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ABSTRACT
The regulatory bodies request full sequence data assessment both for innovator and biosimilar
monoclonal antibodies (mAbs). Full sequence coverage is typically used to verify the integrity of the
analytical data obtained following the combination of multiple LC-MS/MS datasets from orthogonal
protease digests (so called “bottom-up” approaches). Top-down or middle-down mass spectrometric
approaches have the potential to minimize artifacts, reduce overall analysis time and provide
orthogonality to this traditional approach. In this work we report a new combined approach involving
middle-up LC-QTOF and middle-down LC-MALDI in-source decay (ISD) mass spectrometry. This was
applied to cetuximab, panitumumab and natalizumab, selected as representative US Food and Drug
Administration- and European Medicines Agency-approved mAbs. The goal was to unambiguously
confirm their reference sequences and examine the general applicability of this approach. Furthermore, a
new measure for assessing the integrity and validity of results from middle-down approaches is
introduced – the “Sequence Validation Percentage.” Full sequence data assessment of the 3 antibodies
was achieved enabling all 3 sequences to be fully validated by a combination of middle-up molecular
weight determination and middle-down protein sequencing. Three errors in the reference amino acid
sequence of natalizumab, causing a cumulative mass shift of only ¡2 Da in the natalizumab Fd domain,
were corrected as a result of this work.

Abbreviations: ETD, electron transfer dissociation; ISD, in-source decay; mAb, monoclonal antibody; MD, middle-
down; MDS, middle-down sequencing; MW, molecular weight; SC, sequence coverage; SVP, sequence validation
percentage; TD, top-down; TDS, top-down sequencing; UHR, ultra-high resolution
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Introduction

MAbs and related products are the fastest growing class of
human therapeutics.1 More than 50 IgGs and IgG derivatives
have been approved for use in various indications such as cancer
and inflammatory diseases, and over 50 more are currently being
investigated in late-stage clinical trials.2 Most of the current
recombinant mAbs are produced in CHO, NS0 or SP2/0 cells.3

From a structural standpoint, chimeric, humanized and human
IgGs are tetrameric glycoproteins with molecular weights
(MWs) ca. 150 kDa, and are composed of 2 heavy chains (HC,
ca. 50 kDa) and 2 light chains (LC, ca. 25 kDa). Most clinically
approved mAbs are selected from 3 isotypes (IgG1, IgG2, IgG4)
defined by different HC amino acid sequences. Their three
dimensional structure (HC2LC2 homo/heterodimers) is main-
tained by disulfide bridges (16 for IgG1 and IgG4; 18 for IgG2)
and non-covalent interactions. The HC and LC are linked by
one disulfide bond, and the HCs are linked by 2 (for IgG1 and
IgG4) or 4 (for IgG2) disulfide bonds located in the hinge region.

Confirmation of the primary structure of mAbs is gener-
ally provided by the well-established approach of obtaining
100% sequence coverage (SC) of the amino acid backbone.
This is typically achieved by proteolytic digestion using a
number of enzymes such as trypsin, Lys-C, Glu-C, chymo-
trypsin, followed by LC-MS/MS and the subsequent combi-
nation of the resultant multiple LC-MS/MS data sets into a
gross peptide map. Although this approach is broadly
applied, there are several disadvantages, such as time-con-
suming sample preparation, data acquisition and analysis,
as well as the significant inability to detect partial or unex-
pected modifications. In addition, proteolytic digestion
under acidic or basic conditions and/or with extended
digestion times may lead to over-deamidation events that
potentially render the determination of the intrinsic deami-
dation of the biopharmaceutical prior to the digestion inac-
curate.4 For these reasons, alternatives involving less time-
consuming sample manipulation are of interest.
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Top-down (TD) and middle-down (MD) approaches
potentially provide such alternatives. However, they are not
widely applied to innovator sequence validation yet because
the most common TD technique, electron transfer dissocia-
tion (ETD) on electrospray mass spectrometry platforms,
does not typically achieve SCs exceeding 30-50% for full-
length antibodies or 50% to 70% for antibody subunits.5-8

An alternative platform for TD mass spectrometry that has
matured over several years but is still not widely exploited
is in-source decay (ISD) on matrix-assisted laser desorp-
tion/ionization (MALDI)-based platforms.9-12 Much like
ETD, ISD involves fast transfer reactions; in this case the
transfer of hydrogen radicals abstracted from the MALDI
matrix causes fragmentation at the site of radical attach-
ment.13,14 MALDI-ISD has been successfully applied to the
analysis of modifications such as sequencing of O-glycopro-
teins or the localization of PEGylation sites.15,16

In recent work our groups established TD and MD protein
sequencing (TDS and MDS, respectively) using MALDI-ISD for
de novo protein sequencing of a 13.6 kDa camelid nanobody and
obtained ca. 70% SC of the cetuximab LC in order to curate
innovator database sequence errors. In the latter work, MDS was
combined with intact high resolution and high mass accuracy
MW determination of antibody LC, Fc/2 and Fd domains (mid-
dle-up analysis) with isotopic resolution and fidelity.17,18 The
determination of precise MWs and isotopic distributions at the
sub-ppm level permitted the detection of sequence aberrations
and validation of the sequences established byMALDI-ISD.

It must be noted that MDS analysis of antibody domains by
MALDI-ISD is not without its limitations (see Discussion sec-
tion). These limitations have the potential to cause gaps in the
sequence readout, and hence a reduction in the SC. However,
examination of the whole data set can confirm the absence/
presence of expected amino acids, point mutations and other
modifications. Therefore, a new measure quantifying the valid-
ity and integrity of the results from MD approaches was devel-
oped, the so called “Sequence Validation Percentage” (SVP),
and applied to this study. Further discussion of the SVP is pro-
vided below.

