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REPORT

Unambiguous identification of α-Gal epitopes in intact monoclonal antibodies by 
NMR spectroscopy
Arthur Hinterholzer a,b, Jennifer Moises b, Christof Regl a,b, Sebastian Schwap b,c, Erdmann Rapp d,e, 
Christian G. Huber a,b, and Mario Schubert a,b

aChristian Doppler Laboratory for Innovative Tools for Biosimilar Characterization, University of Salzburg, Salzburg, Austria; bDepartment of 
Biosciences and Medical Biology, University of Salzburg, Salzburg, Austria; cBundesrealgymnasium Salzburg, Salzburg, Austria; dglyXera GmbH, 
Brenneckestraße, Magdeburg, Germany; eMax Planck Institute for Dynamics of Complex Technical Systems, Magdeburg, Germany

ABSTRACT
The α-Gal epitope consisting of the terminal trisaccharide Galα1,3Galβ1,4GlcNAc exposed on cell or 
protein surfaces can cause severe immune reactions, such as hypersensitivity reactions, in humans. This 
epitope is also called the xenotransplantation epitope because it is one of the main reasons for the 
rejection of non-human organ transplants by the human innate immune response. Recombinant ther-
apeutic proteins expressed in murine cell lines may contain α-Gal epitopes, and therefore their absence or 
presence needs to be tightly monitored to minimize any undesired adverse effects. The analytical 
identification of α-Gal epitopes in glycoproteins using the common standard techniques based on liquid 
chromatography and mass spectrometry is challenging, mainly due to the isobaricity of hexose stereo-
isomers. Here, we present a straightforward NMR approach to detect the presence of α-Gal in biother-
apeutics based on a quick screen with sensitive 1H-1H TOCSY spectra followed by a confirmation using 
1H-13C HSQC spectra.

Abbreviations: α-Gal: α1,3-linked galactose; AGC: automatic gain control; CHO: Chinese hamster ovary; 
CE: capillary electrophoreses coupled to mass spectrometry; COSY: correlation spectroscopy; DSS: 2,2- 
dimethyl-2-silapentane-5-sulfonate; DTT: dithiothreitol; GlcNAc: N-acetyl glusomamine; HCD: higher- 
energy collisional dissociation; HMBC: heteronuclear multiple-bond correlation; HPLC: high-performance 
liquid chromatography; HSQC: heteronuclear single-quantum corre; LacNAc: N-acetyl lactosamine; mAb: 
monoclonal antibody; MS: mass spectrometry; NMR: nuclear magnetic resonance; NOESY: 2D) nuclear 
Overhauser spectroscopy; PEG: polyethylenglycol; pH*: observed pH meter reading without correction for 
isotopeeffects; PTM: post-translational modification; TCEP: tris(2-carboxyethyl) phosphine hydrochloride; 
TOCSY: total correlation spectroscopy; xCGE-LIF: multiplex capillary gel electrophoresis with laser-indu-
cedfluorescence detection.
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Introduction

Comprising ~1% of all immunoglobulins, human antibodies 
that recognize the α-Gal epitope consisting of the terminal 
carbohydrate Galα1,3Galβ1,4GlcNAc1,2 (Figure 1) are the 
most abundant. The α-Gal epitope, sometimes also called the 
Galili epitope, is abundantly expressed on glycoconjugates of 
most mammals. However, α-Gal is absent in glycoconjugates of 
humans, apes and Old World monkeys, because they lack an 
active glycosyltransferase, the UDP-Gal: β-galactosyl 
α1,3galactosyltransferase, EC 2.4.1.151 (α1,3GT). This loss 
was estimated to have occurred less than 28 million years ago 
in common ancestors.1 Instead, these latter mammals produce 
large quantities of anti-Gal antibodies that specifically recog-
nize the α-Gal epitope. It is hypothesized that these antibodies 
are part of an innate immune response against zoonotic viruses 
and protozoa, e.g., Trypanosoma, Plasmodium or Leishmania.3

In humans, these anti-Gal antibodies are responsible for the 
rejection of non-human organ transplants containing the α- 

Gal epitope, e.g., organs grown in pigs, which induce comple-
ment destruction of the organ within minutes to hours.1 The 
absence of immunogenic epitopes, which can cause undesired 
immune reactions like hypersensitivity reactions,4 is highly 
preferred for therapeutic proteins. However, the presence of 
immunogenic epitopes cannot be totally avoided in all cases, 
and therefore the exact nature and quantity of these epitopes 
must be tightly monitored. Many monoclonal antibodies 
(mAbs) are produced in non-primate mammalian cell lines, 
which contain the machinery to express α-Gal epitopes and do 
typically express them.5 In particular, antibodies produced by 
mouse cell lines such as NS0 or SP2/0 often contain α-Gal 
epitopes. Despite reports that Chinese hamster ovary (CHO) 
cell lines typically do not express the α1,3GT, and thus lack α- 
Gal epitopes,1 certain CHO cells produce α-Gal epitopes under 
certain conditions.6,7 In addition to the immunogenicity, the 
in vivo half-life of antibodies containing α-Gal epitopes in the 
human body is significantly reduced.8
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Confirming the absence or presence of α-Gal epitopes in 
therapeutic proteins by the classical proteomics approach of 
mass spectrometry (MS) coupled to high-performance liquid 
chromatography (HPLC) is analytically challenging because 
the difference between an N-glycan containing Galα1,3Gal 

and one lacking it lies in the mass difference of one or several 
hexose moieties (n × 162 Da), which may be galactose, man-
nose or glucose. More importantly, the key characteristic for 
immunogenicity is the α1,3 linkage between the terminal galac-
tose and the underlying galactose.9 One possibility to confirm 

Figure 1. Chemical and symbolic structures of the α-Gal epitope and the investigated trisaccharides. (a) chemical structure of the α-Gal epitope Galα1,3Galβ1,4GlcNAc 
that can be attached to any underlying glycan or glycolipid. The symbol presentation of the same trisaccharide is shown below. (b) structure of the investigated α-Gal 
trisaccharide Galα1,3Galβ1,4GlcNAc with a free reducing end containing a mixture of α- and β-anomers of the first GlcNAc moiety. (c) structure of the studied xeno 
antigen type 1 trisaccharide Galα1,3Galβ1,3GlcNAc with a free reducing end containing a mixture of α- and β-anomers.
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Figure 2. Chemical shift assignments of the α-Gal antigen trisaccharide (Galα1,3Galβ1,4GlcNAc) and the xeno antigen type 1 trisaccharide (Galα1,3Galβ1,3GlcNAc) 
measured either in D2O (blue) or in 7 M urea-d4/D2O at 298 K and pH* 7.4 (red). (a) Overlay of two 1H-13C HSQC spectra of Galα1,3Galβ1,4GlcNAc measured either in D2 

