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Abstract

Monoclonal antibodies (mAbs) and antibody-drug conjugates (ADCs) are two of the most 

important therapeutic drug classes that require extensive characterization, whereas their large 

size and structural complexity make them challenging to characterize and demand the use of 

advanced analytical methods. Top-down mass spectrometry (TD-MS) is an emerging technique 

that minimizes sample preparation and preserves endogenous post-translational modifications 

(PTMs); however, TD-MS of large proteins suffers from low fragmentation efficiency, limiting 

the sequence and structure information that can be obtained. Here, we show that including the 
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assignment of internal fragments in native TD-MS of intact mAbs and ADCs can improve their 

molecular characterization. For the NIST mAb, internal fragments can access the sequence region 

constrained by disulfide bonds to increase the TD-MS sequence coverage to over 75%. Important 

PTM information, including intra-chain disulfide connectivity and N-glycosylation sites, can be 

revealed after including internal fragments. For a heterogenous lysine-linked ADC, we show that 

assigning internal fragments improves the identification of drug conjugation sites to achieve a 

coverage of 58% of all putative conjugation sites. This proof-of-principle study demonstrates 

the value of including internal fragments in native TD-MS of intact mAbs and ADCs, and this 

analytical strategy can be extended to bottom-up and middle-down MS approaches to achieve even 

more comprehensive characterization of important therapeutic molecules.

INTRODUCTION

Monoclonal antibody (mAb) therapeutics have become increasingly important for the 

diagnosis and treatment of a host of diseases including cancer and viral infections. They can 

achieve targeted tumor cell elimination with high specificity and desirable pharmacokinetics 

properties.1–7 MAbs are highly complex molecules with large size (~150 kDa), and 

have a series of intra- and inter-chain disulfide bridges and numerous post-translational 

modifications (PTMs), with the most common ones being N-glycosylation, N-terminal 

pyroglutamine cyclization, oxidation, C-terminal lysine processing, and deamidation.8–9 

This high molecular complexity can impact critical quality attributes (CQAs)10 of mAb 

products including stability, solubility, and pharmacokinetics/pharmacodynamics properties, 

thus extensive sequence and structure characterization are required to produce high quality 

mAb products.11

Antibody-drug conjugates (ADCs), which arm the antibodies with highly potent cytotoxic 

payloads via a linker to improve its antitumor efficacy, have emerged as a promising 

therapeutic drug class.12–16 The conjugation of a linker and a payload onto antibodies 

introduces an additional dimension of heterogeneity to ADCs, increasing the challenge 

of their complete characterization. This is particularly true for non-specific lysine-linked 

ADCs, in which payloads are conjugated with primary amines (lysines and N-termini) 

of the antibody, resulting in a highly heterogeneous molecule with various numbers of 

payloads binding to a large array of locations.12, 17–21 Comprehensive analytical profiling 

of ADCs include evaluating CQAs such as drug-to-antibody ratio (DAR), drug distribution, 

and drug conjugation sites.22–30 In contrast to the routinely characterized DAR and drug 

distribution, relatively few studies have focused on determining the sites of drug conjugation 

sites, despite their important role in affecting the physical and pharmaceutical properties 

of ADCs.17, 26, 31–32 For example, the binding specificity of lysine-linked ADCs to the 

target antigen can be affected if the conjugation occurs in the complementarity-determining 

regions (CDRs).12, 17, 33 Such instances necessitate the determination of drug conjugation 

sites, particularly for non-specific lysine-linked ADCs.

