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ABSTRACT: Therapeutic proteins are an indispensable class of
drugs and often therapeutics of last resort. They are sensitive to
oxidation, which is of critical concern, because it can affect drug
safety and efficacy. Protein oxidation, with methionine and
tryptophan as the most susceptible moieties, is mainly monitored
by HPLC−MS techniques. However, since several oxidation
products display the same mass difference, their identification by
MS is often ambiguous. Therefore, an alternative analytical method
able to unambiguously identify and, ideally, also quantify oxidation
species in proteins is highly desired. Here, we present an NMR-
based approach to monitor oxidation in full-length proteins under
denaturing conditions, as demonstrated on two biotherapeutic
monoclonal antibodies (mAbs). We show that methionine sulfoxide, methionine sulfone, N-formylkynurenine, kynurenine,
oxindolylalanine, hydroxypyrroloindole, and 5-hydroxytryptophan result in characteristic chemical shift correlations suited for their
identification and quantification. We identified the five most abundant oxidation products in forced degradation studies of two full-
length therapeutic mAbs and can also unambiguously distinguish oxindolylalanine from 5-hydroxytryptophan, which are
undistinguishable by MS due to the same mass shift. Quantification of the abundant methionine sulfoxide by NMR and MS gave
highly comparable values. These results underline the suitability of NMR spectroscopy for the identification and quantification of
critical quality attributes of biotherapeutics.

Oxidation of amino acid side chains in biotherapeutics is a
common alteration that can occur during production due

to suboptimal processing and purification protocols as well as
during prolonged storage and can lead to conformational
changes or instability of proteins. Thus, the efficacy, half-life, and
safety of a drug may be significantly affected.1 The most
observed oxidation product in proteins and biotherapeutics is
methionine sulfoxide (Met(O)).2−4 However, oxidation of
tryptophan was also shown to have an impact on the activity,
structure, and stability of biopharmaceuticals.5−8 Since
oxidation products are generally considered as critical quality
attributes in biotherapeutics, tight monitoring during drug
development is generally performed. Liquid chromatography
together with MS are the preferred techniques to analyze post-
translational modifications (PTMs). However, due to identical
mass changes for structurally different oxidation products, other
methods are needed for their unambiguous identification and for
cross-validation of currently applied analytical methods. For this
purpose, NMR spectroscopy is ideally suited, because it is the
most common technique to elucidate the structure of molecules
in solution.
Several recent publications have demonstrated the applic-

ability of 2D NMR spectroscopy to detect PTMs in proteins
without the necessity of isotope labeling.9−11 This approach

relies on 2D 1H−13C HSQC spectra of denatured proteins
containing 13C at natural abundance, which provides unique
chemical shift pairs for the unambiguous identification of certain
PTMs, e.g., succinimide,9 N-glycans,10−12 and methylated and
glycated amino acids.13 In a very recent work, we have
successfully applied this method even to intact mAbs for the
detection and quantification of pyroglutamate.14 The results
agreed very well with HPLC−MS so that both methods are
delivering orthogonal results and can potentially be used for
cross-validation. However, protein oxidation was not inves-
tigated so far by NMR spectroscopy, in particular not in
denatured full-length proteins. This could be due to the large
variety of oxidation products.15−18 Denatured proteins with
oxidized residues are expected to show characteristic cross-peaks
in addition to those of the random-coil chemical shifts of the 20
natural amino acids.19,20 For an unambiguous identification of
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any oxidation product, their random-coil chemical shifts have to
be assigned, typically by using model peptides containing the
PTM of interest as a reference, as it was done, for example, for
phosphorylated amino acids,13,21 succinimide,9 and pyrogluta-
mate.14

Methionine residues are most susceptible to oxidation,
leading mainly to methionine sulfoxide (Figure 1), as MS
studies of a variety of biotherapeutics show.2−4 For example, two
methionine residues in the Fc/2 region of the heavy chain of
rituximab (Met256, Met432) are significantly prone to H2O2-
mediated oxidation.4,22 Less frequent but important for certain
proteins is the oxidation of tryptophan residues,15,16 especially
for mAbs.8,23−27 Tryptophan may convert into different
oxidation products, as suggested by MS studies.6,8,23−26,28

