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Abstract
Organic synthesis of a ligand with high binding affinities for paramagnetic lanthanide ions is an effective way of generating 
paramagnetic effects on proteins. These paramagnetic effects manifested in high-resolution NMR spectroscopy are valuable 
dynamic and structural restraints of proteins and protein–ligand complexes. A paramagnetic tag generally contains a metal 
chelating moiety and a reactive group for protein modification. Herein we report two new DTPA-like tags, 4PS-PyDTTA and 
4PS-6M-PyDTTA that can be site-specifically attached to a protein with a stable thioether bond. Both protein-tag adducts 
form stable lanthanide complexes, of which the binding affinities and paramagnetic tensors are tunable with respect to the 
6-methyl group in pyridine. Paramagnetic relaxation enhancement (PRE) effects of Gd(III) complex on protein-tag adducts 
were evaluated in comparison with pseudocontact shift (PCS), and the results indicated that both 4PS-PyDTTA and 4PS-
6M-PyDTTA tags are rigid and present high-quality PREs that are crucially important in elucidation of the dynamics and 
interactions of proteins and protein-ligand complexes. We also show that these two tags are suitable for in-situ protein NMR 
analysis.
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Introduction

Paramagnetic effects manifested in high-resolution NMR 
spectroscopy provide rich sources of structural and dynamic 
restraints of proteins. These paramagnetic effects are gen-
erally termed as pseudocontact shift (PCS), paramagnetic 
relaxation enhancement (PRE), and residual dipolar cou-
plings (RDCs) (Bertini et al. 2002; Otting 2010; Clore and 
Iwahara 2009; Koehler and Meiler 2011; Hass and Ubbink 
2014). Paramagnetic NMR spectroscopy is a sensitive and 
efficient biophysical method in analysis of protein structures 

and interactions. Recently, it has been applied in structure 
determinations of protein–protein/ligand complexes (Hass 
and Ubbink 2014; Pintacuda et al. 2006; Tang et al. 2006; 
John et al. 2006; Saio et al. 2011; Guan et al. 2013), and 
elucidating the conformational replacement of multi-domain 
proteins (Bertini et al. 2004, 2010, 2012; Tang et al. 2007; 
Russo et al. 2013; Chen et al. 2016a, b; Fragai et al. 2013; 
Saio et al. 2015; Camilloni and Vendruscolo 2015; Luchinat 
2016). As PCS can be determined readily and quantitatively 
in short time, it was applied as structural restraints in 3D 
structure determination of an unstable and low-abundance 
enzyme intermediate in real-time reaction system (Chen 
et al. 2016).

Since many proteins do not have a paramagnetic center, 
site-specific labeling proteins with a paramagnetic tag is 
generally required to achieve paramagnetic effects. Lan-
thanide ions are most preferable paramagnetic ions in 
paramagnetic NMR spectroscopy because of the diverse 
paramagnetic properties and similar coordination chemis-
try among the lanthanide series (Bertini et al. 2002; Pinta-
cuda et al. 2007). Strategies of anchoring a paramagnetic 
ion in a protein have been proposed (Su and Otting 2010; 
Liu et al. 2014a, b; Nitsche and Otting 2017a), but most 
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efforts have been made for in-vitro NMR analysis. Recent 
studies of protein structures and interactions in cells or 
closed to the cellular environment (for example, crowding 
conditions) have received great interests (Barbieri et al. 
2016; Luchinat and Banci 2016, 2017; Sarkar et al. 2013; 
Smith et al. 2015; Martorana et al. 2014; Yang et al. 2017; 
Hänsel et al. 2014; Li and Liu 2012; Plitzko et al. 2017; Ye 
et al. 2015). The in situ condition either in cells or in-cell 
like environment contains multiple cellular components or 
high concentration of crowding media that might affect the 
stability of protein-tag adduct, therefore, stable paramag-
netic tag is required for in-situ paramagnetic NMR analy-
sis of proteins (Pan et al. 2016; Hikone et al. 2016; Mün-
tener et al. 2016). The linkage between the protein and a 
tag should be stable and resistant to high concentration of 
intracellular GSH. In addition, the tag should have a high-
binding affinity for a metal ion, which retains the paramag-
netic center tightly in protein-tag complex. To achieve a 
stable tether between the tag and a protein, several strate-
gies have been proposed (Chen et al. 2016; Hikone et al. 
2016; Liu et al. 2014a, b; Yang et al. 2013, 2015; Li et al. 
2012; Loh et al. 2013, 2015; Jiang et al. 2017). PCS analy-
sis of protein samples in crowding conditions was firstly 
reported by using a stable 4-vinyl(pyrid ine-2,6-diyl)bis-
methylenenitrilo tetrakis-(acetic acid) (4VPyMTA) tag 
(Yang et al. 2013), and the stable PyMTA tags allowed one 
to determine the protein structure in living cells with PCS 
data (Pan et al. 2016). 1,4,7,10-Tetraazacyclododecane-
N,N′,N″,N‴-tetraacetic acid (DOTA) derivatives were 
also reported to measure PCS of proteins in living cells 
(Hikone et al. 2016; Müntener et al. 2016), albeit few 
PCSs were determined in HeLa cells. Since few paramag-
netic tags have been reported for in situ NMR analysis 
(Pan et al. 2016; Hikone et al. 2016; Müntener et al. 2016; 
Yang et al. 2013), comparison of paramagnetic effects on 
proteins in different crowding media has to be evaluated 
and high-quality tags suitable for in situ NMR analysis are 
highly demanded.

The  derivatives of ethylene diamine tetraacetic acid 
(EDTA) are widely used in NMR analysis because of the 
high binding affinity for lanthanide ions (Gaponenko et al. 
2002; Ikegami et al. 2004; Leonov et al. 2005; Peters et al. 
2011), but multiple chiral forms are produced upon coordi-
nation with metal ions. The optically purified ligand is thus 
generally required for paramagnetic NMR analysis (Leonov 
et al. 2005; Peters et al. 2011). Similar to EDTA, PyMTA 
tags have very high binding affinities for lanthanide ions 
 (10−18 to  10−19 mol L−1) (Pellegatti et al. 2008) and have 
been used successfully in crowded conditions and in liv-
ing cells (Pan et al. 2016; Yang et al. 2013). Derivatives of 
DOTA-like tags also form very stable and kinetic-inert com-
plexes with lanthanides and have been extensively applied as 
stable paramagnetic tags (Hikone et al. 2016; Keizers et al. 

