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Abstract
Antibody-drug conjugates (ADCs) are highly complex proteins mainly due to the structural microvariability of the mAb, 
along with the additional heterogeneity afforded by the bioconjugation process. Top-down (TD) and middle-down (MD) 
strategies allow the straightforward fragmentation of proteins to elucidate the conjugated amino acid residues. Nevertheless, 
these spectra are very crowded with multiple overlapping and unassigned ion fragments. Here we report on the use of dedi-
cated software (ClipsMS) and application of proton transfer charge reduction (PTCR), to respectively expand the fragment 
ion search space to internal fragments and improve the separation of overlapping fragment ions for a more comprehensive 
characterization of a recently approved ADC, trastuzumab deruxtecan (T-DXd). Subunit fragmentation allowed between 
70 and 90% of sequence coverage to be obtained. Upon addition of internal fragment assignment, the three subunits were 
fully sequenced, although internal fragments did not contribute significantly to the localization of the payloads. Finally, the 
use of PTCR after subunit fragmentation provided a moderate sequence coverage increase between 2 and 13%. The reac-
tion efficiently decluttered the fragmentation spectra allowing increasing the number of fragment ions characteristic of the 
conjugation site by 1.5- to 2.5-fold. Altogether, these results show the interest in the implementation of internal fragment 
ion searches and more particularly the use of PTCR reactions to increase the number of signature ions to elucidate the 
conjugation sites and enhance the overall sequence coverage of ADCs, making this approach particularly appealing for its 
implementation in R&D laboratories.
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Introduction

From the first approval until today, monoclonal antibod-
ies (mAbs) have experienced a continuous evolution that 
has changed the treatment of an array of diseases. This 
kind of therapeutics has proven its efficiency not only in 
oncology but also in immune-mediated disorders, infec-
tious diseases, and cardiovascular disorders, among others, 
showcasing the therapeutic versatility of these proteins 
[1]. Currently, more than 170 mAbs are approved or under 
review by regulatory agencies, and more than 1200 mAbs 
are estimated to be in clinical trials [2]. Concomitantly, 
this outstanding evolution has motivated the develop-
ment of other mAb-related therapeutic proteins, among 
which antibody-drug conjugates (ADCs)—constituted 
of a mAb, a linker, and a payload—are one of the most 
prominent formats [3, 4]. Different classes of conjugated 
mAbs have been reported with different bioconjugation 
strategies (cysteine [5], lysine [6], site [7], engineered [8], 
and unnatural [9] residue-specific ADCs), and different 
types of cargo molecules such as tubulin inhibitors, DNA 
damaging agents, and immunomodulators [10]. The size 
(around 150 kDa), the intrinsic primary sequence micro-
variability of mAbs (with tens of post-translational modi-
fications, PTMs) [11], and the additional complexity aris-
ing from the bioconjugation process of different payloads 
make the characterization of these molecules particularly 
challenging.

In this context, native mass spectrometry (nMS), either 
as a standalone technique or in combination with liq-
uid chromatography (LC), has significantly contributed 
to the characterization of ADCs of increased complex-
ity [12–14]. However, the conjugation location afforded 
by these techniques is limited to the subunit level, and 
the combination of complementary MS-based methods 
is crucial to determining modified amino acid residues. 
Top-down and middle-down mass spectrometry (TD/
MD-MS) have emerged as complementary approaches 
consisting of the fragmentation of the proteins at the 
intact level (TD-MS) or the subunit level after a limited 
proteolysis step (MD-MS) with several activation tech-
niques [15], including electron-based dissociations (ExD), 
collision-induced dissociation (CID), electron-transfer/
higher-energy dissociation (EThcD), and ultraviolet pho-
todissociation (UVPD). This combination allows cor-
relating the information derived from the fragmentation 
spectrum with the intact mass of the protein, leading to a 
better characterization of protein proteoforms while lim-
iting the introduction of primary sequence artifacts dur-
ing sample preparation [16]. Outstanding outcomes have 
been reported for an array of proteins of different sizes 
and complexity, providing high sequence coverages (up 

to 90%) while determining the position of relevant PTMs 
[17, 18]. Different TD/MD-MS strategies have also been 
applied to mAbs [19–24] and even ADCs [25–28] using 
different instruments and fragmentation techniques in 
order to provide a thorough characterization of the pri-
mary structure. Furthermore, numerous fragment ions 
bearing the intact scaffold of the glycoforms and payloads 
are detected, allowing a precise location of these modifica-
tions that might be fragmented in the bottom-up analysis 
[25, 28, 29].

