeling of the side-chains of asparagine and
glutamine in the target protein (Table 2, entry d). Replacing
aspartate by asparagine improved the '°N/"*N-labeling ratio
by about 8 % also in the presence of glutamine (Table S1).
This may be explained by the common transport system for
glutamate and aspartate, leading to mutual inhibition of
transport even at pM concentrations (Kay 1971). This
competition is relieved by replacing aspartate with aspara-
gine. Owing to the rapid metabolism of asparagine in E. coli
(Willis and Woolfolk 1974, 1975), the intracellular con-
centration of aspartate is thus more easily increased by the
addition of asparagine instead of aspartate. Efficient trans-
port of asparagine and conversion to aspartate is supported
by the increase in intracellular "*NH, " as suggested by the
["“NH,")/["*NH, "] ratio (Table S1). It is remarkable that
the '"N/"*N-labeling ratio of asparagine side-chain amides
did not at all suffer from the addition of unlabeled aspara-
gine, indicating that the '’N-labeling yield of side-chain
amides depends at least as strongly on the intracellular
concentration of aspartate as on NH,* (Fig. 4).

To validate the above labeling strategies, we expressed
the N-terminal DNA-binding domain of the E. coli arginine
repressor, ArgN (Sunnerhagen et al. 1997). Using the
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Fig. 3 Comparison of uniform '°N-labeling and selective '°N-
labeling of asparagine side-chains. a ISN-HSQC spectra of uniformly
>N-labeled ubiquitin (lefr) and ubiquitin with selectively '*N-labeled
asparagine side-chains (right). The spectra were recorded of 0.1 mM
solutions of the double mutant A28C/K33 N in 20 mM MES, pH 6.4,

experimental conditions of entry f of Table 1, the aspara-
gine side-chain amides were selectively 'N-labeled to
82 %. Using the conditions of entry d of Table 2, the side-
chain amides of Asn and Gln were simultaneously '°N-
labeled with a labeling degree of up to 70 % (Fig. S5).
Neither case showed any evidence for significant '>N-
scrambling in the '>N-HSQC spectra.

T T T
7.6 7.5 7.4

T T T L] 1
ppm6.8 6.7 6.6 85 80 75 7.0 ppm

at a '"H NMR frequency of 600 MHz. b Cross-sections through the
spectrum shown in a, highlighting the reduced signal overlap in the
selectively labeled (solid lines) versus the uniformly labeled (dashed
lines) sample

Selective '°N-labeling of the side-chain NH groups
of Asn, Gln, and Trp

The biosynthesis pathway of tryptophan includes anthra-
nilate as an intermediate, which is synthesized from
chorismate and glutamine by anthranilate synthase (EC
4.1.3.27), using the side-chain amide of glutamine as the
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Fig. 4 Comparison of uniform 'SN-labeling and selective '°N-
labeling of asparagine and glutamine side-chains. a '>N-HSQC
spectra of uniformly '’N-labeled ubiquitin (/eff) and ubiquitin with
selectively I5N-labeled asparagine and glutamine side-chains (right).
The spectra were recorded of 0.1 mM solutions of ubiquitin A28C/

nitrogen donor. Subsequently, the amino group of anthra-
nilate ends up in the indole ring of tryptophan (Radwanski
and Last 1995). This pathway opens the possibility to '°N-
label the side-chains of glutamine, asparagine, and trypto-
phan simultaneously. As an example, we tested this
labeling scheme with PpiB, which contains one tryptophan
residue (Edwards et al. 1997). The labeling scheme used
the conditions specified in entry d of Table 2, except that
tryptophan was omitted from the other amino acids.

