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Development of top-down mass spectrometry strategies in the chro-
matographic timescale (LC-TD-MS) for the extended characteriza-
tion of an anti-EGFR single-domain antibody-drug conjugate
(sdADC) in both reduced and non-reduced forms.
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ABSTRACT: Even though mAbs have attracted the biggest interest in the development of therapeutic
proteins, next generation of therapeutics such as single-domain antibodies (sdAb) are propelling an in-
creasing attention as new alternatives with appealing applications in different clinical areas. These con-
structs are small therapeutic proteins formed by a variable domain of the heavy chain of an antibody
with multiple therapeutic and production benefits compared to their mAb counterparts. These proteins
can be subjected to different bioconjugation processes to form single-domain antibody-drug conjugates
(sdADC) and hence increase their therapeutic potency, and, akin to other therapeutic proteins, nanobod-
ies and related products require dedicated analytical strategies to fully characterize their primary struc-
ture prior to their release to the market.

In this study we report for the first time on the extensive sequence characterization of a conjugated anti-
EGFR 14 kDa sdADC by using state-of-the-art top-down mass spectrometry strategies in combination with
liquid chromatography (LC-TD-MS). Mass analysis revealed a highly homogeneous sample with one con-
jugated molecule. Subsequently, the reduced sdADC was submitted to different fragmentation techniques
namely higher-energy collisional dissociation (HCD), electron-transfer dissociation (ETD), and electron
transfer higher-energy collision dissociation (EThcD) allowing to unambiguously asses the conjugation
site with 24 diagnostic fragment ions and 85% of global sequence coverage. The sequence coverage of
the non-reduced protein was significantly lower (around 16%), however the analysis of the fragmenta-
tion spectra corroborated the presence of the intra-molecular disulfide bridge along with the localization
of the conjugation site.

Altogether, our results pinpoint the difficulties and challenges associated to the fragmentation of sdAb
derived formats in the LC time scale due to their remarkable stability as a consequence of the intra-
molecular disulfide bridge. However, the use of complementary activation techniques along with identi-
fication of specific ion fragments allow an improved sequence coverage, the characterization of the intra-
molecular disulfide bond, and the unambiguous localization of the conjugation site.

INTRODUCTION resistance mechanisms and their large size com-
Monoclonal antibodies (mAbs) have changed the prises penetration into solid tumours, limiting
paradigm of cancer treatment over the last dec- their therapeutic efficacy. Thereby, efforts in pro-
ades with more than 170 approved mAbs world- tein engineering have been focused on the concep-
wide, and more than 200 of mAb biotherapeutics tion of next generation of biotherapeutics to
entering clinical studies per year since 2021.! widen their therapeutic applications. One of the

However, in oncology, mAbs can encounter tumor



most promising therapeutics along with bi-spe-
cific antibodies (bsAbs), are single-domain anti-
bodies (sdAb), also known as heavy chain variable
domain (VHHs) or nanobodies (originally trade-
marked in 2003 by Ablynx). This new class of
therapeutics have gained increased attention with
currently three approved formats on the market?
and around 37 nanobody candidates undergoing
clinical trials so far.3

SdAbs derive from the naturally occurring heavy-
chain antibodies (HcAbs) in camelids.* They are
constituted of four relatively constant framework
regions along with the three complementarity-de-
termining regions (CDRs) responsible for antigen
binding. Thereby, nanobodies are substantially
small-sized proteins (~15 kDa) with appealing ad-
vantages against their mAb counterparts, i.e. bet-
ter tissue penetration,5® the possibility to bind
clefts and cavities of target antigen,®!® exhibit
lower toxicity and immunogenicity,'>** enhanced
solubility,'® and stability,’# and lower structural
heterogeneity. Furthermore, production of sdAbs
can be carried out in low-cost systems like E. coli'>
or yeast,' reducing the overall production cost.
For all these reasons, sdAbs have found their way
into different applications such as infectious dis-
eases,'” cancer therapy,*® and central nervous sys-
tem (CNS) disorders.’ Akin to mAbs, nanobodies
can be subjected to covalent modifications allow-
ing incorporation of cargo molecules with differ-
ent properties allowing the use of conjugated
nanobodies as drug carriers?®® (single domain an-
tibody-drug conjugate, sdADC) or imaging
probes.?! Similar to other biotherapeutic proteins,
the primary structure of sdAbs, and sdADCs has to
be thoroughly assessed prior to their commercial-
ization including sequence assessment, identifica-
tion of post-translational modifications, and the
precise localization of the position of the cargo
molecules (for conjugated formats) through the
development of tailored analytical methods.