One of the main concerns of TD/MD-MS is the extensive 
exploitation of the huge amount of information generated 
during the fragmentation of the intact proteins. Hence, sev-
eral strategies have been developed to overcome this issue, 
including the design of experimental workflows aiming at 
decluttering the highly congested fragmentation spectra 
[30–34] or the development of tailored bioinformatics solu-
tions [35, 36] to identify better and assign all the different 
fragment ions. Proton transfer charge reduction (PTCR), an 
ion/ion reaction developed in the 1990s by McLuckey and 
coworkers [37], has been designed to reduce the charge state 
of gas-phase ions and spread the MS signals to a broader 
m/z range. More particularly, the ions of interest undergo 
reaction with an anion (usually a perfluorinated compound) 
to lower the charge state of the ions while the anionic reac-
tant is neutralized. Several applications of this reaction have 
been recently described to improve the identification of large 
proteoforms [32] (more than 30 kDa) or to enhance the 
sequence coverage of reference proteins [34] and histones 
[31] in TD-MS workflows. In the latter examples, the imple-
mentation of PTCR has been reported to reduce the spectral 
congestion in fragmentation spectra, improving the signal-
to-noise ratio of fragment ions and thus providing between 
5 and 20% of additional sequence coverage depending on 
the protein of interest and the activation technique used for 
sequencing [31, 33, 34]. Although quite promising, this tech-
nique has been reported in a limited number of studies and 
is scarcely implemented in the case of mAb-based therapeu-
tic proteins. An additional way to enhance TD-MS protein 
sequencing is to take into account internal fragments [38, 
39]. Despite the formation of internal fragments (second-
ary fragmentation of protein backbone) during TD/MD-MS 
analysis of intact proteins [40–43], depending on the protein 
size and fragmentation type, in most studies, only terminal 
fragment ions (containing either N- or C-terminal sides) are 
considered for TD/MD-MS data interpretation. Therefore, 
several bioinformatics tools have been developed to boost 
TD/MD-MS data interpretation by taking into account inter-
nal fragment ions [35, 36]. When applying these tools, not 
only drastic sequence coverage increase is observed [33, 
38, 42, 43] (in some cases more than 40–50% of protein 
sequence coverage), but also more accurate determina-
tion of the specific position of modifications located in the 
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internal region of proteins [39, 44]. However, some previous 
publications reported on the increased risk of false posi-
tive fragment ion assignment when internal fragment ions 
are included. This risk is even more marked when several 
types of fragment ions are considered during ion searching 
[41], or when complex fragmentation techniques are used to 
induce the fragmentation of the backbone (such as UVPD 
[45]). For all those reasons, the use of internal fragments 
to enhance the characterization of the primary structure of 
proteins should be considered with caution to increase the 
reliance on fragment ion assignment [45].

Here, we report on the thorough characterization of a 
recently approved therapeutic site-specific ADC, trastu-
zumab deruxtecan (T-DXd), using a combination of intact 
MS approaches with cutting-edge MD-MS techniques 
encompassing the application of PTCR and internal frag-
ment analysis. This ADC is composed of the humanized 
anti-HER2 trastuzumab antibody with a cleavable peptidyl-
based linker (GGFG) and a potent topoisomerase I inhibi-
tor payload (DXd) [46, 47]. The cysteines involved in the 
inter-chain disulfide bridges of the mAb are targeted by the 
bioconjugation strategy to produce a homogeneous average 
drug-to-antibody ratio (avDAR) of 8 [13, 46]. The fragmen-
tation of the ADC subunits led to the characterization of the 
conjugation sites with sequence coverages ranging from 70 
to 90%. Both conjugation sites and sequence coverage were 
significantly improved with the addition of internal frag-
ment searching and PTCR reaction, increasing the number 
of conjugation-diagnostic fragment ions by 30–40%, along 
with the full sequence coverage of each T-DXd subunit. 
Altogether, our results pinpoint the synergy between intact 
MS analyses and cutting-edge MD-MS strategies to offer an 
in-depth characterization of a homogeneous ADC without 
extensive sample preparation.

Materials and methods

Materials

Trastuzumab deruxtecan (T-DXd) samples were provided 
by the Institut de Cancérologie Strasbourg Europe (ICANS, 
Strasbourg, France). All chromatographic solvents are 
LC-MS grade.

Middle‑up analysis sample preparation

For middle-up level experiments, IdeS digestion was per-
formed by incubating one unit of FabRICATOR enzyme 
(Genovis, Lund, Sweden) per microgram of ADC for 30 min 
at 37  °C. For denaturing conditions analysis, trifluoro-
acetic acid (TFA) was added to the digested ADC to a final 

concentration of 1%. The final concentration of the ADC in 
solution was 0.8 µg/µL.

Middle‑down analysis sample preparation

For middle-down experiments, sample IdeS digestion 
was performed as mentioned for middle-up experiments. 
Disulfide bonds were subsequently reduced during 60 min at 
37 °C in strong denaturing conditions (6 M guanidine hydro-
chloride) using DTT (Sigma) as a reducing agent (100 mM 
final DTT concentration). Finally, TFA was added to the 
solution at a final concentration of 1%. The final concentra-
tion of the ADC in solution was 0.7 µg/µL.

Bottom‑up peptide mapping analysis

Sample preparation  Ten micrograms of untreated T-DXd 
was solubilized in 0.1% RapiGest (Waters). Disulfide reduc-
tion was performed with 5 mM TCEP for 30 min at 57 °C. 
Ten millimolar of iodoacetamide for 40 min in the dark was 
added to alkylate-free thiol groups on cysteine residues and 
prevent the reformation of disulfide bridges. Digestion was 
performed by adding 5 µL of the prior prepared trypsin solu-
tion, i.e., 20 µg of trypsin (Promega) suspended in 100 µL of 
H2O which corresponds to 1:50 enzyme to substrate ratio, at 
37 °C for 5 h. The reaction was stopped by adding 1 μL of 
TFA. RapiGest was eliminated by incubation for 30 min at 
37 °C and centrifugation at 13,000 g for 10 min.

