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ABSTRACT: Detecting and quantifying posttranslational modifications (PTMs) in full-length proteins is a challenge, especially in 
the case of spontaneously occurring, non-enzymatic PTMs. Such a PTM is the formation of succinimide (Snn) in a protein that 
occurs spontaneously in prone primary sequences and leads typically to an equilibrium between Snn and its hydrolysis products 
isoaspartate (isoAsp) and aspartate. In order to detect these modifications in proteins by NMR spectroscopy chemical shift assign-
ments of reference compounds are required. We used peptide synthesis and 2D NMR spectroscopy to assign all 1H and 13C chemi-
cal shifts of Snn and isoAsp and found characteristic chemical shift correlations. To provide chemical shift reference data suitable 
for comparison with data of denatured proteins, we repeated the assignment in 7 M urea (pH 2.3) and in DMSO. Most characteristic 
of Snn are the two downfield shifted carbonyl chemical shifts, the chemical shift correlations of Cβ-Hβ of Snn and Cα-Hα of the 
succeeding residue which are clearly distinct from random coil chemical shift correlations. The characteristic 2D NMR fingerprints 
of Snn were used to detect and quantify this PTM in the model protein lysozyme, the biotherapeutic filgrastim and the Fc part of 
immunoglobulin G1. Mass spectrometry (MS) was applied as an additional independent method. The orthogonality of the NMR 
and MS techniques allows cross-validation, which is especially important to search for subtle PTMs in proteins. Studying PTMs by 
NMR spectroscopy is a promising method to analyze proteins and peptides either from natural sources, recombinant expression or 
chemical synthesis. 

The detection and quantification of post-translational modi-
fications (PTMs) is of utmost importance for proteomics and 
the characterization of natural and recombinant proteins, in-
cluding protein- and peptide-based biopharmaceuticals. Mass 
spectrometry (MS) combined with separation methods is the 
most common approach to study PTMs. In a bottom-up ap-
proach, proteins are digested with specific proteases (e.g. 
trypsin), followed by separation using reversed-phase HPLC 
coupled to MS. Subsequently, relative quantification is per-
formed based on the UV-chromatogram as well as on extract-
ed ion chromatograms of modified and non-modified pep-
tides.1,2 Alternatively, top-down mass spectrometry without 
previous proteolysis has been applied for detection as well as 
quantification of PTMs in biopharmaceuticals,3,4 allowing for 
analysis with minimal sample preparation. 

However, MS has also certain disadvantages. Top-down ap-
proaches are limited in resolution due to the natural isotope 
distribution. Therefore, small mass differences, e.g. due to 
deamidation (+1 Da), are difficult to detect in large proteins. 
Bottom-up approaches face other difficulties like challenges 
with quantification and incomplete coverage. Some PTMs are 
not detectable due to instability in the gas phase, poor ioniza-
tion efficiency, or very small mass differences.5 We recently 
demonstrated that NMR spectroscopy is a valuable technique, 
complementary to MS, for the detection of PTMs in proteins, 

including the unambiguous identification of a certain PTM, its 
exact topology and stereochemistry, as demonstrated by the 
analysis of glycosylation.6 Although this NMR approach of 
analyzing the proteins under denaturing conditions cannot 
localize a PTM in a protein sequence, it is in principle able to 
detect and quantify any PTM in a sample, including so far 
unknown modifications. A combination of NMR and MS 
techniques with their complementary strengths seems very 
promising. In order to unambiguously identify certain types of 
PTMs by NMR spectroscopy, NMR data of reference com-
pounds are essential. Therefore, we aim at compiling reference 
chemical shifts applicable for detecting a large variety of 
PTMs in the future. 

Here we focus on succinimide formation and its hydrolysis 
products, which may occur spontaneously in Asp- and Asn-
containing proteins and peptides.7-9 Depending on the amino 
acid following Asp (Asp-Xaa), Asp-containing peptides are 
susceptible to acid- or base-catalyzed cyclization,10,11 in which 
the backbone nitrogen of the next residue forms a covalent 
bond to the Cγ of Asp under loss of a water molecule (Figure 
1a). The cyclic product, called succinimide (Snn) or aspar-
timide, can be hydrolyzed by water to form a mixture of iso-
Asp- and Asp-containing sequences. In such an equilibrium 
the chiral center of Asp can even racemize, thus decreasing the 
product homogeneity further.7,12 The motif Asp-Gly is espe-
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cially prone to Snn formation,7,13 followed by Asp-Ser, which 
is slightly less susceptible.14 For Asp-Gly the kinetics of the 
equilibrium between Asp, Snn and isoAsp has been analyzed 
and half-lives of few days have been reported.9 Studies of 
synthesized peptides show that Asp-Gly readily undergoes 
Snn formation followed by epimerization and a mixture of α- 
and β-peptides.13 However, the three-dimensional structure of 
a protein has a strong effect on Snn formation, either prevent-
ing or promoting it. 