Mass spectrometry (MS) based techniques, such as bottom-up MS (BU-MS) and middle-

down MS (MD-MS), are powerful analytical tools routinely used for the characterization of 

mAbs and ADCs. BU-MS, or peptide mapping, analyzes enzymatically digested peptides of 
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mAbs/ADCs using liquid chromatography-tandem mass spectrometry (LC-MS/MS).12, 34–39 

While BU-MS can provide high sequence coverage with amino acid resolution and pinpoint 

ADC drug conjugation sites (by identifying payload-bound peptide ions), it comes at a 

cost of relatively extensive sample preparation and the possibility of introducing artificial 

PTMs.40–42 MD-MS, which analyzes ~25 kDa subunits of mAbs and ADCs by reducing 

disulfide bonds and the hinge region of the antibody heavy chain, has become a promising 

complementary approach to BU-MS.43–50 MD-MS does not reach the extensiveness of 

BU-MS in terms of sequence and drug conjugation site coverage, it avoids the digestion 

step required by BU-MS, although enzymatic and chemical reduction, and chromatographic 

separation are still necessary.

Top-down MS (TD-MS), where intact gas-phase protein ions are measured and fragmented, 

has gained popularity in recent years for the characterization of mAbs.43, 51–56 Compared 

to BU-MS and MD-MS, TD-MS holds the advantages of minimal sample preparation 

and preserving endogenous modifications of mAbs. However, TD-MS suffers from low 

fragmentation efficiency for proteins of the size of mAbs and for proteins with significant 

disulfide bond compositions.53–54, 57–58 Recently, the Coon lab utilized activated ion 

electron transfer dissociation (AI-ETD), a novel fragmentation technique that combines 

the advantage of electron- and photon-based fragmentation, to achieve over 60% sequence 

coverage on intact NIST mAb by TD-MS alone.54 Although this is a substantial 

improvement over previous TD-MS studies, comprehensive TD-MS sequence coverage on 

intact mAbs is still challenging. Studies utilizing TD-MS to identify drug conjugation sites 

of intact ADCs are even more sparse. The Ge lab applied a three-tier TD-MS strategy for 

multi-attribute analysis of a site-specific cysteine-linked ADC; however, limited sequence 

and drug conjugation sites information are obtained due to relatively low fragmentation 

efficiency.59 Thus far, BU-MS and MD-MS are still the preferred methods for the 

characterization of either cysteine-linked ADCs22, 48–50, 60 or lysine-linked ADCs.12, 17, 

35, 37, 47

A strategy to improve the apparent fragmentation efficiency of TD-MS, and thereby increase 

sequence information content, is to incorporate non-canonical internal fragments, which 

contain neither the N- nor C-terminus of the protein sequence, into data analysis workflow.61 

Previous studies have shown that including internal fragments in TD-MS can enhance the 

sequence information obtained from intact proteins,62–67 protein complexes,68–69 and on a 

proteome-wide scale.70 Specifically, internal fragments have been demonstrated to aid the 

TD-MS characterization of disulfide-intact proteins,64, 67, 71 inspiring us to investigate the 

application of internal fragments in TD-MS of mAbs and ADCs, which contain a large 

number of disulfide bonds.

Here, we show that assigning internal fragments in TD-MS increases mAb sequence 

coverage to over 75% and allows the determination of intra-chain disulfide connectivity 

and various N-glycosylation types. For a therapeutic non-specific lysine-linked ADC, 

identification of nearly 60% of all putative drug conjugation sites was achieved. To our 

knowledge, the sequence coverage reported here on intact mAbs is the highest achieved 

by TD-MS alone, and this is the first report utilizing TD-MS to characterize lysine-linked 

ADCs.
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EXPERIMENTAL SECTION

Materials and Sample Preparation.

The humanized IgG1k monoclonal antibody reference material 8671 was purchased from 

the National Institute of Standards and Technology (NIST, Gaithersburg, MD). The naked 

IgG1 mAb used for ADC preparation was produced at Amgen (Thousand Oaks, CA) 

and comprises of two human heavy chains and two human λ light chains. The mAb 

was expressed in Chinese hamster ovary cells and was purified by chromatographic 

procedures developed at Amgen.72 Detailed procedures for the preparation of the ADC have 

been described previously.12 Briefly, a maytansinoid DM1 payload was conjugated onto 

primary amines of the naked IgG1 mAb through a noncleavable linker, N-succinimidyl 4-

(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC) (Figure S1). Ammonium acetate 

solution (7.5 M) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and diluted 

to 200 mM. The NIST mAb and ADC samples were buffer exchanged into 200 mM 

ammonium acetate using Biospin 6 columns (Bio-Rad) and diluted to a final concentration 

of 5 μM prior to native mass spectrometry measurements.