2007, 2008; Häussinger et al. 2009; Liu et al. 2012; Graham 
et al. 2011; Lee et al. 2015; Yang et al. 2016).

Diethylene triamine pentaacetic acid (DTPA) has high 
binding affinities for lanthanides  (10−22 mol L−1) (Pettit and 
Powell 1999), but its derivatives for tagging proteins are 
less studied in comparison with EDTA, PyMTA, and DOTA 
derived tags (Jiang et al. 2017; Prudêncio et al. 2004). The 
challenge of DTPA-like tags for site-specific labeling pro-
teins is to prevent from the generation of new chiral centers 
upon binding to a metal ion. An advantage of polyamine 
carboxylate tags, including PyMTA, DTPA and TAHA, over 
DOTA-like tag is the ready preparation of protein-tag-Ln 
complexes by titrating the protein-tag sample with metal 
ions, which avoids multistep preparations of protein-tag-
Ln adduct in one ligation per one metal ion. In the present 
study, we report two new DTPA-like paramagnetic tags, 
2,2′,2″,2‴-((((4-phenylsulfonyl)pyridine-2-yl)methyl)azan-
ediyl)bis(ethane-2,1-diyl)bis (azanetriyl)tetraacetic (4PS-
PyDTTA) and 2,2′,2″,2‴-(((4-(phenylsulfonyl)pyridine-
2-2yl)methyl)azanediyl)bis(ethane-2,1-diyl)bis(azanetriyl) 
tetraacetic acid (4PS-6M-PyDTTA, where 6M represents the 
6-mehtyl group in pyridine) (Fig. 1). Both two tags were 
efficiently attached to a protein via formation of a stable 
thioether bond between the tag and a protein. The perfor-
mance of these DTPA-like protein conjugates has been 
evaluated by paramagnetic NMR spectroscopy in vitro and 
in different crowding media including Ficoll, BSA and E. 
coli cell lysate.

Experimental section

Synthesis of tag 4PS-PyDTTA

Compounds 2–6 and 12 were synthesized as previously 
reported (Ding et al. 2011; Ochiai 1953; Kmentova et al. 
2010; Yuan and Guo 2011).

2,2′-((((4-(Phenylsulfonyl)pyridin-2-yl)methyl)azan-
ediyl)bis(ethane-2,1-diyl))bis(isoindoline-1,3-dione) (7). 
Under argon atmosphere, compound 6 (1.0 g, 3.75 mmol), 
12 (2.2 g, 6.0 mmol),  K2CO3 (4.0 g, 29.0 mmol) and KI 
(0.2 g, 1.2 mmol) were mixed with 120 mL acetonitrile 

Fig. 1  Structures of DTPA-like tags, 4PS-PyDTTA and 4PS-6M-Py-
DTTA
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(Miranda et al. 2004). The reaction mixture was stirred at 
room temperature for 1 h, and was then refluxed at 80 °C 
for 10 h. The filtrate was concentrated and purified by 
silicon column to obtain 7 (1.1 g, 49.5%) as yellow solid. 
1H-NMR (400 MHz,  CDCl3) δ ppm: 8.58 (1H, s), 7.98 
(1H, s), 7.96 (1H, d, J = 1.42 Hz), 7.82 (1H, s), 7.74–7.66 
(8H, m), 7.57 (1H, t, J = 7.40 Hz), 7.53–7.48 (3H, m), 3.95 
(2H, s), 3.76 (4H, t, J = 6.36 Hz), 2.88 (4H, t, J = 6.20 Hz).

N1-(2-Aminoethyl)-N1-((4-(phenylsulfonyl)pyridin-
2-yl)methyl) ethane-1,2-diamine (8). Following the simi-
lar procedure as published previously (Anderson et al. 
2001), 1.2 mL (10.38 mmol) 80% drazine hydrate was 
added dropwise to a solution of 7 (1.0 g, 1.68 mmol) 
in 30 mL methanol. The reaction mixture was refluxed 
at 70 °C for 13 h. Then the mixture was filtered and the 
solvent was removed under reduced pressure to obtain 8 
(0.35 g, 62.5%) as yellow oil. 1H-NMR (400 MHz,  CDCl3) 
δ ppm: 8.74 (1H, d, J = 5.12 Hz), 8.02 (1H, s), 8.00 (1H, d, 
J = 1.44 Hz), 7.96 (1H, s), 7.69–7.64 (2H, m), 7.61–7.57 
(2H, m), 3.87 (2H, s), 2.78 (4H, t, J = 6.08 Hz), 2.62 (4H, 
t, J = 6.08 Hz).

Tetraethyl 2,2′,2″,2‴-(((((4-(phenylsulfonyl)pyri-
din-2-yl)methyl) azanediyl)bis(ethane-2,1-diyl))
bis(azanetriyl))tetraacetate (9). Under argon atmos-
phere, 2.2  mL (16.72  mmol) ethyl 2-bromoacetate in 
20 mL acetonitrile was added dropwise to a mixture of 
8 (0.35 g, 1.05 mmol),  K2CO3 (3.6 g, 26.3 mmol), KI 
(0.2 g, 1.2 mmol) and 25 mL acetonitrile. Then the reac-
tion mixture was stirred at room temperature for 38 h, 
and filtered. The filtrate was concentrated and purified 
by silicon column to obtain 9 (0.39 g, 54.3%) as brown 
oil. 1H-NMR (400  MHz,  CDCl3) δ ppm: 8.67 (1H, d, 
J = 5.12 Hz), 8.03 (1H, d, J = 1.04 Hz), 8.00 (1H, s), 7.98 
(1H, d, J = 1.44 Hz), 7.64–7.60 (1H, m), 7.59–7.54 (3H, 
m), 4.14 (8H, q, J = 7.12 Hz), 3.88 (2H, s), 3.52 (8H, s), 
2.85 (4H, t, J = 6.48 Hz), 2.67 (4H, t, J = 7.64 Hz), 1.24 
(12H, t, 7.16 Hz).