LC‑MS/MS analysis  NanoLC-MS/MS analyses were per-
formed on a Dionex UltiMate 3000 RSLC nanosystem 
(Thermo Scientific) coupled to an Orbitrap Eclipse™ Tri-
brid™ (Thermo Fisher Scientific) mass spectrometer. Mobile 
phase A contained 0.1% FA in water and mobile phase B 
contained 0.1% FA in 80% ACN/20% water. Peptides were 
loaded onto an Acclaim PepMap 100 C18 20 mm × 0.1 mm, 
5-µm-diameter particles precolumn (Thermo Scientific) for 
3 min at 10 µL/min and eluted on an Aurora Series C18 
UHPLC (250  mm × 75  µm, 1.6-µm-diameter particles, 
IonOpticks) at a 300 nL/min flow rate following a linear 
gradient: 2.5% B at 0 min, 2.5% at 3 min, 7.5% at 6 min, 
50% B at 43 min, and 98% B from 44 to 48 min. The column 
was finally re-equilibrated in 2.5% B for 15 min. Full-scan 
MS spectra were acquired over a 300–1800 m/z range at a 
resolution of 120,000 (at 200 m/z), with an automatic gain 
control (AGC) target of 1 × 106 and a maximum injection 
time of 50 ms. The top 10 most intense precursor ions with 
an intensity exceeding 1.104 ions per second and charge 
states between 2 and 7 were automatically selected from 
each MS spectrum for higher-energy collisional dissociation 
(HCD) fragmentation at 30% normalized collision energy. 
MS/MS spectra were collected in the Orbitrap at a resolution 
of 15,000, with an AGC target of 1 × 105 and a maximum 
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injection time set to 22 ms. The complete system was fully 
controlled by Thermo Scientific™ Xcalibur™ software. 
Raw data collected were processed and converted with 
MSConvert into.mgf peak list format.

Data processing  Search engine MASCOT 2.6.2 algorithm 
(Matrix Science) was used. The search was performed 
against the sequence of the light and heavy chains of the 
ADC. Spectra were searched with a mass tolerance of 
10 ppm for MS and 0.05 Da for MS/MS data. The search 
was made without enzyme specified, in order to allow the 
identification of any non-specific cleavage peptide. Vari-
able modifications were specified: oxidation of methionine 
residues, pyro-glutamylation of the N-termini, deamidation 
of asparagine, isomerization of aspartic acid residues, and 
drug-linker conjugation (C52FH56N9O13 and C26H32O8N6) 
on cysteine residues. Peptide identifications were validated 
with a minimal Mascot ion score of 30 using Proline Studio.

SEC‑nMS analysis experiments

A Dionex UltiMate 3000 RSLC system (Thermo Scientific) 
was coupled to an Orbitrap Eclipse™ Tribrid™ (Thermo 
Fisher Scientific) mass spectrometer equipped with an 
EASY Max NG source with a heated electrospray ionization 
HESI probe. Fifteen micrograms and 12 µg were injected 
for intact and middle-up level analyses, respectively. The 
separation was carried out in isocratic mode with a 100 mM 
AcONH4 mobile phase at pH 7 using an ACQUITY Pro-
tein BEH SEC 200 Å, 1.7 µm, 4.6 × 150 mm (Waters) SEC 
column. The flow rate was set to 250 µL/min for intact and 
middle-up analyses. The source parameters were set as fol-
lows: sheath gas flow rate to 25 a.u., auxiliary gas flow rate 
to 5 a.u., ion transfer capillary temperature to 275 °C, vapor-
izer temperature to 200 °C, and capillary voltage 3.8 kV. 
In-source fragmentation energy was set to 150 V and 50 V 
for the intact and middle-up analyses, respectively, and the 
RF Lens to 150%. Intact protein mode was activated, with 
a pressure of 20 mTorr in the ion routing multipole (high-
pressure mode). Acquisitions were performed in the m/z 
range 500–8000 with a 3-ms scan and resolution of 15,000. 
The AGC target was set to 2 × 106, and the maximum injec-
tion time was 50 ms. Data were interpreted using BioPharma 
Finder v3.2 (Thermo Fisher Scientific, San Jose, CA, USA). 
The deconvolution mass tolerance was set to 10 ppm.

Middle‑level LC‑MS and LC‑MS/MS analysis

Separation of the Fc/2, Fd, and LC subunits was performed 
with a BioResolve™ RP mAb polyphenyl column (450 Å 
pore size, 2.7 µm particle size, 2.1 × 150 mm, Waters) 
preheated at 60 °C, using a Dionex UltiMate 3000 RSLC 
system (Thermo Scientific). Mobile phase A consisted of 

0.1% TFA in water, and mobile phase B was 0.1% TFA in 
ACN. For LC-MS and LC-MS/MS analyses, 3.5 µg and 
5.5 µg of digested ADC were respectively loaded onto the 
column using 25% of mobile phase B at constant flow rate 
of 300 µL/min for 2 min. Digested ADC was eluted fol-
lowing a linear gradient: 25% at 2 min, 44% B at 40 min, 
and 75% B from 40.5 to 45.5 min. The column was finally 
re-equilibrated at 25% B for 15 min. The LC system was 
hyphenated to an Orbitrap Eclipse Tribrid mass spectrom-
eter (Thermo Fisher Scientific, San Jose, CA) in intact 
protein mode. RF Lens was set to 60%, and auxiliary and 
sheath gases were set to 5 a.u. and 15 a.u., respectively. 
For all experiments, the spray voltage was set to 3.8 kV, 
the ion transfer tube temperature to 275 °C, the vapor-
izer to 200 °C, and the advanced peak determination was 
activated. MS spectra were recorded using a mass range 
of 500–4000 m/z and a resolving power of 120,000 (at 
200 m/z) for denaturing middle-up analysis.