The work presented here further develops the LC-
MALDI-ISD method for MDS so as to achieve full
sequence information of 3 representative mAbs: cetuximab
(chimeric IgG1 produced in Sp2/0 cells), panitumumab
(human IgG2 produced in CHO cells) and natalizumab
(humanized IgG4 produced in NS0 cells). This MDS
approach involves cleavage of the antibody HC by Immu-
noglobulin G-degrading enzyme of S.pyogenes IdeS in the
hinge region into the Fc/2 and Fd domains and reductive
separation of the LC followed by MALDI-ISD analysis.19,20

To our knowledge, this is the first time that the entire pri-
mary structure of IgG antibodies has been established by a
mass spectrometric MDS approach. Full sequence validation
in this study (i.e., SVP), however, relies on tolerating gaps
(terminal residues and proline gaps) within the sequence
readout and safeguarding the results with accurate domain
molecular weight information using Ultra High Resolution
(UHR) QTOF mass spectrometry, which provides accurate
mass and isotopically resolved MW determination of the
Fc/2, Fd and LC fragments delivering complementary

information useful for sequence variant detection and for
sequence validation.

Results

Panitumumab

Panitumumab is a recombinant, human IgG2k monoclonal
antibody that binds specifically to the human epidermal growth
factor receptor (EGFR). The reference sequence of panitumu-
mab was obtained from the IMGT database (http://www.imgt.
org/PDF/CritRevOncolHematol/64_210-225_2007.pdf).

The MALDI-ISD spectra resulting from the analysis of the 3
subunits generated following IdeS digestion exhibit abundant
ion signals from the N-terminal a- and c-ions and the C-termi-
nal y- and zC2-ions (Fig. 1). Throughout this work SC was
used as a numeric parameter to qualify the characterization of
these spectra and is defined by the fraction of peptide bonds
that is accounted for by at least one ISD fragment. The panitu-
mumab fragment ISD spectra showed SCs of 92.1, 90.5 and
87.2% for LC, Fc/2 and Fd, respectively (Table 1).

Confirmation of the terminal sequences can, for example, be
achieved by T3-sequencing. T3-sequencing of the c13 ion from the
Fd domain resulted in the detection of the fragment ions b1-b12
(Fig. S2), confirming unambiguously the expected terminal
sequence. However, a typical sequence validation may not require
this proof level to validate terminal sequences. In general, correctly
matching m/z values of the near-terminal fragment ions typically
permit validation of the upstream sequence. The degree to which
the protein sequence is validated is quantified by the “Sequence
Validation Percentage” (SVP %) parameter, which we propose to
use in this context (Table 1). The SVP was calculated to be 100%
for LC and Fc/2 fragments. However, for the Fd fragment the SVP
was 97.9%, suggesting that, for 2.1% of the Fd sequence (amino
acid residues 155-160), no direct information was available (other
than the accurate intact mass) as to whether or not sequence varia-
tions or PTMswere present.

Middle-up analysis by LC-UHR-QTOF-MS of the pani-
tumumab subunit mixture enabled the monoisotopic MWs
to be determined (Fig. S3). The maXis II UHR-QTOF
affords a mass resolution of ca. 85,000 for the deconvoluted
spectra, enabling the isotope patterns of the antibody subu-
nits to be fully resolved. This isotopic resolution permits
the monoisotopic MWs of the subunits to be determined
with a mass accuracy of better than 1 ppm (Fig. S3). One-
hundred percent of the protein mass is represented in such
data points, and experimental data precisely matched to the
calculated isotopic peak pattern provide strong evidence to
confirm the reference sequence without proteolytic diges-
tion. In addition, both the middle-up and the middle-down
data confirm that the panitumumab HC N-terminus is
pyroglutamylated and the C-terminal Lys residue has been
clipped off, leaving a C-terminal Gly.

Cetuximab

Cetuximab is a chimeric (mouse/human) monoclonal IgG1
antibody directed against EGFR. In a recent study we eluci-
dated and corrected the reference sequence of cetuximab for
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which an incorrect sequence was retrieved from the IMGT
database and the literature.18,21,22 Using the same analysis strat-
egy described for panitumumab in this work, the reported near
C-terminal Ala-213 was determined to be Glu-213. In that
study, e.g.,~70% SC were obtained for the LC. So we also revis-
ited the sample to see the effect the further improved method-
ology that was employed in the current study on the sequence
coverage.

The cetuximab subunits were analyzed by MALDI-MS after
IdeS fragmentation and Fc-deglycosylation by EndoS.23 The LC
was represented in the spectrum by a single peak at m/z
11714.5 (z D 2, MW 23426.93, mass error C0.2 Da /C9 ppm),
which confirmed the average MW 23426.72 Da of the LC. The
EndoS-truncated Fc was present in 2 forms, Lys (C/¡): one
without the C-terminal lysine residue (MW 24140.04 Da;
approx. 70%) and a second one with it (MW 24268.21 Da;
approx. 55%). Also, a low abundant high mannose form was
detected in both lysine (C/¡) forms at MW 25135.97/25007.79
Da. The fully glycosylated Fd fragment was detected with the
neutral glycan forms only; Gal4GlcNAc4Man3Fuc being the
single most abundant species (MW 27547.29 Da). The average
mass error across all assigned fragments in this spectrum was
0.56 Da/20.9 ppm, which is typical for measurements under the

described conditions. The cetuximab subunits were then ana-
lyzed by MALDI-ISD (Fig. S4).

