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Antibody-drug conjugates (ADC) are complex molecules and the
analysis of these biotherapeutics is challenging. For a full
characterization it is important to determine the drug-to-antibody
ratio (DAR) and to identify the conjugation sites, two properties
affecting the efficacy, pharmacokinetics and toxicity of an ADC. A
correct estimation of the conjugation efficiency helps to optimize
the conjugation chemistry, thereby increasing the homogeneity of
the ADC and finally improving the product quality. Liquid
chromatography in combination with high resolution mass
spectrometry allows the calculation of the DAR as a critical quality
attribute of ADCs during product development using intact and/or
subunit analysis. Often the subunit analysis is preferred as it
reduces the complexity and is more informative regarding the
localization of the identified modifications. For the determination
of the exact conjugation site, peptide mapping is the method of
choice. In a peptide mapping experiment, accurate mass
spectrometry data allow for the detection and quantification of
specific peptides, the confirmation of their amino acid sequence
and posttranslational modifications. Even though ADC analysis is
often challenging, the high raw data quality provided by the SCIEX

TripleTOF® 6600+ System offers the foundation for a full
characterization using the BPV Flex Software 2.1. The software
includes intact and peptide mapping workflows empowering the
complete characterization of an ADC within a single software, with
automatic DAR determination, sequence confirmation and relative
quantification of the conjugated peptides.

Key features for the characterization of ADCs
• IonDrive™ Turbo V Ion Source ensures efficient declustering,
desolvation and ionization, which is particularly well suited for
complex protein analysis
• High sensitivity and great data quality of the SCIEX TripleTOF ®
6600+ System for detection of small differences between the
unconjugated and conjugated mAbs for intact and peptide
mapping
• Expedited data analysis through automatic matching of protein
forms, DAR calculation of ADCs and rapid review of data in
BPV Flex Software

Figure 1. Base peak chromatograms of peptide mapping samples. Mirror plot comparing the naked antibody control sample (pink trace) vs. the
ADC (blue trace). Insert shows zoom into time range with major differences between the two samples.
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Methods

Table 2. LC gradient for subunit analysis.

Sample preparation:
Three site-specific ADC samples of the same ADC from different
product development processes obtained from Merck Healthcare
KGaA, Darmstadt, Germany, were compared to the unconjugated
control antibody. Gly-Gly-Gly-Val-Cit p-aminobenzyl oxycarbonyl
(PAB) monomethyl auristatin E (MMAE) (Gly-Gly-Gly-Val-CitPAB-MMAE) was conjugated by transglutaminase (TG) to the
glutamine 219 of the light chain of the antibody trastuzumab
(Figure 2). The conjugation site is highly specific and defined by
engineering a short glutamine-containing peptide tag (LLQG)
designed as an optimal substrate for TG2.
Three ADC batches were obtained which differed in their
conjugation procedure (Table 1).
For subunit analysis, 10 µg of each sample were incubated with
50 mM tris(2-carboxyethyl)phosphine (TCEP) for 3 min at RT.
For peptide mapping, an aliquot containing 10 µg protein
(1 mg/ml) was subjected to reduction with 10 mM dithiothreitol
(DTT) in digestion buffer (25 mM ammonium bicarbonate) at 56°C
for 30 min. The sample was then alkylated with 55 mM
iodoacetamide for 30 min at 37°C in the dark. After overnight
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An ExionLC™ System coupled to a SCIEX accurate mass
spectrometer, the TripleTOF® 6600+ System, equipped with an
IonDrive™ Turbo V Ion Source were used for data acquisition.
The liquid chromatography was performed at 0.25 mL/min using
water/0.1% formic acid and acetonitrile/0.1% formic acid as
mobile phase A and B, respectively. For the subunit analysis, a
bioZEN 3.6 µm Intact C4 column (2.1 x 50 mm) was used at 70 °C
with the gradient shown in Table 2. Separation for the peptide
mapping samples was accomplished at 0.25 mL/min using an
Aeris 1.7 µm PEPTIDE XB-C18, 2.1 x 150 mm column at 40 °C
with the gradient shown in Table 3. The MS parameters for both
analyses are shown in Table 4.
Table 3. LC gradient for peptide mapping analysis.