For middle-down analysis, three different fragmentation 
modes were used: CID, ETD, and EThcD; as well as the 
PTCR ion-ion reaction. MS2 spectra were recorded using a 
mass range of 300–2000 m/z, a resolving power of 120,000 
(at 200 m/z) and 2 micro scans per spectra were selected. 
Precursor ions were selected over each specific elution 
window with an isolation window of 3 m/z following sub-
sequent fragmentation. For each subunit, the most intense, 
for CID, or the highest charge state, for ETD/EThcD, pre-
cursor ions were selected and submitted to fragmentation. 
The AGC was set to 1 × 106 and the maximum injection 
time to 200 ms for precursor ions. CID collision energy 
was set to 35%, with a CID activation time of 10 ms and 
an activation Q parameter of 0.25. For ETD fragmentation, 
the reaction time between precursor ions and the anionic 
fluoranthene reagent was 3 ms. To ensure proper precursor 
ions fragmentation, the anionic reagent target was set at 
7 × 105 with a maximum reagent injection time of 200 ms. 
For EThcD fragmentation, the same parameters as those 
described for ETD were used, and a supplemental colli-
sion energy of 20% was used. PTCR was performed after 
ETD and EThcD fragmentation on either a wide isolation 
window of 1000 m/z (700–1700 m/z) or five isolation win-
dows of 200 m/z between 700 and 1700 m/z. The PTCR 
reaction time was set to 20 ms for the wide isolation win-
dows. For narrow windows, reaction times of either 5 ms 
(for 700–900 m/z, 1300–1500 m/z, and 1500–1700 m/z 
isolation windows) or 10  ms (for 900–1100 m/z and 
1100–1300 m/z isolation windows) were used, depending 
on the ion population. The reagent target was set to 5 × 105 
and the maximum reagent injection time to 200 ms. MS3 
spectra were recorded using a mass range of 500–4000 m/z 
and a resolving power of 120,000 (at 200 m/z), and 2 micro 
scans per spectra were selected.
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Data analysis

MS/MS spectra were deconvoluted in FreeStyle 1.8 using 
the Xtract algorithm and deconvoluted masses were matched 
to the sequence using ProSight Lite v1.4. MS/MS spectra 
were averaged through the different subunit elution windows 
(0.5 min, 0.8 min, and 0.6 min for the Fc/2, Lc, and Fd 
subunits, respectively) and then deconvoluted using an S/N 
ratio of 7, a fit factor of 80%, and a remainder threshold of 
25%. Deconvoluted masses were exported to.csv file and 
matched to the sequence with a 10-ppm tolerance. Differ-
ent fragment ion series were considered depending on the 
fragmentation technique: b/y for CID, c/z for ETD, and b/y 
and c/z in the case of EThcD. Because of the DTT reduc-
tion performed during the sample preparation, all cysteines 
involved in intra-chain disulfide bridges were considered in 
their reduced form. In the case of the heavy chain and Fc/2 
subunits, ions corresponding to the G0F glycoform were tar-
geted, so G0F (+ 1444.5339 Da) at the Asp300 of the heavy 
chain (corresponding to Asp61 when Fc/2 is considered) 
was defined as a fixed modification to search the data. Drug 
conjugation (+ 1033.394 Da) on the cysteines involved in 
inter-chain disulfide bridges (Cys223, Cys229, and Cys232 
on the Fd, Cys214 on the Lc) were set as fixed modifications.

For internal fragments analysis, ClipsMS [35] was used. 
Internal fragments were searched with an error tolerance of 
2 ppm (10 ppm was kept for the terminal fragments) and 
the smallest internal fragment size of 5 amino acids. The 
following internal fragment ions were searched depending 
on the fragmentation method: by ions for CID, cz ions for 
ETD, and by, cy, bz, and cz ions for EThcD. Other param-
eters (modifications and terminal fragments tolerance) were 
set as mentioned above. For ions attributed to two different 
internal fragments, the assignment with the lower mass dif-
ference is kept and the other one is removed. If two (or more) 
fragments have exactly the same theoretical mass and mass 
difference with the assigned ion, then both identifications 
are kept.

Results and discussion

Intact and middle‑level analysis of T‑DXd for drug 
load distribution (DLD) determination and payload 
location assessment at the subunit level

The analysis of untreated T-DXd was first performed at the 
intact level with the use of the SEC-nMS coupling to con-
firm the drug load distribution (DLD) and the avDAR values 
of the ADC. Intact T-DXd analysis results in the identifi-
cation of homogeneous T-DXd (and its glycoforms) bear-
ing 8 conjugated drugs (avDAR of 8.0) in agreement with 
previously reported data [13] (Supplementary Figure S1). 