The fragment ions in the MALDI-ISD spectrum of the
cetuximab LC were annotated with the corrected sequence
from (Fig. S4-A).18 The N- and C-terminal fragment ions cov-
ered the sequence until c127 and y107, respectively, thus redun-
dantly covering the core sequence [92-128] and yielding 100%
SVP and 92.5% SC. (Table 1)

The analysis of cetuximab Fc/2 fragment after EndoS
deglycosylation (Fig. S4-B) provided comparable results
(100% SVP, 91.9% SC). EndoS truncates the hinge region
glycan at FcN61, yielding fucosyl-GlcNAc and thus remov-
ing the typical heterogeneity of the glycosylation site; gener-
ating a single well defined and small glycan structure,
which enables verification of the glycosylation site and facil-
itates MDS analysis. Fragment ions downstream of c60 up
to c123 were observed.

The cetuximab Fd fragment has an additional glycosylation
site at N88, which was not removed for the initial analysis
(Fig. S4-C). In that case the uninterrupted N-terminal sequence
readout was still possible up to c94 (12 kDa), which included
the glycosylation site. Due to the MW of the glycan, approx. 30
residues fewer were covered on the N- compared to the C-

Figure 1. MD MALDI-ISD spectra of panitumumab subunits from the separation shown in Fig. S1: (A) Fd, (B) Fc/2 IgZERO treated, C-term des-Lys, and (C) LC, The N-termi-
nal c-ions and the C-terminal y- and zC2-ions are assigned in the spectra. In each sequence panel the fragment ion matches are visualized as red bricks; the top and bot-
tom rows representing N- and C-terminal fragment ions, respectively. Mass errors of fragments are< 0.1 Da up to 6 kDa and < 0.5 Da up to approx. 15 kDa.
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terminal sequence, leaving an uncovered gap in the cetuximab
Fd between residues 104 and 115. This resulted in a reduced SC
of 87.0% and 96.2% SVP (Table 1). The major glycoform
Gal4GlcNAc4Man3Fuc was also detected directly in this spec-
trum. The mass difference between c88 and c87 of (2206.7879
Da) was in agreement with the expected MW (2206.7880 Da)
C/¡ 1 mDa.

To further increase the SC of the cetuximab Fd, the sample
was treated with PNGase F prior to analysis by LC-MALDI-
ISD (Fig. S4-D). As expected, the reduction of heterogeneity
and MW increased the readout length from c94 to c141, provid-
ing a fragment ion overlap with the C-terminal sequence (~y126)
in the core region [117-141]. After PNGase digestion, Asn-88
was confirmed in its deamidated form (shown as N� in Fig. S4-
D). Deglycosylation of the Fd is not trivial and was achieved,
albeit still incomplete, through a combination of IdeS and
EndoS digestion with reduction under denaturing conditions
prior to the PNGase digestion. The successfully deglycosylated
Fd yielded 92.9% SC and 100% SVP, which is a further
improvement from previous results (Table 1). Glycosylated Fd
present as a result of incomplete deglycosylation were fully sep-
arated chromatographically from its deglycosylated derivative
with the detected mass of 25454.18 Da (mass error 0.2 Da
/8 ppm) and did not interfere in this analysis.

Cetuximab LC contains 2 disulfide bridges, Cys-23 Cys-88
and Cys-134 Cys-194. Since denaturing of the antibodies using

high molar concentration of urea or guanidinium chloride was
not performed prior to LC-MALDI-ISD analysis, incomplete
reduction of the internal cysteine bonds was observed. Chro-
matographic separation of incompletely reduced cetuximab LC
revealed 3 distinct peaks, and each was subjected to MALDI-
ISD analysis. The LC variant at retention time (Rt) 27 min was
identified as the fully reduced LC, with both the N- and C-ter-
minal ISD-fragments observable until c120 and y120, respec-
tively, thus providing 100% SVP (Fig. S5-A).

In contrast, the ISD spectra obtained from the 2 remaining
peaks revealed an abrupt drop in fragment ion intensity in a series
of ions (Fig. S5-D). This results in decreased amino acid readout
and is indicative of incomplete reduction and the presence of a
cyclic structure. Using this approach, information about the cys-
teine bridges within the subunits can be directly obtained.

The peak at Rt 25.5 min was identified as partially reduced
LC, C134#C194 remaining intact. The N-terminal ISD-frag-
ments were observed until c117 fully reading through the
reduced C23#C88 disulfide bond. In contrast, the y-ion series
suffered a drop in ion abundance after y20, and thus a signifi-
cantly reduced coverage in the range between y20 and y60 and
an overall~50% SVP (Fig. S5-B) was observed.

The peak at Rt 24.5 min was identified as partially reduced
LC, C23#C88 remaining intact, indicated by a strong drop in
abundance downstream of c22 (Fig. S5-C). Consistently, the N-
terminal ISD-fragments were observable until c117, interrupted

Figure 1. Continued
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by a long gap of weak or entirely missing fragment ions
between c22 and c88, suggesting the C23#C88 disulfide bond
was at least partially intact. In contrast, the y-ion series uninter-
ruptedly reached until y116. A significantly reduced »64% SVP
was observed.

Natalizumab

Natalizumab, which targets the cell adhesion molecule a4-
integrin, is a humanized monoclonal IgG4 antibody produced
in murine myeloma cells. No reference sequence is available in
databases such IMGT or the Drug Data base, so a sequence
reconstituted from different non-public sources was provided
by the Center d’Immunologie Pierre Fabre. (Seq. S1-A).

The expected average MWs for IdeS-generated and
EndoS-trimmed natalizumab subunits were calculated using
Bruker’s Sequence Editor Program to be 23556.06 Da (LC),
24123.90 Da (Fc/2) and 25662.64 Da (Fd). The experimen-
tally determined average MWs for the natalizumab subunits
obtained by MALDI-TOF-MS were 23556.01 Da (LC: ¡0.05
Da/¡2 ppm), 24124.06 Da (Fc/2: C0.16 Da /C 8 ppm) and
25664.81 Da (Fd: C2.17 Da /C 86 ppm) (Fig. 2A). The Fd
fragment significantly exceeded the mass tolerance of
approx. 10-20 ppm for antibody subunits on the MALDI-
TOF, indicating that there was a discrepancy between the
Fd region and the reference sequence.