2,2′,2″,2‴-(((((4-(Phenylsulfonyl)pyridin-2-yl)methyl)
azanediyl)bis(ethane-2,1-diyl))bis(azanetriyl))tetraacetic 
acid (4PS-PyDTTA). A mixture of 9 (0.35 g, 0.52 mmol), 
NaOH (0.12 g, 3.09 mmol), 5 mL ethanol and 5 mL water 
was stirred at room temperature overnight. The resulting 
mixture was treated with Dowex  H+ ion exchange resin to pH 
4. The mixture was filtered and the filtrate was concentrated 
to obtain 4PS-PyDTTA (0.22 g, 75.9%) as pale yellow solid. 
1H-NMR (400 MHz, 90%  H2O + 10%  D2O) δ ppm: 8.67 (1H, 
d, J = 5.32 Hz), 7.98–7.94 (3H, m), 7.80 (1H, d, J = 5.08 Hz), 
7.66 (1H, t, J = 7.12 Hz), 7.56 (2H, t, J = 7.68 Hz), 3.89 
(2H, s), 3.62 (8H, s), 3.29 (4H, t, J = 6.41 Hz), 2.87 (4H, t, 
J = 6.02 Hz). 13C-NMR (100 MHz, 90%  H2O + 10%  D2O) 
δ ppm: 169.89, 159.27, 150.81, 149.95, 137.55, 135.21, 
130.04, 128.17, 120.98, 119.96, 57.63, 56.87, 52.36, 48.12. 
MS-ESI (+): 567.2.

Synthesis of tag 4PS-6M-PyDTTA

Tag 4PS-6MPyDTTA was synthesized similar to 
4PS-PyDTTA.

1H-NMR (400 MHz, 90%  H2O + 10%  D2O) δ ppm: 7.96 
(2H, d, J = 7.92 Hz), 7.86 (1H, s), 7.74 (1H, s), 7.66 (1H, 
t, J = 7.52 Hz), 7.56 (2H, t, J = 8.12 Hz), 3.83 (2H, s), 3.59 
(8H, s), 3.27 (4H, t, J = 6.96 Hz), 2.86 (4H, t, J = 6.88 Hz), 
2.53 (3H, s). 13C-NMR (100 MHz, 90%H2O + 10%D2O) 
δ ppm: 169.72, 160.91, 157.70, 151.91, 150.98, 137.40, 
135.23, 130.00, 128.16, 121.61, 118.72, 57.30, 56.67, 52.10, 
48.09, 22.66. MS-ESI (−): 579.2.

Protein expression and purification

Uniformly 15N-labelled human ubiquitin S57C mutant and 
Staphylococcus aureus sortase A (SrtA) G167E/D82C 
mutant were prepared using an optimized high-density 
method (Cao et al. 2014) according to the previous protocol 
(Marley et al. 2001). Typically, 20 mg 15N-ubiquitin and 
16 mg 15N-SrtA was produced from 250 mL M9 media.

Site-specific labelling of proteins with DTPA-like tags

0.8 mM 15N-labelled protein in 20 mM tris(hydroxymethyl)
aminomethane (Tris) and at pH 7.6 was first mixed with 1 
equivalent tris(2-carboxyethyl)phosphine (TCEP) to restore 
the free sulfydryl group. Five equivalents of 4PS-PyDTTA 
or 4PS-6M-PyDTTA (50 mM as a stock in MilliQ water) 
were added to the protein solution, and the pH was adjusted 
to 8.5 using 1.0 M NaOH. The reaction mixture was incu-
bated at room temperature for about 8–16 h. The ligation 
process was monitored by matrix-assisted laser desorption 
ionization-time of flight (MALDI-TOF) mass spectroscopy. 
The reaction product was purified with a small desalting 
PD10 column or through an anion exchange column with 
FPLC. Due to the unavoidable loss of proteins during puri-
fication, the overall yield was about 50–70%.

NMR measurements

All NMR experiments were recorded at 298 K on a Bruker 
Avance 600 MHz spectrometer equipped with a QCI-cryo-
probe unless described otherwise. All 15N-HQSC spectra 
were performed for 0.10 mM 15N-ubiquitin or 0.15 mM 
15N-SrtA in 20 mM 2-(N-morpholino)ethanesulfonic acid 
(MES) buffer at pH 6.4. The 1D 1H-spectra were recorded 
for a solution of 1.0 mM 4PS-PyDTTA or 4PS-6M-PyDTTA 
in  D2O at pD 7.0–8.0 with step-wise addition of lanthanide 
ion (in 100 mM stock solution) and no pD was adjusted 
during the titration. Paramagnetic or diamagnetic protein 
samples were prepared by titrating lanthanide ion (10 mM in 
stock solution) with the protein-tag solution up to the molar 
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ratio of [protein]/[metal ion] about 1:1.1. As to the sample 
of SrtA-tag, ethylene-diamine-tetraacetic acid (EDTA) up 
to 20% of protein-tag concentration was added to assure no 
excess of lanthanide ion was loaded to prevent the additional 
binding site of lanthanide in the calcium binding-motif in 
SrtA.

300 g/L stock solution of Ficoll and BSA were prepared 
in 20 mM MES at pH 6.4. The cell lysate was prepared as 
following. The E. coli. BL21(DE3) condon plus cells were 
grown at 37 °C in 20 mL Luria broth rich media shaken at 
190 rpm for 5 h. The cells were harvested by centrifugation 
at 3000g for 8 min at 4 °C when the cell density at 600 nm 
 (OD600) reached about 0.8. The cell pellets were resuspended 
in 1 mL 20 mM MES buffer at pH 6.4 and sonicated on ice 
for 15 min. The cell lysates were obtained by centrifugation 
at 12000g for 5 min, and the supernatant was used as crow-
ing media for NMR analysis.

Calculation of the Δχ-tensors

The Δχ-tensors were determined using the Numbat program 
(Schmitz et al. 2008). Only PCS values of residues in sec-
ondary structural elements were used in the fit to the first 
conformer of NMR structures for ubiquitin (PDB: 2MJB) 
or the crystal structure of wide-type SrtA (PDB: 1T2P). 
Q-factors were calculated as following Eq. (1)

where PCS_exp and PCS_calc are the experimental and 
back-calculated PCS data, respectively.