O (blue, with assignment) or in 7 M urea-d4/D2O pH* 7.4 (red). The spectra were recorded with multiplicity-editing leading to opposite sign for CH2 groups (green and 
purple). The spectra were measured with 32 transients, a recycle delay of 1.5 sec and 2048 × 512 points resulting in a total measurement time of 7.5 hours. A schematic 
presentation of the trisaccharide structure in its α and β anomeric form is shown on the top. At the bottom the anomeric region of the 1H-13C HSQC spectrum is shown. 
Few 1H-13C three-bond correlations are visible as well (without label) in particular between H2-C3 and H3-C2 of Gal2 and Galα3. (b) Overlay of two 1H-13C HSQC spectra 
of related xeno antigen type 1 trisaccharide measured either in D2O (blue, with assignment) or in 7 M urea-d4/D2O pH* 7.4 (red). The spectra were recorded with the 
same parameters as the α-Gal antigen trisaccharide. Asterisks indicate signals of a minor impurity. Its identity and the chemical shift assignments are provided in the 
Supporting Information (Figure S2 and Table S2).
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this is the analysis by porous graphitized carbon-liquid chro-
matography coupled to tandem MS (PGC-MS2).10 However, 
the sample preparation and data analysis are very elaborate. 
Treatment with α1,3Gal-specific glycosidases followed by MS is 
another possibility, but this method is indirect.

Orthogonal methods are desirable for cross-validation of 
the current analytical methods for α-Gal detection as 
a critical quality attribute of biopharmaceuticals. Nuclear mag-
netic resonance (NMR) spectroscopy is a promising tool that 
has been of limited use in the context of biotherapeutics due to 
the large molecular sizes, in particular of mAbs, mAb- 
conjugates or Fc-chimera. This obstacle has been overcome 
by investigating fully denatured proteins, whose backbone 
tumbles similarly to a peptide or a small protein, resulting in 
sufficiently sharp NMR signals of all entities in the protein 
including post-translational modifications (PTMs) e.g., 
glycans.11 1H-13C chemical shift correlations that are unique 
for a certain PTM, such as a certain glyco-epitope, are suitable 
for the unambiguous detection, identification and quantifica-
tion of a modification using a single 2D NMR experiment.11–17 

With the help of a few oligosaccharides, it was possible to 
assign the chemical shift correlations of the major N-glycans 
in a variety of mAbs and other glycoproteins, allowing also 
quantification.15–17 Sequence-specific assignment is lost when 
denaturing conditions are applied, but this is considered accep-
table for confirming the presence and exact nature of 
a certain PTM.

Here, we aimed at finding unique NMR signals that would 
identify α-Gal epitopes in therapeutic proteins and at confirming 
the previously reported presence of α-Gal in the biotherapeutic 
mAb cetuximab, which was approved by the US Food and Drug 
Administration in 2004 for the treatment of head and neck 
cancer and metastatic colorectal cancer.18 Cetuximab is pro-
duced in the mouse myeloma NS0 cell line and was reported 
to contain α-Gal.19–22 The presence of α-Gal can cause severe 
side effects in some patients.21,23,24 A biobetter of cetuximab 
expressed in CHO cells was better tolerated by patients.25 

Nevertheless, even CHO cells have been reported to express α- 
Gal epitopes under certain conditions.6

As a proof of concept, we analyzed commercially available 
oligosaccharides containing Galα1,3Gal to find characteristic 
chemical shift correlations that are unique for Galα1,3Gal and 
screened a variety of biopharmaceuticals under denaturing 
conditions for those characteristic signals.

Results

The NMR signature of α-Gal epitopes

To explore the NMR signature of the α-Gal epitope and in 
particular characteristic NMR correlations in denatured glyco-
proteins, we investigated the two related trisaccharides 
Galα1,3Galβ1,4GlcNAc (Figure 1b) and 
Galα1,3Galβ1,3GlcNAc (Figure 1c) using 2D NMR spectro-
scopy. The first trisaccharide, also called xenoantigen type 2 
or linear blood group B type 2 trisaccharide, represents the α- 
Gal epitope that is recognized by the anti-Gal antibodies. 
The second trisaccharide is a rare epitope called xenoantigen 
type 1 or linear blood group type 1 trisaccharide that is struc-
turally similar, but differs at the linkage between Gal and 
GlcNAc. Complete 1H and 13C chemical shift assignments for 
both carbohydrates, including their α- and β-anomeric form at 
the reducing end (Figure 2 and Table 1), were obtained using 
standard 1H-1H and 1H-13C correlation spectra both in plain 
D2O and 7 M urea-d4 in D2O (pH* 7.4, uncorrected). 
Denaturing conditions were used for optimal comparison, 
with spectra of denatured glycoproteins measured under the 
same conditions. In contrast to other biomolecules, carbohy-
drates are fairly flexible and, with few exceptions, do not form 
stable secondary structures.26–28 Therefore, the chemical shifts 
of uncharged oligosaccharides should not depend very much 
on the solvent conditions. Neither should there be large differ-
ences between small oligosaccharides and glycans attached to 
denatured proteins. Surprisingly, we observed small, but sig-
nificant deviations of the resonances between the two condi-
tions for both oligosaccharides (Figure 2). Many resonances 
showed deviations between half to three line-widths, either in 
the 1H,13C or both dimensions. The largest 1H deviations were 

Table 1. Observed chemical shifts of the α-Gal epitope trisaccharide (Galα1,3Galβ1,4GlcNAc) dissolved in 7 M urea-d4 pH* 7.4 (indicated by U) and in plain D2O (indicated by D). 
The data were measured at 298 K and are referenced to internal DSS. For comparison, previously reported values of Galα1,3Galβ1,4GlcNAcβ-linker29 are included as well.

