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ABSTRACT
This study describes the characterization of conjugation sites for a random, lysine conjugated 2-imi-
nothiolane (2-IT) based antibody-drug-conjugate synthesized from an IgG1 antibody and a duocarmycin 
analog-based payload-linker. Of the 80 putative lysine sites, 78 were found to be conjugated via tryptic 
peptide mapping and LC-HRMS. Surprisingly, seven cysteine-linked conjugated peptides were also 
detected resulting from the conjugation of cysteine residues derived from the four inter-chain disulfide 
bonds during the reaction. This unexpected finding could be attributed to the free thiols of the 2-IT 
thiolated antibody intermediates and/or the 4-mercaptobutanamide by-product resulting from the 
hydrolysis of 2-IT. These free thiols could cause the four inter-chain disulfide bonds of the antibody to 
scramble via intra- or inter-molecular attack. The presence of only pair of non-reactive (unconjugated) 
lysine residues, along with the four intact intra-chain disulfide bonds, is attributed to their poor accessi-
bility, which is consistent with solvent accessibility modeling analysis. We also discovered a major by- 
product derived from the hydrolysis of the amidine moiety of the N-terminus conjugate. In contrast, the 
amidine moiety in lysine-linked conjugates appeared stable. Based on our results, we propose plausible 
formation mechanisms of cysteine-linked conjugates and the hydrolysis of the N-terminus conjugate, 
which provide scientific insights that are beneficial to process development and drug quality control.
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Introduction

Therapeutic monoclonal antibody-drug conjugates (ADCs) 
use highly target-selective antibodies to carry potent cytotoxic 
compounds (payloads) to tumor cells, which enhances the 
therapeutic index for the treatment of a wide range of cancer 
types.1,2 Payloads are covalently bound to the antibody through 
stable linkers to reduce cytotoxicity to healthy cells during the 
circulation of ADCs in the bloodstream. Two common meth-
ods to conjugate payload-linkers to antibodies are through 
cysteine (Cys) or lysine (Lys) residues on the antibody, 
although other site-specific technologies have also been devel-
oped. In the case of cysteine-based conjugates, it is well known 
that the 4 inter-chain disulfide bonds of antibodies can be 
partially reduced to generate a maximum of 8 free cysteine 
thiols for drug conjugation to yield “random cysteine-linked” 
ADCs.3,4 Hamblett et al. reported that incorporating an aver-
age of 2–4 drugs relative to the antibody (drug-to-antibody 
ratio (DAR)) would achieve the best balance between the slow 
clearance from circulation and maximal potency.5 In lysine- 
based conjugates, the primary amines of the N-termini and 
lysine residues of antibodies are used as conjugation sites. 
A typical antibody usually contains 80–100 lysine residues 
and most of them are accessible for conjugation.6 However, 
each antibody can usually achieve 1–8 lysine-linked 

conjugations, with an average DAR of 3–4,7 resulting in het-
erogeneous lysine conjugates. Given the complexity of ADCs, 
the two most critical quality attributes (CQAs), i.e., the average 
DAR and the conjugations location, must be addressed during 
their development.

Several synthetic protocols for lysine-linked ADCs have 
been described by Brun et al. The “one-step conjugation” 
approach is often used for the conjugation of antibodies with 
non-cleavable linkers that are already connected to payloads. 
These conjugations also can be carried out using a two-step 
protocol. In the first step, the lysine residues on the antibody 
are modified to enable a subsequent preferential reaction with 
the payload-linker. This initial modification typically converts 
the lysine residue into an N-hydroxysuccinimide ester in pre-
paration for reaction with the payload-linker. After the initial 
modification of lysine residues, the payload-linker is intro-
duced to complete the conjugation. Variations of this “two- 
step conjugation” approach have been widely used in the 
synthesis of lysine-linked ADCs. The in-depth characterization 
of such conjugates has been reported.8–11 Wang et al. detected 
20 lysine conjugated sites in their maytansinoid ADC via 
a cleavable linker, N-succinimidyl 4-(20-pyridyldithio) pen-
tanoate (SPP). Luo et al. reported 76 of 92 putative conjugation 
sites in a monoclonal antibody−maytansinoid 
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immunoconjugate, and emphasized that the cysteine residues 
in the native antibody were fully disulfide-linked and no 
cysteine/tyrosine conjugation was found. In contrast, Chih et -
al.12 detected side-reactions between the residual cysteine/tyr-
osine of the antibody and the N-hydroxysuccinimide ester 
analog from an antibody-coumarin-linker conjugate. This 
observation was confirmed using surrogate peptides to mimic 
the conjugation. These studies indicated that native antibody 
scaffold structures, conjugation chemistries, and variations in 
the conjugation processes could greatly affect the ADC product 
heterogeneity.