To confirm the initial findings, the IdeS-treated natalizumab
sample was analyzed by LC-MS on the maXis II UHR-QTOF.

The UHR enabled the isotopes of the antibody subunits to be
resolved and the monoisotopic MWs to be determined as
23541.5693 Da (LC: C0.66 ppm), 25204.3871 Da (Fc/2-
KCG0F: C0.83 ppm) and 25648.5633 Da (Fd: C78 ppm, C1.99
Da) (Fig. 2B). Both the MALDI-TOF and the UHR-QTOF data
indicate an anomaly in the Fd region causing a C2 Da mass
shift compared with the reference sequence.

Table 1 Compilation of Middle-Up and Middle-Down Results of the Three
Antibodies

Antibody Subunit SC [%] SVP [%] Mass Acc. [ppm]

Panitumumab LC 92.1 100.0 0.6
Fc/2 deglyc. 90.5 100.0 0.8
Fd 87.2 97.9 0.6

Cetuximab LC 92.5 100.0 0.7
Fc/2 91.9 100.0 0.6
Fd 87.0 96.2 0.8
Fd deglyc. 92.9 100.0 —

Natalizumab LC 89.2 98.1 0.7
Fc/2 deglyc. 90.5 100.0 0.7

in-house! Fd Seq. A 79.9 90.0 78.0
Wang et al.! Fd Seq. B 90.4 100.0 0.8

Summary of all middle-down and middle-up results from the subunits of panitu-
mumab (IgG2), cetuximab (IgG1) and natalizumab (IgG4). SVP was 100 % or near
100 % for the correct sequences. They were in parallel validated by middle-up
analysis and confirmed by mass accuracy<1 ppm. In the case of cetuximab Fd, a
glycan modification at residue 88 decreased SVP to 96 %, deglycosylation pro-
vided 100 % SVP. For natalizumab Fd, SVP and UHR-QTOF results clearly con-
firmed “sequence B” published by Wang et al. as the correct sequence. 24

Figure 1. Continued
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MALDI-ISD analysis of the Fd subunit also revealed that the
N-terminal sequence readout stopped after Tyr-101, thus creat-
ing a gap at residues 102-127 not covered by MD fragments,
indicating a possible sequence conflict in that sequence range
(Fig. 3A). This resulted in a low SC of 79.9% and an SVP of
90% (Table 1).

The sequence downstream of Tyr-101 was determined from
the MALDI-ISD spectrum de novo and 3 sequence differences
were revealed relative to the reference sequence Seq S1-A):
F102Y, K125S and T127K. The resulting gross mass shift was
calculated to be C2 Da. A literature search revealed a matching
sequence for natalizumab in the public domain.24 Using this
sequence, MW determinations of the natalizumab Fd fragment
on the QTOF and MALDI-TOF were in good agreement with
the predicted values (Fig. 2C). The average MW 25664.61 Da
calculated from the Wang sequence was in good agreement with
the experimental MW from the MALDI measurement (25664.81
Da; C0.2 Da/7.7 ppm) as well. Furthermore, the experimentally
determined monoisotopic MW of 25648.5536 Da using the
UHR-QTOF matched the calculated monoisotopic MW from
the Wang sequence (25648.5429 Da) with a high mass accuracy
(C0.012 Da /C 0.45 ppm) (Fig. 2C).

Discussion

The role of intact subunit MW in sequence validation and
the importance of monoisotopic mass

Sequence validation is a key requirement for biosimilar and
biotherapeutic development, particularly in the confirmation of
the proper sequence for raw drug batches. MW determinations
alone may already provide access to fast sequence and overall
primary structure screening given a sufficiently high mass accu-
racy. Here, we further developed a MALDI-MS method using
the established DHAC matrix preparation from Gorman et al.,
which generates multiple charge states of proteins with high
intensity (Fig. 2A).25 The doubly charged ions produce greater
resolved peaks compared to the MHC ion, enabling better mass
accuracies of less than 21 ppm (<0.6 Da) to be achieved for
antibody subunits in the 25 kDa range. These mass errors were
achieved after smoothing the partially resolved isotopic peaks
to approx. 9 Da peak widths – identical to the theoretical iso-
tope window. This observed mass accuracy for MALDI-TOF is
sufficient to prevent needless sequencing studies with the goal
to detect sequence deviations or analysis of cysteine oxidation
states. Even a 2 Da MW change was safely detected. Such a

Figure 2. Natalizumab sequence validation based on subunit MWs. (A) MALDI-TOF spectrum obtained without prior chromatographic separation showing M2C molecular
ions. (B) Isotopically resolved UHR-QTOF spectrum of the natalizumab Fd (black) overlaid against the theoretical isotope pattern (red) calculated from Seq. S1-A showing
a clear shift in the patterns and a 2 Da/78 ppm mass error. (C) The same spectrum (black) was matched against the isotopic pattern calculated from the sequence Seq.
S1-B - Wang et al. 2009; red- established by MALDI-ISD providing a good match and 0.83 ppm mass accuracy.24.
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triple error in antibody sequence, as observed for natalizumab,
would not be accepted as a biosimilar in the European Union.26

It should be noted that the MALDI data obtained in this
study provided average mass MW information. However, MW
determination of proteins using average mass determination

suffers systematic restrictions. The average mass of a protein of
this size is significantly affected by the 13C/12C ratio. The varia-
tion of this ratio reported for laboratory animals only allows
the calculation of a protein�s average mass to within §8 ppm,
equivalent to 0.2 Da.27,28 If the resolution is too low to match