Native Top-Down Mass Spectrometry.

All samples were injected into a Thermo Q Exactive Plus UHMR Orbitrap instrument 

(Thermo Fisher Scientific, Bremen, Germany) modified with an electromagnetostatic ExD 

cell (e-MSion Inc., Corvallis, OR) located between the quadrupole and C-Trap. All 

protein solutions were loaded into in-house pulled capillaries coated with platinum, and 

electrosprayed by applying a capillary voltage between 1.1 and 1.7 kV on the NSI source. 

The source temperature was set at 250 °C, and the S-lens RF level was set at 200. Other 

crucial instrument parameters corresponding to ion transmission were listed in Table S1. 

For HCD fragmentation, five individual charge states of NIST mAb (22+ to 26+) and four 

individual ions of ADC (DAR 1 ions at charge states 23+ and 24+, DAR 2 ions at charge 

states 23+ and 24+) were isolated in the quadrupole, with an isolation window of 40 m/z 
before fragmentation. HCD was performed by applying CE ranging from 190V to 240V 

to achieve optimal fragmentation. For ECD fragmentation, the aforementioned five NIST 

mAb ions and four ADC ions were still isolated with an isolation window of 40 m/z in 

the quadrupole, while two additional ADC ions, DAR 1 and DAR 2 ions grouped together 

at charge states 22+ and 25+, were isolated with an isolation window of 80 m/z in the 

quadrupole due to lower signal level of these two charge states. After isolation, these ions 

were transmitted through the ExD cell into the HCD cell in the absence of electrons, where 

ECD was occurring. A set of seven voltage parameters of the ExD cell controlling the 

emitting and confinement of electrons were optimized to ensure efficient electron capture 

by the protein ions in the HCD cell (Table S1). Post-ECD collisional activation was applied 

by setting CE values between 150V and 200V to minimize the effect of electron capture 

without dissociation (ECnoD).57 All HCD and ECD MS/MS spectra were collected with 

the noise threshold set at 3, a resolution of 200000 at m/z 400, AGC target of 1e6, and 

maximum inject time of 200 ms. Between 100 and 200 scans were averaged for each 

spectrum.
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Data Analysis.

Data Processing and Fragment Assignment.—Raw MS/MS spectra were 

deconvoluted using Thermo BioPharma Finder 5.0 (Xtract algorithm) and deconvoluted 

mass lists were exported as .csv files for fragment assignment in ClipsMS.61 The mass 

tolerance was set at 3 ppm and the smallest internal fragment size was set at 5 amino acids. 

For sequence coverage analysis of NIST mAb, modifications relating to disulfide bond 

cleavages and hydrogen gains expected for ECD were considered. Similarly, for disulfide 

connectivity analysis of NIST mAb, modifications applying one hydrogen loss on each 

cysteine forming intra-chain disulfide bonds to suggest the integrity of the disulfide bond 

were included. For drug conjugation sites analysis of ADC, modifications considering one 

or two intact DM1 conjugation were searched for, depending on the identity of the isolated 

precursor ion (DAR 1 or DAR 2 ions). Water and ammonia losses were considered for HCD 

fragmentation, and glycosylations including G0F, G1F, and G2F were considered for heavy 

chain fragments. Four terminal fragment types including b, c, y, z were searched for ECD, 

while only b and y terminal fragments were searched for HCD. As for internal fragment 

matching, only by internal fragments were searched for HCD and cz internal fragments for 

ECD. All terminal fragments were assigned before considering internal fragments, and all 

overlapping internal fragments due to the arrangement and/or frameshift ambiguity64 were 

removed. The fragment search was done separately for light chain and heavy chain for a 

single TD-MS dataset, i.e., one TD-MS spectrum was searched once against the light chain 

sequence and once against the heavy chain sequence. For overlapping assignments shared by 

the light chain and heavy chain, two factors were considered to remove these duplicates: 1). 