Iminothiolane reagents, such as 2-iminothiolane (2-IT, 
also named Traut’s reagent13,14), can be used in “two-step 
conjugation”. The primary amines of lysine residues and 
N-termini of the antibodies are modified by 2-IT to form 
amidine moieties with sulfhydryl groups, which can subse-
quently react with specific reactive functional groups, such 
as a maleimido moiety, as illustrated in Figure 1a.15 It is 
known that the sulfhydryl group of the thiolated antibody 
intermediate can undergo intra-molecular attack of the 
amidine group, resulting in an unwanted cyclic 2-IT 
derived by-product. However, to our knowledge, there are 
no known reports on the scrambling of the inter-chain 
disulfide bonds by the sulfhydryl group of the thiolated 

antibody intermediate or the 4-mercaptobutanamide, 
a hydrolysis product of 2-IT during the reaction. During 
the synthesis of a duocarmycin analog-based ADC16 with 
2-IT via the “two-step conjugation”, we found that the 
scrambling of the inter-chain disulfide bonds may occur 
by the sulfhydryl group of the thiolated antibody intermedi-
ate and/or the 4-mercaptobutanamide, as postulated in 
Figure 1b. We also found that the amidine groups derived 
from the lysine residues appeared stable, while those from 
the N-terminal amines of the antibody were prone to 
hydrolysis.

The aim of this study was to thoroughly characterize the 
duocarmycin analog-based ADC in support of drug develop-
ment and ensure the drug product quality. The structural 
characterization of the lysine-, cysteine-, and N-terminus- 
linked conjugation sites of the ADC were conducted via tryptic 
peptide mapping. Based on the results, we have postulated 
plausible formation mechanisms of the unexpected cysteine- 
linked ADC and the hydrolysis of the amidine moiety in 
N-terminus-linked ADC mediated by the proximal glutamic 
acid group. We also evaluated the solvent accessibility of the 
native antibody that is commonly used in assessing the expo-
sure/reactivity of the lysine and cysteine residues via modeling 
analysis.17

Figure 1. Illustration of an antibody (a) 2-IT thiolation and payload-linker conjugation on lysine or N-terminus residues; (b) direct payload-linker conjugation on cysteine.
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Results

Identification of conjugation sites on lysine residues

In this study, the naked antibody contains 40 pairs of lysine 
residues. As long as a lysine residue is thiolated with 2-IT or 
subsequently conjugated with payload-linker, its peptide back-
bone becomes “non-cleavable” during trypsin digestion. This 
outcome of the digestion was used for the identification of the 
conjugation sites using the procedure described in the Data 
Processing section and exemplified by the identification of the 
anticipated alkylated tryptic peptide, named as (H227)K for 
SC(alk)D(H227)K(2-IT-drug)THTC(alk)PPC(alk) 
PAPELLGGPSVFLFPP(H251)KP(H253)K with the conjuga-
tion site at (H227)K. In this peptide, only (H227)K was thio-
lated with 2-IT and subsequently conjugated with payload- 
linker, while (H251)K, and (H253)K were neither thiolated 
with 2-IT nor conjugated with the payload-linker. Note, 
(H251)K is non-cleavable by trypsin digestion due to its adja-
cency to a proline moiety. When searching for this tryptic 
peptide based on its accurate protonated mass, five peaks 
were observed in the extracted ion chromatogram (XIC) 
using the most abundant ion at m/z 777.2214 ([M + 6 H]6+), 
as shown in Figure 2a. While one of these peaks was anticipated 
to be the (H227)K conjugated peptide, each individual peak 
was thoroughly examined by the following steps to ascertain its 
identity.

Next, the high-resolution mass spectrum of each peak in the 
XIC was inspected to observe the accurate protonated mass, 
isotopic distribution and charge state (e.g., m/z 777.2214 in 
Figure 2b). As shown in Figure 2b, the retention time (RT) 
70.1 min peak was clearly a false-positive conjugated peptide 
based on its incorrect charges state (z = 11 instead of 6) and 
isotopic distribution, while the remaining four peaks at RTs 
62.9, 64.7, 67.7 and 68.5 min exhibited the expected charge 
state and nearly identical isotopic distribution. Careful exam-
ination of the tandem mass spectra of these four peaks shown 
in Figure 2c–f was required to further elucidate their struc-
tures. The key fragment ion detected was the signature ion 
at m/z 771 (Figure 3) along with other fragments correspond-
ing to the payload-linker (see Data Processing section for 
detail), and the peptide backbone fragments (y and b ions). 
The signature ion at m/z 771 was clearly detected in each of the 
four spectra (Figure 2c–f), indicating they were isomeric drug 
conjugated peptides. In this case, key fragmentation patterns of 
the peptide backbone were essential for the identification of the 
anticipated (H227)K conjugated peptide. From the tandem 
mass spectrum of RT 64.7 min peak shown in Figure 2d, we 
found that the fragment ions of C-terminal from y3 to y17 and 
N-terminal b3, b9, and b11 ions were in agreement with the 
(H227)K conjugated peptide. Thus, the major peak at RT 
64.7 min in Figure 2a was assigned as the expected lysine- 
linked conjugated peptide (H227)K.