Indeed, the 'N-HSQC spectrum displayed six peak
pairs of glutamine, twelve peak pairs of asparagine and a
single cross-peak of the tryptophan side-chain (Fig. Sa and
S6C), indicating that the tryptophan indole is '*N-labeled
via the glutamine metabolism with '"NH,CI as the sole
isotope source. Comparing the integrated cross-peak vol-
umes between the protein samples produced with side-
chain selective and uniform '’N-labeling, we found isoto-
pic labeling yields of 63, 59, and 55 % for the side-chains
of glutamine, asparagine, and tryptophan, respectively
(Fig. 5a and Fig. S6). Notably, however, a limited amount
of >N scrambling was observed. Most of the additional
peaks were small (<10 % of the peak intensities observed
for fully '’N-labeled amides) and could be assigned to the
backbone amides of aspartate, asparagine, glutamate, and
glutamine, suggesting that they originated in the biosyn-
thesis pathway of tryptophan. In general, these weak cross-
peaks would hardly compromise the cross-peak identifi-
cation of side-chain amides.
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K33 N under the same conditions as in Fig. 3. b Cross-sections
through the spectra shown in a. Solid lines: uniform 15N—labeling;
dashed lines: selective '°N-labeling of asparagine and glutamine side-
chains

It is intriguing to note that the '>N-labeling yield of the
amino acid side-chains was in all examples greater than the
[">NH,")/["*NH, "] ratio measured for the cell lysate,
suggesting that extra-cellular ammonium is directly trans-
ferred into the amino acid metabolism without prior
equilibration with the cytoplasmic pool of ammonium ions.
Indeed, NHj; rather than NH, " is thought to be the species
transported across the E. coli cell membrane (Zheng et al.
2004). Alternatively, NH,* ions were set free during cell
lysis and adjustment of the pH.

Combining selective *N-labeling of side-chain amides
with paramagnetic NMR

Measurements of pseudocontact shifts (PCS) are particu-
larly easy, if the spectral resolution is sufficient to allow
unambiguous association of the cross-peaks in the para-
magnetic sample with their corresponding partner in the
diamagnetic reference by virtue of their displacement along
diagonal lines in 2D NMR spectra (Bertini and Luchinat
1999; John and Otting 2007; Otting 2010). Usually, the
fitting of Ay tensors to protein structures relies on PCSs of
protein backbone amide protons, since the backbone is
more rigid than amino acid side-chains and thus presents
more reliable coordinates. In protein systems of high
molecular weight, however, the greater flexibility of side-
chains combined with a usually low proton density around
side-chain amides (as evidenced by the scarcity of NOESY
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Fig. 5 Pseudocontact shifts in a protein with selectively '°N-labeled
amino acid side-chains. a Superimposition of '’N-HSQC spectra of a
0.1 mM solution of uniformly '°N-labeled PpiB (black) and PpiB
with selectively '>N-labeled side-chains of asparagine, glutamine, and
tryptophan residues (red). b, ¢, d Superimposition of 'N-HSQC
spectra of samples of PpiB-K25C-4MMTDA with selectively '°N-

cross-peaks typically observed for side-chain amides)
makes them much easier to observe in '’N-HSQC spectra
than backbone amides. Therefore, we explored the feasi-
bility of determining Ay tensors by using only PCSs of
side-chain amides.

We reacted the mutant K25C of PpiB with 4AMMTDA-
SPy for site-specific attachment of a paramagnetic lantha-
nide ion. The 4MMTDA tag (Fig. 1; Huang and Su,
unpublished results) is similar to the previously reported
4MTDA tag (Huang et al. 2013), which generates very
large paramagnetic effects in protein NMR spectra. The
4MMTDA-SPy reagent spontaneously reacts with cysteine
with formation of a disulfide bond. The ligation yield with
PpiB K25C was about 70 %. The protein-4MMTDA
adduct was purified by FPLC using an anion exchange
column. The '>N-HSQC spectrum of the PpiB K25C-
4MMTDA construct showed that the native cysteine resi-
dues Cys31 and Cys121, which are partially buried in the
structure of PpiB, were not affected by the ligation reac-
tion, indicating selective ligation of the cysteine in position
25 only. Addition of a paramagnetic lanthanide into the
solution of K25C-4MMTDA produced significant chemical
shift changes in the 'N-HSQC spectra. The new cross-
peaks were assigned to the paramagnetic species (Fig. Sb—
d). The exchange between protein with and without