Several oxidation mechanisms were described for tryptophan
and indole-containing substances, which depend also on the
oxidation conditions.30 In any case, N-formylkynurenine
(NFK), kynurenine (Kyn), oxindolylalanine (Oia), and
hydroxytryptophans like 5-hydroxytryptophan (5HTP) have
been described as the main oxidation products,15,16,18,31−33

which are depicted in Figure 1. The chemical structures of most
oxidation products in proteins are based on MS data, which is
often ambiguous, because several products show identical
masses (e.g., Oia and 5HTP, both characterized by a mass
shift of +16 Da). Only in very few cases an unambiguous
identification of a modification at a Trp residue in a protein was
achieved, e.g., the detection of Kyn by X-ray crystallography in
the bacterial copper binding protein MopE.34 A comprehensive
analysis of oxidation products by NMR spectroscopy has been
lacking so far. Only for free 4-, 5-, and 7-HTP chemical shift
assignments in D2O were reported35 but unrelated to peptides
or proteins.
Here, we present the random-coil chemical shifts of Met(O),

methionine sulfone (Met(O2)), NFK, Kyn, Oia, 5HTP, and
hydroxypyrroloindole (HPI) under denaturing conditions using
small synthetic peptides as well as a protocol that allows the
analysis of full-length proteins without the necessity of
additional sample treatment, like digestion. The NMR finger-
prints of these PTMs enable the unambiguous identification and
quantification of methionine and tryptophan oxidation products
in proteins using 2D NMR spectra as demonstrated by the two
protein therapeutics rituximab and adalimumab.

■ EXPERIMENTAL SECTION

Peptides. Reference peptides were synthesized by solid
phase peptide synthesis using Fmoc chemistry and analyzed by
HPLC and MALDI-TOF-MS. H−Oia−OH, which was
prepared from H−Trp−OH as described previously,36 H−
Kyn−OH, and H−5HTP−OH were Fmoc-protected as
reported before37 and coupled using a protocol described
previously.33 For experimental details, see the Supporting
Information.

Forced Oxidation of Met and Trp Residues in Peptides
and Proteins. To oxidze Met and Trp in reference peptides or
in proteins, we used H2O2 at concentrations ranging from 0.35
to 1% using various incubation times at RT as described in detail
in the Supporting Information.

NMR Spectroscopy. A 600 MHz Bruker Avance III HD
spectrometer equipped with a 1H/13C/15N/31P quadruple-
resonance probe was used to record the spectra at 298 K in 5
mmNMR tubes (ARMAR, Type 5TA) with a sample volume of
500 μL. To assign the reference peptide signals in the spectrum,
the following experiments were recorded: 1H−13C HSQC,
1H−13C HMBC (hmbcgpndqf), 1H−1H TOCSY, 1H−1H
COSY (cosygpppqf), 1H−1H ROESY, 1H−15N HSQC,
1H−13C HQQC,38 and 1H−13C H−CO.9 For data processing
and analysis, Topspin 3.5/3.6 (Bruker) and Sparky 3.114 (T. D.
Goddard and D. G. Kneller, SPARKY 3, University of California,
San Francisco, USA) were used, respectively. For chemical shift
referencing, approximately 0.5 mM 2,2-dimethyl-2-silapentane-
5-sulfonic acid (DSS) (ARMAR Chemicals) was added to the
sample after the 2DNMRmeasurements, and a 1D 1H spectrum
was recorded. The chemical shifts of carbon and nitrogen were
referenced using the IUPAC-IUB recommended chemical shift
referencing ratios Ξ of 0.251449530 (carbon) and 0.10132918
(nitrogen).39 The chemical shift assignments are made publicly
available at the BioMagResBank40 under the accession codes
28123 (Met(O)−Gly), 28126 (Met(O)−Ala), 28127 (Met-
(O−Pro), 28124 (5-HTP), 28125(Kyn), 28128 (Met(O2)),
28129 (NFK), and 28130 (Oia).