For the identification of the remaining three isomeric con-
jugated peptides of (H227)K, the following logic was applied, 
based on the conjugation chemistry. The (H227)K conjugated 
peptide also contains another lysine residue, (H251)K. If 
(H251)K, instead of (H227)K, was thiolated with 2-IT and 
conjugated with the payload-linker, while the (H227)K was 
miss-cleaved during trypsin digestion, it would be the isomer 

of the (H227)K conjugated peptide, SC(alk)D(H227) 
KTHTC(alk)PPC(alk)PAPELLGGPSVFLFPP(H251)K(2-IT- 
drug)P(H253)K. This peptide was designated as (H251)K’ to 
differentiate it with the typical (H251)K conjugated peptide, 
THTC(alk)PPC(alk)PAPELLGGPSVFLFPP(H251)K(2-IT- 
drug)P(H253)K, where the unthiolated (H227)K in the (H251) 
K’ peptide was cleaved during trypsin digestion. By following 
this lead, we examined the tandem mass spectrum of the RT 
68.5 min peak (Figure 2f) and found that it was consistent with 
the (H251)K’ conjugated peptide. Therefore, the (H251)K 
lysine conjugation site was likely distributed in two tryptic 
peptides (H251)K’ and (H251)K. The (H251)K was indeed 
unambiguously identified at RT 69.77 min by using this man-
ual multi-step procedure (data not shown). Similarly, a total of 
78 of 80 putative lysine-linked conjugated sites were identified. 
The relative area percent of the identified lysine conjugated 
peptides derived from peptide mapping analysis and the sol-
vent accessibility area (%SAA) of the lysine side chains from 
modeling analysis (vide infra) are shown in Table 1.

However, the remaining two isomeric conjugated peptides 
peaks at RTs 62.9 and 67.7 min in Figure 2a could not be 
assigned as lysine conjugates because no more lysine residues 
other than (H227)K and (H251)K were present in this peptide. 
Therefore, the investigation was extended to potential cysteine 
conjugation sites, as discussed below.

Identification of conjugation sites on cysteine residues

The anticipated (H227)K conjugated peptide includes three 
cysteine residues that would be expected to be in an inter- 
chain disulfide configuration and would not react with the 
maleimido moiety for drug conjugation. However, the disulfide 
bonds could be scrambled in the presence of free thiols.18 In 
other words, the thiolated lysine intermediates (Figure 1b) 
produced during the conjugation reaction could cause the 
proximal disulfide bonds to scramble, resulting in cysteine- 
linked conjugated peptides. Therefore, it could be reasonably 
assumed that the two un-assigned peaks mentioned above 
could be produced by direct cysteine conjugation from two of 
the three cysteine residues, (H225)C, (H231)C, and (H234)C, 
in conjunction with the (H227)K residue thiolated by 2-IT, 
which formed a new disulfide bonds with one of the three 
cysteine residues through disulfide bond scrambling, as postu-
lated in Figure 4a.

As shown in Figure 4a, the scrambling of the (H231)C-(H231) 
C and (H234)C-(H234)C inter-chain disulfide bonds initiated by 
the neighboring (H227)K-2-IT thiolated intermediate could pro-
duce six cysteine free thiols through pathway A (A-1 – A-3) and 
pathway B (B-1 – B-3) for conjugation with the payload-linker. 
The targeted isomeric cysteine-linked conjugated peptide, (H231) 
C for S(H225)C(alk)D(H227)K(2-IT-alk)THT(H231)C(drug)PP 
(H234)C(alk)PAPELLGGPSVFLFPP(H251)KP(H253)K, could 
be derived from A-1 intermediate, while the other one, (H234)C 
for S(H225)C(alk)D(H227)K(2-IT-alk)THT(H231)C(alk)PP 
(H234)C(drug)PAPELLGGPSVFLFPP(H251)KP(H253)K, could 
be derived from A-2 and B-3. In fact, the tandem mass spectra 
with key fragment assignments of RT 62.9 min peak in Figure 2c 
and RT 67.7 min peak in Figure 2e are in agreement with the 
postulated cysteine-linked conjugated peptides (H234)C and 
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Figure 2. (a) Extracted ion chromatogram at m/z 777.2214, (b) Zoomed accurate mass spectra of the ion at m/z 777.2214 of RT 62.9, RT 64.7, RT 67.7, RT 68.6 and RT 
70.1 minutes respectively, (c) Tandem mass spectrum of peak at RT 62.9, (d) Tandem mass spectrum of peak at RT 64.7, (e) Tandem mass spectrum of peak at RT 67.7, 
and (f) Tandem mass spectrum of peak at RT 68.5 minutes.
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(H231)C, respectively. Therefore, the four isomeric conjugated 
peptides observed at RTs 64.7, 68.5, 62.9 and 67.7 min in 
Figure 2a were assigned to the two lysine-linked conjugated pep-
tides, (H227)K and (H251)K’, and two cysteine-linked conjugated 
peptides, (H234)C and (H231)C, respectively.