If a deconvoluted mass is assigned as a terminal fragment for one chain while as an internal 

fragment for the other chain (both within 3 ppm), the terminal fragment assignment was 

retained; 2). If a deconvoluted mass is assigned as an internal fragment for either chain, the 

one with the lower ppm error was retained. After fragment matching and duplicates removal, 

all assigned internal fragments were further refined by a two-step manual validation 

process: 1). Examine the isotopic profile of every assigned internal fragment to eliminate 

poorly fitted uncertain assignments; 2). Compare the assignment results with the theoretical 

fragment lists generated by ProteinProspector v 6.4.273 to eliminate any possible overlap 

between assigned internal fragments and theoretical terminal fragments together with their 

possible modifications such as neutral losses. The assignment results for every isolated 

charge state of NIST mAb were combined, as well for every isolated ion of ADC after 

manual validation.

Protein Sequence Coverage.—Protein sequence coverage is calculated by the number 

of observed inter-residue cleavage sites divided by the total number of possible inter-residue 

cleavage sites on the protein backbone.

S-S connectivity mismatch rate.—S-S connectivity mismatch rate is calculated by 

dividing the number of fragments that cause mismatched S-S connectivity (orange-colored 

fragments in Figure 4 and S3) by the total number of fragments that can determine 

S-S connectivity (green-colored fragments in Figure 4 and S3) and fragments that cause 

mismatched S-S connectivity.
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RESULTS AND DISCUSSION

Internal fragments increase the sequence coverage of intact mAbs.

Native MS provides a global overview of the composition of intact mAbs, including major 

glycoforms (Figure 1A and B); however, their characterization requires comprehensive 

sequence analysis. Assigning internal fragments can significantly enhance the sequence 

information obtained from intact mAbs. To demonstrate this, two fragmentation methods, 

ECD and HCD, were applied on the five most abundant charge states of intact NIST mAb 

(22+ to 26+). An example ECD spectrum of intact NIST mAb is shown in Figure S2. 

ECD of [NIST + 25H]25+ precursor ion generated many informative product ions along 

with charge reduced precursor ions (Figure S2A and B). Terminal and internal fragments 

from both heavy and light chains are observed, demonstrating that more information can be 

obtained by assigning these previously ignored signals (Figure S2B). Importantly, internal 

fragments provide complementary sequence information to terminal fragments, spanning 

most of the interior sequence of both chains that cannot be reached by terminal fragments 

(Figure S2C and D).

The major obstacle that prevents comprehensive sequence coverage of intact mAbs is 

the presence of numerous disulfide bonds that contribute to maintaining protein structure 

and stability. For terminal fragments to cover the disulfide bonded sequence region, 

cleavages of both protein backbone and disulfide bonds are required. However, internal 

fragments can access these highly constrained regions without the need of breaking 

disulfide bonds, thus having the potential to substantially enhance sequence information 

of intact mAbs.67 Additionally, internal fragments contain two cleavage sites while terminal 

fragments only contain one, making internal fragments naturally more information-rich than 

terminal fragments. This also leads to an increase in the sequence coverage obtained when 

considering internal fragments. To investigate the additional sequence information that can 

be obtained by assigning internal fragments, we combined the ECD and HCD TD-MS 

results from each isolated charge state of intact NIST mAb. Inclusion of internal fragments 

increases the sequence coverage of the light chain from 54% to 83% and the heavy chain 

from 28% to 72%, which combined to an increase from 36% to 76% for the whole NIST 

mAb (Figure 2), which to our knowledge is the highest sequence coverage of an intact mAb 

achieved by TD-MS. A more significant increase is observed for heavy chain (44%) than 

light chain (29%), demonstrating that assigning internal fragments becomes more valuable 

with increasing protein size.