Quantification of Methionine Oxidation in NMR
Spectra. Quantification of induced Met(O) was performed
for the NMR samples of rituximab and adalimumab, which were
treated with 0.35%H2O2 for 30 min at RT, lyophilized, and then

Figure 1. PossibleMet and Trp oxidation products occurring in proteins. Chiral centers are indicated by an asterisk (a red asterisk represents the chiral
centers generated upon the transformation of the natural residues). In the case of HPI, two stereoisomers are expected, which correspond to the cis or
trans configurations of the OH group with respect to the α-carbonyl within the pyrrole ring, as previously defined by Ronsein et al.29 In the case ofN-
formylkynurenine (NFK), two species can form, due to the cis and trans isomerization of the N-aryl-formamide moiety (indicated by ‡).
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denatured and reduced as described previously. Four
approaches (a−d) were tested and compared. Approach a: in
the measured 1H−13C HSQC spectra, the Hγ−Cγ cross-peak of
Met(O) was integrated (normalized to the number of
methionine residues present in the mAbs; adalimumab: 10,
rituximab: 12) and compared to the integrated and normalized
random-coil chemical shift peaks of Cδ−Hδ of Arg (number of
Arg in adalimumab: 42, in rituximab: 28), Cε−Hε of Lys
(number of Lys in adalimumab: 88, in rituximab: 98), or Cβ−
Hβ of Leu (number of Leu in adalimumab: 104, in rituximab:
90) (Table S1). The amino acid sequences for rituximab and
adalimumab were obtained from the Web site https://www.
drugbank.ca (access date 9/23/2019).Approach b: the Hε−Cε
cross-peak of Met(O) was compared with the sum of the
integrals of the Hε−Cε cross-peaks of nonoxidized Met and
Met(O). Approach c: the integral of the Hε−Cε cross-peak of
Met(O) was compared to CH3 cross-peaks of other amino acids
like Ala, Ile, and Leu. Approach d: the Hε−Cε cross-peak of
CH3 Met was compared to CH3 cross-peaks of other amino
acids like Ala, Ile, and Leu to obtain the amount of nonoxidized
Met, from which the amount of Met(O) was then extrapolated.
Approaches b and d are based on the assumption that the only
oxidation product of Met is Met(O). More details and formulas
regarding quantification are provided in the Supporting
Information.
Quantification of Met(O) by MS. Experimental details for

quantification by MS can be found in the Supporting
Information. Briefly, both mAbs were trypsinized followed by
peptide analysis by HPLC−ESI−Quadrupole-Orbitrap MS.
Identification of modified sites was based on peptide
fragmentation, and relative quantification of oxidation was
based on peak areas on extracted ion current chromatograms
derived from full-scan data.

■ RESULTS
Random-Coil Chemical Shifts of Synthetic Oxidation

Products in Peptides. To determine the NMR signature of
the previously described oxidation products of methionine and
tryptophan as shown in Figure 1, we synthesized short peptides
containing Met(O), Kyn, Oia, and 5HTP (Table S2). 2D NMR
1H−13C and 1H−1H correlations were used to obtain the 1H and
13C random-coil chemical shifts of these moieties as part of a
peptide chain (Tables S3 and S4). For comparison with
chemical shift data of denatured proteins, all spectra of the
model peptides were recorded under denaturing conditions (7
M urea) at pH values of either 2.3 or 7.4. The acidic pH was
chosen, because it aids complete denaturation of some proteins;
moreover, random-coil chemical shifts at pH 2.3 had been
reported previously.19 Physiological pH (7.4) might be required
for moieties that are unstable at acidic pH. To achieve maximal
sensitivity and avoid disturbances of the solvent resonances,
deuterated urea and D2O were used. The chemical shifts of all
investigated oxidation variants did not change significantly at the
two different pH values suggesting that the presented method is
also viable at pH values between 2.3 and 7.4.
The random-coil chemical shifts of Met(O) showed

significantly different correlations compared to nonoxidized
Met (Figure 2a). In particular, the cross-peaks of Cγ−Hγ and
Cε−Hε originating of the nuclei directly adjacent to the
oxidized sulfur moved to significantly different regions.
Surprisingly, the chirality of the sulfur41 did not lead to peak
doubling except for a small separation of the Cα−Hα correlation
(Figure 2a). Comparing these shifts with the random-coil
chemical shifts of all 20 natural amino acids shows that the Hγ−
Cγ cross-peaks of Met(O) are unique, well-isolated, and
therefore ideally suited to unambiguously detect Met(O) in
proteins (Figure 2b). The Cε−Hε cross-peak may partly overlap
with Cβ−Hβ shifts of Asn; however, to resolve this degeneracy,