Additionally, the scrambling of the heavy-heavy inter-chain 
disulfide bonds (labeled as C’) by the (H227)K-2-IT thiolated 
intermediate could also generate another two cysteine-linked 
conjugated peptides designated as (H231)C’ for THT(H231) 
C(drug)PPC(alk)PAPELLGGPSVFLFPPKPK and (H234)C’ 
for THTC(alk)PP(H234)C(drug)PAPELLGGPSVFLFPPKPK, 
respectively, as shown in Figure 4a. The scrambling of the 
light-heavy inter-chain disulfide bond by the (H223)K 2-IT 
thiolated intermediate could yield two cysteine-linked peptides 
designated as (H225)C for VEP(H223)K(2-IT-alk)S(H225) 
C(drug)DK and (L214)C for GE(L214)C(drug), as postulated 
in Figure 4b. These tryptic cysteine-linked conjugated peptides, 
(H231)C’, (H234)C’, (H225)C and (L214)C, were indeed iden-
tified and are listed in Table 1.

The inter-chain disulfide bonds could also be subject to 
scrambling via intermolecular attack by other free thiols, such 
as 4-mercaptobutanamide derived from the hydrolysis of 2-IT 
during the conjugation reaction, to yield the (H231)C’, (H234) 
C’ and (L214)C cysteine-linked conjugated peptides, as postu-
lated in Figure 4c. Furthermore, a characteristic cysteine-linked 
conjugated peptide designated as (H225)C’ for S(H225) 
C(drug)DK, was identified, which could only be derived from 
the light-heavy inter-chain disulfide bond scrambled by free 
thiols, such as 4-mercaptobutanamide, via intermolecular, but 
not intramolecular, attack by the neighboring lysine (H223)K 
thiolated intermediate based on the chemistry. This was strong 
evidence in support of the hypothesis that the inter-chain 
disulfide bonds were indeed scrambled by 4-mercaptobutana-
mide free thiol. On the other hand, the 4-mercaptobutanamide 
free thiol was unlikely to be involved in the formation of the 
(H231)C and (H234)C (pathways A and B in Figure 4a) and the 
(H225)C (pathway C in Figure 4b) because the (H227)K-2-IT 
or (H223)K-2-IT thiolated intermediates needed to form dis-
ulfide bonds with free thiols through oxidation during drug 
conjugation reaction so as to form the (H227)K-2-IT-alk or 
(H223)K-2-IT-alk moieties in these tryptic peptides.

Identification of conjugation site on N-terminus of light 
chain

N-terminus residues with a free amino group can be directly 
conjugated with payload-linker unless it has been converted to 
pyroglutamate.19,20 The strategy for the identification of lysine 
linked conjugated peptides was also applied to the light chain 
N-terminus linked conjugated peptide (L1)E, (L1)E(2-IT-drug) 
IVLTQSPATLSLSPGER. The m/z 805.4355 ([M + 4 H]4+) was 
the most abundant ion corresponding to (L1)E conjugated 
peptide in a 4+ charge state. Its XIC is shown in Figure 5a. 
Two major peaks at RTs 38.4 and 64.3 min were observed, but 
only the RT 64.3 min peak showed the correct 4+ charge state 
(Figure 5b). The tandem mass spectrum of RT 64.3 min peak 
shown in Figure 5e was also consistent with this N-terminal 
conjugated peptide.

However, the level of detection of (L1)E conjugated peptide 
was considered unusually low (less than 0.1%) considering the 
high solvent accessibility area of 89% SAA shown in Table 1. It 
was recognized that the amidine moiety of (L1)E conjugated 
peptide might be susceptible to hydrolysis to yield an amide 
analog (L1E+1 or M’), resulting in 1 Da higher mass in the tryptic 
peptide as compared to that of the (L1)E conjugated peptide. 
Extracting m/z 805.6816 ± 10 ppm, corresponding to [M’+ 
4 H]4+, was conducted. As a result, a new peak at RT 75.5 min 
with high intensity (12.3% normalized area percentage shown in 
Table 1) appeared in the XIC as shown in Figure 5c. The RT 
75.5 min peak also showed the correct 4+ charge state, as depicted 
in Figure 5d. The tandem mass spectra of (L1)E at RT 64.3 min 
and (L1)E + 1 at RT 75.5 min shown in Figure 5e and Figure 5f 
exhibited the same signature ion at m/z 771 and nearly identical 
C-terminal fragment ions from y2 to y12. The one Da higher in 
N-terminal b ions (b1 to b3) of the RT 75.5 min peak (Figure 5f) in 
comparison with those of (L1)E at RT 64.3 min (Figure 5e) could 
be attributed to the hydrolysis of the amidine moiety of the 
N-terminus linked conjugated peptide to its amide analog.

Interestingly, the amidine moiety appeared stable in all of 
the lysine residue conjugates because the anticipated M + 1 
counterparts of each individual identified lysine conjugates 
were not detected. The only amidine moiety prone to hydro-
lysis was located in the N-terminal conjugate (L1)E, under the 
same conjugation conditions. Despite the (L1)E having a high 
solvent accessibility, as illustrated in the 3D modeling structure 
in Figure 6a, some of the light chain lysine residues also 
exhibited high solvent accessibility, such as (L169)K with 
94.1% SAA in Table 1. Thus, the hydrolysis of (L1)E to (L1) 
E + 1 was unlikely due to the solvent accessibility alone. The 
glutamic acid residue in (L1)E may also play an important role 
in mediating the hydrolysis of the amidine to amide, as illu-
strated in Figure 6b. The dissociated glutamate anion could 
intra-molecularly attack the protonated amidine moiety to 
form a seven-membered ring intermediate, which would 
undergo deamination followed by hydrolysis and ring opening 
to form the amide analog.