RDC measurement and calculation of alignment tensors

RDC values of one bond 1H–15N 1DNH were recorded as the 
difference of 15N-doublet splitting between the paramagnetic 
and diamagnetic samples by using IPAP pulse sequence 
(Ottiger et al. 1998). Alignment tensors were calculated by 
using Module program (Dosset et al. 2001). Only RDCs of 
residues in secondary structural regions were used to cal-
culate the alignment tensors. Q-factors were calculated as 
following Eq. (2)

where RDC_exp and RDC_calc are experimental and back-
calculated RDC values. The theoretical alignment tensors 

(1)Q =

�

∑

(PCS_ exp−PCS_calc)2

�

∑

(PCS_ exp)2

(2)Q =

�

∑

(RDC_ exp−RDC_calc)2

�

∑

(RDC_ exp)2

(A) were calculated from the Δχ-tensors based on the 
equation:

where  B0 is the magnetic field strength, µ0 the induction 
constant, k the Boltzmann constant, and T the temperature.

Results and discussion

The new DTPA-like tag contains a general DTPA metal 
chelating moiety and a thiol-reactive group, phenylsul-
fonated pyridine (Yang et al. 2015), which is attached to the 
central nitrogen in the DTPA-backbone chain. The detailed 
synthesis is shown in Scheme 1. Starting from commer-
cially available materials, the two tags were achieved via 
10-step synthesis with the overall yield of about 2 and 3%, 
respectively.

4PS-PyDTTA and 4PS-6M-PyDTTA have similar chelat-
ing atoms as DTPA (Fig. 1) and one expects that the pyridine 
nitrogen could bind to the metal ion. In addition, the methyl 
group in 4PS-6M-PyDTTA might influence the stability and 
rigidity of metal complex in the protein-tag adducts.

Site‑specific labeling of proteins with DTPA‑like tags

1D proton NMR spectroscopy indicated that both tags 
have high selectivity towards the thiol group of l-cysteine 
(data not shown). The reactivity of 4PS-PyDTTA and 4PS-
6M-PyDTTA towards solvent exposed protein thiols was 
therefore assessed at pH 8.5 in 20 mM Tris buffer. Human 
ubiquitin S57C mutant and Staphylococcus aureus sortase A 
D82C/G167E mutant (SrtA D82C) were used as model pro-
teins in this study. MALDI-TOF mass spectroscopy showed 
that the mass difference between the ligation product and 
free protein was in agreement with the theoretical mass dif-
ference (Scheme 2 and Fig. 2). It is noted that the DTTA 
moiety in its protein adducts was partially broken during 
ionization as shown in Fig. 2, resulting in smaller molecu-
lar sizes than that of the protein-tag conjugate. The overall 
ligation yields were 70% for ubiquitin S57C and 50% for 
SrtA D82C, which were purified with desalting column and 
FPLC, respectively. 4PS-6M-PyDTTA has generally faster 
reaction rates than 4PS-PyDTTA in ligation with ubiquitin 
S57C and SrtA D82C, and the reaction completed within 8 h 
for both proteins. As to 4PS-PyDTTA, extended incubation 
time (~ 16 h) is required to achieve high-yield ligation prod-
uct. The fact that lower reactivity of 4PS-PyDTTA than 4PS-
6M-PyDTTA is consistent with the previous analysis (Mar-
torana et al. 2015), which indicated that the methyl group 
at the sixth position of pyridine increases the reactivity of 

(3)Δ�ax,rh =
15�0kT

B2
0

Aax,rh
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4-phenylsulfonated pyridine derivatives towards solvent 
exposed cysteines.

SrtA D82C mutant contains a native cysteine, C184, and 
it is the key residue for the enzyme activity. The MALDI-
TOF experiment indicated that only one tag was attached 
to a single protein, suggesting one cysteine was modified 
with the tag. Chemical shift perturbation analysis indicated 
that the residues with large chemical shift changes in SrtA 
D82C-tag adducts were located near the residue D82C. In 
contrast, negligible chemical shift changes were observed for 
the residues close to C184, suggesting that these two tags 
only react with C82 but not C184 (Fig. S1).

We previously showed that the reactivity of a cysteine in a 
protein tightly correlates with its local chemical environment 

(Ma et al. 2014), which can be applied for site-specific tag-
ging a protein containing more than one cysteines with a 
single paramagnetic tag. Using PyMOL program (http://
www.pymol.org), the solvent accessibility of cysteine side 
chains was determined for C82 and C184 in SrtA, and S57C 
in ubiquitin. The calculated solvent accessible surface area 
(SASA) of side chain C82 in SrtA and S57C in ubiquitin 
was 62.2 and 102.9 Å2, respectively. However, the SASA of 
C184 side chain in SrtA is only 2.4 Å2, which prevents from 
the reaction with phenylsulfonated pyridine tags.

Interaction of DTPA‑like tags with lanthanide ions

The interactions of 4PS-PyDTTA and 4PS-6M-PyDTTA 
with lanthanide ions were analyzed with 1D proton NMR 
spectroscopy. Addition of diamagnetic  Y3+ into the solu-
tion of DTPA-like tag produced new proton signals, while 
the peak intensity of free tags decreased gradually. The 
new NMR signals experienced no further changes till the 
molar ratio of [tag]/[Y3+] 1:1 was reached, indicating the tag 
form a 1:1 complex with  Y3+ (Fig. S2). Paramagnetic  Ce3+, 
 Yb3+, and  Tm3+ generated well dispersed NMR signals in 
complex with the new tags (Fig. S2). Notably, more para-
magnetic NMR signals were determined in the complexes 

Scheme 1  Synthesis of DTPA-
like tags. (a) AcOH,  H2O2; (b) 
 H2SO4,  HNO3; (c)  (CF3CO)2O, 
 CH2Cl2; (d)  CH3CN,  PhSO2Na, 
Ar; (e)  SOCl2,  CH2Cl2 for 
R=H;  PBr3,  CHCl3 for R=CH3; 
(f)  CH3CN, KI,  K2CO3, Ar; (g) 
HOAC; (h)  N2H4·H2O,  CH3OH; 
(i)  BrCH2CO2C2H5,  CH3CN, 
KI,  K2CO3, Ar; (j) NaOH, 
 C2H5OH,  H2O; (k)  H+

Scheme  2  Site-specific tagging proteins via generation of a stable 
thioether bond between a protein and DTPA-like tags in aqueous 
solution

http://www.pymol.org
http://www.pymol.org
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of 4PS-6M-PyDTTA than in those of 4PS-PyDTTA. In 
addition, the former complexes presented overall narrower 
NMR signals (Fig. S2). These results suggest that the methyl 
group in 4PS-6M-PyDTTA might restrict the conformation 
averaging in the metal complex and more experiments were 
performed in the protein-tag adducts.