Figure 3. MALDI-ISD spectrum of natalizumab Fd fragment assigned with the internal reference sequence (Seq. S1-A) (A) and with the sequence according Wang et al.
2009 (B).24 The MALDI-ISD spectrum covers the entire sequence, including the core region with the 3 sequence errors at positions 102, 125 and 127.
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the isotopic envelop or if calibrants and analytes are not derived
from sources with a similar 13C/12C ratio, the mass accuracy
likely is even lower. The mass errors we report here for
MALDI-TOF (8-21 ppm) are near this theoretical limit. Instru-
ments with decoupled mass analyzers, such as hybrid QTOF
instruments, can only improve the mass accuracy to below
2 ppm if a) isotopic mass resolution is obtained, and b) if the
quality of the experimentally determined isotopic distribution
is high enough to safely assign the monoisotopic peak and not
introduce a §1 Da uncertainty to the mass assignment.29 The
UHR-QTOF used in this study provides approx. 85 000 resolv-
ing power in the deconvoluted spectra, enabling a high fidelity
in the representation of the isotopes across the entire isotopic
distribution (Fig. 2 and S3), providing the instrumental basis
for safe monoisotopic mass assignments of larger proteins. For
data processing we used the SNAP II algorithm (a modification
to the initially published algorithm) in combination with the
Averagine concept to yield safe assignments of the antibody
subunit monoisotopic MWs below the 1 ppm level.30,29 This is
despite the fact that the monoisotopic peak is 16 Da lower than
the average MW or the base peak of the isotopic distribution,
and is therefore not visible in these antibody subunit spectra.
UHR-QTOF data permit the safe annotation of an accurate
monoisotopic mass because the large ion populations provide a
strong statistical base.

Intact monoisotopic MW information of antibody subunits
at the<1ppm level is an efficient filter or screening tool that can
safely detect non-isobaric structure modifications. In this work,
the mass accuracy by the UHR-QTOF enabled point mutations
or sequence errors in the reference sequence to be reliably
detected (as demonstrated by the cetuximab and natalizumab
case studies). Also artifacts such as incomplete reductive disul-
fide bond cleavage (DMD ¡2 Da) or protein deamidation
(DMD C1 Da) can be detected on the subunit level. As the pro-
cess of IdeS digestion plus reduction only takes 30 min, deami-
dation is not typically observed as a digestion artifact in contrast
to tryptic digestion often used in bottom-up approaches.4

Once sequence anomalies have been identified, MDS analy-
sis of the subunit is an effective way to localize the sequence or
structure variations and to validate the correctness of the
sequences. As highlighted here, the correct sequence selection
based on mass spectrometry can save substantial time and
money. MS evaluation of the degree of similarity between a bio-
similar and a reference innovator product should therefore be
done right at the beginning of a new biosimilar project.

While mass measurements alone cannot be used for verifica-
tion of originator sequences, they can function as screening tool
as discussed before, and they represent a specific validation tool
in addition to fragmentation strategies. For example, for the
panitumumab Fd fragment, the SVP was 97.9% corresponding
to amino acid residues 155-160 being not covered, here the
accurate mass information allowed to confirm that residues
155-160 are in line with the reference sequence. Accurate mass
can thus serve as a powerful screening tool initially and as final
gross validation data point - in conjunction with extensive frag-
ment information.

Overcoming limitations of MDS by MALDI-ISD method
refinements to increase sequence coverage

For a new protein sequencing method such as MALDI-ISD to
become routinely applied to biologics sequence validation, it is
crucial that it provides reliable results. An important aspect of
this work was evaluating the possible factors that might con-
tribute to failed analyses or reduction of the sequence readout
length, which in turn would render sequence validation more
time consuming.

Sample amount and sample quality are the most important
factors for achieving good quality MALDI TDS/MDS results,
e.g., use more than 10 pmole of protein, ideally up to 100 pmole
on the MALDI-target. Salts, detergents or other “MALDI
unfriendly” components need to be removed prior to analysis.
Single protein solutions are preferred as ISD fragments from
other protein components will overlap in the spectra and will
reduce peak abundance for the target protein, and hence, the
readout length. Therefore, HPLC separation of the antibody
subunits with direct spotting of eluting fractions to a MALDI
target is advised.

As mentioned previously, limitations of MDS analysis for
antibody subunits are known and include: (a) the inability to
distinguish isobaric Leu and Ile residues; (b) sequences typically
read downstream of the 8th-10th residue from each terminus
and do not directly cover the terminal residues 1-10; and (c)
cyclic structures cannot be sequence analyzed by single-bond
cleavage and so there is no read through of cyclic structures
such as loops formed by disulfide bonds and the N-Ca-bond of
proline residues that are required for the formation of zC2-
and c-ions.12,13 However, strategies for overcoming these limi-
tations on MALDI-based platforms are possible. For example,
Leu and Ile distinction is possible using high-energy collision-
ally induced decomposition (heCID) on MALDI-TOF/TOF
instrumentation in bottom-up LC-heCID workflows or by T3-
sequencing subsequent to MALDI-ISD analysis. 10,11,17,31 The
gaps caused by the presence of proline residues are entirely pre-
dictable and can be closed in the software by screening for
matching XP, XPP or even XPPP sequence motifs. Experimen-
tal confirmation using pseudo-MS3; has also been recently
applied to closing proline gaps in MALDI-ISD spectra.32

As demonstrated here, cysteine disulfide bonds also cause
interruptions or can result in relatively short readout lengths
(Fig. S5-B, C). For this reason, the reduction of the antibodies
must be driven toward full reduction as a precondition to
achieving 100% SC. Incomplete reduction, however, provides
information about the oxidative state and enables the localiza-
tion of the intact disulfide bonds (Fig. S5-B, C). These disulfide
bond specific sequence gaps in the MALDI-ISD spectra have
also been observed previously in ECD/ETD spectra.7

Sequence readout is also reduced by the introduction of
structural heterogeneity such as partial C-terminal Lys excision
(e.g., cetuximab Fc/2) or modification heterogeneity such as
partial N-terminal pyroglutamylation. Glycosylation is the
major cause of structural heterogeneity and its effect on readout
length by TDS/MDS is significant as was demonstrated for the
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glycosylated cetuximab Fd subunit where the c-ion series read-
out length was improved 50% by PNGase F digestion (Fig. S4).