As expected, the significant increase in sequence coverage is largely due to improved access 

by internal fragments of the highly disulfide constrained regions, which cannot be reached 

by terminal fragments (Figure 2 and Table S2). For example, the disulfide constrained 

sequence between Cys133 to Cys193 of the light chain is almost exclusively accessed by 

internal fragments (Figure 3A). The same is true for sequence regions Cys147-Cys203 

and Cys264-Cys324 of the heavy chain (Figure 3B). For the intact NIST mAb, assigning 

internal fragments increases the coverage of the non-disulfide constrained sequence by 34%, 

compared to a more significant increase of 44% in the disulfide constrained sequence.
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The sequence of complementarity determining regions (CDRs) need to be unambiguously 

determined, as it is responsible of antigen target specificity of mAbs. Additionally, chemical 

liabilities such as deamidation, isomerization, and oxidation in CDRs are problematic; 

therefore, they need to be fully characterized.75 In total, an increase from 53% to 60% of 

amino acids in CDR are confirmed after assigning internal fragments, demonstrating that 

more insight of this critical region can be gleaned with the inclusion of internal fragments. 

Despite the improvement, the sequence coverage of CDRs is still far from optimal, 

particularly for the longer heavy chain (70% for light chain vs. 51% for heavy chain). 

Therefore, complementary techniques such as middle-down and bottom-up approaches, are 

needed to unambiguously determine the CDRs sequence, and internal fragments can play a 

pivotal role in these techniques.

Internal fragments can identify mAb PTMs, including intra-chain S-S connectivity and 
N-glycosylations.

Previously, our group demonstrated that internal fragments that retain intact disulfide bonds 

can be used to determine S-S connectivity of intact proteins (Figure S3).67 This encourages 

us to explore the utility of such fragments to determine intra-chain S-S connectivity of intact 

NIST mAb, which is comprised of 16 disulfide bonds. HCD is known to only cleave the 

protein backbone while maintaining the integrity of disulfide bonds; therefore, we applied 

HCD on intact NIST mAb to generate such fragments to determine S-S connectivity.

A hydrogen loss was applied on every cysteine forming intra-chain disulfide bonds to 

indicate their integrity after HCD fragmentation, and fragments that traverse an intact 

disulfide bond can determine S-S connectivity (green fragments in Figure 4 and S3). For 

example, for the light chain, 52 terminal fragments and 12 internal fragments traverse S-S 

bond I, 17 terminal fragments traverse S-S bond II, and 6 terminal fragments traverse 

both disulfide bonds, clearly demonstrating the S-S bonding pattern of these two disulfide 

bonds (Figure 4A). The value of analyzing internal fragments to determine intra-chain S-S 

connectivity is exhibited more clearly in the case of the heavy chain. The two disulfide 

bonds close to either terminus of the heavy chain, S-S bond I and S-S bond IV, are traversed 

by 89 terminal fragments and 9 internal fragments. However, the two middle disulfide 

bonds, S-S bond II and S-S bond III, are only traversed by 24 internal fragments but no 

terminal fragments (Figure 4B). Fragments traversing two intact disulfide bonds were also 

observed. For example, S-S bond I and II are traversed by 10 terminal fragments and 1 

internal fragment, and S-S bond III and IV are traversed by 3 terminal fragments and 

9 internal fragments. In contrast, no terminal fragments but 2 internal fragments traverse 

S-S bond II and III, the middle two disulfide bonds. This corroborates the ability of 

internal fragments to access the interior regions of the protein sequence and disulfide bonds, 

particularly for larger proteins. These results demonstrate the intra-chain S-S connectivity of 

the NIST mAb heavy chain, and importantly, the two middle S-S bonding patterns can only 

be determined by internal fragments.