Moiety H1 H2 H3 H4 H5 H6 H6’ H8 C1 C2 C3 C4 C5 C6 C7 C8 Reference

Gal3 (U) 5.164 3.899 3.960 4.027 4.205 3.765 3.765 98.3 71.0 72.2 72.1 73.8 63.9 this work
Gal3 (D) 5.139 3.858 3.942 4.014 4.189 3.736 3.736 98.2 70.9 72.0 71.9 73.6 63.7 this work

5.139 3.856 3.946 4.016 4.188 3.736 3.736 98.2 71.1 71.9 71.9 73.7 63.7 – – Corzana et al.b,c

Gal2 (U) 4.531 3.713 3.772 4.157 3.722 3.790 3.790 105.8 72.3 80.2 67.6 77.9 63.8 – – this work
Gal2 (D) 4.550 3.666 3.779 4.176 3.724 3.795 3.795 105.5 72.3 79.9 67.5 77.8 63.7 – – this work

4.525 3.658 3.776 4.178 3.716 3.776 3.776 105.5 72.2 80.0 67.5 78.0 63.7 – – Corzana et al.b,c

GlcNAcα (U)a 5.219 3.933 3.934 3.730 3.996 3.883 3.901 2.055 93.4 56.4 72.2 82.3 73.0 62.8 177.0 24.6 this work
GlcNAcα (D) a 5.203 3.905 3.905 3.740 3.977 3.883 3.883 2.039 93.3 56.4 72.1 81.8 73.0 62.8 177.2 24.6 this work
GlcNAcβ (U) a 4.737 3.756 3.714 3.720 3.603 3.979 3.850 2.056 97.8 58.9 75.3 81.8 77.6 62.9 177.0 24.9 this work
GlcNAcβ (D) a 4.721 3.712 3.710 3.726 3.602 3.969 3.819 2.036 97.6 58.9 75.3 81.4 77.6 62.9 177.2 24.8 this work

4.513 3.760 3.719 3.726 3.596 3.826 4.004 104.0 57.9 75.0 81.2 77.3 62.7 Corzana et al.b,c

aThe chemical shifts depend on the anomeric form at the GlcNAc at the reducing end. (α) stands for GlcNAcα at the reducing end and (β) stands for GlcNAcβ at the 
reducing end. 

bThe reported values showed an offset. For better comparison a correction of +0.015 ppm was added to the 1H values from the publication and +1.5 ppm was added to 
the 13C values 

cThe reported trisaccharide had a linker (O-(CH2)3-NH2) at the reducing end
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observed for the two H2 resonances of the terminal Gal3 and 
the connecting Gal2. For the use of unique chemical shift 
correlations as evidence for the presence of a certain glyco- 
epitope in a glycoprotein, it is important that the correlations 
match exactly. Therefore, the measurements in 7 M urea-d4 in 
D2O (pH* 7.4) are crucial for the two α-Gal trisaccharides in 
order to obtain good matches to denatured glycoproteins. 
Although the signals measured in D2O are all very close to 
the signals detected in 7 M urea, which allows hypothesizing 
about the presence of a certain glyco-epitope, an exact match is 
needed to obtain reliable information. The chemical shift 
changes seem even more severe in the 2D 1H-1H TOCSY 
spectrum (Supplementary Fig. S1).

One characteristic correlation for the α-Gal epitope is the 
C1-H1 signal of the terminal Galα1,3 (Gal3) moiety at 98.3 
ppm/5.16 ppm (Figure 2), which is quite isolated. The chemical 
shift correlations of this anomeric 1H resonance of the terminal 
Gal are also visible and isolated in the 2D 1H-1H TOCSY 
spectrum (Supplementary Fig. S1). The13C chemical shift of 
C3 of the connected second Gal residue at ~80 ppm (Figure 2), 
quite downfield shifted due to the substitution at O3, is unique 
too. All 1H-13C correlations of the terminal Galα1,3 moiety are 
basically identical between the two trisaccharides. The signals 
of the connecting Gal2 (Galβ1,4 or Galβ1,3) occur at similar 
positions but are not identical as expected. Furthermore, 
a minor impurity of Galβ1,3Galβ1,3GlcNAc was detected in 
the sample of Galβα1,3Galβ1,3GlcNAc at an abundance of 
~15% (Supplementary Figure S2 and Table S2). The assign-
ment is reported in the Supplementary Table S1.

Detection of α-Gal in therapeutic monoclonal antibodies

In order to recognize a certain glyco-epitope by NMR spectro-
scopy in denatured proteins, chemical shift correlations unique 
for this particular epitope must be identified. Any overlap with 
other common protein and glycan signals must be avoided. 
1H-13C HSQC spectra of denatured mAbs, including rituxi-
mab, adalimumab, denosumab, trastuzumab and cetuximab, 
and other proteins were inspected for the typical chemical shift 
correlations of Galα1,3. All mAbs except cetuximab lacked 
Galα1,3 signals. However, the 1H-13C HSQC spectrum of 
cetuximab contained an anomeric signal (98.3 ppm/5.16 
ppm) matching that of Galα1,3 (Figure 3). Other 
1H-13C correlations confirmed this finding. In particular, the 
isolated signal of C5-H5 at 73.8/4.20 ppm of the terminal 
Galα1,3 is characteristic (red, Figure 3a,b), together with the 
signals of C3-H3, C4-H4 and C5-H5 (80.2/3.78 ppm, 67.7/4.15 
ppm and 78.0/3.72 ppm) correlations of the central Gal2 of 
Galα1,3Galβ1,4GlcNAc (magenta, Figure 3a). These four sig-
nals are already very indicative of the Galili epitope. The signals 
of the connecting Gal2 fit much better to the spectra of the α- 
Gal epitope (Figure 3a) than to the xeno antigen type 1 epitope 
(Figure 3b). This agrees with the known structures of 
N-glycans that contain Galα1,3Galβ1,4GlcNAc (Figure 4a).