The development of complementary activation
techniques and their subsequent implementation
in last generation high resolution MS platform has
paved the way for the development of analytical
workflows envisaging protein sequencing at the
intact level, i.e., without any prior enzymatic di-
gestion. These strategies are encompassed under
the term top-down mass spectrometry (TD-MS)
and have been applied to a large variety of biomol-
ecules among which, membrane proteins,>?72> his-
tones,?%-2® and oligonucleotides.?®3 MAbs, and
derived products such as antibody drug conju-
gates (ADCs) have also been subjected to TD-MS
studies, mainly due to the advent of complemen-
tary fragmentation techniques. In most of the
cases, a limited proteolysis is performed followed
by a reduction step to downsize the mAb-derived

protein scaffold,3*>"4' and thus mitigating the chal-
lenges associated to the fragmentation of 150 kDa
proteins with several chains and multiple inter-,
and intra-molecule disulfide bridges. However,
several examples of TD-MS studies of mAbs,4>75°
and ADCs5%52 can be found in the literature, illus-
trating the potential of these methods in the char-
acterization of biotherapeutics at the intact level.
More particularly, Loo and coworkers combined
ECD and HCD fragmentation (EChcD) to perform
TD-MS on one mAb and its conjugated ADC under
native conditions,> reaching an overall sequence
coverage of 70% of both compounds with specific
fragment ions allowing the assessment of intra-
molecular disulfide bridges and 58% of payload
conjugation sites.

Despite the numerous publications showcasing
the advantages of TD-MS workflows for intact
protein sequencing, it is worth to stress that
sdAbs have been scarcely characterized using
these strategies, while there is not previous stud-
ies using MS-based approaches to elucidate the bi-
oconjugation site of sdAb derived formats such as
single-domain antibody drug conjugates (sdADC)
at the intact level. In 2010, Resemann et al. per-
formed the de novo sequencing of a 13 kDa nano-
body using a TD-MS assisted bottom up (BU) ap-
proach.>3 In this case, the fragmentation of the in-
tact nanobody was performed with MALDI in-
source decay matrix assisted laser desorption ion-
ization (MALDI-ISD) with two different matrix
compositions in order to favor fragmentation of
both protein termini, and thus provide an ex-
tended protein sequence characterization. A more
recent study published by Macias et al. applied ul-
traviolet photo-dissociation (UVPD) activation to
fragment three different nanobody-antigen
pairs.>* This experiment was conducted under na-
tive MS conditions (nMS) with the main purpose
of inferring structural insights onto the quater-
nary structure of nanobody-antigen pairs from
their corresponding UVPD fragmentation spectra.
In this context, the fragmentation of the apo-, and
holo- forms of the nanobodies were compared to
detect significant fragmentation differences upon
antigen binding. According to the reported re-
sults, the fragment ions originated under both
conditions pinpointed a fragmentation suppres-
sion located at the antigen-nanobody interfaces
leading to the conclusion that UVPD-based native
TD-MS can significantly contribute to determine
nanobody’s paratopes.

As evidenced by the scarce number of reported
studies, nanobodies, and their conjugated coun-
terparts have not been extensively studied with
TD-MS workflows for their primary structure
characterization. Moreover, both studies used di-
rect infusion without providing further evidence



demonstrating the suitability of the TD-MS strat-
egies in the characterization of sdAbs in the chro-
matographic time scale. Here we report for the
first time on the characterization of an in-house
sdADC using a tailored reversed-phase liquid
chromatography top-down mass spectrometry
(RPLC-TD-MS) strategy based on higher energy
collision induced dissociation (HCD), electron
transfer dissociation (ETD), and Electron Trans-
fer/Higher-Energy Collision Dissociation
(EThcD). The experimental conditions of each in-
dividual activation technique were optimized to
improve the fragmentation yield of the peptide
backbone, highlighting the advantages/limita-
tions of each fragmentation technique in terms of
overall sequence coverage, localization of the con-
jugation site, and the identification of signature
fragment ions to determine the presence of the in-
tra-molecular disulfide bridge. Overall, this study
provides insights about the suitability of LC-TD-
MS strategies in the characterization of the pri-
mary structure of next generation sdAbs, and
sdADCs biotherapeutics showing the challenges
related with the sequencing of this type of thera-
peutics in the presence of the intramolecular di-
sulfide bond.