Although much rarer, HCD can cleave both the protein backbone and disulfide bonds 

simultaneously, generating two types of fragments that have differing ramifications in the 

determination of S-S connectivity. These fragments are represented as blue and orange 
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fragments in Figure 4 and Figure S3. The blue fragments either do not bridge any 

dehydrocysteines, or they traverse though intact disulfide bonds and from inside a disulfide 

bond simultaneously. These fragments do not directly contribute to the determination of 

S-S connectivity. The orange fragments, on the other hand, do not traverse through existing 

disulfide bonds, but rather they only cross through non-connected dehydrocysteines from 

inside a disulfide bond, thus lead to mismatched S-S connectivity. For example, one such 

fragment was observed for the light chain (Figure 4A, Table S2) and six fragments for the 

heavy chain (Figure 4B and C, Table S3), resulting in S-S connectivity mismatch rates of 

1.1% for the light chain and 3.9% for the heavy chain. The low mismatch rates support 

the concept of using fragments retaining intact disulfide bonds to determine intra-chain S-S 

connectivity of intact mAbs. Alternatively, a small portion of disulfide bonds of NIST mAb 

ions may have been present in reduced form prior to HCD fragmentation due to high source 

temperature and high in-source energy, leading to disulfide scrambling. This could also 

result in the formation of “S-S mismatched fragments” (orange fragments in Figure 4 and 

Figure S3). However, it is difficult to distinguish between these two possibilities by HCD 

TD-MS alone. A study comparing the HCD fragmentation pattern of mAbs in both native 

and heat-stressed conditions could shed light on the contribution of disulfide scrambling.

In addition to determining intra-chain S-S connectivity, assigning internal fragments also 

contributes to identifying N-glycosylations, a ubiquitous PTM class of mAbs. After 

combining data from five isolated precursor charge states, ECD and HCD TD-MS of intact 

NIST mAb generates only 9 unique C-terminal fragments containing N-glycosylations, 

with 2 containing G0F, 5 containing G1F, and 2 containing G2F (Figure S4). However, 

when internal fragments were considered, an additional 25 fragments containing G0F, 42 

fragments containing G1F, and 34 fragments containing G2F were assigned, demonstrating 

the power of analyzing internal fragments for N-glycosylation identification (Figure 

S4). This is mainly attributed to the ability of internal fragments to access interior 

protein sequence constrained by disulfide bonds that are typically inaccessible to terminal 

fragments. The inclusion of internal fragments can potentially also contribute to identifying 

other common PTMs of mAbs such as oxidation and deamidation, improving the accuracy 

and consistency of mAb production.

Internal fragments can determine drug conjugation sites of lysine-linked ADCs.

The promising results obtained from TD-MS of intact NIST mAb inspired us to push 

one step further to explore the utility of internal fragments for the determination of drug 

conjugation sites of ADCs, an even more heterogeneous drug class. To achieve this, we 

took a similar TD-MS approach by applying both ECD and HCD on a previously well 

chracterized non specific lysine-linked ADC.12

Native MS reveals the maytansinoid DM1 distribution profile of the intact ADC. Seven 

major DAR species were observed (DAR0-DAR7), confirming the highly heterogeneous 

nature of this ADC (Figure 1C and D). DAR 1 and DAR 2 species of the major four charge 

states (22+ to 25+) were isolated and fragmented with ECD and HCD (see Experimental 

Section). Similar to the NIST mAb, ECD fragmentation of the intact ADC generated both 

terminal and internal fragments from both chains of the anibody (Figure S5). Importantly, 
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DM1-bound fragments were also observed, providing direct evidence to determine drug 

conjugation sites (Figure S5 and S6). The inherently random lysine conjugation makes the 

determination of drug conjugation sites of lysine-linked ADC challenging. For example, a 

total of 90 potential conjugation sites exist on the ADC used in this study after excluding 

the clipped C-terminal lysine on the heavy chain, including 11 from light chain and 34 from 

heavy chain. Nervertheless, applying two fragmentation methods, ECD and HCD, on the 

intact ADC allowed us to unambigously determine a large fraction of potential conjugation 

sites, in which internal fragments played a critical role.