The NMR spectra confirm the presence of the highest abun-
dant glycans previously reported for cetuximab,19,20 as shown in 
Figure 4a. Galα1,3 was reported to be part of various glycan 
types, with A2Ga2F and A2Sg1Ga1F as the most abundant 
ones,19 which agrees with the NMR signals (Figure 4b). Other 

abundant glycans of the Fc part, such as A2G0F, A2G1F and 
A2G2F with terminal GlcNAc5 and GlcNAc5ʹ (attached to 
Man4/4ʹ) or Gal6 (attached to GlcNAc5/5ʹ), were confirmed by 
NMR spectroscopy as well. Isolated signals of terminal Gal 
(Gal6t), for example, the C2-H2 correlation at 73.7/3.59 ppm 
and of terminal GlcNAc (GlcNAct) in particular the C2-H2 and 
C5-H5 correlations at 58.1/3.73 ppm and 78.7/3.46 ppm, respec-
tively, are clearly present (Figure 4b left). Smaller signals of high 
mannose glycans are also visible (not labeled in Figure 4). A few 
small signals of terminal Man4 and Man4ʹ are visible as well 
(Figure 4b bottom left, labeled Man4t and Man4ʹt).

The presence of the α-Gal epitope in cetuximab was also 
confirmed by 1H-1H correlations in a 2D TOCSY experiment 
that show the same pattern as in a comparable spectrum of the α- 
Gal trisaccharide (Figure 5 a,b, red label). Although the H1 
resonance partially overlaps with H1 of Man4, strong character-
istic H1-H2, H1-H3 and H1-H4 correlations of Galα1,3 are 
visible (Figure 5b). Even these four 1H chemical shifts seem 
characteristic because a search in the carbohydrate chemical 
shift database of Glycosciences.de using GlycoNMRSearch30 

revealed as top hit a Galα1,3Gal-containing glycan 
(Supplementary Fig. S3a). Although it should get even clearer 
when adding the13C chemical shift of C1, the coverage of the 
database is lower for13C, resulting in three top hits containing α- 
linked Gal, but not Galα1,3Gal-containing glycans (Fig. S3b).

The mAbs rituximab (Rituxan, MabThera®), adalimumab 
(Humira®), denosumab (Prolia®) and trastuzumab (Herceptin®) 
did not show the characteristic signals of α-Gal in 2D TOCSY 
spectra (Figure 5 c-f), and neither does the Fc-fusion biother-
apeutic etanercept (Enbrel®) nor fetuin from fetal bovine serum 
(Figure 5 g,h). 2D 1H-1H TOCSY correlations have the tre-
mendous advantage that they can be recorded within a short 
time (~1 hour) because the sensitivity of 1H is high and the 
natural abundance is nearly 100%, in contrast to experiments 
involving13C with a natural abundance of only 1.1%.

A semiquantitative analysis of the terminal glycan moieties 
based on the cross-peak volumes in the 1H-13C HSQC spectrum 
of cetuximab is presented in Figure 6a. The individual signals used 
for each terminal moiety are indicated in Fig. S4. The approach is 
semiquantitative because the applied recycle delay of 1.4 sec was 
not long enough for fully quantitative measurements, but 
a compromise to obtain spectra with a sufficient sensitivity in 
a feasible time. A comparable analysis of the MS data of the same 
batch is summarized in Figure 6b. The detailed HPLC-MS data 
are provided in the Supporting Information as an Excel table. 
Both methods found terminal GlcNAc moieties as the most 
abundant terminal monosaccharides, 39.1% by NMR and 30.0% 
by MS. The amount of α-Gal epitopes reported by terminal 
Galα1,3, with 21.4% detected by NMR spectroscopy and 29.5% 
by MS, is in a similar range, but deviates slightly. The amount of 
terminal Man is comparable with both methods as well. There is 
an apparent disagreement between both approaches for terminal 
Gal (β1,3-linked to GlcNAc) and terminal sialic acids. NMR did 
not detect any sialic acids. The sialic acids were lost during sample 
preparation, as buffer exchange to ddH2O leads to a significant 
drop in pH, which causes sialic acid to be cleaved and subse-
quently lost during dialysis. Interestingly, the amount of Neu5Ac 
+Neu5Gc detected with MS added on top of the terminal Gal 
amount results approximately in the amount of Gal detected by 
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Figure 3. Characteristic chemical shift correlations of the α-Gal epitope observed in the 1H-13C HSQC spectrum of cetuximab in 7 M urea-d4 /D2O pH* 7.4 match perfectly 
to the α-Gal epitope trisaccharide (Galα1,3Galβ1,4GlcNAc). a) Overlay of a 1H-13C HSQC spectrum of cetuximab (blue) and a comparable spectrum of α-Gal epitope 
trisaccharide (Galα1,3Galβ1,4GlcNAc) measured in 7 M urea-d4/D2O pH* 7.4 (red). The spectrum of Cetuximab was acquired at 500 MHz with 190 transients, a recycle 
delay of 1.4 sec and 1024 × 512 points. The anomeric region is shown at the bottom. The labels of the terminal Galα1,3 are colored in red and of the connecting 
galactose at position 6 (Gal6) in magenta. The remaining signal of H2O led to baseline artifacts (negative baseline in green). b) Overlay of a 1H-13C HSQC spectrum of 
cetuximab (blue) and a comparable spectrum of the xeno antigen type 1 (Galα1,3Galβ1,3GlcNAc) measured in 7 M urea-d4 /D2O pH* 7.4 (red). Signals are similar, but do 
not match perfectly.
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Figure 4. Unique chemical shift correlations of the α-Gal epitope in the 1H-13C HSQC spectrum of cetuximab in 7 M urea-d4 in D2O pH* 7.4 measured at 298 K. a) The 
schematic presentations of the most abundant glycan species with labels for each residue that correspond to the labels in the spectrum of cetuximab. In addition, we 
observe terminal mannoses at positions 4 and 4′ labeled as Man4t and Man4′t. b) Part of the 1H-13C HSQC spectrum of cetuximab measured with 190 transients, 
a recycle delay of 1.4 sec and 1024 × 512 points. Signals of two impurities were identified: polysorbate (Ps) and glycerol. c) Comparable region of the 1H-13C HSQC 
spectrum of α-Gal epitope trisaccharide (Galα1,3Galβ1,4GlcNAc) measured 7 M urea-d4 in D2O pH* 7.4 at 298 K using 32 transients, a recycle delay of 1.5 sec and 
2048 × 512 points.
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NMR. This agrees with the assumption that the terminal sialic 
acid was removed in the NMR sample, exposing then terminal 
Gal. The quantity of terminal α-Gal epitopes and terminal 
GlcNAcs is roughly the same as MS, but with NMR spectroscopy 
the signals of the terminal GlcNAc are clearly stronger than the 
signals of the α-Gal epitope (Fig. S4), suggesting a bias in the 
quantification by MS. Comparable histograms of terminal sugars 
were determined for middle-up glycoprofiling,19 CEX-MS and 
CE-MS,20 as well as for xCGE-LIF-based glycoprofiling of cleaved 
fluorescently labeled N-glycans (Figure 6c-f). All these methods 
critically depend on the correct assignment of observed species to 
individual N-glycan structures. Typically, a certain cutoff is 

applied and lower abundant glycan species are ignored. 
However, many low-abundance glycans, especially highly 
branched ones, can still contribute significantly to such histo-
grams of terminal sugar moieties. The agreement among the 
different methods is still improvable, illustrating the importance 
of orthogonal methods for cross-validation.