We next performed classical RPLC-MS to separate and 
characterize the subunits of T-DXd obtained either after 
reduction (heavy (Hc) and light chains (Lc)) or upon IdeS 
digestion followed by DTT reduction (Lc, Fd, Fc/2 subunits, 
Supplementary Figure S2). Reduced T-DXd analysis reveals 
two main species eluting at 23.6 min and 30.5 min (Supple-
mentary Figure S2.A). The first one corresponds to the Lc 
carrying one drug (24,476.9 ± 0.2 Da, Supplementary Fig-
ure S2.B and Supplementary Table S1) and the second one 
to the Hc with three conjugated drugs (53,703.6 ± 0.4 Da 
for the main glycoform G0F, Supplementary Figure S2.C 
and Supplementary Table S1). Both peaks exhibit additional 
populations at slightly lower retention times correspond-
ing to the binding of partial payload scaffolds (− 475 Da) 
[13]. The analysis of IdeS digested and reduced T-DXd 
showed three main peaks (Supplementary Figure S2.D), 
corresponding to the Fc/2 (23,235.9 ± 0.3 Da for the main 
glycoform G0F, Supplementary Figure S2.E), Lc with one 
drug (24,476.9 ± 0.2 Da, Supplementary Figure S2.F) and Fd 
bearing three drugs (28,485.5 ± 0.2 Da, Supplementary Fig-
ure S2.G) subunits, respectively. In line with previous results 
for reduced T-DXd, minor chromatographic peaks result-
ing from Lc and Fd bearing partial drug(s) (− 475 Da) are 
observed prior to the major chromatographic peaks of these 
subunits, but no drug-free species were detected. In addi-
tion, no signal corresponding to free Lc or Hc was detected. 
All these results regarding the absence of drug-free and/or 
partially conjugated species underline the high efficiency of 
the conjugation process for T-DXd. Middle-up level RPLC-
MS analysis corroborates the location of 3 drugs on the Hc/
Fd domain and one on the Lc domain, correlating with a 
homogeneous avDAR 8.0 calculated previously.

Middle‑down mass spectrometry (MD‑MS) analysis 
for sequence characterization and precise drug 
location

We next performed MD-MS analyses of T-DXd at the subu-
nit level. The precursor ions selected for MS/MS fragmenta-
tion are displayed in Supplementary Figure S2 and detailed 
in the “Materials and methods” for each considered subunit. 
The most abundant charge state was selected for CID, while 
highly charged precursors were preferred for electron-based 
fragmentations (ETD and EThcD). Conversely to classical 
bottom-up strategies where sequence coverages are opti-
mized, usually leading to accurate identification of drug 
location, we decided here to first address the position of the 
payloads by monitoring the sequence coverage as a function 
of payloads bound to different cysteine residues. Once the 
“most probable” conjugation site was determined, the MS/
MS data obtained from each replicate of each fragmentation 
technique were combined to increase the overall sequence 
coverage of the subunits (9 runs combined).
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For reduced T-DXd, Lc+1DXd or Hc+3DXd species 
were selected for further CID, ETD, and EThcD fragmen-
tation. In this context, the MS/MS spectra of the Lc were 
matched with 5 different positional isomer sequences (5 
Cys residues in the Lc sequence), while those of the Hc 
were compared with the sequence of 165 different isomers 
(combinations of 3 conjugated Cys residues out of 11 Cys, 

Supplementary Figure S3). From Lc MS/MS data interpreta-
tion, it can be concluded that the conjugation site is located 
on the C-terminal part (Cys194 or Cys214, Fig. 1A–C), as 
higher sequence coverages (14%/38%/42% for CID/ETD/
EThcD for Cys194-DXd, and 14%/39%/42% for CID/ETD/
EThcD for Cys214-DXd) were achieved when considering 
DXd bound to one of those Cys residues. However, the z12 

Fig. 1   Fragmentation results for the T-DXd heavy (Hc) and light 
chains (Lc). CID (A), ETD (B), and EThcD (C) light chain sequence 
coverage depending on the conjugated cysteine position. (D) Light 
chain fragmentation map of the combined results from all replicates. 

(E) Heavy chain fragmentation map of the combined results from all 
replicates. (F) Hc and Lc average sequence coverage obtained by CID 
(blue), ETD (red), and EThcD (yellow) for three injection replicates, 
and the combined results from all runs (green)
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fragment ion obtained in 3 over 3 ETD and EThcD replicates 
and the z16 obtained in 3 over 3 ETD replicates both allow 
determining that the payload is precisely located on Cys214 
residue (Fig. 1D). Data interpretation is even more challeng-
ing for Hc (Fig. 1E) as the sequence coverage obtained is 
similar (8–11%) when considering the theoretical positions 
(i.e., Cys223, Cys229, and Cys232) of the payloads (Sup-
plementary Figure S4), regardless of the activation technique 
used to induce the fragmentation. The fragmentation map 
of the combined results (9 runs) for the Hc clearly points 
out the absence of fragmentation in the middle of the Hc 
sequence, which impairs the reliable location of the conjuga-
tion sites in this chain (Fig. 1E). As expected, electron-based 
fragmentations (ETD/EThcD) afforded the most complete 
sequence coverage for both chains (39% for Lc and 12% 
for Hc), as already reported on other systems [28]. Finally, 
sequence coverage upon combining CID, ETD, and EThcD 
fragmentation replicates raised to 62% for the Lc and 33% 
for the Hc (Fig. 1F), which is still relatively low. Our results 
are in line with sequence coverages previously reported [48, 
49], which can be explained by the difficulty of providing 
a complete sequence coverage characterization when frag-
menting proteins larger than 30 kDa [50]. In the particular 
case of the Hc, this limited fragmentation hampers the pre-
cise location of the conjugation sites.