Snn formation is also a product of a second mechanism - the 
spontaneous deamidation of Asn-containing peptides/proteins, 
in which cyclization occurs under loss of NH3.8,15 The deami-
dation rate is determined by the protein sequence, the solution 
conditions, especially the pH, and also the three-dimensional 
structure. Most sensitive peptide sequences prone to deami-
dation are Asn-Gly, Asn-His and Asn-Ser, for which deami-
dation half-times of ~1 day, 10 and 16 days were measured 
within short peptides at neutral pH and 37°C.16 

 
Figure 1. Chemical reactions involving succinimide formation, 
hydrolysis and byproducts. (a) Summarized spontaneous modifi-
cations that can occur in certain Asn- and Asp-containing protein 
sequences. The protein backbone containing Asp or isoAsp is 
indicated on yellow background. (b) Piperidides of Asp and iso-
Asp are observed as byproducts in solid-phase peptide synthesis 
with Fmoc-chemistry, using piperidine as a base (only the piperi-
dide of Asp was observed in this work). (c) Formation of diketop-
iperazine (DKP) as a side reaction during chemical synthesis of 
Snn-containing peptides. 

Whereas Snn can be formed as side-product during the 
chemical synthesis of Asp-Xaa-containing peptides,10,14,17 
especially when the Asp side chain is protected by an allyl 
group,18 its presence in proteins is rare.19 Nevertheless, 22 
crystal structures containing a Snn and 44 structures contain-
ing an isoAsp moiety can be found in the Protein Data Bank 
(PDB) (Tables S-1 and S-2). A well-studied case is lysozyme 

that contains an Asp-Gly motif susceptible to Snn formation, 
and for which the crystal structures of both the Snn- and iso-
Asp-containing forms are available.20 

Although Snn formation has been known since decades and 
represents a major concern in the preparation of synthetic or 
recombinant peptides and proteins, the NMR characterization 
of Snn and its hydrolysis products is still incomplete, probably 
due to the complexity of the equilibrium between Asp, Snn 
and isoAsp. The chemical shift database for proteins, the Bio-
MagResBank,21 contains only few entries with isoAsp and not 
a single one with Snn. Examples for NMR assignments of 
isoAsp are available from bovine calbindin D9K,22 excisionase 
from bacteriophage HK022,23 the molecular chaperone DnaK 
from Thermus Thermophilus,24 malate synthase G from Esche-
richia coli,25 RNase B,26 and small peptides.27 Unfortunately, 
the reported chemical shifts of isoAsp do not reveal unique 
values, which likely reflect the distinct structural environments 
in a folded protein. However, there might be another explana-
tion: since the entries contain typically only one set of chemi-
cal shifts per residue and do not mention signal sets of minor 
populated species, there is the risk that chemical shifts of 
several species are mixed up. 

Although peptides with Snn were already investigated by 
NMR spectroscopy,28,29 a complete assignment of all 1H, 13C 
chemical shifts is not available so far. Because of the fact that 
Snn occurs typically in equilibrium with isoAsp and Asp, the 
mixing-up of chemical shifts must be avoided; moreover, 
because of the presence of contradicting chemical shifts, a 
resonance assignment based on redundant chemical shift cor-
relations with 2D NMR techniques is required. Here, we used 
2D NMR spectroscopy and completely assigned all 1H, 13C 
chemical shifts of peptides containing Snn and its hydrolysis 
products, and identified characteristic 1H/13C chemical shift 
correlations for Snn and isoAsp under various conditions 
including denaturing conditions. Interestingly, the chemical 
shifts of Snn and isoAsp are very different from the random 
coil chemical shifts of the 20 standard amino acids. Therefore, 
they can be used in combination with our recently proposed 
method to detect PTMs in intact proteins.6 Indeed, by using 
lysozyme, filgrastim (the biotherapeutic Neupogen®) and the 
CH2-CH3 domains of IgG1 (Fc/2) as model systems, the 
characteristic chemical shifts of Snn enabled its detection and 
quantification in the denatured intact proteins. 

E X P E R IM E N T A L  S E C T IO N  
Peptides. Peptides were synthesized by Fmoc-chemistry us-

ing solid-phase peptide synthesis (SPPS) and analyzed by 
HPLC and MALDI-TOF-MS as described in the Supporting 
Information. For NMR analysis the crude products were used, 
in order to detect possible side products: 1.2-2 mg of peptide 
were lyophilized and subsequently dissolved in 500 µL sol-
vent. The following solvents were used: D2O (Armar Chemi-
cals), uncorrected pH (pH*) was adjusted to 2.5 with DCl 
(Armar Chemicals); 93% H2O/7% D2O pH-adjusted to 2.5; 7 
M urea-d4 (Armar Chemicals) in D2O, pH* was adjusted to 2.3 
with DCl in D2O; 7 M urea 93% H2O/7% D2O, pH-adjusted to 
2.3; DMSO-d6. 