Another factor known to either shorten the readout length
or lead to the loss of the entire terminal sequence is the pres-
ence of negatively charged residues near either terminus that
prevents an efficient positive ionization of terminal fragments.
In such cases, negative ionization mode ISD can be used
(unpublished data).

In summary, the best results for the MDS of therapeutic
antibodies are achieved following LC purification of 50-100
pmole amounts, the truncation of glycan side chains and the
full reduction of disulfide bonds.

Data confidence in the context of Sequence validation
from TDS/MDS approaches

In this work, different parameters were used to quantify the
degree to which the sequences were determined by MDS: the
SC and the SVP. The SC is most commonly used to describe
the percentage of the entire sequence accounted for by sequenc-
ing the spectra. SC is defined as the fraction of peptide bonds
for which specific fragment ions are observed in a spectrum.
Depending on the distribution of fragments across a sequence,
these matches can be more or less error prone, since long con-
tiguous sequence tags provide a much higher chance of being
correct compared to disperse hits that do not provide direct
sequence readout. So if all fragments in such a 30% SC antibody
fragment derive from the N-terminus, it can be considered
safely sequenced while the C-terminus remains entirely unac-
counted for. In other words, the SC alone does not indicate the
percentage of the sequence that can be regarded as confirmed
or validated (Tab. 1). For this reason, the authors introduced
here the SVP into the discussion of MDS validation. The SVP
is designed to estimate the proportion of the sequence that can
be regarded as validated. We propose that gaps still are compat-
ible with assigning validated sequence stretches if the sequence
tags read precisely at the expected fragment ion masses down-
stream such an N- or C-terminal gap, proline gaps or short ran-
dom gaps so that the upstream sequence is considered validated
since sequence length variations or unexpected modifications
can be safely excluded. Because the SVP tolerates gaps within
the sequence readout, e.g., those caused by proline gaps and at
the termini, it is a better representation of the fraction of the
sequence that can be accepted as validated than the SC. An
SVP <100% is a clear indication that some residues have not
been covered by fragment information and could still contain
undetected modifications or sequence aberrations, and an SVP
100% clearly excludes such possibilities. The SC does not pro-
vide such specific information – 93% SC is just a bit better than
87% SC.

However, it should be noted that TDS/MDS utilizing
MALDI-ISD or ESI-ETD mass spectrometry cannot exclude iso-
baric sequence aberrations. Therefore, sequence permutations
within a gap or Leu-to-Ile exchanges throughout the sequence
cannot be specifically excluded in such a validated sequence. A
SVP of 95%, therefore, means that in 95% of the sequence any
sequence/PTM changes can be excluded that are not isobaric.
Only 5% of the sequence remain uncovered in this case and may
need to be validated by further experiments such as T3-

sequencing, bottom-up studies that may include high-energy
CID to distinguish Ile and Leu, Edman sequencing or intact
accurate mass measurements like in this study.10,31,17,33 With the
rules and caveats described previously, the SVP provides a rea-
sonable estimation of the fraction of the sequence for which fur-
ther data need to be obtained to call the sequence fully validated.
The SVP can easily be utilized for automated sequence validation
purposes through the use of dedicated software.

Comparison of MALDI-ISD with ESI-ETD

While MALDI-ISD is not commonly known or used in the bio-
pharmaceutical industry with some exceptions, ESI-ETD is
very well established for TD or MD protein sequence validation
and identification.16,34,35,36 The utility of MALDI-ISD for this
field was highlighted in recent years by the group of De Pauw,
who introduced the DAN matrix based on the mechanism elu-
cidated by Takayama.37,13

Unique to MALDI-ISD is the low variation of fragment ion
abundance along the sequence, with a- and c-, y- and zC2-ions
formed; the c-ions systematically display the highest abundance
of all ion series in isotopically resolved reflector mode spectra.11

This uniform ion series abundance of singly charged fragment
ions permits relatively simple assignment of MALDI-ISD spec-
tra with interactive validation and direct inspection of sequen-
ces with the respective fragment ions. In this study, full
validation of the target sequences of the 25 kDa antibody subu-
nits by MDS analysis was achieved in this manner. Further-
more de novo sequencing is possible due to the long contiguous
singly charged ion series produced and was exploited previ-
ously to fully sequence an unknown 13.6 kDa protein.17 This
performance level is currently not within reach of ETD
approaches. ETD spectra in such MDS analyses typically pro-
vide relatively short stretches of amino acid sequences, and it is
very common to observe only single fragments, increasing the
danger of misassignments of a target sequence. In ETD spectra
fragment ion families of, for example, z-2, z-1, z, zC1, zC2, are
typically observed. Even a 1-2 ppm mass accuracy does not add
sufficient specificity, as the precise annotation of the ion type
remains a challenge and C/¡ 1 or 2 Da misassignments can
easily happen.29 For example, the 3 sequence errors in the nata-
lizumab Fd-fragment reference that were corrected in this
MALDI-ISD study went undetected in a recent FTMS-ETD
study.38

Given the nature of the fragmentation, SCs of 50% or less
are typically achieved by MDS using ETD compared with SC >

90% with MALDI-ISD.8 This limitation triggered the develop-
ment of new “extended bottom-up” strategies using Sap9 prote-
ase for analysis creating approx. 3.5 kDa proteolytic peptides
that allow obtaining increased sequence coverage by LC-ESI-
ETD.39