10 8 &(H)/ppm 6

labeled side-chains of glutamine, asparagine, and tryptophan, in
complex with one equivalent of diamagnetic Y (black) or the
paramagnetic lanthanides Yb** (gold; b), Tm** (magenta; c), or
Tb** (blue; d). The spectra were recorded at 298 K in 20 mM MES
buffer, pH 6.4

paramagnetic lanthanide was slow. The complex of PpiB
K25C-4MMTDA with Y** was used as the diamagnetic
reference. PCSs of side-chain and backbone amide protons
were measured as the chemical shifts of the sample with
paramagnetic lanthanide ion minus the chemical shifts
measured with diamagnetic Y>". For many asparagines and
glutamines, the PCSs of their side-chain amide protons
differed significantly between the cis and trans protons
(Table S2). For example, the PCSs for the H*?! and H®*?
protons of GIn97 in the complex of K25C-4AMMTDA with
Tm’" were —0.49 and —0.38 ppm, respectively, showing
that the side-chain is not sufficiently mobile to average the
positions of the amide protons. For side-chain amide pro-
tons, seventeen PCSs were measured with Yb3+, eighteen
with Tm>*, and fifteen with Tb’*. These were used
simultaneously with a common metal position to fit Ay
tensors to the crystal structure of PpiB (PDB ID: 2NUL;
Edwards et al. 1997) using the program Numbat (Schmitz
et al. 2008). Using the coordinates of the backbone amide
protons, the solution structure of PpiB (PDB ID: 2RS4;
Takeda et al. 2011) produced similar tensors as the crystal
structure. As the conformations of the Asn and Gln side-
chains are much less well defined in the NMR structure, the
NMR structure did not produce good Ay tensors using only
the PCSs of side-chain amide protons.
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Fig. 6 Ribbon drawing of PpiB showing the metal positions deter-
mined by using the PCSs of backbone amide protons (black sphere) or
of amide side-chain protons (blue sphere) to fit Ay tensors to the
crystal structure of PpiB (PDB ID: 2NUL). Distances between the
metal positions, and between the metal positions and the side-chain
oxygen of Asp29 and the B-carbon of Lys25 are indicated. Side-
chains with PCSs used for fitting Ay, tensors are labeled in red

Figure 6 shows the locations of the paramagnetic cen-
ters determined from the PCSs of the backbone and side-
chain amide protons, respectively. Immobilization of the
lanthanide ion may be aided by additional coordination to
the side-chain carboxyl groups of Glu22 or Asp29, which
reside in the same o-helix near the ligation site (residue
25). The paramagnetic center determined from the back-
bone amide PCSs (Table S3) was located 5.4 A from the
nearest carboxylate oxygen of Asp29. In view of the dis-
crepancies between the NMR and X-ray structures of PpiB
in the loop regions, this Ay tensor fit used only the PCSs of
backbone amide protons in regions of regular secondary
structure.

The asparagine and glutamine residues used to deter-
mine the Ay tensors from side-chain amides are high-
lighted in Fig. 6. The metal position determined from the
side-chain amides was 3.6 A from the nearest carboxylate
oxygen of Asp29. The correlations between back-calcu-
lated and experimental PCS data were good (Fig. S7). The
tensor parameters are listed in Table 3.

Structure determinations of protein—protein and protein—
ligand complexes by PCSs critically depend on the accu-
racy of the Ay tensors. To compare the Ay tensors derived
from backbone and side-chain amides, we back-calculated
the PCSs of the backbone amide protons using either the
Ay tensor derived from backbone amide protons, side-
chain amide protons, or side-chain amide protons but using
the metal position identified by the Ay tensor derived from
backbone amide protons. As expected, the correlations

@ Springer

Table 3 Ay tensor parameters of PpiB K25C-4MMTDA in complex
with Yb*, Tm®*, or Tb**

Lo*t A /1072 m®  Ay/107¥ m® o B v
Yb3+
a 7.9 49 1532 992 1036
b 8.6 43 1183  86.8 438
b 7.2 0.7 1219 972 309
Tm3+
a 18.2 8.4 156.0 96.7 100.3
19.9 0.7 1325 879 103.1
c 22.0 4.6 1367 886  79.6
Tb3+
a —30.5 —17.2 1569 973 1009
b —31.5 —6.6 1313 914 879
c —36.4 —13.7 1373 899  83.1