Succinimide formation in lysozyme. Lysozyme (Sigma-
Aldrich) was dissolved in 150 mM sodium acetate buffer (pH 
4) and incubated at 40°C for 7 weeks. For the NMR analysis 
500 µL of the sample were lyophilized overnight, dissolved in 
500 µL of a 7 M urea-d4 in D2O solution containing 25 
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mmol.L-1 DTT-d10 (Cambridge Isotope Laboratories), incubat-
ed at room temperature for 16 h (pH* ~7.0, still not fully dena-
tured as seen in Figure S-1). Finally the pH* was adjusted with 
DCl in D2O to 2.3, which resulted in a complete unfolding. 

NMR spectroscopy. All spectra were recorded on a 600 
MHz Bruker Avance III HD spectrometer equipped with a 
2H/13C/15N/31P quadruple-resonance probe at 298 K, except 
one experiment with the Fc/2 sample that was measured on a 
Bruker Avance III HDX 700 MHz NMR spectrometer using 
quadruple resonance inverse cryoprobe (QCI-F: 1H, 13C, 15N, 
19F). Sample volumes of 500 µL in standard 5 mm NMR tubes 
were used. Standard 2D [1H, 13C]-HSQC, [1H, 13C]-HMBC 
and [1H, 1H]-TOCSY experiments, were recorded together 
with a 2D [1H, 13C]-HMQC-COSY6,30 and a [1H, 13C]-HMBC 
optimized for correlations with carbonyl resonances using 
shaped pulses (more details in Supplementary Methods). All 
spectra were processed with Topspin 3.2 (Bruker Biospin), 
referenced to 2,2-dimethyl-2-silapentane-5-sulfonic acid 
(DSS) and further analyzed in Sparky (T. D. Goddard and D. 
G. Kneller, SPARKY 3, University of California, San Francis-
co, USA). For the measurements under denaturing conditions 
external referencing was achieved using a sample with 0.5 
mM DSS dissolved in 7 mol.L-1 urea-d4 in D2O at pH* 2.3. 1H 
and 13C chemical shift assignments of Snn and related residues 
are summarized and compared to the limited previous data in 
Table S-3, of side products in Table S-4 and complete assign-
ments of all peptides are found in Tables S-5 to S-17.  

Mass spectrometry. Analysis was carried out on an HPLC 
system (UltiMate 3000, Thermo Fisher Scientific, Germering, 
Germany). Heptapeptides were separated on a Hypersil Gold 
aQ column (100 × 1.0 mm i.d., 1.9 µm particle size, 175 Å 
pore size, Thermo Fisher Scientific, Sunnyvale, CA, USA), for 
lysozyme samples a Waters XBridge Protein BEH C4 column 
(150 × 2.1 mm i.d., 3.5 µm particle size, 300 Å pore size, 
Waters, Milford, MA, USA) was used. Mass spectrometry was 
conducted on a Thermo ScientificTM Q Exactive™ Hybrid-
Quadrupole-Orbitrap mass spectrometer equipped with an Ion 
Max source with a heated electrospray ionization (HESI) 
probe (Thermo Fisher Scientific, Bremen, Germany). For 
more experimental details see Supporting Information. 

R E S U L T S  A N D  D IS C U S S IO N  
Chemical synthesis of the model peptides and side reac-

tions. In an effort to detect Snn in immunoglobulins by using 
2D NMR spectroscopy, we decided to study a short decapep-
tide sequence from the IgG1 Fc domain containing an Asn-
Gly motif (peptide 1). For this purpose we synthesized analogs 
with Snn (peptide 2) and isoAsp (peptide 3) using solid-phase 
peptide synthesis (SPPS) and Fmoc-chemistry (Figure 2). As 
control we synthesized the wild type sequence 1 and the de-
amidated form with Asp (peptide 4) and D-Asp (peptide 5) for 
the case of epimerization. Peptides 1, 3-5 were prepared by 
using the building blocks Fmoc-Asn(trityl)-OH, Fmoc-Asp-
OtBu, Fmoc-Asp(OtBu)-OH, and Fmoc-D-Asp(OtBu)-OH, 
respectively. Peptide 2 was prepared by using Fmoc-
Asp(OAll)-OH that is known to strongly promote Snn for-
mation, in particular of the Asp-Gly motif under basic condi-
tions.18 The syntheses of peptides 1, 3-5 yielded quite homo-
geneous products containing the Asn (95%), isoAsp (83%, and 
14% for Snn), Asp (91%), and D-Asp (93%) residues, respec-
tively, as shown by the analytical HPLC traces of the crude 
products (Figure S-2 and Table S-18). In contrast, the synthe-