How sensitive is the 1H-1H TOCSY experiment for detecting 
α-Gal?

It was not entirely unexpected that α-Gal could be easily 
detected in cetuximab, an NS0-expressed therapeutic mAb in 

Figure 5. Characteristic chemical shift correlations of the α-Gal epitope trisaccharide (Galα1,3Galβ1,4GlcNAc) in 2D 1H-1H TOCSY spectra. (a) 1H-1H TOCSY spectrum of 
Galα1,3Galβ1,4GlcNAc measured in 7 M urea-d4 /D2O at pH* 7.4 and 298 K using 4 transients, 2048 × 256 complex points and a recycle delay of 1.5 sec. Correlations of 
the terminal Galα1,3 are labeled in red. (b) Comparable region of a 1H-1H TOCSY spectrum of cetuximab in 7 M urea-d4 in D2O at pH* 7.4 and 298 K applying 4 transients, 
4096 × 512 points and a recycle delay of 1.2 sec. The signal labeled with # is a H1-H2 correlation of a terminal Man4 (Man4t). c) 1H-1H TOCSY spectrum of rituximab 
measured with 4 transients, 4096 × 700 points and a recycle delay of 1.5 sec. d) 1H-1H TOCSY spectrum of Adalimumab recorded with 4 transients, 4096 × 700 points 
and a recycle delay of 1.5 sec. e) 1H-1H TOCSY spectrum of denosumab measured at 700 MHz with 4 transients, 2048 × 512 points and a recycle delay of 1.0 sec. f) 
1H-1H TOCSY spectrum of trastuzumab recorded with 4 transients, 4096 × 700 points and a recycle delay of 1.5 sec. g) Comparable 1H-1H TOCSY spectrum of etanercept 
measured with 4 transients, 2048 × 512 points and a recycle delay of 1.2 sec. h) 1H-1H TOCSY spectrum of fetuin measured with 4 transients, 2048 × 512 points and 
a recycle delay of 1.2 sec.
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which the N-glycosylation within the Fd contains 78% α-Gal.19 

However, the use of murine cell lines to express antibody 
therapeutics is now rare, so that αGal does not seem to be an 

issue. CHO cell lines, currently the most popular expression 
system for mAbs, were reported to lack expression of α1,3GT 
and thus do normally not produce α-Gal epitopes.31 Is that 

Figure 6. Abundance of terminal glycan moieties in cetuximab measured by NMR spectroscopy, MS and released fluorescent-labeled glycans in comparison with 
previously reported data.19,20 a) Semiquantitative abundance of the terminal monosaccharides extracted from the volumes of a 2D 1H-13C HSQC spectrum of cetuximab. 
Error bars indicate 75% confidence intervals according to students t distribution. b) Abundance of terminal glycan moieties derived from HPLC-MS analysis. Error bars 
indicate the square root of the sum of individual standard deviations derived from the standard deviations of each individual glycan abundance. c) Percentage of 
terminal glycan moieties derived from previously reported middle-up glycoprofiling.19 d) Abundance of terminal glycan moieties derived from earlier reported CEX-MS 
analysis.20 e) Percentage of terminal glycan moieties derived from earlier reported CE-MS analysis.20 f) Abundance of terminal glycan moieties derived from xCGE-LIF- 
based glycoprofiling. There is a degree of uncertainty, because not all glycoforms could be unambiguously identified. This is reflected by large estimated error bars. 
Details are found in the Supporting Data file.
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really correct? There are few reports that under certain condi-
tions, CHO cells can produce α-Gal epitopes.6 Abatacept 
(ORENCIA®) was reported to contain very low amounts of α- 
Gal, namely 0.37 nmol/mg protein,6 corresponding to an aver-
age of 3.4% α-Gal epitope per Fc-fusion dimer. Detecting α-Gal 
epitopes at such a low concentration is a challenge with con-
ventional techniques because, in the case of abatacept, this 
corresponds to only ~0.2% of the mass of total N-linked 
glycans.32 The distribution of those α-Gal epitopes over several 
N-glycan forms is the real challenge because N-linked glycans 
with abundance below 0.1% could often not be properly 
analyzed.32

Here, we present a 1H-1H TOCSY spectrum of abatacept 
under denaturing conditions (Figure 7a). The characteristic pat-
tern of α-Gal correlations is visible. The H4-H1 correlation is 
isolated and clearly visible. The H2-H1 and H3-H1 correlations 
are partially overlapping with other signals of the H1 resonance 
of Man4. All three α-Gal correlations match exactly the corre-
sponding signals of cetuximab (Figure 7b). Slices through the 2D 
spectrum illustrate the signal to noise of the α-Gal signals 
(Figure 7a). The signal intensity of the αGal H4-H1 correlation 
is 83× smaller than the signal of the H2-H1 correlation of Man4. 
In the case of cetuximab, the intensity ratio between αGal H4-H1 

and Man4 H2-H1 was 1.2. In a rough estimation, the amount of 
α-Gal in abatacept is ~100× smaller than in cetuximab (per 
N-glycan). Based on the reported quantification for cetuximab 
containing 2.62 μmol α-Gal/μmol IgG (see Materials and 
Methods), we calculated an amount of ~26 nmol α-Gal/μmol 
abatacept (dimer). This rough estimate is in good agreement 
with Bosques et al. reporting ~34 nmol α-Gal/μmol abatacept.6 