Figure 2. Schematic of conjugated trastuzumab with Gly-Gly-GlyVal-Cit-PAB-MMAE.
Table 1. Overview of ADC batches.
Sample

Conjugation procedure

1

conjugation without pre-incubation

2

incubation of the antibody in the conjugation buffer before
conjugation

3

incubation of the antibody with 6 U/ml transglutaminase
before conjugation
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digestion with trypsin (0.3 µg), the sample was diluted in 0.1%
formic acid to a final concentration of 0.1 mg/mL.
Chromatography and mass spectrometry:
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Table 4. MS parameters.
Parameter

Setting intact

Setting peptide
mapping

Scan Mode

TOF-MS positive

TOF-MS / TOF-MS/MS
positive

Gas 1

50 psi

45 psi

Gas 2

25 psi

45 psi

Curtain Gas

35 psi

35 psi

Source Temperature

350 °C

450 °C

Ion Spray Voltage

5500 V

5500 V

Time Bins to Sum

80

4/8

Accumulation Time

1 sec

0.250 / 0.08 sec

TOF-MS mass range

400 – 4000 m/z

350 – 2500 m/z

TOF-MS/MS mass range NA

50 – 2500 m/z

Declustering Potential

120 V

80 V

Collision Energy

9V

10 V / Dynamic

Max. Number of
Candidates

NA

10

peak areas of the proteoforms containing the conjugation site with
and without drug, BPV Flex Software automatically calculates the
drug-to-antibody ratio. The LC was detected with either 0 or 1 drug
load, with a calculated DAR of 0.99, 0.98 and 0.13 for sample 1,
2 and 3, respectively (Figure 4, Table 5). The results from both,
LC and HC, supported the success of the site-specific conjugation
on the LC with varying degrees. In comparison, the peptide
mapping data showed modification percentages of 99%, 97.4%
and 11% for sample 1, 2 and 3, respectively (Table 5). These
values were calculated as the mean modification percentage of all
peptides containing the target sequence, including different
charge states. These results show the great consistency in DAR
calculation of subunit and peptide mapping analysis. The ability to
extract reliable information on drug load with the subunit analysis
provides a robust alternative to the peptide mapping procedure for
a faster, uncomplicated and highly reproducible ADC
characterization.
Table 5. Comparison of DAR and % modification.
Sample

DAR*

%modification^

Sample 1

0.99

99.0

Sample 2

0.98

97.4

Data processing:

Sample 3

0.13

11.0

Data were processed using BPV Flex Software 2.1.

*based on subunit data
^based on peptide mapping data

Results
For the subunit analysis in BPV Flex Software, the acquired raw
data spectra for the heavy chain (HC) and light chain (LC) were
reconstructed to a “zero charge state” allowing to assign the major
glycosylation forms of the HC and the drug-free and drugconjugated forms of the LC (Figure 3). Based on the reconstructed

Figure 3. Comparison of the raw (left) and reconstructed data of the LC (center) and HC (right) for the control (dark grey) and ADC sample 2
(blue). While the data for the HC perfectly overlap, the reconstructed spectrum of the LC for sample 2 shows a shift due to the drug-conjugation, as
expected.
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Figure 4. Drug-to-antibody ratio (DAR) determined with the BPV
Flex Software. Tabular and visual comparison of the DAR for all
three ADC sample batches obtained with different conjugation
procedures.

The peptide features are displayed in the peptide results table
(Figure 5). The data in the table can be easily sorted by any
header in ascending or descending order by clicking on the
heading. Data can also be readily filtered by typing filter criteria
directly into the top row of the results table. As shown in Figure 5,
the results from this study have been filtered to display peptides
that contain the sequence SFNRGECGGLLQGPP corresponding
to the C-terminal peptide of the LC which contains the target
sequence for the drug conjugation. Additionally, the autovalidated filter was activated for displaying only peptides fulfilling
MS and MS/MS quality criteria. The peptide carrying the
conjugation site bearing the fixed carbamidomethyl modification,
was identified with and without the conjugated drug (labelled as
MMAE). Charge states +2 and +3 were detected for both the
modified and unmodified forms. The modification percentage
shown in the table is automatically calculated based on the
extracted ion chromatograms (XIC) peak areas of the MS1 level
using multiple charge states of the unmodified and modified
peptides. Note that in the antibody control sample only the
unconjugated peptide bearing the fixed carbamidomethyl
modification of the peptide of interest was identified. In all ADC
samples the drug free peptides were predominantly found in the
deamidated form (Figure 5). It is known that under certain
conditions (e.g. when the amine substrate is limited or at low pH)
water can serve as an acyl acceptor, such that transglutaminase