In order to increase the sequence coverage and locate 
more precisely the conjugation sites, T-DXd was IdeS 
digested and reduced to release the three ~ 25 kDa subu-
nits (Fc/2, Lc, and Fd) and subsequently fragmented using 
the aforementioned activation modes (Supplementary Fig-
ure S5). Similar to results obtained on Lc generated after 
DTT treatment, MD-MS results obtained after IdeS diges-
tion allow to conclude that DXd is located on the Cys214 of 
Lc (Fig. 2A), as the two same diagnostic fragments specific 
of the drug conjugation on Cys214 were identified (z12 and 
z16, Supplementary Figure S6.A) upon ETD/EThcD frag-
mentation (in 3/3 and 2/3 replicates, respectively). As IdeS 
digestion efficiently downsized the Hc chain, we next ana-
lyzed the results from the 35 possible Fd isomers (3 con-
jugated Cys residues out of 7 Cys residues in the Fd, see 
Supplementary Figure S3). It came out that proteoforms 
including conjugated C-terminal Cys (i.e., Cys203, Cys223, 
Cys229, and Cys 232) led to the highest sequence coverage 
(Fig. 2B), suggesting possible DXd location on abovemen-
tioned Cys. Nevertheless, 7 fragments (all from ETD/EThcD 
and assigned in at least 2/3 replicates for each fragmentation 
technique) corroborated the presence of the payloads on the 
3 C-terminal Cys residues involved in inter-chain disulfide 
bridges of the mAb counterpart (Supplementary Fig-
ure S6.B). Here, we observed fragment ions confirming the 
drug location for both Lc (Cys214) and Fd subunits (Cys223, 
Cys229, and Cys232). Moreover, after manual validation, 
it was confirmed that those ions exhibited resolved isotope 

profiles with no interfering signals and with a significant 
S/N ratio (> 150), thus increasing the confidence in their 
identification (Supplementary Figure S6.C and S7).

The conjugation sites inferred from MD-MS strategies 
were corroborated with bottom-up analysis (Supplementary 
Figure S8), with no detection of additional conjugation sites 
by the latter technique, highlighting the complementarity 
between both strategies. However, peptide mapping results 
still evidence the difficulties of this approach to decipher 
the drug conjugation of an ADC, as only a few fragments 
contain the whole payload scaffold and the location of the 
conjugation site is performed by detecting payload-bound 
peptide ions, with the detection of a specific signature frag-
ment ion coming from the fragmentation of the cargo mol-
ecule (Supplementary Figure S6).

Best sequence coverages achieved for T-DXd subunits for 
each individual fragmentation technique ranged between 29 
and 61% for Fc/2, 15–48% for Lc, and 19–37% for Fd, with 
best results originating from EThcD fragmentation (61%, 
48%, and 37% with EThcD for the Fc/2, Lc, and Fd parts, 
respectively). Between 40 and 55% of all the identified ter-
minal ions were observed in all the replicates of the same 
fragmentation technique, and the individual p-scores asso-
ciated to the different subunits with the precise conjugation 
site were lower than 10−10 for CID, 10−20 for EThcD, and 
10−37 for ETD. Interestingly, combining replicates from all 
fragmentation modes resulted in a high sequence coverage 
for the Fc/2, Lc, and Fd subunits with 87%, 76%, and 72%, 
respectively (Fig. 2C) covering not only both termini of the 
sequences but also the internal regions as expected when 
fragmenting 25-kDa subunits.

Altogether, MD-MS investigations of T-DXd subu-
nits confirm the payloads conjugation on the Cys214 for 
the Lc (with z12 and/or z16 specific diagnostic ions), while 
DXd binding could only be restricted to the C-terminal area 
of the Fd subunit (Cys223, Cys229, or Cys232) with the 
detection of 7 specific fragment ions. As expected, MD-MS 
results in terms of sequence coverage were better with 
EThcD and after IdeS digestion, in which smaller subunits 
(~ 25–30 kDa) were more adapted to MD-MS analysis.

Contribution of internal fragments in the context 
of T‑DXd subunits sequence characterization

In classical TD/MD-MS experiments, only N- and C- ter-
minal fragments (originating from one single cleavage 
site in the protein backbone) are matched to determine the 
sequence coverage. However, protein backbone can undergo 
subsequent residue cleavages leading to the formation of 
internal fragments that are not containing neither the N- nor 
the C-terminus of the protein. ClipsMS [35] was used to 
tackle internal fragments generated in our MD-MS work-
flow. Terminal fragments were assigned first using a 10-ppm 
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tolerance (same as with ProSight Lite). Then, internal frag-
ments were assigned using a 2-ppm tolerance to limit the 
risk of false assignment.

Initially, the contribution of internal fragments was evalu-
ated to determine the position of the payload of the subunits. 
It was found that those fragments are not particularly adapted 
to decipher the position for several reasons. Payloads are 

mainly located in the C-terminal region of the Lc and Fd 
subunits, and hence, very low amounts of internal fragments 
will contain the payload moiety. Conversely to terminal frag-
ments, the sequence coverage variation obtained upon con-
sideration of internal fragment ions is less sensitive to the 
position of the payload. For instance, the sequence coverage 
of the Lc subunit upon ETD fragmentation increases from 4 

Fig. 2   Fragmentation results for the T-DXd Fc/2, Fd, and Lc subu-
nits. Lc (A) and Fd (B) sequence coverage depending on the conju-
gated cysteine positions for CID (blue), ETD (red), and EThcD (yel-

low). (C) Fc/2, Lc, and Fd average sequence coverage obtained by 
CID (blue), ETD (red), and EThcD (yellow) for three injection repli-
cates, and the combined results of all runs (green)
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to 45% when the conjugation site is assumed either at Cys23 
or Cys214, respectively, clearly pinpointing that the conju-
gation site is located in the latter residue. However, upon 

internal fragment matching, the sequence coverage varia-
tion between these two conjugated positions is more attenu-
ated (from 51 to 67%), leading to a more ambiguous result. 