Binding affinity assessment 
of protein‑PyDTTA/6M‑PyDTTA adduct 
with lanthanide ions

To assess the binding affinity of protein-PyDTTA/6M-
PyDTTA adduct with lanthanide ions, we performed the 
competition affinity measurement by addition of a strong 
lanthanide binding ligand, EDTA, into the mixture of pro-
tein-PyDTTA/6M-PyDTTA and metal ion. Addition of one 
equivalent EDTA to the mixture of 0.1 mM ubiquitin S57C-
PyDTTA (or 6M-PyDTTA) and 0.1 mM  Tm3+ in 20 mM 
MES at pH 6.4 produced negligible changes in cross-peak 
intensities for the paramagnetic species in the 15N-HSQC 
spectra. Five equivalents of EDTA only resulted 20% 
decrease in the peak intensity in ubiquitin-6M-PyDTTA-Tm 
complex, whereas the spectrum of ubiquitin-PyDTTA-Tm 
complex remained essentially unchanged. Further addi-
tion of EDTA gradually attenuated the cross-peak intensi-
ties of paramagnetic species for the samples of ubiquitin-
6M-PyDTTA-Ln complexes (Fig. S3). The results showed 
that ubiquitin-PyDTTA and ubiquitin-6M-PyDTTA adducts 
present higher binding affinities for lanthanide ions than 
EDTA, but protein-PyDTTA binds metal ions stronger than 
protein-6M-PyDTTA.

In contrast to ubiquitin, SrtA contains a calcium bind-
ing motif that also binds lanthanide ions. Hence, selective 

binding of SrtA-tag for lanthanide ions is required in design 
of a paramagnetic tag. Similar competition experiment was 
performed on the samples of SrtA D82C-PyDTTA-Ln and 
SrtA D82C-6M-PyDTTA-Ln with addition of EDTA. In the 
SrtA D82C-tag adducts, both PyDTTA and 6M-PyDTTA 

Fig. 2  MALDI-TOF mass spectra of ubiquitin S57C (a) and SrtA 
D82C (b) before and after ligation with 4PS-PyDTTA and 4PS-
6M-PyDTTA tags. Mass spectra of free ubiquitin S57C and SrtA 
D82C are shown in black. The red and blue spectra were recorded 
for the mixture of 0.1 mM protein with 0.4 mM 4PS-PyDTTA (red) 

or 4PS-6M-PyDTTA (blue) after incubation for 12 h in 20 mM Tris–
HCl buffer, pH 8.5, and 0.1 mM TCEP. The molecular mass is indi-
cated and the mass difference between protein-tag and protein is in 
agreement with the theoretical mass differences for ligation with a 
single tag molecule mass difference between ligation

Fig. 3  Superimposition of 15N-HSQC spectra of 0.10 mM 15N-ubiq-
uitin S57C-tag in complex with one equivalent of  Y3+ (black),  Tm3+ 
(red), and  Tb3+ (blue), respectively. a Ubiquitin S57C-PyDTTA; b 
ubiquitin S57C-6M-PyDTTA
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bind lanthanide ions more tightly than the calcium binding 
motif. Similarly, SrtA D82C-PyDTTA has higher binding 
affinities for lanthanide ions than EDTA and preserves simi-
lar association constants as ubiquitin S57C-PyDTTA adduct 
(Fig. S4). As to the SrtA D82C-6M-PyDTTA-Tb complex, 
only 25% of paramagnetic species remained after addition 
of two equivalents of EDTA (Fig. S4) and four-fold excess 
of EDTA released all the bound  Tb3+ from the 6M-PyDTTA 
moiety in the SrtA-tag adduct, resulting in the diamagnetic 
protein.

To assess the protein local structure effects on the sta-
bility of protein-tag-Ln complex, we used PyDTTA ana-
logue, the reaction products of DTT with 4PS-PyDTTA 
and 4PS-6M-PyDTTA, to compare the binding affinity for 
lanthanide with protein-tag conjugate. The reason is that 
the 4PS-PyDTTA/4PS-6M-PyDTA tags contain a phenylsul-
fonyl group, which is electron-withdrawing  and decreases 
the coordinating ability of pyridine nitrogen to metal ions. 
The PyDTTA analogues resemble more similar chemical 
properties as the protein-tag adduct, and were therefore pre-
pared by incubating the mixture of 0.5 mM 4PS-PyDTTA or 
4PS-6M-PyDTTA and 2 mM DTT at pH 6.6 for 5 h without 
further purification. The complex of PyDTTA analogue and 
 Yb3+ is highly stable even in the presence of ten equivalents 
of EDTA. In contrast, the 6M-PyDTTA analogue presents 
similar binding affinity as EDTA for  Yb3+, since one equiva-
lent of EDTA attenuated the NMR signals of 6M-PyDTTA 
analogue and  Yb3+ complex significantly and less than 20% 
complex was maintained when five equivalents of EDTA 
was added (Fig. S5). Similarly, the protein-PyDTTA adducts 
showed slightly higher affinities for lanthanide ions than the 
PyDTTA analogue (Figs. S5, S6). In contrast, the complex 
of ubiquitin S57C-6M-PyDTTA-Ln is more stable than that 

Fig. 4  Superimposition of 15N-HSQC spectra of 0.15  mM 15N-SrtA 
D82C-tag in complex with one equivalent of  Y3+ (black),  Tm3+ (red), 
and  Tb3+ (blue), respectively. a SrtA D82C-PyDTTA; b SrtA D82C-
6M-PyDTTA

Table 1  Δχ-Tensor parameters 
generated by different 
lanthanide ions in the protein-
PyDTTA or 6M-PyDTTA 
complexes

The tensor parameters were obtained by fitting PCS data of backbone amide proton in the secondary struc-
tural elements to the NMR structure of ubiquitin (PDB code: 2MJB) (Maltsev et  al. 2014) and crystal 
structure of SrtA (PDB code: 1T2P) (Zong et al. 2004)
a Ndata is the number of PCS values applied to calculate the paramagnetic tensor
b In units of  10−32 m3

c In degrees relative to the reference structure

Protein Ndata
a Ln3+ Δχax

b Δχrh
b αc βc γc Q (%)

Ubiquitin-PyDTTA 34 Yb 2.0 0.7 62.4 98.6 139.8 9.0
34 Tm 6.5 1.3 57.5 101.7 147.6 5.6