sis of peptide 2 always resulted in a mixture of the desired 
Snn-containing peptide (2), and of an Asp(piperidide) byprod-
uct (2Pip) in a ratio of 6:1 (Figure S-2). Asp(piperidide) is a 
common impurity of peptides prepared by SPPS with Fmoc-
chemistry, which contain Asp-Xaa motifs prone to Snn for-
mation. The use of piperidine during the Fmoc-cleavage pro-
motes both Snn formation and aminolysis (Figure 1b). This is 
supported by a prolonged treatment of the mixture containing 
the Snn-containing peptide 2 with piperidine, which led to an 
almost complete conversion of Snn to Asp(piperidide) (Figure 
S-3 and Table S-3). 

 
Figure 2. Peptide and protein sequences used in this study. (a) 
Synthesized peptides based on the IgG1 Fc fragment 384-392. (b) 
Two regions of lysozyme, where Snn formation was detected in 
this study, in contrast to previous studies where Snn was only 
detected at position 101.34 

Quite unexpectedly, an additional side product was identi-
fied by NMR spectroscopy (see next section) as an N-
terminally truncated fragment (2DKP) containing diketopipera-
zine (DKP) formed by Ser-4 and Asp-5 (~36% compared to 
~56% of 2 and ~8% of 2Pip). DKP is formed after Fmoc-
deprotection of the α-amino group of Ser(tBu): the intramo-
lecular attack of the free amine to the α-carbonyl of Snn is 
highly favored by the basic conditions and the formation of the 
six-membered ring (Figure 1c). To verify if the residue pre-
ceding Asp might affect the DKP formation, we synthesized a 
Snn-containing peptide analog, in which Ser-4 was replaced 
by the sterically less demanding Ala (peptide 6). In this case, 
NMR analysis of the product of the synthesis revealed the 
presence of ~43% Snn-containing peptide (6), together with 
the impurities containing the DKP formed by Ala-4 and Asp-5 
(6DKP) (~49%) and the Asp(piperidide) (6Pip) (~8%). Thus, the 
formation of (Ala-Asp)-DKP seems to be more favored than 
that of (Ser(tBu)-Asp)-DKP during SPPS with Fmoc-
chemistry, suggesting that less hindered residues might facili-
tate the intramolecular mechanism of Snn aminolysis. The 
rearrangement of Snn-containing sequences into DKP-
containing ones has been described previously for N-terminal 
motifs of Xaa-Asp/Asn-Yaa31-33 following the previously 
proposed mechanism.31 However, none of the resulting DKP-
containing side products has ever been characterized by NMR 
spectroscopy so far. Further confirmation of the presence of 
DKP by chemical treatment, HPLC, MS and MS2 spectrome-
try is provided in Figure S-4. 
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Figure 3. Overview of all synthesized 
peptides focusing on the main differ-
ences between them in natural abun-
dance 1H-13C-HSQC spectra recorded 
at 600 MHz, 298 K with typically 100 
transients and concentrations of 2 mM 
in D2O. Shown is the fingerprint region 
of Cβ-Hβ correlations of Asn, Asp, 
isoAsp (indicated with the three-letter 
code Ias) and Snn together with Cα-Hα 
correlations of Gly. Spectra of peptides 
containing Snn show a second set of 
signals that originate from a truncated 
peptide lacking Glu1-Glu3 in which 
residue 4 and Asp5 form a cyclic 
diketopiperazine (DKP), a side product 
of the synthesis. The second set of 
signals is labeled in grey and the resi-
due numbers are marked with a prime. 
Asterisks indicate signals of small 
amounts of Snn-Gly. 

Chemical shift assignments in aqueous solutions, in 7 
mol.L-1 urea and in DMSO. Initial NMR assignments of the 
peptides were performed in aqueous solutions (93% H2O/7% 
D2O or 100% D2O) without any buffer to obtain highest 
sensitivity (at pH 2.3). The natural abundance of 13C was 
used to measure 2D 1H-13C HSQC (Figure 3), 1H-13C 
HMBC, and 1H-13C HMQC-COSY spectra as described 
previously.6 2D 1H-15N HSQC spectra using the natural 
abundance of 15N were recorded, which showed a nicely 
separated fingerprint of each peptide, where each residue is 
represented by its backbone N-H correlation (Figure S-5). To 
establish the topology of each spin system we used, in addi-
tion to the 13C-correlations, two 1H-1H TOCSY spectra with 
mixing times of 120 ms and 12 ms. For the sequential as-
signment 2D 1H-1H ROESY spectra were used, as illustrated 
by a sequential walk of peptide 4 in Figure S-6. 