The 2D spectrum was recorded on an ordinary 600 MHz spec-
trometer with a four-channel room temperature probe within 
24 hours, but a spectrometer with a cryoprobe that typically 
gains at least a factor of 2.8 in sensitivity would be able to 
measure a comparable spectrum in 3 hours.33

Discussion

We aimed at establishing an NMR spectroscopy approach as an 
orthogonal method to HPLC-MS techniques. Although 
Galα1,3Gal-containing oligosaccharides and glycopeptides 
have been investigated by NMR spectroscopy before,29,34–36 

the chemical shift assignments were not measured under dena-
turing conditions and were thus not fully comparable to the 
spectra of denatured glycoproteins. The published NMR data 

Figure 7. The CHO cell-expressed therapeutic mAb abatacept contains α-Gal epitopes. A 2D 1H-1H TOCSY spectrum of abatacept under denaturing conditions shows 
three characteristic signals of α-Gal (red arrows). The spectrum was measured using a mixing time of 80 ms, 64 scans, a recycle delay of 1.5 sec, 2048 × 700 points and 
spectral widths of 12.9 ppm × 8.3 ppm with a duration of nearly 23 hours 45 min. To illustrate the signal-to-noise ratio a horizontal and a vertical slice are shown on the 
top and left taken at the dashed red lines in the spectrum. On the right the same spectrum is shown on top of a comparable spectrum of cetuximab (red contours), 
which illustrates that the α-Gal signals of abatacept match exactly the positions in the spectrum of cetuximab. The H2/H1 correlation of Man4 fits as well, which is then 
used as reference for estimating the amount of α-Gal in both biotherapeutics. Please note that the vertical red dashed line does not go through the maximum of the 
Man4 H2/H1 correlation, therefore the real signal intensity of this Man4 signal is larger than indicated in the 1D slice. Signals of maltose glycation products are indicated 
by a dark magenta MG label and magenta dashed lines. Signals of free maltose likely released due to reversible glycation are indicated by an olive green M label and 
olive green dashed lines.
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were sometimes contradictory or incomplete, and characteris-
tic or unique NMR correlations in the context of biotherapeu-
tics had not been investigated so far.

HPLC-MS- and CE-MS-based methods are very sensitive 
and can reveal the distribution of N-glycosylation of intact 
mAbs,20 mAb subunits,37 glycopeptides38 or the released 
glycan.10,39 However, of these methods, only PGC-MS2 can 
confirm the type of linkage and the exact identity of the 
terminal hexoses, and therefore unambiguously identify the 
Galα1,3Gal epitope.

Nevertheless, one of the central questions for the safety of 
biotherapeutics is as follows: Are there relevant amounts of 
immunogenic epitopes detectable? In this context, the exact 
position or the nature of the underlying glycan is less relevant. 
In the case of cetuximab, the large amount of unique NMR 
correlations of α-Gal epitopes present in 1H-13C and 
1H-1H spectra can robustly and unambiguously identify this 
epitope. As NMR spectroscopy is not as sensitive as MS, the 
presence of all those unique correlations indicates a significant 
amount of the immunogenic epitope. NMR spectroscopy is 
per se a quantitative method; therefore, exact quantification is 
achievable using appropriate experimental parameters like suf-
ficiently long recycle delays.13 Our semiquantitative analysis of 
the terminal monosaccharides by NMR spectroscopy and MS 
revealed a striking agreement for the α-Gal abundance of ~25% 
of all terminal glycan moieties.

With the α-Gal epitope, we have further emphasized that 
NMR spectroscopy is suited to unambiguously confirm the 
presence of a certain glyco-epitope with the exact linkages 
and stereochemistry within the context of a glycoprotein. In 
addition, there is a good chance to identify even unknown 
glyco-epitopes with NMR spectroscopy.

In contrast to 1H-13C HSQC spectra, 2D 1H-1H TOCSY 
spectra have the advantage that they are quite sensitive and can 
be measured typically in less than an hour because only sensitive 
1H nuclei at nearly 100% abundance are involved. 
1H-13C correlations involving 13C nuclei that are only present 
at 1.1% natural abundance are by a factor of 90 less sensitive. 2D 
1H-1H TOCSY spectra are suited for fast screening. 
Nevertheless, the 1H-13C HSQC spectrum shows a higher dis-
persion of signals and is thus more reliable. In addition, it is 
more quantitative than 1H-1H correlations due to the more 
uniform one-bond coupling constant 1JCH. For α-Gal in mAbs, 
extracting relative abundances might be sufficient, for example 
the ratio between terminal Galα1,3 and terminal Galβ1,3 moi-
eties. Although accurate quantification is possible with 
1H-13C HSQC spectra of mAbs, as was reported for the quanti-
fication of glycan species16,17 and of methionine sulfoxide,13 it 
required long recycle delays and long measurement times of 
typically 1–3 days. If semiquantitative results are sufficient, e.g., 
distinguishing an α-Gal content of <1%, ~50%, ~100%, ~200% 
per chain, standard parameters for 1H-13C HSQC spectra can be 
used, resulting in typical measurement times of 10–40 hours12–15 

depending on the sensitivity of the NMR spectrometer and the 
sample concentration. The 1H-1H TOCSY spectrum recorded 

on an ordinary 600 MHz spectrometer was so sensitive that even 
very low amounts of α-Gal epitopes could be detected in abata-
cept, an Fc-fusion therapeutic expressed in CHO cells. We 
estimated the α-Gal content of ~26 nmol α-Gal/μmol abatacept 
(dimer), which is in good agreement with a previous report of 
~34 nmol α-Gal/μmol abatacept.6 This corresponds to an α-Gal 
epitope for 3.4% of the Fc-fusion dimers or ~0.2% of the mass of 
total N-linked glycans.32

Although our intention was always to use NMR spectroscopy 
as a complementary tool to MS, it did not escape our attention 
that in this particular case of α-Gal epitopes a 2D 1H-1H TOCSY 
recorded in <1 hour for detecting the presence or absence of α- 
Gal in a protein preparation might be quite competitive to MS.