Ubiquitin-6M-PyDTTA 34 Yb 3.6 0.2 131.4 105.8 68.9 6.4
33 Tm 7.6 1.1 130.6 101.8 57.1 3.8
32 Tb − 10.5 − 1.7 132.1 106.6 67.8 3.3
33 Dy − 13.6 − 2.9 130.5 106.0 75.8 3.3

SrtA-PyDTTA 40 Tm 7.6 3.0 82.3 110.0 147.3 7.2
29 Tb 14.3 4.1 6.9 52.8 166.3 5.8

SrtA-6M-PyDTTA 41 Tm 11.0 3.5 104.3 71.6 17.4 4.2
28 Tb − 14.3 − 4.8 106.2 72.0 23.6 6.9
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of 6M-PyDTTA analogue, whereas SrtA D82C-6M-Py-
DTTA presents similar affinity for the lanthanide ion as the 
6M-PyDTTA analogue.

Taken together, our data showed that the stability of 4PS-
PyDTTA and 4PS-6M-PyDTTA with lanthanide complex is 
high, but differ greatly with respect to presence of 6-methyl 

group in pyridine. Notably, the local protein structural envi-
ronment at the ligation site also affects the stability of pro-
tein-tag-Ln complexes. These effects might stem from the 
formation of a rigid and compact tag-lanthanide moiety that 
interferes with the local protein structure, and such overall 
structural rearrangements in turn compromise the stability 

Table 2  Alignment tensor 
parameters generated by 
different lanthanide ions 
in the protein-PyDTTA or 
6M-PyDTTA complexes

The tensor parameters were obtained by fitting RDC data of backbone amide protons in the secondary 
structural elements to the NMR structure of ubiquitin (PDB code: 2MJB) (Maltsev et al. 2014) or crystal 
structure of SrtA (PDB code: 1T2P) (Zong et al. 2004). All RDCs were measured at 298 K and 600 MHz 
1H NMR frequency
a Ndata is the number of RDC values used to fit tensor
b Values in brackets were obtained from Δχ-tensors using the Eq.  (3), where  B0 is the magnetic field 
strength, µ0 the induction constant, k the Boltzmann constant, and T the temperature
c In degrees relative to the reference structure

Protein Ndata
a Ln3+ Aax (×104)b Arh (×104)b αc βc γc Q (%)

Ubiquitin-PyDTTA 34 Yb 0.5 (0.5) 0.1 (0.2) 135.6 102.0 169.4 47.3
34 Tm 1.2 (1.7) 0.6 (0.3) 119.0 114.1 162.8 28.3

Ubiquitin-6M-PyDTTA 33 Yb 0.8 (0.9) 0.3 (0.1) 148.7 134.5 − 149.0 30.0
30 Tm 1.6 (2.0) 0.6 (0.3) 156.5 133.4 − 146.3 26.3

SrtA-PyDTTA 25 Tb 2.5 (3.7) 1.2 (1.1) − 86.5 130.3 − 81.8 32.4
SrtA-6M-PyDTTA 14 Tb − 3.4 (− 3.7) − 0.3 (− 1.2) 162.5 79.1 − 164.8 30.0

Fig. 5  Comparison of PCSs and RDCs generated by lanthanide ions complexed with ubiquitin S57C-PyDTTA and ubiquitin S57C-6M-PyDTTA 
(a), and SrtA D82C-PyDTTA and SrtA D82C-6M-PyDTTA (b), respectively
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of tag-lanthanide complex. Therefore, one needs to consider 
local structural effects of a protein on the stability of protein-
tag metal complex in selection of a ligation site. To achieve 
this goal, computational design might be an ideal option 
(Nitsche et al. 2017b).

PCS measurement and Δχ‑tensor analysis

Ubiquitin S57C mutant was site-specifically labeled with 
PyDTTA and 6M-PyDTTA, respectively, in high yield. Para-
magnetic samples were made by addition of  Yb3+,  Tm3+, 
 Tb3+, and  Dy3+ into the solution of ubiquitin-tag conjugate, 
and 15N-HSQC spectra were recorded accordingly. PCSs 
were measured as the chemical shift differences of backbone 
amide protons between the paramagnetic and diamagnetic 
samples (Table S1–S3). Addition of paramagnetic  Tm3+ 
into the protein-tag solution produced large chemical shift 
perturbations, and only one set of paramagnetic peaks was 
observed for the lanthanide complexes of ubiquitin S57C-
PyDTTA and S57C-6M-PyDTTA (Fig. 3). Remarkably, the 
 Tm3+ complexes of ubiquitin S57C-PyDTTA and S57C-
6M-PyDTTA shifted the NMR cross-peaks in opposite 

directions, suggesting different paramagnetic tensors in 
these two protein-tag complexes. Largest PCS, − 1.33 ppm 
of D21, was determined for the complex of ubiquitin S57C-
PyDTTA-Yb, whereas PCS of 1.73 ppm was determined for 
the residue of S20 in the ubiquitin S57C-6M-PyDTTA-Yb 
complex. However, many cross-peaks were broadened in 
the complex of ubiquitin S57C-PyDTTA-Dy. In contrast, 
the paramagnetic complex of S57C-6M-PyDTTA produced 
larger chemical shift perturbations and less line-broadening 
effects.

We showed that 4PS-PyDTTA and 4PS-6M-PyDTTA 
site-specifically reacted with one cysteine for SrtA D82C 
containing two free cysteines (Fig. 2). Similar to ubiq-
uitin-PyDTTA complex, only one paramagnetic species 
was observed in the 15N-HSQC spectra of the SrtA D82C-
tag-Ln complex. In contrast to ubiquitin S57C-PyDTTA-
Ln, SrtA D82C-PyDTTA-Ln generated larger PCSs and 
no significant line-broadening effects on protein signals 
(Fig. 4). The lanthanide complexes of protein-PyDTTA/
or 6M-PyDTTA adducts presented only one paramagnetic 
species in solution, indicating that the presence of only 
one dominant conformation in solution.