Figure 2. 1H−13C HSQC spectra of the reference peptides for the detection of Met(O), lysozyme, and H2O2-treated rituximab. (a) Overlay of the
reference spectra of peptides Ac−Gly−Gly−Met(O)−Gly−Gly−NH2 (red) and Ac−Gly−Gly−Met−Gly−Gly−NH2 (blue) under denaturing
conditions (7 M urea, pH 2.3). (b) Overlay of the spectra of the reference peptide Ac−Gly−Gly−Met(O)−Gly−Gly−NH2 (red) and denatured
lysozyme (blue), to identify unique chemical shifts ofMet(O) that differ from the random-coil chemical shift correlations of the 20 natural amino acids.
(c) 1H−13C HSQC spectrum of treated (0.35% H2O2 for 30 min at RT) rituximab (512 × 512 complex points, 104 scans, a recycle delay of 3 s, total
measurement time of 2 days and 14 h) under denaturing conditions (7 M urea-d4 in D2O) at pH 2.3.
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either spectra are recorded with higher resolution in the 13C
dimension (Figures 2c and S1) or a 1H triple-quantum filtered
HQQC experiment can be performed, which is selective for CH3
groups but equally sensitive compared to an HSQC38 (Figure
S2). The HQQC experiment is suitable for an unambiguous
identification of Met(O) by its unique Cε−Hε cross-peak,
without the need of high resolution in 13C and thus resulting in
shorter measurement time. However, its application for
quantitative purposes is not recommended, since pulse
imperfections and variations in scalar couplings have a much
larger impact and will influence the peak intensities.
As control experiments, we analyzed if neighboring amino

acids influence these characteristic chemical shift correlations
(Table S5). In particular, a Pro residue at the i + 1 position,
which is known to have the highest impact on neighboring
random-coil chemical shifts,20,42 showed only insignificant
differences of the positions of the Cγ−Hγ and Cε−Hε cross-
peaks (Tables S3 and S5). An Ala residue at the i + 1 position did
not change the Met(O) chemical shifts (Table S5). This
suggests that the characteristic random-coil chemical shifts for
Met(O) are not impaired by the surrounding peptide sequence.
In principle, Met(O) can be further oxidized to methionine

sulfone Met(O2), but this reaction is very slow. In order to
obtain NMR data of Met(O2), the model peptide Ac−Gly−
Gly−Met−Gly−Gly−NH2was treated extensively with H2O2 to
detect possible side products apart of Met(O). Indeed, a second
spin system was detected (Figure S3 and Table S6), which was
identified asMet(O2), in agreement with previously reported 1H
and 13C chemical shifts.43

The 1H−13C random-coil chemical shift correlations of Kyn,
Oia, and 5HTP showed all at least one characteristic cross-peak
in the aromatic region (Figure 3). A peculiarity of Oia is that it
contains a second chiral center at Cγ in addition to the chirality
of Cα, and the resulting diastereomers give rise to two sets of
very similar signals, e.g., at Hβ2 and Hβ3 (Table S4). In
addition, keto−enol tautomerism leads to an exchange of Hγ
with deuterium of the solvent so that the Hγ signal is
unobservable in spectra recorded in D2O.
NMR Characterization of Oxidation Products of Trp in

a Model Peptide. Although a large variety of Trp oxidation
products were described previously (Figure 1), it is unclear
which variants are predominant, short-lived, or low populated.
Moreover, the reactivity of the indole moiety in large, folded
biomolecules strongly depends on its environment and solvent
exposure as well as on the strength of the oxidant, whichmakes it
difficult to predict the type of Trp oxidation. For example, partial
conversion of the solvent-accessible Trp32 (but not of Trp35)
from the light chain of an mAb to Kyn and Oia or 5HTP was
observed upon prolonged storage or tert-butylhydroperoxide
treatment.6 For another mAb (MEDI-493), it was shown that
only the solvent-exposed Trp105 in the heavy chain was
susceptible to oxidation: however, upon UV irradiation, the
observed degradation products were Oia or 5HTP (both +16
Da) and NKF or DiOia (both +32 Da), whereas upon treatment
with ozone, the major product was NFK (with Kyn, 5HTP, or
Oia being only minor products).8