Figure 5. Peptide results for the target peptide for conjugation (SFNRGECGGLLQGPP). Filtered and grouped results for the unconjugated control
and all three ADC samples are shown for different charge states, with and without deamidation.
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can catalyze the deamidation of glutamine (Gln, Q) residues3,4.
The ADC sample 3 is heavily affected by this undesired reaction,
probably due to the pre-incubation step with transglutaminase in
the absence of the drug. While the conjugation conditions for
sample 1 are highly efficient showing only limited deamidation
events, pre-incubation of sample 2 with the conjugation buffer is
associated with a higher degree of Gln deamidation resulting in a
slight decrease of the conjugation efficiency.
Selection of any of the peptides from the table returns the
chromatographic and underlying MS and MS/MS data associated
with it, allowing a review of the data for validation of peptide
identification. The MS/MS data is annotated, and the identified
fragment ions can be highlighted and labeled (Figure 6 left, Figure
7 top). Figure 6 shows a comparison of the XICs and spectra for
the peptide SFNRGECGGLLQGPP (+3) identified in the ADC
sample 2 with drug (blue, RT 34 min) and deamidation (black, RT
16 min).
The identification of the drug-conjugated peptides can be
facilitated by specifying indicator ions while defining a customized
drug modification. These ions are fragments of the drug that can
be found in the MS/MS spectrum of the drug-conjugated peptides.
Figure 7 shows a zoomed view of the MS/MS spectrum with the
major indicator fragments being highlighted (top panel). The
indicator ions are also listed in the advanced fragment table with
the respective mass errors expressed in ppm (bottom panel). This
additional information provides confidence in the correct
identification of the conjugated peptides.
In addition to the peptide result being presented in a result table,
review of peptide mapping experiments is also possible within the

Figure 7. MS/MS results for the drug-conjugated peptide
SFNRGECGGLLQGPP. MS/MS spectrum (top) and advanced fragment
table (bottom) are shown. Indicator ions are labeled in orange.

Sequence Viewer (Figure 8). In the Sequence Viewer, each
identified peptide is displayed under the defined protein sequence.
This offers a rapid and highly visual interrogation e.g. of
modifications, which are indicated by magenta highlights (Figure
8). The peptides identified from different samples can be
displayed simultaneously in the Sequence Viewer, allowing for a
quick comparison of the control antibody digest (green bars) and
the ADC sample 2 (blue bars).

Figure 6. Comparison of peptide SFNRGECGGLLQGPP from sample 2 without (grey) and with drug (blue). Left: overlaid XICs for z = +3. Right:
mirror plot of the respective MS/MS spectra. In the MS/MS pane the sequence coverage of the selected peptide is shown for the unconjugated peptide.
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Figure 8. Interactive sequence viewer in BPV Flex Software. Blue bars: peptides from LC of the ADC sample 2. Green bars: peptides from LC of the
unconjugated control sample. Modifications shown by magenta highlights. Hovering over identified peptides provides rapid access to fragment ion
information.

Conclusions
• The TripleTOF® 6600+ System delivers high quality data on
ADCs for subunits as well as for peptides using standard
conditions with minimal optimization ensuring confidence in
data and results
• BPV Flex Software offers the possibility to easily compare
results from naked antibody and ADC samples while
calculating DARs and % modification automatically speeding
up the analysis
• The software’s customizable and interactive interface allows for
rapid review of MS as well as MS/MS data, including sorting,
grouping and filtering capabilities, to get to answers on
analytical questions faster
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