However, advantages of ETD vs. MALDI-ISD are the
ability to select precursor ions from protein mixtures and
that ETD frequently permits the direct readout of the first
10 residues from the terminus, whereas MALDI-ISD only
provides fragment ions starting approx. at the 10th residue
from both termini.43 This is because in the lower m/z
range the sequence readout is obscured by clusters of
matrix and adduct ions. Therefore, the pseudo-MS3
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approach called “T3-Sequencing” is useful (Fig. S2), which
provides direct access to the terminal sequences by MS/MS
analysis of ISD fragment ions.10 If heCID is used for the
MS/MS step, even Leu/Ile distinctions are possible with
T3-Sequencing.17

In conclusion, the combined use of UHR-QTOF analysis
and MALDI-TOF/TOF in the described middle-up/down
approach turned out to be very effective at determining struc-
tural aberrations safely and to characterizing them thoroughly.
Assigning monoisotopic masses of antibody LC, Fc/2 and Fd
fragments in UHR-QTOF data and a high fidelity of isotopic
pattern representation were essential for the successful and fast
application of these methods. The resulting 1 ppm mass accu-
racy, allowed detection of reference sequence inconsistencies
even when the gross mass shift of multiple “point mutations”
was as low as 2 Da.

MS-based protein sequencing using MALD-ISD reliably
provided long and uninterrupted sequence reads from both ter-
mini. Singly charged MALDI spectra were visually validated
easily. The well-defined ion series (a, c, y, zC2) extend to even
overlap in the core sequence of these antibody fragments so
that 99-100% of the investigated sequences of 3 mAbs were
validated.

Compared to our previous work, the coverage of the cetuxi-
mab sequence was further improved by several means
described in the order of influence: 18

1. Sample amount is a critical parameter for ISD analysis,
and thus sample loss during chromatography on columns
should be avoided. In our work described in Ayoub et al.,
we used a C8 column (Zorbax, Agilent) and observed
rather weak recovery. The C4 column we used for this
work (Phenomenex) showed a similar high loading
capacity, but its high recovery of LC, Fd and Fc/2 was an
important factor for the increase of sequence readouts.

2. The complete reduction of cysteine bonds further contrib-
uted to increased sequence readout. Cysteines at position
22 in the heavy and position 23 in the light chain are
linked to cysteines at position 95 and 88, respectively. The
cyclic structures of the disulfide bridges prevent detection
of ISD fragments between these residues. We used a dena-
turing step here with 6 M guanidinium chloride to allow
maximal reduction of all disulfide bonds of the antibody
subunits, and thus a further increase of the analyte
amount in a form compatible with middle-down sequence
analysis.

3. Post-translational modifications introduce mass shifts and
heterogeneity to the protein. In the case of cetuximab Fd
subunit, glycosylation of ASN 88 did not prevent identifica-
tion of the most abundant glycoform (G4F), but rather
reduced sequence readout. After cleavage of the glycans
with PNGase F, sequence readout was increased from c94
to c141 to achieve 100% SVP.

The combination of these 3 interventions allowed the full
validation of the 3 antibodies investigated in this study.

The combination of sub ppm molecular weight determina-
tion and near 100% levels of sequence validation appears to be
quite promising in biopharmaceutical reference sequence vali-
dation and curation as it dramatically extends Edman sequenc-
ing capabilities at very short analysis times.

Methods

Sample preparation

Cetuximab (chIgG1, SP2/0, Erbitux, Merck), panitumumab
(huIgG2, CHO, Vectibix®, Amgen), and natalizumab (hzIgG4,
NS0, Tysabri®, Biogen) were obtained in their formulation buf-
fers and versions approved in the European Union. They were
not further purified. The concentration of panitumumab was
20 mg/mL, cetuximab 5 mg/mL and natalizumab 20 mg/mL.

For LC-MALDI-TDS analysis, 100 mg of each antibody were
added to a vial containing lyophilized EndoS and/or IdeS
including digestion buffer (IgGZERO and FabRICATOR, Gen-
ovis, Lund, Sweden). The enzymes were provided either sepa-
rately or in a mixture for simultaneous digestion. Depending
on the concentration of the sample, deionized water was added
to a final volume of 25 mL in each vial. Digestion was per-
formed at 37�C for 30 min per enzyme or in a mixture of both
enzymes with the same results for simultaneous or separate
incubation. After digestion, either tris(2-carboxyethyl)phos-
phine (TCEP; concentration of 50 mM in vial) or dithiothreitol
(DTT; 100-150 mM in vial) were added and incubated for 1 h
at 37�C. The reduced subunits were then prepared as a mixture
for intact MW analysis by MALDI-MS or subjected to LC sepa-
ration and fractionation prior to MALDI-ISD. Separation and
fractionation were achieved using an Agilent 1200 system cou-
pled with UV detector and fraction collector (Proteineer fc II,
Bruker) controlled by the Bruker Hystar 3.2 software. Four mg
of the reduced subunit mixture were injected onto a Jupiter 5
mm C4 300 A column (150 mm, Phenomenex) held constantly
at 60�C. A 30 min linear gradient from 25% B to 48% B (with
aqueous 0.1% trifluoroacetic acid (TFA) as solvent A and aceto-
nitrile and 0.1% TFA as solvent B) eluted the subunits at a cap-
illary flow rate of 15 mL/min and the LC-eluate was collected
every 15 sec in 3 mL fractions and spotted automatically on a
MTP 384 BigAnchor target (Bruker).