MATERIAL AND METHODS
Chemicals and reagents

All buffers and the chemicals used for the protein
purification and functionalization were purchased
from Merck. E. Coli cells. Chitin affinity chroma-
tography resin were purchased from NEB, Luria-
Bertani (LB) media, ampicillin (AMP), and isopro-
pyl B-D-1-thiogalactopyranoside (IPTG) were pur-
chased form MelfordAlexa Fluor™ 488 C5 Malei-
mide (AF488) was purchased from Thermo Fisher
and 5 ml HiTrap desalting columns from Cytiva.

All chemicals were purchased from Sigma-Aldrich
(France): acetonitrile (ACN), ammonium acetate
(AcNOH,), dithiothreitol (DTT) and trifluoroace-
tic acid (TFA). RapiGest™ reagent was purchased
from Waters (France) and trypsin from Promega
(France). All aqueous solutions were prepared
with ultra-pure water system (Sartorius, Gottin-
gen, Germany). LockMass and RDa Calibrant solu-
tions used on the BioAccord Mass Spectrometer
were obtained from Waters (Manchester, UK) and
the calibration solution used on the Eclipse Mass
Spectrometer was a Pierce FlexMix from Thermo
Fisher (France). The anti-EGFR nanobody was
prepared at Almac Discovery (Scotland, UK).

Anti-EGFR production, expression, purification
and conjugation

sdAb preparation and thiol functionalization —
The anti-EGFR VHH 7C12 cloned to the N-terminus
of a GyrA intein-chitin binding domain fusion, was

expressed in E. coli cells and captured on chitin
beads as previously described.5>

The 7C12 intein fusion protein was then cleaved
by overnight incubation at room temperature with
200 mM cysteamine in 200 mM NacCl, 50 mM so-
dium phosphate buffer, pH 6.9, to generate the
corresponding C-terminal thiol-functionalized
7C12 protein. Cysteamine excess was further
eliminated by size-exclusion chromatography
(Figure S1).

sdAb conjugation— To conjugate to the C-termi-
nal thiol group of 7C12 (generated by cysteamine
cleavage of the precursor intein-fusion protein
and referred to as the C-terminal cysteamine
thiol), the purified protein was incubated with a
4-fold molar excess of Alexa Fluor 488 maleimide
dye at room temperature for 1h. The excess dye
was removed using a 5 mL HiTrap desalting col-
umn equilibrated in PBS, pH 7.4., The labelling
was confirmed by SDS-PAGE and ESI-TOF MS
(Bruker Daltonics) The protein concentration
and the degree of labelling were calculated ac-
cording to the AF488 Thermo Fisher manual using
the molar extinction coefficient of the protein.

Top-down MS experiments

LC-TD-MS analysis—a Dionex Ultimate 3000 LC
system was used to inject between 1, and 3 pug of
samples through an Agilent Zorbax 300 SB-C8 (2,1
X 50 mm, 1,8 microns) at 60°C. The solvent system
consisted of 0.1% TFA in water (solvent A) and
0.1% TFA in acetonitrile (solvent B). Elution was
performed at a flow rate of 200 pL/min from 20%
to 65% of B for 7 minutes. The LC was hyphenated
to an Orbitrap Tribrid Eclipse MS (Thermo Fisher
Scientific) equipped with ETD, HCD, ETD, and
EThcD options. For all experiments, the spray
voltage was set to 3.4 kV, and the ion transfer tube
temperature at 320 °C.

The MS scans were acquired in profile mode at a
resolution of 60 000, the AGC target was 4.10°
and the maximum of injection time 100 ms on a
range of [350-4000] m/z. The MS/MS scans were
also recorded in profile mode with a resolution of
120 000, the AGC target was 5.10° and the maxi-
mum injection time was 200 ms. Mass range of
[180-2000] m/z with an isolation width of 2 m/z
were selected for all analysis except for non-re-
duced sdADC where isolation was performed in
the Ion Trap with an isolation width of 10 m/z and
with a mass range of [180-4000] m/z. All the frag-
mentation spectra were recorded with 10 micros-
cans to improve the signal quality. For HCD frag-
mentation, the ions were accelerated under a con-
stant N, pressure of 8 mTorr. For performing ETD,
anionic fluoranthene radicals were generated in
the source region of the instrument. For EThcD ex-



periments, fragment ions resulting from the radi-
cal fragmentation were supplemented with an ad-
ditional acceleration voltage to dissociate the
non-covalent interactions between fragments.
Each fragmentation conditions were applied in in-
dividual experimental analysis.