Fig. 6  Comparison of PRE and PCS. a Ubiquitin-PyDTTA; b ubiq-
uitin-6M-PyDTTA. The top panel shows the superimposition of 
15N-HSQC spectra of ubiquitin S57C-tag in complex with one equiv-
alent of  Gd3+ (black) and  Y3+ (red), respectively. The lower panel 
represents the correlation of cross-peak intensity  Ipara/Idia (left, black 

line) and the distance of the paramagnetic metal center from the back-
bone amide proton (right panel, red line) as a function of amino acid 
sequence, respectively.  Ipara and  Idia are the cross-peak intensities in 
HSQC spectra for the paramagnetic and diamagnetic samples, and the 
paramagnetic center was determined from Table 1
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Paramagnetic Δχ-tensors were determined and the 
calculated Δχ-tensor parameters were listed in Table 1. 
Excellent correlation with small Q-factors between the 
observed and back-calculated PCSs suggested that the 
Δχ-tensors are reliable (Table 1 and Fig. S7). The cal-
culated Δχ-tensors in ubiquitin adducts were similar to 
those of rigid Cys-Ph-TAHA tag complex, which was 
attached to ubiquitin S57C via a disulfide bond (Peters 
et  al. 2011). The paramagnetic centers in ubiquitin-
PyDTTA and ubiquitin-6M-PyDTTA were very close 
and had a distance of about 6.6 Å from the Cα atom of 
S57C. In contrast, the paramagnetic positions in the SrtA 
D82C-tag-Ln complexes vary significantly, in which the 
metal center has a distance of 6.4 and 9.0 Å from the Cα 
atom of D82C in SrtA D82C-PyDTTA and SrtA D82C-
6M-PyDTTA, respectively (Fig. S8). The large variations 
in metal positions in SrtA-tag adducts might be caused 
by different structural orientations upon formation of the 
metal complex.

Comparison of PCS and RDC

RDCs of protein backbone amides were measured for the 
complexes of ubiquitin-tag and SrtA-tag with paramag-
netic lanthanide ions. RDC values were calculated as the 
differences of one bond 1H–15N coupling constant between 
the diamagnetic  (Y3+ as the reference) and paramagnetic 
species (Tables S4, S5). Largest RDC value, − 2.68 Hz for 
D21 in the complex of ubiquitin S57C-PyDTTA-Yb and 
− 3.04 Hz for Y59 was determined in the ubiquitin S57C-
6M-PyDTTA-Yb complex. Larger RDC values, − 6.57 Hz 
for G90 in SrtA D82C-PyDTTA-Tb and − 5.42 Hz for A104 
in SrtA D82C-6M-PyDTTA-Tb were determined, respec-
tively. The RDC data are generally larger than those of stable 
and rigid ubiquitin G47C-PyMTA-Ln complexes, suggesting 
less conformational averaging in the protein-PyDTTA (or 
-6M-PyDTTA)-Ln complex.

The calculated alignment tensor parameters were shown 
in Table 2 (Fig. S9). Comparison of the alignment tensors 
determined from RDCs and back-calculated data from 
PCSs is informative to evaluate the rigidity of DTTA tag 

Fig. 7  Superimposition of 15N-HSQC spectra recorded for 0.15 mM 15N-ubiquitin S57C-PyDTTA (red) and complexed with one equivalent of 
 Tm3+ (black) in different crowding media. a 20 mM MES buffer at pH 6.4; b 200 g/L Ficoll; c 100 g/L BSA; d E. coli cell lysate
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with respect to the protein. The ratios of  Aax, the axial 
component of alignment tensor, calculated from RDCs and 
back-calculated from PCSs, were 0.7 and 0.8 for ubiquitin 
S57C-PyDTTA-Tm and S57C-6M-PyDTTA-Tm complexes, 
respectively (Table 2). These data are similar to the pub-
lished values of very rigid DOTA-M8 tag complex (about 
0.75) (Häussinger et al. 2009), and are also slightly larger 
than Cys-Ph-TAHA tag (ratio of 0.5) (Peters et al. 2011), 
of which all the paramagnetic tag were attached to ubiq-
uitin S57C. As to SrtA, the  Aax ratios are 0.7 and 0.9 for 
D82C-PyDTTA-Tb and D82C-6M-PyDTTA-Tb (Table 2), 
respectively. The determined  Aax from RDCs in the protein-
6M-PyDTTA-Ln complex was generally larger than that 
in the protein-PyDTTA-Ln complex as shown in Table 2, 
despite the varied paramagnetic centers from PCSs. Figure 5 
presents the correlations of PCSs and RDCs determined 
from ubiquitin-tag and SrtA-tag complexes, indicating the 
lanthanide complexes of protein-PyDTTA and protein-
6M-PyDTTA produced different paramagnetic Δχ tensors.

Since RDCs are independent of paramagnetic center, the 
overall larger alignment tensors from the lanthanide complex 
of 4PS-6M-PyDTTA protein conjugates indicate that the 

additional methyl group in pyridine not only alters the bind-
ing affinity for metal ions but also restricts the mobility of 
formed complex. This hypothesis is supported by the PCSs 
analysis, which showed that PCSs in protein-6M-PyDTTA-
Ln complexes are generally larger than those in protein-
PyDTTA-Ln complexes (Figs. 3, 4). These results of PCSs 
and RDCs are in excellent agreement with the data from 
EPR measurement in double electron–electron resonance 
(DEER) experiment, of which showed narrower distance 
distributions in the metal complex of protein-6M-PyEDTA 
than that of protein-PyEDTA (Martorana et al. 2015). Based 
on the crystal structure of DTPA-Y complex (Wang et al. 
2000), similar structures of PyDTTA and 6M-PyDTTA with 
 Y3+ complexes were made (Fig. S10). It is evident that the 
complex of 6M-PyDTTA with  Y3+ represents a bulky struc-
tural view due to the presence of a methyl group at the sixth 
position in pyridine. This methyl group very likely restricts 
the reorientation of paramagnetic center in the 6M-PyDTTA 
complex but also decreases the stability of metal complex 
due to the steric repulsion as a compromise, which is absent 
from the PyDTTA-Y complex.