To investigate which Trp oxidation products are observable
by NMR spectroscopy, we treated the peptide Ac−Gly−Gly−
Trp−Gly−Gly−NH2 extensively with H2O2 and analyzed the
resulting mixture. The choice of H2O2 as the oxidant was made
because of its frequent use to prepare oxidatively stressed
protein samples for analytical purposes.3,4,6,44 A 1H−13C
fingerprint spectrum is shown in Figure 4. In addition to the

expected signals of Kyn and Oia, we could identify four
additional spin systems. Two of those could be assigned to NFK.
These two signal sets are exchanging during the NMR
experiment, as illustrated by exchange signals between their
Hζ2 resonances in a 2D ROESY as well as between Hδ1
resonances (Figure S4). The duplication of signal sets was
caused by a cis/trans isomerization of the N-aryl-formamide
moiety (Figure 4). Since only one cross-peak between Hδ1 and
Cε2 was detected in the 1H−13C HMBC spectrum (Figure
S4d), the most populated species must be the one in which Hδ1
and Cε2 are in trans, for which a higher value of 3JHδ1Cε2 is
expected compared to the cis-Hδ1/Cε2 configuration. This is
further supported by the 1H and 13C chemical shifts of the
formyl group, which are more downfield for the cis form,
according to previous NMR studies of N-formyl-group-
containing compounds.45,46 The downfield chemical shift of
Hζ2 at 8.14 ppm can be explained in the case of cis-NFK by the
proximity to the formyl oxygen. The other two similar sets of
signals matched previously reported chemical shifts of the two
diasteriomers of hydroxypyrroloindole (HPI), which the
authors named trans- and cis-HPI (Figure 4).29 However, the
formation of HPI, which involves a bond between the backbone
nitrogen and the former Cδ1 of Trp, was so far only reported as
an oxidation product of the free amino acid tryptophan. Now, we
show that this tricyclic product can be formed also when the
tryptophan is incorporated into a peptide backbone. Interest-
ingly, we observed that the intensities of the NFK signals
decreased over time, while those of Kyn increased. A spectrum
recorded immediately after the oxidation treatment contained
mainly NFK and barely Kyn, whereas a sample measured after

Figure 3. Overlay of the aromatic region of 1H−13C HSQC spectra of
the three reference peptides containing 5-HTP (red), Kyn (purple), or
Oia (blue) under denaturing conditions (7 M urea-d4 in D2O, pH 2.3),
compared with random-coil chemical shift correlations of the natural
aromatic amino acids of denatured lysozyme (gray). Several signals of
the oxidation products are unique and suitable for an unambiguous
identification of the different oxidation products of Trp.
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several days displayed predominantly Kyn signals. This indicates
a conversion of NFK into Kyn over time (Figure S5). To our
surprise, we did not observe any signals matching to 5HTP nor
even vaguely to other HTP species.35 However, we cannot rule
out that 5HTP is formed under different oxidation conditions.
Identification of Oxidation Products in Biotherapeu-

tics Using 2D NMR. In order to detect Met(O) in full-length
proteins, we chose the two mAbs rituximab and adalimumab as
model systems. For positive controls, we introduced methionine
oxidation by treating the proteins with H2O2. All protein
samples were buffer exchanged, lyophilized, and subsequently
denatured by using 7 M urea-d4 and tris(2-carboxyethyl)-
phosphine hydrochloride (TCEP) as a reducing agent. These
conditions resulted in a completely denatured state even for
intact mAbs both at acidic and neutral conditions. Therefore, no
digestion and fragment separation was necessary using our
approach. The H2O2-treated proteins (30 min at room
temperature, 0.35% H2O2), investigated at the two pH
conditions (2.3 and 7.4), revealed characteristic Cγ−Hγ and
Cε−Hε cross-peaks indicative for Met(O) (Figures 2c and S6).
Signals indicating the presence of Met(O2) and Trp oxidation
products were not observed after these conditions were applied.
However, by performing extended oxidation under denaturing
conditions (1% H2O2 for 25 h in the formulation buffer,
measured in 7 M urea and 11 mM TCEP), it was possible to
detect Met(O2) (Figures S7 and S8) and the Trp oxidation
products Oia, and Kyn. In particular, Cε3−Hε3 and Cζ3−Hζ3
cross-peaks of Oia and weak signals of Cε2−Hε2 and Cη2−Hη2
of Kyn were detected in a 2D 1H−13C HSQC spectrum (Figure
S9a) of rituximab. Interstingly, in a sample treated for more than
five days, Kyn but not Oia was observed (Figure S9c,d). Weak

NFK signals were also detected, which, however, dissapeared
over time.