Here, we define localizing a conjugation site as when the conjugation can be specified on an 

exact lysine resiue, while identifying a conjugation site is defined as when the conjugation 

can only be confirmed on several possible lysine residues. TD-MS of the ADC generated 

only 8 DM1-bound terminal fragments on the light chain, includng 5 one-DM1-bound, 

and 3 two-DM1-bound fragments (Figure 5A). The two-DM1-bound terminal fragment c85 

conclusively localized the conjugation sites to K46 and K67, whereas all other assigned 

terminal fragments could not localize any additional conjugation sites, but only identify 

2 other conjugation sites on the light chain. Unsurprisingly, assigning internal fragments 

significantly improved the determination of DM1 conjugation sites. TD-MS of the ADC 

generated 61 one-DM1-bound and 15 two-DM1-bound internal fragments on the light chain, 

which localized 3 more conjugation sites (K106, K114, K133) and narrowed down the 

identified two conjugation sites to 4 lysine residues (K153, K160, K170, K175) (Figure 5A). 

For example, the assignment of one-DM1-bound internal fragments cz96–113, cz97–113, cz98–

111, and by104–112 localized the conjugation site to K106, cz112–125 and cz114–124 localized 

the conjugation site to K114, cz119–152, cz128–140, and by133–141 localized the conjugation 

site to K133 (Figure 5A). Similar results were observed for the heavy chain. TD-MS of 

the ADC generated only 11 DM1-bound terminal fragments (6 one-DM1-bound and 5 

two-DM1-bound) but 167 DM1-bound internal fragments (107 one-DM1-bound and 60 

two-DM1-bound) on the heavy chain. With terminal fragments alone, no conjugation sites 

could be localized, but 4 were identified; however, after considering internal fragments, 9 

conjugations sites were localized (K13, K43, K89, K127, K139, K153, K252, K254, K323), 

and 10 additional conjugations sites were identified. In summary, for the intact ADC, only 

16 conjugation sites were confirmed (4 localized and 12 identified) with terminal fragments 

alone, whereas this number was increased to 52 (28 localized, 24 identified) upon inclusion 

of internal fragments, covering approximately 58% of all putative conjugation sites of the 

antibody (Table S3). Although lower than the previously reported 83% coverage achieved 

by peptide mapping,12 this result still demonstrates the value of analyzing TD-MS internal 

fragments to determine drug conjugation sites of ADCs.

CONCLUSIONS

Here we report for the first time the benefits of analyzing internal fragments in the TD-MS 

characterization of intact NIST mAb and a heterogeneous lysine-linked ADC. Inclusion 

of internal fragments significantly increases the sequence coverage of intact mAbs to over 

75% by accessing the disulfide constrained regions that are hardly accessed by terminal 

fragments, particularly for the larger heavy chain. Important PTM information, including 

disulfide linkage patterns and N-glycosylations, can be obtained by including internal 
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fragments. Internal fragments retaining intact disulfide bonds were used to determine the 

intra-chain S-S connectivity of an intact mAb, an important CQA required for accurate 

determination during antibody production. And importantly, we show that internal fragments 

can help pinpoint drug conjugation sites of highly heterogeneous lysine-linked ADCs, an 

attribute that is as important as, but not as well evaluated as characteristics like DAR and 

drug distribution.