Fig. 8  Superimposition of 15N-HSQC spectra recorded for 0.15 mM 15N-ubiquitin S57C-6M-PyDTTA (red) and complexed with one equivalent 
of  Tm3+ (black) in different crowding media. a 20 mM MES buffer at pH 6.4; b 200 g/L Ficoll; c 100 g/L BSA; d E. coli cell lysate
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PRE assessment of ubiquitin‑PyDTTA adducts

PRE effects are valuable tools in evaluation of protein 
dynamics and interactions, however, these sensitive effects 
have to be regarded wisely and accurately. This is because 
any non-specific association of paramagnetic tag or free 
metal ion encountering to the protein surface will cause 
PREs in addition to the target interactions. Ubiquitin has a 
hot-spot surface that interacts with a large number of pro-
teins (Lange et al. 2008; Perica and Chothia 2010), and it 
presents the challenge in optimization of a high-quality tag 
for both PRE and PCSs analysis. In recent years, we found 
that ubiquitin is an excellent model protein to assess the 
quality and rigidity of paramagnetic tags in development 
of high-quality tags. Herein, PRE values were measured for 
ubiquitin S57C-tag-Gd3+ complexes for comparison with 
PCSs. Figure 6 presents the comparison of 15N-HSQC spec-
tra for the samples of ubiquitin-tag in the presence of one 
equivalent diamagnetic  Y3+ and paramagnetic  Gd3+, respec-
tively (Fig. 6). The correlation of cross-peak intensities as a 
function of amino acid sequence, as well as the back-calcu-
lated PREs attenuation from the paramagnetic center deter-
mined from PCSs, was evaluated. In Fig. 6, it was evident 

that the PREs effect on the cross-peak intensities correlated 
closely with the distance of backbone amide protons from 
the paramagnetic center (also Fig. S11). It suggested that the 
non-specific association of PyDTTA-Gd(III) complex with 
protein surface is negligible especially for most of the C-ter-
minal flexible amino acids and the hot-spot patch including 
residues Leu8, Ile 44 and Val70 (Perica and Chothia 2010).

Paramagnetic NMR analysis of proteins in crowding 
conditions

To evaluate the performance of paramagnetic tags in crowd-
ing media and further potential application for in-cell NMR 
analysis, different crowding media, including Ficoll, bovine 
serum albumin (BSA) and E. coli cell lysate, was used in this 
study. The stability of protein-PyDTTA (or 6M-PyDTTA) 
conjugate in complex with paramagnetic lanthanide ions 
was assessed in 200 g/L Ficoll, 100 g/L BSA and E. coli 
cell lysate, respectively. Because high concentration of BSA 
(200 g/L) broadens the NMR signals of ubiquitin, 100 g/L 
BSA in 20 mM MES buffer was used. The ubiquitin S57C-
PyDTTA-Ln complexes presented similar 15N-HSQC spec-
tra in these three crowding media as in vitro (Fig. 7), and 

Fig. 9  Superimposition of 15N-HSQC spectra recorded for 0.15 mM 15N-SrtA D82C-PyDTTA (red) and complexed with one equivalent of  Tb3+ 
(black) in different crowding media. a 20 mM MES buffer at pH 6.4; b 200 g/L Ficoll; c 100 g/L BSA; d E. coli cell lysate
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the determined PCSs were almost identical to those from the 
in vitro samples. In contrast, the complex of ubiquitin S57C-
6M-PyDTTA-Tb complex presented fewer cross-peaks in the 
15N-HSQC spectra in 100 g/L BSA, but similar NMR spec-
tra in 200 g/L Ficoll and the E. coli. cell lysate as in vitro 
(Fig. 8). As to the protein sample of SrtA D82C-PyDTTA-
Tb complex, high-quality 15N-HSQC spectra were repro-
duced in 200 g/L Ficoll and the E. coli cell lysate but signifi-
cant line-broadening effects were observed in 100 g/L BSA 
crowding media (Fig. 9). Notably, SrtA D82C-6M-PyDTTA-
Tb complex in the three crowding media failed to reproduce 
high-quality 15N-HSQC spectra, and only a few cross-peaks 
were observable (Fig. 10). These results indicate that tiny 
changes in paramagnetic tag introduces additional effects on 
NMR signals that are further augmented by paramagnetic 
ions, suggesting stringent quality of paramagnetic tags in 
assessment of protein properties in complex condition.

The distinct visibility of cross-peaks recorded for the pro-
teins site-specifically labeled with paramagnetic lanthanide 
ions in diverse crowding media indicates that proteins can 
interact transiently with the crowding media, and these weak 
or non-specific interactions cause line-broadening effects. 
These non-specific associations of proteins with crowding 

media or cellular components are challenging for the cur-
rent in-situ NMR study, because any formation of transient 
encountering complex increases the linewidths of NMR sig-
nals. Our data clearly indicated that the additional methyl 
group in pyridine introduces significant line-broadening 
effects on ubiquitin S57C-6M-PyDTTA-Ln complex in 
crowding media, which is in great contrast to the in-vitro 
experiment.

Conclusions

In summary, we report two new DTPA-like paramagnetic 
tags, 4PS-PyDTTA and 4PS-6M-PyDTTA that are read-
ily attached to the solvent exposed cysteine in formation 
of a stable protein-tag adduct via a thioether bond. The 
protein-PyDTTA or 6M-PyDTTA adducts show high bind-
ing affinities for lanthanide ions, the stability and rigidity 
of metal complex is tunable by the presence of a methyl 
group in pyridine. The potential non-specific associations 
of paramagnetic-tag-Ln complex with protein surface has 
been evaluated by PREs and the results showed that the 
4PS-PyDTTA and 4PS-6M-PyDTTA are high-quality 

Fig. 10  Superimposition of 15N-HSQC spectra recorded for 0.15 mM 15N-SrtA D82C-6M-PyDTTA (red) and complexed with one equivalent of 
 Tb3+ (black) in different crowding media. a 20 mM MES buffer at pH 6.4; b 200 g/L Ficoll; c 100 g/L BSA; d E. coli cell lysate
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PRE tags and the protein-tag-Gd(III) complex produced 
authentic and reliable PRE effects on proteins that tightly 
correlated the distance of backbone amide protons from 
the paramagnetic center.

The application of DTPA-like tags in in-situ NMR 
analysis of protein was assessed in three different crowd-
ing media including Ficoll, BSA and E. coli cell lysate. 
These results indicated that paramagnetic NMR spectros-
copy is sensitive to elucidate the dynamics of proteins in 
in-situ conditions. In addition, cautions must be taken 
in evaluation of the paramagnetic effects with respect to 
the crowding media as distinct line-broadening effects 
are determined in different crowding media. Therefore, 
stringent quality of paramagnetic tags suitable for para-
magnetic NMR analysis of proteins in in-situ condition is 
highly demanding.
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