For MS analyses of the subunits by UHR-QTOF, 100 mg of
each antibody were added to a vial containing lyophilized IdeS
including digestion buffer and reduced for 45 min at 37�C with
50 mM TCEP in 5 M guanidinium chloride. As the glycosyla-
tion site at Asn-88 of the cetuximab HC cannot be cleaved by
EndoS, an additional deglycosylation protocol was developed.
After IdeS and EndoS digestion, the sample was incubated with
guanidinium-HCl (4 M) and DTT (130 mM) for 30 min at
37�C. The denaturation buffer was then removed using an
Amicon Ultra 0.5 10 K cutoff filter (Millipore). An aliquot of
20 units of PNGase F (Promega) was added to the sample and
digestion was performed for 3 h at 37�C.

MALDI-MS analysis and MDS of antibody subunits

MALDI matrices (Bruker) were used without further purifica-
tion: DHAC matrix (2,6-dihydroxyacetophenone/diammo-
nium-hydrogen citrate) was used for intact mass determination
and was prepared as recommended in the protocol provided by
the supplier.40 SDHB (super DHB: mixture of 2,5-dihydroxy-
benzoic acid and 2-hydroxy-5-methoxybenzoic acid, 9:1) was
used for ISD fragmentation and was prepared by dissolving
25 mg of sDHB in 1 mL 50% ACN/water/0.1% TFA.
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For intact mass determination, an aliquot of the subunit
mixture was diluted 1:20 and mixed with 2% TFA and the
DHAC solution as described in the supplier�s protocol. One mL
of the mixture was spotted on a BigAnchor target and left to
dry. Protein Calibration Standard I (Bruker) prepared identi-
cally was used for external calibration. For MDS analysis, the
spotted and dried LC fractions of the separated subunits were
overlaid with 1 mL of sDHB matrix. Ten pmole of bovine ubiq-
uitin (Sigma-Aldrich) in sDHB were used for ISD spectra
calibration.

All MALDI mass spectra were acquired using an ultraflex -
treme MALDI-TOF/TOF mass spectrometer (Bruker). Com-
pass 1.4 software was used for data acquisition and processing
and BioTools 3.2 SR 5 for MDS analysis. For intact mass deter-
mination of the unseparated subunits, spectra were acquired in
reflector mode using a parameter set optimized for the mass
range between 8 and 17 kDa as provided by the manufacturer.
Singly charged ions of the protein calibration standard were
used to calibrate the doubly charged ions of the subunits.
Approximately 4000 to 8000 laser shots per spectrum were
acquired at 2 kHz laser repetition rate. Intact MWs of the subu-
nits were determined automatically with a Compass script that
uses the multiply-charged ions produced in the mixture with
DHAC to calculate the MW of each subunit and create a PDF
report of the results. The LC fractionated subunits were ana-
lyzed in a 2-step approach. First, all fractions were automati-
cally analyzed in linear positive ion mode using the WARP-LC
1.3 software. The results were visualized in the SurveyViewer of
the same program (Fig. S1). Fractions containing subunits were
further analyzed manually in positive reflector ion mode at
slightly elevated laser power and parameters optimized for a
mass range from 1-8 kDa, as previously described and extended
to 15 kDa.17 T3-spectra were acquired using the default LIFT
method provided by the manufacturer.10 An ISD fragment of
the c-ion series between 1500 and 2500 Da was selected as pre-
cursor; 2000 laser shots were used to acquire the parent ion
spectrum and another 8000 shots for the fragment ions. Mono-
isotopic peaks were annotated using the SNAP algorithm,
TDS/MDS spectra were automatically matched to a user
defined sequence database and the results for best matching
sequences were reported. Sequence tags were automatically
generated in BioTools and interactive sequence assignments
were obtained using the Compass software.17 The software rou-
tines permitted the assignment of dipeptide sequences in order
to close proline gaps.41 The ISD fragment ions were initially
assigned with an MS/MS tolerance of 0.5 Da below 8 kDa and
of 1.0 Da above.

The degree to which the protein sequence is validated by its
matched upstream sequence was quantified by the “Sequence
Validation Percentage” (SVP %) parameter. For the SVP calcu-
lation, all peptide bonds accounted for by fragments are added.
In addition, those gaps are added and count as validated if: (a)
sequence readout begins no later than at the 13th residue from
either terminus, which is typically the case with a matching
sequence: (b) they can be attributed to PX or PPX proline gaps:
and (c) the gap is 1 residue long or is shorter than 6 residues
with at least twice the number of continuously matching frag-
ments downstream the sequence. For example, if the sequence
tags read precisely at the expected fragment ion masses

downstream of such a gap, the upstream sequence is considered
validated since sequence length variations or unexpected modi-
fications can be safely excluded. The SVP values throughout
this work were calculated by division of this sum of validated
peptide bonds by the total number of peptide bonds in the
sequence. SVP values were automatically determined by the
BioTools software.

LC-UHR-QTOF middle-up measurements

Thirty mL of each of the IdeS-digested antibody samples were
analyzed by LC-MS using an Acquity UPLC H-Class system
(Waters, MA, USA) coupled to a maXis II UHR-QTOF mass
spectrometer (Bruker) and controlled by BioPharma Compass
1.1 (Bruker). A detailed description of the TOF mass analyzer
components (i.e., collision cell, reflector and detector) is
described elsewhere.42

Four mg of the mixture were loaded on the column and
eluted using a gradient program at a flow rate of 0.2 mL/min
(23 min at 5% solvent B followed by a linear gradient of 5-24%
solvent B in 3 min, 24–40% in 30 min, 40–80% in 1 min, 5 min
at 80% and reconditioning of the column at 5%). Following
data acquisition, the raw spectra from the detected chro-
matographic peaks were deconvoluted using the Maximum
Entropy algorithm and monoisotopic MWs of the subunits
were then determined by the SNAP algorithm. For mass calcu-
lations, Sequence Editor software uses a Periodic table based on
the NIST Atomic Weights and Isotopic Compositions (version
2.3.1, http://www.nist.gov/pml/data/comp-version.cfm).43
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