Data analysis— the MS/MS spectra were decon-
voluted with Xtract algorithm on FreeStyle soft-
ware, using a S/N of 3, a fit factor of 70% and a
remainder threshold of 25%. The deconvoluted
masses were matched to the protein sequence us-
ing Prosight Lite software with a 10-ppm ion tol-
erance. For each fragmentation method the type
of generated ions was considered, namely b/y in
the case of HCD, ¢/z in the case of ETD, and b/y
and c¢/z in the case of EThcD. The C-terminus of
the protein was modified with a cysteamination,
thus the addition of the cysteamine mass was con-
sidered on this position. Since the bioconjugation
was performed through the specific thiol-malei-
mide reaction, both Cys22, and Cys96 along with
the C-terminus cysteamine group was considered
as putative conjugation sites. All the different ex-
periments were recorded in triplicate. Only frag-
ment ions observed at least in two out of three
replicates were considered on the final sequence
coverage.

To assign the internal fragments, ClipsMS soft-
ware was used by fixing the parameters as fol-
lows: terminal fragments error at 10 ppm and in-
ternal fragments error both at 5 ppm with the
smallest internal fragment size at 5 AA. The cys-
teamine and AF488 modifications were consid-
ered as localized modifications after confirming
their position by matching terminal ions with
ProSight Lite. All the raw data along with matched
fragments are publicly available in the jPOST re-
pository under accession numbers PXD058380
(ProteomeXchange), and JPST003493 for jPOST.5%

RESULTS
Intact mass analysis using SEC-nMS

Our in-house sdADC was firstly analyzed using
SEC-nMS coupling to determine the experimental
mass of the protein, the drug load distribution
(DLD), and average drug-to-antibody ratio (av-
DAR) after conjugation with the surrogate cyto-
toxic payload molecule AF488 (Figure 1A,B). The
SEC-UV chromatogram reveals a major peak at
~3.88 min corresponding to the monomeric sdADC
with an experimental mass of 14 145.7 + 0.1 Da
that can be assigned to the sdAb conjugated to one
AF488 molecule (Figure 1B). A minor peak is also
observed at ~4.50 min corresponding to a frag-
mented moiety of the AF488 (Figure S2). Accord-
ing to this result, the conjugation of the sdAb was
complete, leading to an avDAR of 1. This result is

in line with the SDS page analysis where the con-
jugation of the AF488 molecule was confirmed
upon UV visualization of the reduced sdADC (Fig-
ure S3). However, the resolution, and mass accu-
racy of the SEC-nMS coupling allowed to confirm
that the experimental mass of the protein corre-
sponded to the D1 population of the sdADC with a
disulfide bridge, suggesting that the integrity of
the intra-molecular linkage between both cysteine
residues has been maintained during the conjuga-
tion process.
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Figure 1: Analysis of unreduced sdADC in native
conditions using SEC-nMS (top panels) and the re-
duced form in denaturing conditions using rpLC-
MS (bottom panels). (A) SEC-UV chromatogram.
(B) MS spectra corresponding to the eluted sdADC
in native conditions. (C) Total ion chromatogram
of the reduced sdADC showing one species at
~5.57 min. (D) MS spectra of the reduced sdADC
in denaturing conditions. The peak highlighted in
orange was selected for further TD-MS experi-
ments.

TD-MS for the sequence characterization and
conjugation site identification of the sdADC

Recent studies have shown the benefits of TD-MS
for the characterization of protein modifications
through the direct fragmentation of intact pro-
teins,26:27:57-61 although the sequence coverage is
significantly reduced when dealing with large mo-
lecular ions (> 30 kDa).3341:49:62.63 Tgking into ac-
count the relative small size of the sdADC, it
seems to be the suitable candidate to be subjected
to TD-MS workflows in order to perform sequence
assessment, along with the localization of the
AF488 molecule in the protein backbone. Since the
sequence coverage of the proteins significantly di-



minishes with the presence of intra-molecular di-
sulfide bonds,®47% the conjugation site and the se-
quence confirmation of the sdADC were carried
out upon reduction of the cysteine residues (see
material and method section, Figure 1C, D). The
reduction of the disulfide bridge along with the
use of chaotropic agents disrupt the secondary
and tertiary structures of the protein, allowing
the accommodation of higher number of protons
during the ESI process, and thus increasing the
overall net charge state of the molecular ions. One
major peak centered at ~5.57 min is observed in
the chromatogram profile of the sdADC. The
charge envelop was centered at the 13+ charge
state, and the corresponding experimental mass
associated to the main peak was 14 147.4 + 0.1 Da,
in line with the reduced form of the sdADC bearing
one AF488 molecule (+ 757.1182 Da) (Figure 1D).