Identification of unconjugated lysine and cysteine 
residues

The lysine residue (H414)K located in a constant region (Fc) or 
CH3 domain was identified as the only unconjugated site. 
Similarly, a thorough search for all possible cysteine conjuga-
tions corresponding to the intra-chain disulfide bonds was 
conducted, and none were detected. These observations were 
consistent with their low solvent accessibility, as predicted by 
3D-modeling (0.3% SAA for (H414)K and zero solvent acces-
sibility for those intra-chain disulfide bonds shown in Table 1).

Discussion

In this study, we adapted the “two-step” conjugation chemistry 
described in Brun et al.6 in order to characterize and under-
stand the formation of cysteine conjugates and other by- 
products in a random, lysine-linked antibody drug conjugate. 
Thus, the lysine residues in an IgG1 antibody were thiolated 
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with 2-IT to create lysine-linked 2-IT free thiols, which were 
subsequently conjugated with a maleimido moiety in the pay-
load linker of a duocarmycin analog. The conjugated sites of 
the resultant ADC product were characterized via tryptic pep-
tide mapping using a manual multi-step procedure. A total of 
78 of the 80 anticipated lysine conjugated sites were identified. 
The only two unconjugated lysine sites remained, likely due to 
their poor solvent accessibility, as predicted by modeling ana-
lysis. Solvent accessibility (%SAA), however, is only one of 
many factors that could affect conjugation processes. As 
shown in Table 1, the correlation between some of the con-
jugated peptides in percentile to their %SAA was poor. Caution 
should also be taken regarding the comparison of the tryptic 
conjugated peptide area percent listed in Table 1, as their 
quantitation relies on the MS response, which may vary 
among the different conjugated peptides. On the other hand, 
although 78 of the 80 anticipated lysine sites were conjugated 
with payload link, the DAR was controlled at around 3.0 for 
this product. The DAR numbers and high conjugated site 
distribution are key CQAs of this ADC.

During the identification of the (H227)K conjugated pep-
tide located in the hinge region, the detection of three addi-
tional isomers was unexpected. One of them was identified as 
(H251)K’ conjugated peptide with the unthiolated (H227)K 
site miss-cleaved in this tryptic peptide. The finding of 
(H251)K’ was not anticipated, but still possible due to the 
nature of the experimental conditions. The remaining two 
isomers were identified as cysteine linked conjugated peptides, 
(H231)C and (H234)C, respectively. The identification of the 
latter two isomers was important because it revealed that 
a small number of the heavy-heavy inter-chain disulfide 
bonds of the antibody were scrambled by the (H227)K-2-IT 
free thiol. This could yield six cysteine-linked ADC species, i.e., 
A-1 to A-3 and B-1 to B-3 (Figure 4a) after payload linker 
conjugation, further increasing heterogeneity of the ADC.

The heavy-heavy inter-chain disulfide bonds scrambled by 
the (H227)K-2-IT free thiol could also yield another two 
cysteine-linked conjugated peptides, (H231)C’ and (H234)C’ 
(Figure 4a). Similarly, the heavy-light inter-chain disulfide 
bonds could be scrambled by the (H223)K-2-IT free thiol 
(Figure 4b). As a result, two cysteine-linked conjugated pep-
tides, (H225)C and L(214)C, along with the no-drug conju-
gated peptide, VEP(H223)K(2-IT-alk)S(H225)C(alk)DK, were 
detected. The detection of the no-drug conjugated, but thio-
lated (H223)K peptide was particularly interesting because, 
besides pathway D (Figure 4b), it could also be derived from 
the alkylation of the (H223)K-2-IT free thiol during sample 
preparation for peptide mapping. In comparison with VEP 
(H223)K(2-IT-drug)SC(alk)DK (i.e., the (H223)K-2-IT free 
thiol conjugated with payload linker) and VEP(H223)K(2-IT- 
alk)SC(drug)DK (i.e., the (H223)K-2-IT free thiol scrambled 
with the inter-chain disulfide), we found that the no-drug 
conjugated, but thiolated, (H223)K peptide was only at 1.4%, 
while the VEP(H223)K(2-IT-drug)SC(alk)DK and VEP(H223) 
K(2-IT-alk)SC(drug)DK were at 31.0% and 67.6%, respec-
tively. This finding indicated that the 2-IT thiolated (H223)K 
free thiol was at less than 1.4%, if present, among the three 

relevant tryptic peptides. Most of the (H223)K-2-IT free thiols 
were either conjugated with payload linker or scrambled with 
the heavy-light inter-chain disulfide bond.