Quantification of Met(O) in (H2O2-Treated) mAbs.
NMR spectroscopy is, in principle, a quantitative method as long
as sufficiently long recycle delays ensure the restoration of
equilibrium magnetization and as long as signals do not overlap.
For the quantification of the most abundant oxidation product
Met(O) using 2D 1H−13C HSQC spectra of rituximab and
adalimumab treated withH2O2, we evaluated several approaches
that were based on the following considerations: (i) The well-
isolated CH3 group of nonoxidized Met is sharp and well-suited
for quantification, whereas the CH3 group of Met(O) is located
close to other random-coil correlations, mainly of Asn.
Therefore, due to the difficulty of integrating overlapping
signals, the Cε−Hε integral ofMet(O)might have a larger error.
However, very high resolution in the 13C dimension results in an
isolated signal and thus overcomes this challenge and provides
an excellent handle for quantification (Figure S10). (ii) The
signal of CH2 at Cγ of Met(O) is well-isolated, in contrast to the
corresponding signal of nonoxidized Met. However, it is quite
weak, which results in large integration errors. (iii) Suitable
reference signals for cross-peak integration were chosen by
taking into account the different multiplicities and slightly
different 1JCH scalar couplings so that integrals of CH2 were only
compared to other CH2 signals, and integrals of CH3 were only
compared to other CH3 signals. Therefore, the resulting
approaches to obtain the fraction of Met(O) were as follows
(a−d): (a) the integral of Cγ−Hγ of Met(O) was compared to
those of Lys Cε−Hε, Arg Cδ−Hδ, and Leu Cβ−Hβ signals; (b)
the integral of CH3 ofMet(O) (Cε−Hε cross-peak) was divided
by the sum of the integrals of Met(O) and Met methyl signals

Figure 4. 1H−13C HSQC spectrum of the aromatic region of the Trp-containing peptide Ac−Gly−Gly−Trp−Gly−Gly−NH2 under denaturing
conditions (7 M urea-d4 in D2O) after treatment with 1% H2O2 for 5 h, dialysis, and lyophilization. Four different oxidation products of Trp could be
detected and are shown on the right. For HPI, Oia, and NFK, two sets of shifts can be observed due to different stereoisomers.
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(the latter have the advantage of being more intense than the
methylene signals); (c) alternatively, the integral of CH3 of
Met(O) was compared to each of the methyl groups of Ile, Ala,
and Leu; (d) in addition, we tested an indirect approach for the
quantification of Met(O), based on the typically intense CH3
signal of nonoxidized Met Cε−Hε, which was compared to the
methyl groups of Ile, Ala, and Leu under the assumption that
methionine sulfoxide is the only modification of Met occurring
in the protein. Further details and applied equations for
calculating the Met(O) fractions and their associated errors
are given in the Supporting Information.
The results of all approaches applied to rituximab and

adalimumab treated with H2O2 are summarized in Table 1. For

both mAbs, all approaches gave comparable values. However,
the quantification based on CH2 groups showed larger errors
than the other direct approaches based on CH3 groups. This can
be explained by the weaker Met(O) CH2 signals and the
associated lower accuracy of their integrals. Neither was
Met(O2) detected nor was the sum of the integrals of Met and
Met(O) smaller than expected, indicating Met(O) was the only
PTM of Met. However, an important parameter for a reliable
quantification is a sufficiently long recycle delay. In our case, the
recycle delay of 3 s was sufficient, whereas 2 s led to a reduction
of the Hε−Cε signal of nonoxidized Met, which resulted in a
smaller total integral of all methionine species and, con-
sequently, in overestimation of Met(O) using quantification
methods (b) and (d).
The quantification of oxidation of the same samples was also