Subsequently, the reduced sdADC was analyzed
using rpLC-TD-MS using different activation tech-
niques such as HCD, ETD, and EThcD. Optimiza-
tion of the fragmentation reaction and the charge
state of the precursor molecular ions were con-
ducted on the unconjugated sdAb as a reference
sample. Three charge states (12+, 13+ and 14+)
were selected for HCD fragmentation combined
with collision energies from 10 to 30% NCE (Fig-
ure S4). Interestingly, fragmentation of the 12+
precursor ion gave rise to the largest number of
fragments leading to a sequence coverage of 31%
(versus 23 for 12+ and 14+, respectively, Figure
S4A). Moreover, the activation energy was also
optimized, reaching 35% of sequence coverage
with 20% NCE (Figure S4B).
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Figure 2: TD-MS experiments of reduced sdADC.
(A) Sequence coverage of sdADC C-terminal site
upon 20% NCE HCD.(B and C) MS/MS spectra
upon 20% NCE HCD fragmentation of sdAb (top)
and sdADC (bottom) showing new fragment ions
in the case of the sdADC corresponding to the
AF488 modification. (D) Histogram representing
the sequence coverage and diagnostic fragment
ions with the different conjugation positions. (E)

Fragmentation map of matched b/y ions with the
sdADC sequence. AF488 modification is outlined
in an orange frame, specific fragments are de-
picted with red circles, and CDRs are highlighted
with light blue.

The optimized fragmentation conditions were ap-
plied to the sdADC. Overall, similar fragmentation
spectra of sdAb, and sdADC were obtained. How-
ever, pair comparison analysis between both
spectra revealed a series of singly charged frag-
ment ions in the sdADC spectrum that were not
detected in the sdAb fragmentation pattern
(Figure 2B and 2C) covering the 500-1400 m/z
range. Upon calculation of the mass difference be-
tween each consecutive singly-charged ion, it was
concluded that those ions corresponded to the
fragmentation of the five last residues of the C-
terminal side of the sdADC (VTVSSG, Figure 2A).
Additionally, one ion at 776.165 m/z value was ob-
served, corresponding to the AF488 molecule con-
jugated to the cysteamine residue. According to
these signature ions, the conjugation of the surro-
gate cytotoxic payload molecule occurred on the
thiol group of the cysteamine residue located in
the C-terminal side of the protein.

To further strengthen this result, the variation of
the sequence coverage of the sdADC as a function
of the AF488 position was assessed (Figure 2D,
and S5). Since the conjugations strategy relied on
the site selective maleimide-thiol reaction, the
fragment ions were matched with three different
sdADC sequences containing the AF488 molecule
at position Cys22, Cys96, and cysteamine 125.
Thus, fragment ion matching with the conjugation
site located at position Cys22, and Cys96 led to a
poor sequence coverage of 7, and 13% respec-
tively with no b-ions containing the aforemen-
tioned conjugated cysteine residues (Figure 2C
and S5). Conversely, the sequence coverage rose
to 36% when the conjugated molecule was located
at the C-terminal side (cysteamine conjugation),
providing 24 diagnostic y-fragment ions of the po-
sition of the AF488 molecule in the cysteamine
thiol group (Figure 2D, E). Overall, these results
are in line with the singly-charged diagnostic
fragments observed upon spectra comparison be-
tween the conjugated and naked sdAb, thus lead-
ing to the unambiguous conclusion that the conju-
gation of the sdADC was selectively performed in
the C-terminal side. This result was in line with
data obtained through peptide mapping analysis.
Upon digestion of the sdADC, only one AF488-
bound peptide was found corresponding to the
peptide covering the 117-125 region of the protein
(Figure S6). Combination of TD-MS, and peptide
mapping data clearly corroborates the selectivity
of the bioconjugation strategy used to modify the
initial sdAb.