The other free thiol presented in the conjugation reaction 
mixture was likely the 4-mercaptobutanamide derived from 
the hydrolysis of 2-IT, which could scramble the four inter- 
chain disulfide bonds of the antibody to generate four cysteine- 
linked conjugated peptides, (H231)C’, (H234)C’, (H225)C’ and 
(L214)C (Figure 4c). It is worth mentioning that (H231)C’, 
(H234)C’ and (L214)C could also be derived from the scram-
bling of the inter-chain disulfide bonds by the (H233)K-2-IT 
free thiol and (H227)K-2-IT free thiol (vide supra). Conversely, 
the (H225)C’ conjugated peptide could only be derived from 
the scrambling of the heavy-light inter-chain disulfide bond by 
the 4-mercaptobutanamide free thiol via inter-molecular 
attack.

It was reported that a small number of free thiols (ca. 0.05%) 
could exist at cysteines in the naked antibody measured under 
nondenaturing conditions.21 Such free thiols could also directly 
conjugate with the payload linker to form (H231)C’, (H234)C’, 
(H225)C’ and (L214)C cysteine-linked conjugated peptides. 
Additionally, the (H231)C and (H234)C cysteine-linked conju-
gated peptides could be derived from these cysteine free thiols 
provided that the cysteine free thiols were conjugated with the 
payload linker in conjunction with the (H227)K-2IT free thiol 
neither conjugated with the payload linker nor scrambled with 
the inter-chain disulfide bond. However, we believed the con-
tribution of these cysteine free thiols to the formation of (H231) 
C and (H234)C cysteine-linked conjugated peptides would be 
minimal because they need to compete with (H227)K-2-IT free 
thiols upon conjugation with the payload linker. Thus, the 
quantification of such free thiols at cysteines in the hinge region 
of the naked antibody was not pursued. The intra-chain disulfide 
bonds were found to be intact because their anticipated cysteine- 
linked conjugated peptides were not detected, presumably due 
to their poor solvent accessibility as predicted by modeling 
analysis.The identification of the conjugation site on 
N-terminus of light chain, (L1)E, was straightforward. 
However, the low-level detection of (L1)E-2-IT-linked conju-
gated peptide at less than 0.1% caught our attention. Further 
investigation revealed that most of the amidine moiety in the 
(L1)E-2-IT-linked conjugated peptide was hydrolyzed to its 
amide counterpart, (L1)E + 1 (12.3%). This finding led to a thor-
ough search for the amide counterparts of the lysine linked 
conjugated peptides, but none were detected. Therefore, the 
amidines in the lysine-linked conjugates were deemed stable. 
The hydrolysis of (L1)E-2-IT linked conjugated peptide to its 
amide analog could be attributed to the mediation of the glu-
tamic acid residue in (L1)E.

In conclusion, we conducted a comprehensive structural 
study of an ADC modified by 2-IT and subsequent conjugation 
with a duocarmycin analog-based payload-linker. Plausible 
formation mechanisms of cysteine-linked conjugates and the 
hydrolysis of the N-terminus conjugate were proposed to guide 
the identification of the unexpected conjugated peptides, as 
well as to provide scientific insight for process development 
and drug quality control.

e1974150-6 D. QIU ET AL.



Figure 3. The chemical structure of the payload-linker and assigned mass fragments.

Table 1. Comparison of the solvent accessible area from modeling analysis and the relative area percent of conjugated peptides from mass spectrometry.

No.
Conjugation 

site
Observed 
mass (da)

Theoretic 
mass (da)

Accuracy 
(ppm)

Saa 
(%)

Conjugated 
peptide (%) No.

Conjugation 
site

Observed 
mass (da)

Theoretic 
mass (da)

Accuracy 
(ppm)

Saa 
(%)

Conjugated 
peptide (%)