The tensor parameters were obtained by using the PCSs to fit Ay
tensors to the protein coordinates 2NUL (Edwards et al. 1997). The
rows a to c refer to, respectively, using PCSs of only side-chain amide
protons, using PCSs of backbone amide protons in regions with
regular secondary structure, and using PCSs of only side-chain amide
protons while keeping the metal fixed at the position determined in
(b). Angles are in degrees

between the back-calculated and experimental PCSs were
best, if the Ay tensors derived from backbone amide pro-
tons were used (Fig. 7c and Fig. S8). In contrast, the ten-
sors derived from side-chain amide protons produced
worse correlations (Fig. 7a), as expected if the conforma-
tions of the side-chains reported by the crystal structure are
not perfectly conserved in solution. In addition, some of the
PCSs of the side-chain amide protons included residues in
less well-structured regions of the protein in order to
maximize the number of PCSs. The PCSs back-calculated
for backbone amide protons improved when Ay tensors
were determined from the PCSs of side-chain amide pro-
tons while the metal position was fixed to the site deter-
mined from the PCSs of the backbone amides (Fig. 7b).
This indicates that more accurate Ay tensors can be
determined from side-chain PCSs, if the metal position is
determined independently. Even without restricting the
metal position, however, the directions of the principal
axes of the Ay tensors, determined for each paramagnetic
lanthanide from side-chain amide PCSs only, were rea-
sonably conserved, as determined by randomly sampling
only 80 % of the PCSs from all three sets of paramagnetic
lanthanides in 100 fits (Fig. S9).

Using PCSs of side-chain amides for Ay tensor deter-
minations is obviously sensitive to side-chain mobility.
Depending on the local structure environment, many amino
acid side-chains are relatively rigid as determined by '°N-
{lH} NOE and solvent accessibility measurements (Buck
et al. 1995; Cai et al. 2001; Higman et al. 2004). Using the
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Fig. 7 Correlations between experimental PCSs (Exp_PCS) and
back-calculated PCSs (Calc_PCS) for backbone amide protons in
well-structured regions of PpiB. The Ay tensors of Tb>", Tm**, and
Yb*t were fitted simultaneously using a common metal position.
a PCS back-calculation using the tensors obtained from the PCSs of
side-chain amide protons only. b PCS back-calculation using the

crystal structure of PpiB to calculate the solvent accessi-
bility, the side-chains of N26, Q51, N70, N74, N78, Q97,
N101, N105, and N109 are less than 20 % solvent acces-
sible in the crystal structure (Table S4). A large degree of
immobilization is also supported by '>N-{'H} NOE mea-
surements (Table S4) and by the different PCSs observed
for the cis and trans protons of the side-chain amide pro-
tons mentioned above.

Conclusions
Selective isotope labeling of proteins is a powerful tech-

nique for biomolecular NMR studies. Exploiting the bio-
synthetic pathways of asparagine and glutamine, the present

Exp_PCS/ppm

Exp_PCS/ppm

tensors obtained from the PCSs of side-chain amide protons only,
except that the metal center was fixed to the position of the Ay tensor
determined from PCSs of backbone amides. ¢ PCS back-calculation
using the tensors obtained from the PCSs of backbone amide protons,
using only residues in well-structured regions

work demonstrates that selective '°N-labeling of the side-
chains of asparagine, and of asparagine and glutamine res-
idues, can be achieved in high yield with minimal '°N-
scrambling. This enables unambiguous identification of the
cross-peaks of the side-chain amides of asparagine and
glutamine in ">N-HSQC spectra. In addition, selective '°N-
labeling of the NH groups of Asn, Gln, and Trp side-chains
was also established.

The selective '°N-labeling strategy for side-chain amides
opens special opportunities for paramagnetic NMR spec-
troscopy. Detection of different PCSs for the cis and trans
protons of a side-chain amide group immediately indicates
that the side-chain experiences limited mobility. Those side-
chains lend themselves particularly well to determinations of
Ay tensors, offering a promising approach to study protein—
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ligand complexes of high-molecular weight systems where
the signals of side-chain amides are more easily detected
than the resonances of backbone amides.
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