Benefits of ETD and EThcD for extended sdADC
sequencing

Although the conjugation site is perfectly local-
ized with the sole use of HCD, the fragmentation
yield remains relatively low for a 14 kDa protein
(36%). In order to provide a more extensive se-
quence characterization, the use of complemen-
tary activation techniques such as ETD, and EThcD
were also performed. These two techniques, along
with UVPD, have been shown to provide higher se-
quence coverage in comparison to collision-based
fragmentations, covering in a more efficient man-

ner the interior regions of protein back-
bOl’leS.32’33’35’38’67

ETD, and EThcD reaction conditions were chosen
from the optimal conditions resulting from the
fragmentation of reduced sdAb (Figure S7, S8).
Thus, the optimal ETD reaction time was set to 4
ms whereas 25% of NCE was supplemented to
ETD reaction in the case of EThcD fragmentation.
These experimental parameters led to 48%, and
61% of sequence coverage of the sdADC, respec-
tively (Figure S9), increasing significantly the se-
quence coverage obtained with HCD, as expected
(Figure 3).
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Figure 3: Location of C-terminal and N-terminal
fragments upon sdADC fragmentation using (A)
20% NCE HCD, (B) 4 ms ETD and (C) 4 ms-25%
NCE for EThcD. (D) Total sequence coverage after
combination of the three results. All the included
fragments were obtained in at least two out of
three replicates. AF488 modification is outlined
with an orange frame and specific fragments are
depicted in red circles. (E) Residue cleavage of the
different fragmentation techniques with shared
and unique fragments. (F) Number of specific
fragments to the C-terminal modification upon
HCD, ETD and EThcD. CDRs are highlighted with
light blue in the sdADC ion map.

According to the ion maps of ETD, and EThcD frag-
mentations, the mid regions of the sdADC were ef-
ficiently fragmented, especially between the 26,
and 76 residues where the sequence coverage was

90%, and 84% for ETD, and EThcD respectively
(Figure S9-S10). This region was poorly charac-
terized with HCD fragmentation, highlighting the
great interest of combining orthogonal fragmen-
tation techniques for an enhanced sequence cov-
erage.®%6869 Thus, ETD, and EThcD afforded com-
plementary results in comparison with HCD, with
only two fragments shared by the three fragmen-
tation techniques (less than 2%), raising the over-
all sdADC sequencing to 85% (Figure 3, and S10).
However, the latter techniques were not very in-
formative regarding the C-terminal side, and
hence the conjugation site of the protein. ETD did
not afford any specific fragment of the conjuga-
tion, and 11 fragments were observed in the case
of EThcD. However, these diagnostic ions arised
from the supplemented collisional energy of
EThcD activation and hence, they were not spe-
cific fragments of the radical fragmentation. Of
note, in this particular case where the sdADC was
modified with a subrogate payload without a
linker and a cytotoxic molecule, HCD offered the
lowest sequence coverage but it remained the
most suitable method to decipher the conjugation
site with 24 fragment ions characteristic of the
AF488 conjugation at the C-terminal side.

TD-MS fragmentation of intact sdADC for direct
evidence of intra-molecular disulfide bond
preservation

TD-MS strategies have been also applied to pro-
teins with inter,475%7°°72 and intra-disulfide
links.47:516566,71-74 In some cases, different frag-
mentation techniques were used to disrupt the di-
sulfide bonds of the proteins with the main pur-
pose of increasing the overall fragmentation
yield, and hence provide a better primary struc-
ture characterization. Even though collisional ac-
tivation techniques can potentially fragment di-
sulfide bonds,’>74 electron-driven fragmentation
or photo-dissociation techniques have been shown
a more marked propensity to disrupt cysteine-
linked proteins either by promoting a S-S homo-
lytic fragmentation mechanism (accompanied or
not by a hydrogen transfer)7®7> or breaking the C-
S bonds.3747%5 These fragmentation mechanisms
give rise to diagnostic fragment ions that can be
capitalized not only to increase the overall se-
quence coverage but also, to decipher the disulfide
patterns of proteins with intra- and inter-molecu-
lar disulfide linkages. Thereby, the different acti-
vation methods included in the current study were
used to generate specific fragments of the disul-
fide bond contained within the structure of the
sdADC between the two cysteine residues to pro-
vide further evidence about the disulfide linkage
integrity upon the conjugation process.
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Figure 4: TD-MS experiments of unreduced
sdADC. (A) Comparison of MS spectra from rpLC-
MS analysis of reduced sdADC (black line) versus
unreduced sdADC (red line) showing the different
charge envelopes. (B) Fragmentation map upon
30% NCE HCD, (C) 4 ms ETD and (D) 4ms and
30% NCE of EThcD. AF488 modification is out-
lined in orange frame and hydrogen loss modifi-
cations are in grey frames. The disulfide bond is
depicted in grey dashed line.