1 L1E 3217.7188 3217.7130 1.8 89.0 <0.1 43 L214C 1526.7556 1526.7506 3.3 34.0 4.8
2 L1E+1 3218.7080 3218.6971 3.4 89.0 12.3 44* H225C 1670.8446 1670.8406 2.4 40.1 6.5
3 L39K 3671.8764 3671.8632 3.6 29.7 0.7 H225C 2283.1252 2283.1353 4.4 0.3
4 L103K 3053.6220 3053.6122 3.2 31.5 1.0 45* H231C 4007.0904 4007.0796 2.7 43.4 1.0
5 L107K 1964.1027 1964.0991 1.8 49.0 2.7 H231C 4657.2834 4657.2843 −0.2 <0.1
6 L126K 5045.5825 5045.5785 0.8 85.1 3.0 46* H234C 4007.0904 4007.0796 2.7 83.7 1.2
7 L145K 2208.1944 2208.1839 4.8 74.4 2.3 H234C 4657.2642 4657.2843 4.3 0.4
8 L149K 3996.9720 3996.9601 3.0 25.9 1.0 47*** L23C nd 1868.9893 nd 0.0 nd
9 169 K 4939.4150 4939.3994 3.2 94.1 2.6 48*** L88C nd 4524.1546 nd 0.0 nd
10 L183K 3428.7305 3428.7135 5.0 47.5 1.8 49*** L134C nd 2959.5340 nd 0.0 nd
11 L188K 2210.1345 2210.1268 3.5 73.1 1.5 50*** L194C nd 3037.5657 nd 0.0 nd
12 L190K 3461.7580 3461.7550 0.9 88.9 3.5 51*** H22C nd 2372.2636 nd 0.0 nd
13 L207K 3700.8575 3700.8460 3.1 44.6 5.2 52*** H96C nd 2494.2276 nd 0.0 nd
14 H43K 4388.1688 4388.1692 0.1 56.5 0.4 53*** H149C nd 2483.3168 nd 0.0 nd
15 H65K 4120.0420 4120.0267 3.7 59.1 1.0 54*** H205C nd 7874.9532 nd 0.0 nd
16 H76K 3116.5916 3116.5861 1.8 59.3 3.0 55*** H266C nd 3300.6662 nd 0.0 nd
17 H126K 5456.6533 5456.6512 0.4 52.0 1.8 56*** H326C nd 1468.7822 nd 0.0 nd
18 H138K 3809.9880 3809.9810 1.8 15.7 1.0 57*** H372C nd 2323.2684 nd 0.0 nd
19 H152K 9337.6390 9337.6328 0.7 1.8 0.1 58*** H430C nd 3962.9059 na 0.0 nd
20 H210K 8034.0075 8033.9886 2.4 76.2 2.5 *detected in multiple peptides
21 H215K 8376.1902 8376.1789 1.3 79.5 1.1 ** nd: not detected
22 H218K 1836.9996 1836.9994 0.1 33.3 1.3 *** intra-chain cystein
23 H223K 2283.1356 2283.1353 0.1 27.9 0.2
24 H227K 4657.2732 4657.2843 2.4 82.2 1.6
25* H251K 4657.2720 4657.2843 2.6 67.7 0.6

H251K 4166.1248 4166.1157 2.2 1.8
26 H253K 4982.5325 4982.5321 0.1 23.4 0.8
27 H279K 5118.4998 5118.4857 2.8 79.3 1.5
28 H293K 3479.8030 3479.7886 4.1 60.0 1.4
29 H295K 1821.0069 1821.0045 1.3 45.1 1.5
30 H322K 3547.9115 3547.8975 3.9 29.4 2.0
31 H325K 2048.0229 2048.0185 2.1 36.0 0.6
32 H327K 2056.0617 2056.0559 2.8 26.7 5.8
33 H331K 2586.4338 2586.4317 0.8 66.2 2.4
34 H339 K 2587.4586 2587.4521 2.5 24.8 2.4
35 H343 K 1967.0940 1967.0988 2.4 4.4 0.4
36 H345K 1976.0751 1976.0739 0.6 68.8 1.8
37 H365 K 3100.5750 3100.5721 0.9 32.0 2.6
38 H375K 5007.4385 5007.4173 4.2 6.9 2.3
39 H397K 5718.7625 5718.7255 6.5 44.6 1.6
40 H414K nd** 3749.9340 nd 0.3 nd
41 H419K 2138.1668 2138.1631 1.7 32.0 3.4
42 H444K 4763.2944 4763.2797 3.1 30.8 0.9
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Materials and methods

Reagents and materials

Guanidine hydrochloride (8 M) and CaCl2 · 2H2O were 
purchased from Thermo Fisher Scientific (Waltham, MA); 
Trizma (pH 7.6), sodium iodoacetate, formic acid and 
acetonitrile were purchased from Sigma-Aldrich 
(Burlington, MA); NAP-5 columns were purchased from 
GE Healthcare (Waltham, MA); sequencing grade modi-
fied trypsin was purchased from Promega (Madison, WI); 
dithiothreitol (DTT) was supplied by Bio-Rad (Hercules, 
CA); trifluoroacetic acid (TFA) was purchased from Pierce 
Chemical (Rockford, IL).

Preparation of ADC

The ADC used in this study is composed of a potent cytotoxic 
prodrug covalently linked with a human anti-CD70 antibody 
(IgG1). CD70 is expressed in renal cell carcinoma, leukemias, 
lymphomas, and other cancers. Both antibody and cytotoxic 
prodrug (duocarmycin analog) were produced by Bristol 

Myers Squibb Co. The frozen naked antibody was thawed and 
pooled in a reactor, then exchanged with thiolation buffer to 
adjust pH from 7.0 to 7.4, following by treatment with 2-IT 
(20.5 equivalent). The resulting solution was agitated for 90 min 
at 23°C. Upon completion, the thiolated antibody was reacted 
with cytotoxic prodrug at pH 5.5 in agitation for 60 min at 23°C. 
Finally, the crude conjugate was exchanged with formulation 
buffer (pH 6.0) and diluted to 10 mg/mL with DAR 2.5 ~ 3.0 
and 98% monomeric purity as determined by SEC.