Materials and Methods

Sample treatment and preparation

Oligosaccharides
For a D2O sample, 2.5 mg of the trisaccharide 
Galα1,3Galβ1,3GlcNAc (Elicityl, catalog number GLY074-1) 
was dissolved in 500 μL D2O resulting in an uncorrected pH 
(pH*) of 6.7. For measurements under denaturing conditions, 
the same amount was dissolved in 500 μL D2O followed by 
lyophilization to remove exchangeable protons. The solid resi-
due was dissolved in a 7 M urea-d4 (98 atom%D, ARMAR 
Chemicals) solution in D2O followed by adjusting the pH* to 
7.4 (uncorrected pH) using deuterated hydrochloric acid (DCl) 
in D2O (ARMAR Chemicals). For the trisaccharide 
Galα1,3Galβ1,4GlcNAc (Carbosynth, catalog number 
OL06495), 1 mg was dissolved in 500 μL D2O and another 
1 mg was used for the sample with 7 M urea using the same 
procedure as described above.

Cetuximab
For cetuximab, 4 mL of the formulation (Erbitux®, Merck 
KgaA; exp. Year: 2019, 5 mg/mL) was dialyzed against ddH2 
O (pH 7.0) using a SpectraPor 3.5 kDa cutoff membrane over-
night. After lyophilization, the sample was dissolved in 500 μL 
of a 7 M urea-d4 (98 atom%D, ARMAR Chemicals) solution in 
D2O (100 atom%D, ARMAR Chemicals), resulting in 
a concentration of ~40 mg/ml mAb. A freshly prepared urea 
solution was used to minimize the formation of isocyanic acid. 
For reducing the disulfide bonds, ~1–1.6 mg of tris(2-carbox-
yethyl)phosphine hydrochloride (TCEP) (Sigma-Aldrich) was 
added to the sample corresponding to ~11 mmol·L−1 followed 
by incubation at 60°C for 15 min. The pH* was adjusted to 7.4 
by adding NaOD (ARMAR Chemicals).

Etanercept
For etanercept (Enbrel® Amgen/Pfizer; formerly distributed by 
Immunex/Wyeth; Batch Nr.: 1015854, Exp Date.: 11/11), 1 mL 
formulation (50 mg) was dialyzed against ddH2O (pH 7.0) 
using a SpectraPor 3.5 kDa cutoff membrane for 5 hours and 
was then lyophilized. The lyophilized powder was dissolved in 
1.5 mL 7 M urea-d4 (98 atom%D, ARMAR Chemicals) solution 
in D2O leading to a concentration of 33 mg/mL. For reducing 
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the disulfide bonds, ~4 mg TCEP was added and the solution 
was placed at 60°C for 15 min. Aliquots of 500 μL were used for 
NMR measurements. The pH* was adjusted to 7.4 using NaOD 
(Armar Chemicals).

Denosumab
For denosumab (Prolia®, Amgen; Batch Nr.: 1067099, Exp Date.: 
11/18), the formulation corresponding to 20 mg was dialyzed 
against ddH2O overnight and subsequently lyophilized. The 
residue was dissolved in 500 μL 7 M urea-d4 (98 atom%D, 
ARMAR Chemicals) solution in D2O. Approx. 1.8 mg TCEP 
was added, and the solution was placed at 60°C for 15 min. The 
pH* was adjusted to 7.4 using NaOD (Armar Chemicals).

Trastuzumab
For trastuzumab (Herceptin®, Roche; Batch Nr.: H4597H03, 
Exp Date: 04/19), 150 mg trastuzumab were dissolved in 
7.2 mL Milli-Q (in-house, Milli-Q Integral 3, Merck/ 
Millipore, Billerica, MA, USA) and stored at −80°C until 
further use. A total of 1.6 mL of this solution (33.6 mg) was 
dialyzed against ddH2O (pH 7.0) using a SpectraPor 3.5 kDa 
cutoff membrane overnight. The lyophilized powder was dis-
solved in 550 μL 7 M urea-d4 (98 atom%D, ARMAR 
Chemicals) solution in D2O. DTT-d10 (Cambridge Isotope 
Laboratories) was added to a concentration of 18 mM, and 
the solution was incubated at 60°C for 10 min. The pH* was 
adjusted to 7.4 using DCl (Armar Chemicals).

Adalimumab and rituximab
The NMR sample preparation of adalimumab (Humira®, 
AbbVie) and rituximab (MabThera, Roche) was described 
previously by Hinterholzer et al.12

Fetuin
For Fetuin from fetal bovine serum (Sigma F3385), 32 mg was 
dissolved in 650 μL of a 7 M urea-d4 (98 atom%D, ARMAR 
Chemicals) solution in D2O. Approximately 2 mg TCEP was 
added, and after an incubation for 15 min at 65°C the pH was 
adjusted to 7.4 using NaOD (Armar Chemicals).

Abatacept
Abatacept (ORENCIA®, Bristol Myers Squibb; Lot. OE61132, 
exp. 08/2012) 60 mg in 2.4 mL formulation buffer was dialyzed 
twice against 4 L ddH2O using a SpectraPor 3.5 kDa cutoff 
membrane overnight. The resulting sample was lyophilized 
and dissolved in 650 μL of a 7 M urea-d4 (98 atom%D, 
ARMAR Chemicals) solution in D2O. Deuterated DTT-d10 
(Cambridge Isotope Laboratories) was added to 
a concentration of 15 mM, and after an incubation for 
15 min at 60°C, the pH was adjusted to 7.4 using NaOD 
(Armar Chemicals).

Mass spectrometry

Cetuximab (Erbitux®, Lot. 208480, exp. 09/2019, Merck KgaA) 
was rebuffered to 150 mmol.L−1 ammonium acetate using 50 
kDa cutoff filters (Sartorius Vivaspin 500 from Sigma-Aldrich). 
Afterward, the samples were denatured and reduced to 
3 mol.L−1 guanidine hydrochloride 10 mmol.L−1 tris 