It should be noted that limitations still exist for TD-MS of mAbs despite the added 

benefit of assigning internal fragments. For example, only ~60% sequence coverage on 

the CDRs of intact mAbs and ~58% drug conjugation site coverage of intact lysine-linked 

ADCs were achieved, which do not meet the requirement of biologics development in 

the pharmaceutical industry. Identifying uncommon, low intensity glycoforms also remains 

challenging. Furthermore, the heavy reliance on manual inspection during data analysis 

likely prevents the widespread adoption of this approach. Therefore, complementary 

techniques such as middle-down MS and bottom-up MS approaches are currently still 

required to achieve more comprehensive and efficient therapeutics characterization. For 

instance, denatured reversed-phase LC-MS of intact and FabRICATOR/reduced treated 

mAbs result in smaller protein subunits with higher charge states, thus enabling more 

efficient MS/MS fragmentation. Nevertheless, the results presented here demonstrate the 

multiple benefits of assigning internal fragments to obtain critical structural information of 

intact mAbs and ADCs.

From an analytical viewpoint, the raw data for internal fragments is present in the TD 

mass spectra, but assigning the peaks in the spectra to uncover this hidden treasure can be 

a fruitful endeavor, especially for characterizing therapeutic proteins. Although bottom-up 

MS is firmly entrenched in pharmaceutical industry workflows, TD-MS offers potential 

benefits if robust automation and computational support can be established. Once this 

native TD-MS method has fully evolved and matured to a point where it is comparable 

to the already-established bottom-up approaches, one can realize the significantly reduced 

amount of sample handling (no denaturation, reduction or alkylation); therefore, there is less 

opportunity to introduce sample handling-related artifacts. This study should also suggest 

that the incorporation of internal fragments can be applied to bottom-up and middle-down 

MS analysis of mAbs and ADCs, potentially extending their characterization to a near 

complete level on a routine basis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Native MS spectrum of the intact NIST mAb. (B) Deconvoluted zero-charged spectrum 

of the intact NIST mAb showing its major glycoforms.74 (C) Native MS spectrum of the 

intact IgG1-DM1 ADC. (D) Deconvoluted zero-charged spectrum of the intact IgG1-DM1 

ADC showing its drug distribution profile.
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Figure 2. 
Sequence coverage of different sequence regions including non-disulfide constrained 

sequence (“Free”), disulfide constrained sequence (“SS-constrained”), whole sequence 

(“Full”), and CDR sequence (“CDR”) before and after considering internal fragments of 

(A) light chain, (B) heavy chain, and (C) whole mAb.
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Figure 3. 
Sequence coverage maps for (A) light chain and (B) heavy chain. Blue, red and green 

cleavages on the protein backbone represent b/y, c/z·, and by/cz· fragments, respectively. 

The solid line above the sequence represents terminal fragment sequence coverage, while the 

solid line beneath the sequence represents internal fragment sequence coverage. The purple 

dashed lines represent intra-chain disulfide bonds, with the sequence region constrained 

by disulfide bonds covered in light grey, and complementarity-determining regions (CDRs) 

covered in orange.
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Figure 4. 
Fragment location maps generated by HCD TD-MS of (A) light chain, (B) heavy chain, 

and (C) heavy chain with only internal fragments of intact NIST mAb after applying one 

hydrogen loss on each cysteine forming intra-chain disulfide bonds to indicate the integrity 

of the disulfide bond. Vertical dashed lines represent cysteine positions, with the same color 

corresponding to an intra-chain disulfide bond formed between those two cysteines. Green 

horizontal lines indicate fragments that can determine S-S connectivity, orange horizontal 

lines indicate fragments that cause mismatched dehydrocysteines, and blue horizontal lines 

indicate fragments that are irrelevant of S-S connectivity determination.
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Figure 5. 
Fragment location maps generated by ECD and HCD TD-MS of (A) light chain and (B) 

heavy chain of the intact IgG1-DM1 ADC. Black vertical dotted lines represent lysine 

positions. Orange and blue horizontal solid lines represent DM1-bound fragments.
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