Trypsin digestion

The reduction of antibody disulfide bonds was performed 
by mixing 1 mg of ADC with 200 μL of 8 M guanidine 
hydrochloride, 18 μL of 0.2 M DTT and 60 μL of 0.8 M 
Trizma, then incubated at 37°C for 30 min. Alkylation of 
cysteine residues was conducted by the addition of 18 µL 
of 0.4 M sodium iodoacetate to the reduced ADC and 
incubation in the dark for 15 min at room temperature. 
The desalting was accomplished by transferring the 
reduced and alkylated solution into a NAP-5 column, 

Figure 4. Plausible formation mechanisms of the cysteine-linked conjugates. (a) (H227)K-2-IT pathways, (b) (H223)K-2-IT pathways, (c) Free thiol pathway.
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Figure 5. (a) Extracted ion chromatogram of conjugated peptide of the light chain N-terminus (L1E, XIC m/z 805.4355 ± 10 ppm), (b) Zoomed-in accurate mass spectra of 
the ion at m/z 805 from RT 38.4, and 64.3 minutes, respectively, (c) Extracted ion chromatogram of the hydrolyzed conjugated peptide of the light chain N-terminus (L1E 
+ 1, XIC m/z 805.6816 ± 10 ppm), (d)Zoomed-in accurate mass spectra of the ion at m/z 805 from RT 75.6, (e) Tandem mass spectrum of N-terminal conjugated peptide 
(L1E) of RT 64.3 minutes, and (f) the hydrolyzed peptide (L1E + 1) of RT 75.5 minutes.
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then exchanging with digestion buffer (10 mM CaCl2 in 
50 mM Trizma). Finally, the digestion was carried out by 
mixing the desalted solution with trypsin (protein:trypsin 
ratio = 25:1) and incubating at 37°C for 3 hours.

LC-MS analysis

LC-MS for peptide mapping was conducted using a Thermo 
Fisher Scientific Q Exactive™ Hybrid Quadrupole-Orbitrap 
Mass Spectrometer (Waltham, MA) coupled to a Waters 
ACQUITY UPLC H-Class (Milford, MA) with a C18 column 
(Waters UPLC BEH130, C18, 1.7 μm, 2.1x100mm). In posi-
tive ion scanning mode, both probe heater temperature and 

capillary temperature of 275°C was used. The spray voltage 
and S-lens RF level were set to 3500 eV and 50 eV, respec-
tively. Sheath gas and auxiliary gas were tuned to 50 and 13 
(arbitrary units), respectively. A mass range of 400–2000 
Daltons, collision gas of 27 (arbitrary unit) and resolution 
of 35k were optimized to identify conjugated peptides. 
Mobile phase A (aqueous) contained 0.1% formic acid in 
water, while mobile phase B (organic) consisted of 0.085% 
formic acid in acetonitrile. The flow rate and column tem-
perature were maintained at 0.4 mL/min and 45°C, respec-
tively. The gradient began with a 3 min hold at 2% B followed 
by an increase to 20%, 30%, 40%, 95% B at 30, 70, 90, 92 min 
respectively.

Figure 6. (a) Modeling 3D structure showing the light chain N-terminal glutamic acid is fully surface exposed, (b) Plausible degradation mechanism of the amidine 
moiety in L1E to the amide analogue in L1E + 1.
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Data processing

The data processing for peptide confirmation and quantitation 
was performed using commercially available software. In order to 
obtain a unique fingerprint for conjugated peptides and related 
by-products, such as the amide analog of the light chain 
N-terminus conjugate and 2-IT modified peptides, a manual 
sequencing method in Thermo Protein Discovery was implemen-
ted to search not only for the peptide backbone fragments within 
a ± 10 ppm window, but also the possible ions from the cleavage 
of payload-linker. The signature ion at m/z 771, generated from 
the cleavage of Valine-Citrulline linker as shown in Figure 3, 
appeared in all tandem mass spectra of conjugated peptides.

Additionally, a manual, multi-step data processing proce-
dure was developed and demonstrated with examples in this 
study to systematically search, assess and distinguish conju-
gated peptides with the help of commercially available soft-
ware, such as GPMAW (General Protein/Mass Analysis for 
Windows) and Thermo Biopharma (Pinpoint and Protein dis-
covery). Although the procedure is not simple or quick, these 
multiple steps, in combination with pertinent knowledge of 
chemistry, provided sufficient information to identify the con-
jugated peptides and related degradants by a single trypsin 
digestion in a highly heterogeneous mixture.

Individual peak areas derived from XIC were integrated for 
relative quantitation of conjugated peptides. The conjugated 
peptide percent was determined by taking a ratio of the indivi-
dual conjugated peptide area against the total peak area of all 
conjugated peptides. The peak areas of identified conjugated 
peptides were derived from one or multiple charge states of 
accurate mass XICs with a ± 10 ppm mass accuracy window and 
automatically integrated through Thermo Pinpoint software.

Modeling methodology

The homology model for the protein structure was performed 
by using the antibody modeling protocol within BIOVIA 
Discovery Studio software. SAA for the side chains of Lysine 
and Cysteine residues, which is commonly used to assess their 
reactivity, were calculated using the same Discovery studio 
software with 1.4 Å probe radius for water. The %SAA were 
obtained by normalizing the SAA values with the fully exposed 
SAA values for Lys and Cys based on Ala-Lys-Ala and Ala-Cys- 
Ala peptides. The final %SAA values were obtained by aver-
aging the two identical heavy and light chains of antibody.
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