The mass spectrum of the non-reduced sdADC
clearly shows a dramatic reduction of the overall
charge state (Figure 4A) compared to the mass
spectrum of the reduced sample. The charge state
distribution of the reduced sdADC was centered at
the 13+ charge state while the most intense spe-
cies of the non-reduced sample is the 6+ charge
state. This is consistent with the fact that almost
60% of the sdADC sequence is flanked by the di-
sulfide bond, leading to a more folded structure
which precludes the protonation of the protein,
and thus reduces the overall charge state. This
characteristic will presumably impair the frag-
mentation efficiency of the different fragmenta-
tion techniques due to both the selection of lower
charge state precursor ions, and the hindrance for
the internal energy redistribution throughout the
whole sdADC sequence. Altogether, the reduced
charge state of the precursor ion, the presence of
an inter-molecular disulfide bond containing al-
most 2/3 of the total sequence, and the experi-
mental design aiming at the fragmentation of the
sdADC in the LC time scale represent extremely
challenging conditions to conduct TD-MS experi-
ments even in the case of a 14 kDa protein.

According to the results, the highest sequence cov-
erage obtained with HCD corresponded to the
fragmentation of the 6+ charge state, while the
most informative fragmentation spectra for ETD,
and EThcD were obtained with the 7+. Overall, the
sequence coverage afforded by the three tech-
niques drastically decreased compared to the re-

duced sdADC. Only three fragment ions were de-
tected upon ETD activation highlighting the lim-
ited efficiency of radical fragmentation for low-
charged precursor ions. HCD, and EThcD methods
provided fragments on the protein regions that
were not enclosed by the S-S bond, covering
mainly the N-terminus of the sdADC with a series
of y/b-(HCD), and c/z-ion fragments (EThcD)
(Figure 4B, D and S11, 12). In both cases, y-, and
c-ions corresponded to terminal fragment ions
with both cysteine residues in their oxidized form
(i.e. involved in the intra-molecular bond), and
the AF488 moiety conjugated in the C-terminal
site of the nanobody, thus corroborating the pres-
ence of the disulfide bond and the conjugation site
simultaneously. In the particular case of HCD, the
b::» ion was also identified, providing an addi-
tional confirmation about the presence of the di-
sulfide bond with C-, and N-terminal fragments
simultaneously. Interestingly HCD, and EThcD
provided golden-pair fragments in 35%, and 81%
of the total cleaved sites, respectively, strengthen
the confidence on fragment ion identification. In
spite of the marked selectivity of ETD fragmenta-
tion to excise disulfide bonds, hallmarks of disul-
fide bond cleavage could not be found upon ETD,
and EThcD activations (nor with HCD).

In order to dig deeper on the identification of pro-
duced fragments from the intact sdADC, fragment
ion search space was extended to internal frag-
ments. Therefore, ClipsMS”® was used to identify
fragment ions resulting from multiple protein
backbone fragmentation events. The inclusion of
internal fragments in the ion searching has been
shown beneficial in terms of overall sequence cov-
erage of cysteine-rich proteins, providing an ex-
tensive primary sequence characteriza-
tion.40:867374 However, internal fragment ion
search entails an increasing false positive rate as
reported previously in the literature,335® suggest-
ing the use of more stringent fragment mass tol-
erance, perform a manual validation of the iso-
topic profile of the fragment, and, when possible,
conduct further fragmentation stages for a more
confident ion assignment.”477

In the particular case of the sdADC, these ions
were exclusively used to identify fragments ions
related with the presence of the disulfide bond,
i.e. either containing both cysteine residues oxi-
dized, or fragments resulting from the dissocia-
tion of the disulfide bond. After manual valida-
tion, no internal fragments could be confirmed for
none of the fragmentation techniques that con-
tained the disulfide bond or specific fragments
characteristic of its fragmentation. . Conversely,
several internal fragments were identified arising
from multiple fragmentation events of the se-



quence region flanked by the disulfide bond (be-
tween the 227, and 96™ peptide bond positions)
(Figure 5). This result is consistent with previous
observations showing that internal fragments are
more easily formed than terminal fragments from
sequence regions that are highly constrained by
intra-molecular disulfide bonds.%®
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Figure 5: Internal fragment ion matching of intact
sdADC. (A) Isotopic profile of two internal frag-
ments generated with EThcD 4ms-30% NCE, and
(B) HCD 30% NCE activations. The depicted ions
correspond to different regions of the sdADC con-
tained within the disulfide bond.