To confirm the presence of Snn and to verify our sequen-
tial assignments by an independent through-bond approach, 
we used a long-range 1H-13C correlation experiment, opti-
mized for carbonyl resonances. Details are described in the 
Supporting Information. We observed correlations to C and 
side chain carbonyls for Hα, Hβ, and HN protons (Figure 4). 
Spectra were recorded either in D2O, to detect Hα correla-
tions close to the water signal with high sensitivity, or in 
93% H2O/7%D2O, to detect HN correlations. The presence of 
Snn in the preparation of peptide 2 was confirmed by 
through-bond, long-range correlations from Gly Hα reso-
nances to both C′ and Cγ of Snn. The absence of a Gly 1H-
15N correlation in the 15N HSQC spectrum reflects the lack of 
an amide proton due to the involvement of the Gly nitrogen 
in the cyclisation.  

The NMR characterization of the second major component 
in sample 2, the diketopiperazine 2DKP, revealed very unusu-
al weak 1H-1H TOCSY correlations between the two Hα 
nuclei within the six-membered ring (Figure S-7). These 
cross-peaks originate from small long range 5JHαHα scalar 
couplings that were observed in similar cyclic dipeptides.35 
The byproduct 2Pip could be distinguished from the other 

products by its 1H-13C correlations (comparing Figure S-8 
with Figure 3). The chemical shift assignments of 2DKP and 
2Pip are given in Table S-4. The fact that the 1H-13C HSQC 
spectra of the peptides (Figure 3) did not change after 
hours/days indicated that all peptides were sufficiently stable 
at 25°C under these conditions. Only the isoAsp-containing 
peptide 3 showed weak signals of Snn and Asp (Figures 3 
and S-2c). 

As the reference chemical shifts of the natural amino-acid 
residues in peptides and proteins are given for denaturing 
conditions, all essential 2D spectra were re-measured with 
the peptides dissolved in 7 mol.L-1 urea at pH 2.3, in order to 
provide reference chemical shifts for Snn and isoAsp. The 
chemical shifts were very similar to the values measured in 
plain D2O and H2O/D2O (Tables S3 and S4). We also meas-
ured the chemical shifts in DMSO to obtain reference values 
for this alternative method to dissolve and denature proteins 
(Tables S3 and S4). 

Comparison of Snn and isoAsp chemical shifts with the 
random coil shifts of a representative denatured protein. 
In order to judge if the obtained chemical shifts and, in par-
ticular, the specific 1H-13C correlations were unique for Snn 
and isoAsp, we compared these correlations with the random 
coil correlations of a denatured protein. We chose the well-
characterized chicken egg lysozyme as model protein, be-
cause chemical shift assignments were available for folded 
and denatured forms of lysozyme.36,37 We unfolded the pro-
tein first by reducing the disulfide bonds at neutral pH* 
followed by denaturation in 7 mol.L-1 urea-d4 in D2O at pH* 
2.3. A very simplified 1H-13C HSQC spectrum was obtained 
(Figure S-9). Basically, only signals at random coil chemical 
shifts are visible, which can be readily assigned with tabulat-
ed values of random coil chemical shifts38-40 together with 
few 1H-1H TOCSY and HMQC-COSY spectra. Small devia-
tions of backbone Cα-Hα correlations were observed, which 
is typical for neighbors of Phe, Pro, Trp, Tyr, and in some 
cases of Ile, Val, Asp, and Asn.40 
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Figure 4. Assignment of carbonyl 
resonances of succinimide and isoas-
partate in peptide environment. (a) Two 
dimensional H-CO spectra of the pep-
tide 2 containing Snn measured in pure 
D2O or H2O/ D2O. The spectra were 
measured at natural abundance in either 
93% H2O/ 7% D2O (left) or 100% D2O 
(right) at 298 K with peptide concentra-
tions of 2 mmol.L-1 and 600 or 256 
transients, respectively. Long range H-
CO correlations are labeled in red. (b) 
Chemical structure of the Snn and its 
neighboring residues with the long 
range H-CO correlations shown by red 
arrows. The assigned chemical shifts of 
the carbonyls are given in blue in ppm. 
(c) HN-CO spectrum of the peptide 3 
containing isoAsp (indicated here with 
the three-letter code Ias). The spectrum 
was measured in 100% D2O at 298 K 
with a peptide concentration of 2 mM 
and 500 transients. (d) Chemical struc-
ture of the isoAsp and its neighboring 
residues with the long range H-CO 
correlations are indicated by red ar-
rows. 