(2-carboxyethyl)phosphine in 150 mmol.L−1 ammonium acet-
ate at 70°C for 15 minutes. Followed by alkylation of the thiol 
groups with the addition of a final concentration of 
20 mmol.L−1 iodoacetamide and incubation at 22°C for 30 min-
utes. Next, the samples were again rebuffered to 150 mmol.L−1 

ammonium acetate using 3 kDa cutoff filters (Amicon Ultra 
from Sigma-Aldrich), and lastly digested by addition of 1:20 
(w/w) trypsin (porcine pancreas, from Promega, catalog num-
ber V5111) and incubation at 37°C for 3 hours. 
Chromatographic separation of 100 ng sample was carried 
out on a Thermo Scientific™ UltiMate™ 3000 RSLCnano 
System using a Thermo Scientific™ Acclaim™ PepMap™ 100 
C18 reversed phase HPLC column (500 × 0.075 mm i.d., dp 
3 µm). For the separation 0.1% aqueous formic acid (solvent A) 
and 0.1% formic acid in acetonitrile (solvent B) were pumped 
at a flow rate of 300 nL.min−1 in the following order: 1.0% B for 
5.0 min, a linear gradient from 1.0% to 40.0% B in 80.0 min, 
flushing at 90.0% B for 10 min and column re-equilibration at 
1.0% B for 25 min. The column temperature was kept constant 
at 50°C. The nanoHPLC system was hyphenated to a Thermo 
Scientific™ Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ 
mass spectrometer via a Thermo Scientific™ Nanospray Flex™ 
ion source. The source was equipped with a SilicaTip emitter 
with 360 µm o.d., 20 µm i.d. and a tip i.d. of 10 µm purchased 
from CoAnn Technologies Inc. (Richland, WA, USA). The 
spray voltage was set to 1.5 kV, the S-lens RF level to 55.0 
and the capillary temperature to 320°C. Each scan cycle con-
sisted of a full scan at a scan range of m/z 350–2,000 and 
a resolution setting of 70,000 at m/z 200, followed by 5 data- 
dependent higher-energy collisional dissociation (HCD) scans 
using a 2.0 m/z isolation window for precursor isolation and 
28% normalized collision energy for fragmentation with 
a resolution setting of 17,500 at m/z 200 for data acquisition. 
For the full scan, the automatic gain control (AGC) target was 
set to 3e6 charges with a maximum injection time of 100 ms; 
for the HCD scans, the AGC target was 1e5 charges with 
a maximum injection time of 100 ms. Already fragmented 
precursor ions were excluded for 30 seconds. The sample was 
measured in five technical replicates. Data acquisition was 
conducted using Thermo Scientific™ Chromeleon™ 7.2 CDS, 
data evaluation and relative quantification of N-glycosylation 
with Thermo Scientific™ BioPharma FinderTM software ver-
sion 4.0.

Glycoprofiling of Released N-Glycans of cetuximab by 
xCGE-LIF

Released N-glycans were prepared using a glyXprep™ kit and 
analyzed on a xCGE-LIF-based glyXboxCE™ system (glyXera, 
Magdeburg, Germany), according to Cajic et al.40 For migra-
tion time alignment, crucial for glycan peak annotation via 
migration time matching with database entries of 
glyXbaseCE™ (glyXera), 1.0 μL of sample was mixed with 
1.0 μL of 2nd NormMiX™ (glyXera) and 1.0 μL prediluted 
GeneScan™ 500 LIZ® Size Standard. The mixture was combined 
with 6.0 μL glyXinject (glyXera) and subjected to xCGE-LIF 
analysis. For xCGE-LIF measurements, the samples were elec-
trokinetically injected and separated with a running voltage of 
15 kV for 40 min. The generated glycan data was analyzed with 
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the glyco-analysis software glyXtoolCE™ (glyXera), which auto-
matically performed migration time alignment, raw data 
smoothing, peak picking, relative quantification, and peak/ 
structure annotation.

NMR spectroscopy

Unless stated otherwise, spectra were either recorded on 
a 600 MHz Bruker Avance III HD spectrometer equipped 
with a 1H/13C/15N/31P quadruple-resonance room tempera-
ture probe at 298 K. Few spectra were recorded on 500 MHz 
or 700 MHz Bruker Avance III HD spectrometer equipped 
with cryogenic 1H/13C/15N triple-resonance probes (TCI) at 
298 K. For all the NMR measurements, standard 5 mm NMR 
tubes (ARMAR, Type 5TA) with a sample volume of 500 μL 
were used. The oligosaccharides were assigned using the 
following 2D experiments: 1H-13C HSQC, 1H-13C HMBC 
(hmbcgpndqf), 1H-1H TOCSY, 1H-1H COSY (cosygpppqf), 
1H-13C HMQC-COSY,11 1H-1H ROESY and 1H-15N HSQC. 
Data were measured and processed using Topspin 3.5/3.6.1 
(Bruker). Resonance assignments were obtained using the 
software Sparky 3.114 (T. D. Goddard and D. G. Kneller, 
SPARKY 3, University of California, San Francisco, USA). 
For referencing, 2,2-dimethyl-2-silapentane-5-sulfonic acid 
(DSS) (ARMAR Chemicals) was added to the samples after 
measuring all other spectra. A 1D 1H experiment was per-
formed for referencing the proton chemical shift. The carbon 
and nitrogen dimensions were referenced according to the 
IUPAC-IUB recommended chemical shifts referencing ratios 
of 0.251449530 (13C) and 0.101329118 (15N).41

Estimated quantification of α-Gal content of abatacept

The 2D 1H-1H TOCSY spectrum of abatacept under denatur-
ing conditions measured using a mixing time of 80 ms, 64 
scans, a recycle delay of 1.5 sec, 2048 × 700 points and spectral 
widths of 12.9 ppm × 8.3 ppm with a duration of nearly 
23 hours 45 min was used for an estimation of α-Gal content. 
The ratio between the signal intensity of the H4/H1 correlation 
of α-Gal and the H2/H1 correlation of Man4 was 1:83 in 
abatacept. In contrast, the same ratio was 1.2:1 in cetuximab, 
so that the α-Gal content of abatacept was ~100× smaller than 
in cetuximab.

Ayoub et al. reported that 78% of the N-glycans of the Fd 
part of cetuximab contained at least one α-Gal epitope.19 

Considering the reported N-glycan profile, on average, 1.31 
equivalents of α-Gal are present on each N-glycan of the Fd 
part, resulting in 2.62 equivalents α-Gal per IgG, i.e., 
2.62 μmol/μmol. Based on the ~100× smaller α-Gal content 
in abatacept, a content of 26 nmol/μmol Fc-fusion dimer is 
calculated. Using an average molecular weight of 92300 g/mol 
(containing glycans) and the reported content of 370 pmol/mg 
abatacept reported by Bosques et al.6 results in 34 nmol α-Gal 
/μmol abatacept.
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