One of the reasons that may lead to the absence of
disulfide bond cleavage fragment ions identifica-
tion stems from the reduced acquisition time of
the MS/MS spectra due to the coupling of the LC
dimension in the forefront of the mass spectrom-
eter. Most of the studies that envisaged the frag-
mentation of intact protein with multiple disul-
fide bonds are conducted in direct infusion, re-
cording the fragmentation spectra during several
hundreds of transients.47:64-66:70.73-75 This is a key
parameter that facilitates the identification of low
abundant ions by increasing the S/N ratio along-
side the acquisition time. This is even more im-
portant for diagnostic fragments characteristics
of the disulfide bond fragmentation, which rela-
tive intensity has been estimated to be less than
5% of the total fragment ion intensity.%4 Accord-
ing to this result, it is highly likely that the re-
duced acquisition time of the LC-TD-MS spectrum
of the sdADC (FWHM 0.11 min) precludes the de-
tection of these low-abundant fragment ions.
However, the results recorded with the three frag-
mentation techniques clearly demonstrate the

connectivity of the S-S bond from the Cys22 to the
Cys96 residues after confirming the presence of
terminal fragments containing both oxidized cys-
teine residues.

CONCLUSIONS

The current study reports for the first time on the
characterization of a sdADC conjugated with a
surrogate cytotoxic payload molecule using an op-
timized LC-TD-MS workflow based on three dif-
ferent activation techniques, i.e. HCD, ETD, and
EThcD. The results clearly highlight the benefits
and limitations of all the three techniques in
terms of sequence coverage, conjugation site, and
determination/fragmentation of intramolecular
disulfide bonds in order to afford the most com-
prehensive characterization of the sdADC primary
structure.

Upon unveiling the number of conjugated mole-
cules attached to the sdAb sequence, the conju-
gated protein was interrogated with the three dif-
ferent activation methods. As expected by previ-
ous analyses, ETD, and EThcD provided extensive
sequence characterization, especially in the mid-
region of the sdADC. However, HCD fragmenta-
tion was more informative regarding the number
of fragment ions that were diagnostic to the spe-
cific conjugation site. This result seems to disa-
gree with previous studies where electron-disso-
ciation techniques outperformed the results of
collisional activation techniques.33735 Three main
reasons can account for this observation. The first
one is that the conjugation site of the sdADC is lo-
cated in the C-terminal extremity, a region which
is normally well sequenced by collisional activa-
tion techniques. The second one is that the struc-
ture of the cargo molecule used in this study does
not contain an ester bond that is commonly used
to covalently attach the cytotoxic molecule to the
linker of more classical ADC payloads. As a conse-
quence, the AF488 moiety exhibits more re-
sistance to undergo fragmentation, and thus re-
maining intact upon collisions with the back-
ground gas. The last parameter that certainly af-
fects the electron-driven sequence coverage is the
lack of basic residues in the C-terminal side of the
protein, hampering the transfer of the electrons
in this particular part of the sequence, and thus
limiting the number of fragments containing the
conjugated moiety.

The LC-TD-MS workflow was also applied to the
non-reduced sdADC sample to determine the pres-
ence of the intramolecular S-S bond after conjuga-
tion of the AF488 molecule. The fragmentation ef-
ficiency of the three techniques drastically de-
creased since the disulfide bond stabilizes the sec-
ondary structure of the protein leading to a more



compact, and less charged entity. The overall se-
quence coverage was 16% upon combination of
the three techniques. Only a limited number of
fragment ions characteristics of the disulfide bond
cleavage were identified upon HCD, and EThcD
fragmentations. The vast majority of fragment
ions stemmed from the fragmentation of the re-
gions near the N-terminal side that were not en-
compassed by the intra-molecular bond suggest-
ing that the C-terminal extremity is less exposed
(or more protected) when the disulfide bond of
the sdADC is not reduced. Nevertheless, these ions
corroborated the presence of the disulfide bridge
along with the localization of the AF488 molecule
in the C-terminal side.

Altogether, these results put in evidence that de-
spite the relatively low molecular weight, and the
limited structural heterogeneity, the fragmenta-
tion and comprehensive characterization of sdAb,
and sdADCs at the intact level is still challenge,
especially when TD-MS experimental workflows
are conducted in the chromatography time scale.
However, the use of complementary activation
techniques can boost the performances of these
workflows in terms of sequence coverage and sig-
nature fragment ions, spurring their application
to the characterization of a large array of pro-
teins.
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