Superimpositions of the 1H-13C HSQC spectra of the pep-
tide mixture 2, peptide 3 and of denatured lysozyme are 
shown in Figure 5a. The Cβ-Hβ2, Cβ-Hβ3 correlations of 
Snn and the Cα–Hα correlation of Gly involved in the five-
membered ring of Snn were clearly distinct from the correla-
tions displayed in the denatured lysozyme sample, which 
represent the random coil chemical shifts of the 20 natural 
amino acids. Therefore, these correlations are particularly 
suited to detect the presence of Snn. The Cα-Hα signal of 
Gly is more intense than the two Cβ-Hβ signals of Snn, since 
it originates from two protons. Although the signals of iso-
Asp are slightly different from those of Asp or Asn, it was 
not possible to clearly distinguish them from the random coil 
chemical shifts of the canonical amino acids in lysozyme. In 
summary, this characteristic fingerprint region of an 1H-13C 
HSQC spectrum displays Snn Cβ-Hβ correlations and the 
Cα-Hα correlation of Gly as part of Snn-Gly that are well 
suited to detect Snn with a background of random coil pro-
tein chemical shifts. 

Beside these unique chemical shifts in an 1H-13C HSQC 
spectrum we identified other characteristic resonances of 
Snn and isoAsp that are summarized in Figure 6 and Table 
S-3. For example the two carbonyl 13C chemical shifts of Snn 
at ~180 ppm are most characteristic and clearly different 
from Asp, isoAsp and Asn, but at 13C natural abundance they 
are only accessible by insensitive heteronuclear multiple 
bond correlation (HMBC) experiments using weak long-
range nJC-H scalar couplings. The chemical shifts for isoAsp 
are less characteristic, but specific long range HN-CO corre-
lations are unique, e.g. the amide of isoAsp with its own 
carboxyl resonance and, more importantly, the Cγ resonance 
of isoAsp with the HN of the following residue.23,25 The 
chemical shift correlations of D-Asp are very similar to L-
Asp within our model peptide, so that racemization will not 
be detected easily with NMR spectroscopy. However, the 
application of an additional chiral shift reagent or chiral 
solvating agent41 might be helpful to distinguish the two 
species in the future.  

 
Figure 5. Detection of Snn by unique chemical shift correlations. (a) Characteristic regions in a 13C-HSQC at natural abundance of the 
peptides containing Snn (2) and isoAsp (3), overlaid with random coil correlations of denatured lysozyme. The spectrum of untreated 2.2 
mmol.L-1 lysozyme was recorded at 298 K in D2O containing 7 mol.L-1 urea-d4 (pH* 2.3)using 100 transients. (b) Detection and quantifica-
tion of Snn in treated and untreated lysozyme dissolved in completely deuterated 7 mol.L-1 urea-d4 (pH* 2.3). 156 and 100 transients were 
applied for treated and untreated lysozyme, respectively, using otherwise comparable parameters. 
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Whereas the distinct 13C carbonyl chemical shifts of Snn 
and isoAsp are difficult to access in proteins with natural 
isotope abundance, in the case of 13C/15N labeled proteins, 
whose carbonyl chemical shifts are easily accessible using 
the triple-resonance experiments HNCO and HN(CA)CO 
together with HCCO, those characteristic shifts will be very 
valuable.  

 
Figure 6. Random coil chemical shift assignment and typical 
correlations of Snn (a) and isoAsp (b). 1H chemical shifts are 
shown in blue, 13C chemical shifts in red. Chemical shifts lead-
ing to unique 1H-13C correlations are indicated in bold. Unique 
long range 1H-13C correlations indicative for either Snn or iso-
Asp are shown at the bottom as red arrows. 

 

Controlled formation of Snn in lysozyme – a model sys-
tem to detect Snn by NMR spectroscopy and mass spec-
trometry. After the identity of commercially obtained lyso-
zyme was verified by comparing the 1H-13C correlations 
(Figure S-9a) with previously reported chemical shift as-
signments,42 Snn formation was promoted by incubation at 
pH 4 in a 150 mM sodium acetate buffer at 40°C for 7 
weeks, according to Tomizawa.34 A 1H-13C-HSQC spectrum 
of the treated and lyophilized protein dissolved in deuterated 
denaturing buffer, followed by disulfide-bond reduction 
using dithiothreitol (DTT)-d10 and pH* adjustment to 2.3, is 
shown in Figure 5b. Both lysozyme samples were complete-
ly denatured, and random coil chemical shifts are visible. 
Most interestingly, the treated sample displayed additional 
signals corresponding to the characteristic Cβ–Hβ correla-
tions of Snn and the Cα/Hα correlations of Gly following 
the Snn, confirming the presence of Snn in the intact protein. 
The presence of isoAsp could not be unambiguously con-
firmed due to spectral overlap. The integrals of Gly Cα–Hα 
correlations were used to quantify the content of Snn (Figure 
5b): the Gly(Snn) signal integral corresponds to 3.9 % com-
pared to the combined integrals of all Gly Cα–Hα signals 
(lysozyme contains 12 Gly residues). On average these inte-
grals indicate a Snn population of 46% per molecule, which 
agrees roughly with the value previously reported for lyso-
zyme after treatment at pH 4 in 150 mM acetate buffer.34 
Some Snn was also detected in the untreated sample, result-
ing in 18% per molecule. 