performed with MS (Tables 1 and S7). The relative
quantification of total methionine oxidation showed that on
average 17.9% of all methionine residues in rituximab and 21.3%
of all methionine residues in adalimumabwere oxidized, which is
in the same range as the values obtained by NMR. The relative

oxidation rates of every single methionine residue are provided
in Table S7. As previously reported, the methionine residues
Met256 and Met432 in the Fc domain of the mAbs were most
prone to oxidation22 and, indeed, showed the highest percentage
of oxidation. Figure S11 depicts one example of the
identification and relative quantification by MS: oxidized and
nonoxidized peptide species were identified, based on the
fragment ion spectra (Figure S11b,c) and subsequently
relatively quantified based on peak areas of the full-scan mass
spectra (Figure S11a). It should be noted that consistent
quantification data were only obtained when the sample was
kept under argon atmosphere during the sample preparation
steps in order to exclude oxidation by atmospheric oxygen.

■ DISCUSSION

The presented random-coil chemical shift assignment of the
most important oxidation products of Met and Trp (Figure 1)
enables a straightforward and unambiguous identification of
these modifications in proteins under denaturing conditions.
Due to standardized conditions, the random-coil chemical shifts
are generally applicable, independent of the NMR instrument
and without the necessity of reference peptides. Owing to the
flexibility of the protein chain in the unfolded state, our approach
results in narrow line widths even for large proteins. With this
method, there is per se no size limit, and large proteins like full-
length mAbs can be analyzed, as long as it is possible to denature
them. This has been demonstrated here by using rituximab and
adalimumab as model systems. In contrast to MS studies that, in
general, require the digestion of mAbs for the detection of
Met(O),4,47,48 we can use intact proteins. Middle-down or
bottom-up approaches have the disadvantage of laborious
sample preparation, which can also lead to artifacts due to the
formation of additional degradation products. With regard to
oxidation, the atmospheric oxygen can significantly increase
Met(O) formation during long incubation times. As an
orthogonal and complementary approach to MS, we propose
to use a straightforward NMR-based protocol for the
investigation of the oxidation of small proteins, like lysozyme,
as well as of large ones, like mAbs, at different pH values. This is
especially suited for forced degradation studies generating
modifications identical to those that are spontaneously formed
during the lifetime of a drug but typically with much higher
amounts (>10%). Our method can unambiguously assess the
identity of the oxidation products, which is very important in the
case of chemical modifications characterized by the same mass
difference (e.g., Oia and HTP). In this way, ambiguous
assignment or even overestimation of side products with
identical masses can be avoided. Since our NMR protocol relies
on the random-coil chemical shift fingerprints of modified
residues, it provides the chemical identity but not the position of
the modification. Therefore, additional MS measurements
would be necessary, which, again, underlines the complemen-
tarity of the NMR and MS approaches for the complete
characterization of protein degradation products. Besides the
application to large proteins, like mAbs, also small-to-medium-
size therapeutic peptides are ideally suited for our NMR-based
approach. These peptides may be particularly susceptible to
spontaneous chemical changes during production and storage,
due to the lack of a well-defined three-dimensional structure.
Because of the small molecular weight of peptides and higher
achievable concentrations, it seems even feasible to useNMR for
product quality control.

Table 1. Quantification of Induced Met(O) in Rituximab and
Adalimumab Treated with 0.35% H2O2 for 30 min at RT

cross-peaks used for quantificationa
rituximab

Met(O) (%)
adalimumab
Met(O) (%)