Fig. 3   Average sequence coverage and number of fragments identi-
fied for T-DXd Fc/2, Fd, and Lc subunits using internal fragments. 
Average sequence coverage (left) and number of identified fragments 
(right) considering the terminal fragments only (dark colors) and ter-

minal + internal fragments (light colors) for CID (blue), ETD (red), 
and EThcD (yellow) of Fc/2 (A), LC (B), and Fd (C) subunits. The 
results of the individual fragmentation techniques were run in tripli-
cate and the combined results are depicted in green
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Finally, it was observed that internal fragment consideration 
entails an increased probability of ion mismatching [45]. 
For example, the search for internal fragments after ETD by 
positioning the drug on the Cys23 residue of the Lc leads to 
the detection of more than 20 internal fragments containing 
the drug. More precisely, one identified internal fragment 
exhibits a clear isotopic profile with a very precise mass 
measurement that could correspond with the 21–52 internal 
fragment bearing the payload (4523.22 Da, Supplementary 
Figure S9). Nevertheless, the Cys23 conjugation site was 
excluded from our previous MD-MS results based on ter-
minal fragment identification because of the low sequence 
coverage assigned to this position. The golden-standard 
bottom-up method did not provide any peptide containing 
the drug at position 23, clearly suggesting that all those ions 
could not correspond to the fragmentation of a bunch of the 
Lc backbone with conjugated Cys23. For all these reasons, 
the characterization of the conjugation sites relied on the 
identification of terminal fragments, while internal frag-
ment ions were used with the main purpose of boosting the 
sequence coverage of the different subunits.

The proportion of internal fragments identified differs 
with the fragmentation method. Depending on the subunit, 
the average number of internal fragments identified var-
ies between 72 and 111 for CID, 62 and 94 for ETD, and 
214 and 327 for EThcD. As expected, EThcD provides the 
higher number of internal fragments resulting from the addi-
tion of a collisional-activation step of ions that have been 
previously activated/dissociated upon electron transfer. In 
the end, a total number of fragments (terminal and inter-
nal) around 130, 200, and 400 for CID, ETD, and EThcD, 
respectively, were detected (Fig.  3A–C, right). Conse-
quently, the sequence coverage drastically increased when 
including internal fragments to reach 50 to 60% with CID 
(15–30% considering terminal fragments only), 70% with 
ETD (38–53% considering terminal fragments only), and 
90% for EThcD (38–61% considering terminal fragments 
only) (Fig. 3A–C, left). Manual validation of the internal 
fragments identified can help to ascertain the confidence 
in the match, and it was found that internal fragments were 
relatively well resolved (Supplementary Figure S10). Com-
bining the sequence coverage from replicates of all the frag-
mentation techniques (i.e., CID, ETD, and EThcD) resulted 
in 100% subunit sequence confirmation (Fig. 3). Concomi-
tantly, the relative proportion of assigned fragment ions 
increased by 1.6 to 3 times when using internal fragment 
ion searching. However, poor reproducibility between differ-
ent replicates was observed regarding the internal fragment 
identification since only around 20% of the total number of 
the internal fragments were detected in at least 2 over 3 rep-
licates (and less than 5% in 3 over 3 replicates). These results 
clearly show that considering internal fragment ion search 
during MD-MS workflows allows taking full advantage of 

all the information contained in the MS/MS spectra, high-
lighting the contribution of internal fragments to increase 
the sequence coverage although care must be taken to reduce 
the number of false or ambiguous assignments.

Strengthening drug location using proton transfer 
charge reduction (PTCR)

While the attribution of internal fragments allows obtain-
ing the complete sequence coverage by exploiting the huge 
amount of information available from MS2 spectra, the risk 
of false positives and the position of the payloads on the 
C-termini of the sequences make its contribution limited to 
the identification of the conjugation sites. With this in mind, 
PTCR was combined with the most efficient fragmentation, 
i.e., ETD and EThcD, to declutter MS2 spectra and confirm 
drug location. To do so, two different PTCR methods were 
used: (i) the “wide window” (1000 m/z isolation window) 
method and (ii) the “narrow window” (5 × 200 m/z isolation 
window) mode (Supplementary Figure S11). As highlighted 
in Fig. 4A and B, the combination of PTCR results from all 
the windows leads to an average rise of the sequence cover-
age by 10–13% after ETD fragmentation and by 2–7% after 
EThcD fragmentation, respectively. The practical effect of 
this ion/ion reaction is further illustrated in Supplementary 
Figure S8. After ETD fragmentation, a complex MS2 spec-
trum is generated, with a very large number of fragments 
distributed only over a small m/z range (700–1700 m/z, Sup-
plementary Figure S8.A). Using PTCR for 10 ms on the 
1100–1300 m/z window drastically reduced the spectral con-
gestion of this zone of the MS2 spectrum, decreasing the sig-
nal interference in the lower m/z, where the major part of the 
fragment ions of interest are observed. For instance, overlap-
ping signals and interferences are observed in the ETD MS2 
spectrum of the diagnostic fragment ion z12 (2341.00 Da), 
which allows the precise location of the DXd on the Lc 
(Supplementary Figure S12.A). Thanks to the addition of 
PTCR, the same ion could be assigned with a resolved iso-
tope profile and a low interfering signal, leading to a more 
reliable identification of the fragment (Supplementary Fig-
ure S8.B). The PTCR MS2 spectra decluttering capabilities 
not only afforded more confident identification of diagnostic 
ions detected without PTCR but, more interestingly, allowed 