 
Figure 7. Detection of succinimide in lysozyme by top-down mass spectrometry. (a) Deconvoluted mass spectra of reduced lysozyme as 
control (top) and of lysozyme treated at pH 4 (bottom): Intact mass spectrometry revealed lysozyme species with NH3 or H2O loss already 
in the control sample. H2O loss indicating succinimide formation was detected at higher extent in the sample treated at pH 4. (b) Top-down 
fragment ion spectrum of the pH 4-treated lysozyme. Fragments diagnostic for Snn-formation due to deamidation of Asn113 are labeled 
green, fragments diagnostic for Snn formation at Asp101 in light blue. (c) Sequence coverage map of untreated (top) and pH 4 treated 
lysozyme (bottom) generated with ProSight Lite. The diagnostic fragments y21 and y28 indicated in green show Snn formation with am-
monia loss (-17 Da) at Asn113 (red), whereas fragments y29, y31, y32 and y39 shown in cyan indicate Snn formation with water loss (-18 
Da) at Asp101 (red). 
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Table 1. Mass spectrometry of untreated and pH 4-treated lysozyme displaying the deconvoluted masses of intact and Snn-
containing protein, an estimation of abundance and mass deviation.  

Lysozyme Measured 
mass [Da] 

Mass 
deviation 
[Da] 

Intensity 
[counts] 

Abundance 
[%] 

Identification Mass devia-
tion [ppm] 

Untreated 14303.88 0.00 17320529.44 84.22 Lysozyme 0.18 

Untreated 14286.87 -17.01 2221494.73 10.80 Lysozyme -NH3 1.60 

Untreated 14285.87 -18.01 1023361.81 4.98 Lysozyme -H2O 0.17 

Treated 14303.87 0.00 12633377.34 58.52 Lysozyme -0.55 

Treated 14285.86 -18.01 7742555.40 35.86 Lysozyme -H2O -0.44 

Treated 14286.85 -17.02 777226.17 3.60 Lysozyme -NH3 0.08 

Treated 14268.86 -35.02 436620.28 2.02 Lysozyme -H2O -NH3 1.09 

 

To confirm the NMR results on the Snn detection in lyso-
zyme, we applied top-down MS on both the treated and 
untreated protein. In contrast to Tomizawa,34 who analyzed a 
trypsin digest of treated lysozyme, we analyzed the sample 
directly, thus circumventing an extensive sample preparation 
that might have introduced artificial deamidation.43 Mass 
spectra of the intact protein showed two additional products 
with a mass difference of -18 Da or -17 Da, respectively, 
which indicated the formation of Snn involving not only an 
Asp, but also an Asn residue (Figure 7a, Table 1). Indeed, 
top-down sequencing could detect diagnostic fragments (y29 
and y21, Figure 7b,c), which localize Snn formation at 
Asp101 (-18 Da at y29) and Asn113 (-17 Da at y21). Intri-
guingly, the observed abundances are in good agreement 
with the NMR data: in total 15.8% Snn formation is ob-
served in the initial lysozyme sample and 41.5% in the sam-
ple treated at pH 4. In NMR 18 % and 46% Snn was detect-
ed, respectively, showing good correlation between the two 
analytical methods. 

Detection of Snn in the biopharmaceutical drug fil-
grastim and in the CH2-CH3 tandem domains of human 
IgG1 (Fc/2). To illustrate the applicability of our methodol-
ogy to other proteins, we examined a biotherapeutic, fil-
grastim, a 175-residue protein that contains an Asp-Gly 
motif. In contrast to untreated lysozyme, a 2014 expired 
sample of untreated filgrastim did not show any Snn content 
either by NMR spectroscopy or mass spectrometry (Figures 
S-10 and S-11). However, we observed Met oxidation, a 
known contaminant of this protein.3 To stimulate Snn for-
mation, we incubated the protein at pH 4.0 and 40°C for 2-
40 h and could indeed induce Snn formation but only in the 
presence of TCEP that reduced the disulfide bonds and thus 
destabilized the structure. This stability and lack of Snn is in 
agreement with a previous report.44 After incubation in the 
presence of TCEP for 65 h NMR analysis revealed the typi-
cal glycine signal indicating Snn with an abundance of ~23% 
per molecule (Figure S-11). Mass spectrometry of treated 
filgrastim revealed a content of a -18 Da species with an 
abundance of 7% (Figure S-10 and Table S-19). Here it 
should be noted that, besides the Snn formation (-18 Da), the 
occurrence of Met oxidation (+16 or +32 Da) and other 
spontaneous modifications (for example, -16 Da and -17 Da 
species, likely arising from Gln deamidation) hampers a 
proper quantification of total Snn content. 