a: Met(O) Cγ/Hγ compared to
Arg Cδ/Hδ 14.3 ± 1.9c 15.3 ± 1.0c

Leu Cβ/Hβ 18.7 ± 4.6c 17.3 ± 1.9c

Lys Cε/Hε 16.2 ± 2.3c 14.7 ± 1.6c

b:b Met(O) Cε/Hε compared to
Met Cε/Hε 18.3 ± 1.0c 19.1 ± 1.2c

c: Met(O) Cε/Hε compared to
Ala Cβ/Hβ 18.3 ± 3.8c 19.3 ± 0.5c

Ile Cδ1/Hδ1 18.6 ± 1.3c 19.6 ± 0.7c

Ile Cγ2/Hγ2 17.8 ± 1.8c 19.7 ± 1.2c

Leu Cδ1/Hδ1 18.1 ± 0.9c 18.7 ± 0.5c

Leu Cδ2/Hδ2 18.2 ± 1.5c 18.7 ± 0.8c

d:b Met Cε/Hε compared to
Ala Cβ/Hβ2 18.4 ± 3.8c 18.3 ± 4.7c

Ile Cδ1/Hδ1 16.9 ± 3.6c 17.4 ± 5.5c

Ile Cγ2/Hγ2 20.8 ± 5.8c 16.8 ± 7.4c

Leu Cδ1/Hδ1 19.1 ± 2.1c 21.0 ± 4.6c

Leu Cδ2/Hδ2 18.7.4 ± 4.8c 21.1 ± 5.6c

MS 17.9 ± 1.3 21.3 ± 1.2
a1H−13C HSQC spectra used for quantification shown in Figure S6.
bBased on the assumption that Met(O) is the only oxidation product
of Met. cError determined using eqs 3, 5, and 7 (see Supplementary
Methods).
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Although the amount of protein required, the detection limit,
and the relatively long measurement time might represent some
limitations to the NMR approach, it should be considered that
biotherapeutics are usually produced in large scale, and thus, the
quantities required for NMR are accessible. The required NMR
measurement time will depend on the sensitivity of the
spectrometer, obviously being dramatically shortened with
higher fields. Similarly, the detection limit reflects the type of
equipment utilized for the NMRmeasurements: for example, we
have recently shown that the lowest detectable amount of
pyroglutamate (pGlu) in mAbs was about 55 μM by using a 600
MHz spectrometer with a cryogenic probe (TCI) and 2 days
measurement time.14 Therefore, we assume that, also in the case
of Met and Trp oxidation products, the limit of detection will be
in the two-digit micromolar range. However, the use of higher
field magnets in combination with cryogenic probes will allow
reaching even lower limits of detections, as shown by Peng et al.,
who could detect glycosylation inmAb fragments down to about
10% by using an 850 MHz spectrometer with a cryogenic probe
with a measurement time of 11 h.10

To quantify Met(O) by NMR spectroscopy, we propose that
the most reliable approach is the one based on the integrals of
themethyl group ofMet(O) and of other isolatedmethyl groups
of the protein (approach (c)). This requires very high resolution
in the 13C dimension to prevent overlap of the Met(O) methyl
signal with nearby random-coil signals. Depending on the
reference methyl groups, the obtained Met(O) amount varied
by approximately 2%, which is within the error estimated for
each value. Alternatively, the integrals of the well-isolated Cγ/
Hγ2 + Hγ3 methylene group signals of Met(O) and of other
isolated methylene signals of the protein can be used (approach
a) even at lower resolution, but the error of the Met(O) fraction
will be higher (approximately 4%) due to the weaker intensity of
themethylene group ofMet(O). The other two approaches ((b)
and (d)), which are based on the assumption that Met(O) is the
only oxidation product of Met and thus that the sum of the
integrals of Met and Met(O) represent all methionine species,
are less recommended, because they are sensitive to the presence
of any other oxidation products of methionine. Another factor to
consider is that a sufficiently long recycle delay is crucial for the
experiment. In case of the quantification of Met(O), a recycle
delay of 3 s was required to obtain reliable quantification results.

■ CONCLUSION
Here, we provide for the first time the complete NMR
characterization of the seven most relevant oxidation products
potentially occurring in proteins under denaturing conditions
(detailed summary in Figure S12). These chemical shift
assignments revealed for each of the species unique cross-
peaks in 2D fingerprint spectra, allowing an unambiguous
identification of these chemical moieties in any protein under
denaturing conditions. The applicability of this method in a
biopharmaceutical context is demonstrated in a forced
degradation study of two biotherapeutic mAbs through the
identification of the oxidation products, but its use in quality
control of peptide pharmaceuticals is feasible as well. The
characteristic chemical shift fingerprints enable an unambiguous
identification even for cases, which are undistinguishable byMS.
The fact that we could identify the most common oxidized
species in such large proteins like rituximab and adalimumab
(treated) shows how powerful these chemical shift assignments
are in combination with 1H−13C spectra under denaturing
conditions.
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