Fig. 4   PTCR fragmentation results for the T-DXd Fc/2, Lc, and Fd 
subunits. (A) Fc/2, Lc, and Fd average sequence coverage obtained 
by ETD only (light red) and ETD + PTCR (dark red) for the three 
injection replicates. (B) Fc/2, Lc, and Fd average sequence coverage 
obtained by EThcD only (light yellow) and EThcD + PTCR (dark yel-
low) for the three injection replicates. Fragmentation maps combin-
ing ETD/EThcD MS2 and PTCR MS3 results of the Lc (C) and Fd 
(D) subunits. Fragments found uniquely thanks to PTCR are circled 
in black and those confirming the position of the drugs are circled in 
green

◂
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identification of additional specific diagnostic fragment ions 
on the different subunits. Upon addition of PTCR, a total of 
5 fragment ions specific of the Cys214 conjugation on the Lc 
(2 fragments found with ETD/EThcD and 3 additional found 
after PTCR implementation, z13, y19, and y20, all in at least 
2/3 replicates, Fig. 4C) and 11 signature fragments specific 
of the conjugation of the Fd subunit on the Cys223, Cys229, 
and Cys232 residues (7 fragments found with ETD/EThcD 
and 4 additional fragments detected after PTCR imple-
mentation, z26, z27, z30, and z32, all identified in at least 2/3 
replicates, Fig. 4D) were finally detected. For instance, the 
fragment z26 that was not observed at any charge states using 
ETD only is assigned after the use of PTCR for 10 ms on the 
1300–1500 m/z mass range, as the 4 + charge state has been 
detected and presents a well-resolved isotopic profile (Sup-
plementary Figure S13). These results highlight that PTCR 
contributes to the improvement of the overall sequence cov-
erage to a lesser extent compared to internal fragment ion 
search but enhances the number and confidence of identified 
diagnostic fragment ions of the conjugation site, providing 
additional experimental evidence to locate the sequence 
modifications of interest.

Conclusions

In this study, several MS-based techniques have been com-
bined to characterize a homogeneous DAR8 ADC, T-DXd.

The different subunits bearing the cargo molecules were 
subjected to fragmentation to elucidate the conjugation sites. 
Results evidenced that the precise location of the three pay-
loads from the fragmentation of the entire Hc was still chal-
lenging due to the lack of fragmentation in the mid-region 
of the backbone. In this case, the fragmentation of the Fd 
subunit was more informative, providing a more compre-
hensive sequence coverage along with a significant number 
of signature fragment ions characteristic of the three conju-
gated cysteine residues.

PTCR reaction and tailored TD/MD-MS software were 
used to maximize the number of identified fragment ions. 
The identification of internal fragments with the use of 
ClipsMS helped to confirm the whole sequence of the ADC, 
giving rise to the characterization of the full sequence of 
each subunit. Although very informative to improve the 
overall sequence coverage, special care should be taken 
when considering internal fragment ions since the proba-
bilities for false positive ion assignment increase, providing 
ambiguous results about the precise location of the cytotoxic 
payload in the sequence of the ADC.

PTCR emerged as an elegant alternative to explore more 
deeply the fragmentation spectra information. This tech-
nique led to an overall sequence coverage increase between 

2 and 13% for each ADC subunit. In spite of the moder-
ate sequence coverage contribution of PTCR, the enhanced 
separation of charge-reduced fragment ions allowed for 
increasing the confidence of the location of the conjugation 
sites by increasing the number of diagnostic ions by 1.5- to 
2.5-fold. According to these results, the combination of a 
single activation technique (i.e., ETD or EThcD) with PTCR 
reaction can be an appealing alternative to the combination 
of multiple activation techniques (CID, HCD, ETD, EThcD, 
UVPD) that will afford additional information to character-
ize the sequence modification of interest.

Altogether, these results highlight the potential of com-
bining different MS-based approaches, with particular inter-
est in cutting-edge MD-MS strategies, in the characterization 
of approved therapeutic proteins to evaluate the homogeneity 
of the bioconjugation with limited sample preparation. More 
particularly, the contribution of MD-MS workflows in the 
conjugation site characterization of ADCs has been clearly 
shown in comparison with classical bottom-up approaches, 
facilitating the identification of fragment ions containing 
the whole payload, which is a significant limitation when 
ADCs are characterized at the peptide level. Hopefully, 
the continuous development of tailored software and the 
implementation of novel strategies in last-generation MS 
platforms will foster the use of intact or partially digested 
protein fragmentation in different R&D laboratories, espe-
cially (but not exclusively) those dedicated to the analysis 
of therapeutic proteins.
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