In addition to filgrastim, we examined a recombinant, 
monomeric version of the fragment crystallizable region (Fc 
region) of human immunoglobulin G1 (IgG1) consisting of 
the two domains CH2 and CH3 of the heavy chain, called in 
the following Fc/2. Two Asp-Gly motifs are present in the 
sequence (Figure S-12). The protein was expressed in E. coli 
yielding ~2 mg pure protein per liter expression culture. 
Purity of the protein preparation was investigated by gel 
electrophoresis detecting a single protein band around 25 
kDa (Figure S-12a). The exact concentration of 0.2 mg/ml 
was determined by amino acid analysis and amino acid dis-
tribution was in good agreement with the theoretical values. 
Incubation of the protein at pH 4 and 40 °C for one week 
resulted in a substantial amount of Snn as revealed by NMR 
spectroscopy and mass spectrometry (Figures S-13 and S-14, 
Table S-20). The NMR data revealed 3.4% Snn-Gly, where-
as the mass spectrometry showed a loss of H2O with an 
abundance of 31% and the loss of two H2O molecules at 6%. 
These results suggest that the monomeric Fc fragment is 
prone to water loss not only via Snn formation from an Asp-
Gly motif, but also from other motifs, and probably, via 
other mechanisms, especially at moderately elevated temper-
atures and slightly acidic conditions. However, the lack of 
the N-glycan within the CH2 domain and its natural envi-
ronment are potentially contributing to this chemical insta-
bility. 

C O N C L U S IO N S  
With this work we show that our NMR method to detect 

PTMs in denatured intact proteins is applicable not only to 
large modifications like glycosylation,6 but also to very 
subtle changes in the protein structure, which may be chal-
lenging for MS. Indeed, whereas the quantification of Snn or 
the detection of Asp isomerization to isoAsp, is not trivial by 
MS,45 we show here that our NMR method can quantify Snn 
formation and, in principle, detect the presence of isoAsp 
based on its Cβ–Hβ signal, unless signal overlap does not 
impair its observation. Further advantages of the here pro-
posed NMR method is its applicability to natural proteins 
with no isotope labeling and no limit to the protein size due 
to the denaturing conditions. However, the amount of protein 
that can be dissolved in the NMR tube is also governed by 
the protein size. As an alternative to denature a protein with 
high concentrations of urea, DMSO can be used, which is 
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even applicable to aggregates and fibrils.46,47 The here re-
ported random coil values of Snn and isoAsp in DMSO will 
serve as reference, making the study of such PTMs in so far 
inaccessible protein states possible. 

The reference chemical shifts for Snn, isoAsp and diketop-
iperazine both in DMSO and 7 mol L-1 urea denaturing con-
ditions will be also useful for the careful characterization of 
synthetic peptides containing Asp-Xaa motifs, as the for-
mation of Snn is very often an undesired side reaction during 
their chemical preparation,10,14,17 especially when the Asp 
side chain is protected by the allyl group.18 The NMR char-
acterization of diketopiperazine, which might occur as a side 
product of peptide synthesis, might be very important for 
applications in proteomics, considering its occurrence in 
tryptic and chymotryptic digests,33 which might lead to in-
complete sequence coverage in bottom-up MS approaches 
and failure of tagging some newly generated N-termini after 
digestion. 

In conclusion we demonstrated that NMR spectroscopy 
can unambiguously prove the presence of succinimide in 
peptides and in intact denatured proteins. Quantification of 
Snn content agrees well with MS data. We estimate the error 
of our measurements in the order of 20% due to inaccuracies 
in measuring the integrals, an incomplete recovery of the 
equilibrium magnetization during the relaxation delays of 1.5 
or 2 s. However, more accurate quantification can be 
achieved by using longer relaxation delays and more sensi-
tive NMR equipment like cryo-probe technology. The latter 
will also lower the detection limit by a factor of 2-4, so that 
lower abundant modifications can be detected or less sample 
quantities are required. With our recently developed meth-
odology of investigating denatured proteins in terms of gly-
cosylation and here extended to Snn formation we provide 
an independent method that is orthogonal to MS and, there-
fore, highly appropriate for cross-validation of the two tech-
niques. Although our NMR methodology is not suited for 
high-throughput analysis and would not be able to compete 
with MS workflows, it can unambiguously identify the 
chemical origin of H2O loss from the Asp-Gly motif. In the 
near future NMR spectroscopy will especially be a very 
valuable tool to elucidate unknown modifications or degra-
dation products in proteins, in particular biotherapeutics. 
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