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Abstract

Disulfide bonds in proteins have a substantial impact on protein structure, stability, and biological
activity. Localizing disulfide bonds is critical for understanding protein folding and higher-order
structure. Conventional top-down mass spectrometry (TD-MS), where only terminal fragments are
assigned for disulfide intact proteins, can access disulfide information, but suffers from low
fragmentation efficiency, thereby limiting sequence coverage. Here, we show that assigning
internal fragments generated from TD-MS enhances the sequence coverage of disulfide-intact
proteins by 20-60% by returning information from the interior of the protein sequence, which
cannot be obtained by terminal fragments alone. The inclusion of internal fragments can extend
the sequence information of disulfide-intact proteins to near complete sequence coverage.
Importantly, the enhanced sequence information that arise from the assignment of internal
fragments can be used to determine the relative position of disulfide bonds and the exact disulfide
connectivity between cysteines. The data presented here demonstrates the benefits of incorporating
internal fragment analysis into the TD-MS workflow for analyzing disulfide-intact proteins, which
would be valuable for characterizing biotherapeutic proteins such as monoclonal antibodies and

antibody-drug conjugates.



Introduction

Disulfide bonds are among the most important posttranslational modifications (PTMs) in proteins,
as they have a substantial impact on protein structure, stability, and biological activity.!™
Determining disulfide bonding patterns is critical for understanding protein folding and higher-
order structure as non-native disulfide bridges and aggregates can have detrimental effects on a
protein’s three-dimensional structure and consequently their function.> ¢ The advancement of
biotherapeutics such as monoclonal antibodies and antibody-drug conjugates have further driven
the development of more efficient and accurate experimental strategies including mass
spectrometry (MS) and ion mobility-MS to characterize disulfide bond linkages,”!? as disulfide
connectivity, which ensures its proper folding and consequently biological function and
immunogenicity, is considered as a critical quality attribute during antibody manufacturing.!* 13
Mass spectrometry has established itself as a frontrunner for these characterizations owing to its
exceptional sensitivity, low sample requirements, and the ability to be coupled with
chromatographic separations to generate and detect diagnostic fragment ions possessing various
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disulfide connectivities, which cannot be achieved easily by conventional methods such as

nuclear magnetic resonance (NMR) and X-ray crystallography.2% 2!

Conventional “bottom-up” MS approaches employ chemical reduction and alkylation to cleave
disulfide bonds and cap the free cysteines, followed by enzymatic digestion of the protein prior to
liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.?? 23 Although protein
sequence usually can be unambiguously determined using this approach, information on disulfide
bond locations and connectivities can be lost.'® ' To compensate for this limitation, alternative
strategies including proteolysis without prior reduction or with partial reduction have been utilized

to generate disulfide-linked peptides for LC-MS/MS measurements.?*?° This allows for the



elucidation of disulfide bonding patterns by comparing the peptides resulting from the reduced
regions with the peptides from constrained regions to identify disulfide-linked peptides. However,
it is difficult to control the amount of disulfide reduction using this approach, which results in
complex mixtures of peptides with differing amounts of capped cysteines, making data analysis
challenging.?° Moreover, with limited disulfide reduction, protein sequence coverage may not be
sufficient to capture all disulfide linkage information. This problem will be exacerbated with

increasing protein size and/or proteins that contain a large number of disulfide bonds.?!

Top-down mass spectrometry (TD-MS), where direct mass measurement and subsequent
fragmentation of intact gas-phase protein ions in the mass spectrometer to obtain the primary
sequence information, has gained more popularity in recent years for interrogating proteins with
various PTMs, including but not limited to disulfide bonds.’?3¢ TD-MS bypasses the time-
consuming digestion and separation steps, allowing for all disulfide information to be preserved.
By comparing the accurate measured mass with the theoretical sequence mass of disulfide intact
proteins, the number of disulfide bonds can be readily determined. The modification sites can be
further identified by subsequent fragmentation of the intact protein ions with high sequence
coverage. However, challenges still remain. Accessing disulfide bond information usually requires
concurrent fragmentation of the protein backbone and disulfide bonds to gain extensive sequence
coverage, which is important for localizing disulfide bridges, whereas TD-MS suffers from low
relative fragmentation efficiency, limiting sequence coverage.>’-* To increase sequence coverage,
various fragmentation methods (alternative to the traditionally employed collision-based
techniques) have been employed to characterize disulfide-intact peptides and proteins including
electron-based dissociation (ExD),” 3! 4043 photon-based dissociation (PD),!*- 4448 and their hybrid

methods with varying success.!? 3% 4% 30 An additional approach to increase TD-MS sequencing
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efficiency is to incorporate the assignment of internal fragments, generated by multiple gas-

phase cleavages of the polypeptide backbone, into the data analysis workflow.>?

While the analysis of internal fragment ions has been largely ignored by the TD-MS community
due to the general lack of software tools to accurately and reliably assign them, the concept of the
formation of internal fragment ions in TD-MS spectra is not novel. Previous studies have shown

that the inclusion of internal fragments results in much richer sequence information of small
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peptides,>! 3437 intact proteins,’®-** protein complexes,® % and aid the identification of ambiguous
proteoforms in mammalian cell lysates by top-down ptoteomics.®” In addition, a recent study by
Chin et al. demonstrated the utility of internal fragments to enhance sequence coverage and to
decipher disulfide bonds of disulfide-rich peptides.®® Schmitt ef al. also applied internal fragments
to determine sequence motifs located within a disulfide constrained loop of SOD1 protein that
could not be achieved by terminal fragments alone.®® The benefits of including internal fragments
for characterizing disulfide-intact proteins are two-fold. Identifiable internal fragment ions within
disulfide constrained regions can be generated without the need to cleave the disulfide bond,®
lowering the barrier to obtaining more sequence information. Second, by including internal

fragments, the chance of identifying product ions that result from cleavage of disulfide bonds to

access disulfide linkage information is higher than analyzing terminal fragments alone.

Here, we show that assigning internal fragments generated from collisionally activated
dissociation (CAD) and ExD can increase the sequence coverage of disulfide-intact proteins by
accessing the interior of the protein sequence constrained by multiple disulfide bonds. Importantly,
by correlating the number of disulfide bonds cleaved by internal fragments to their sequence
positions, the relative locations of disulfide bonds can be determined. By specifically analyzing

internal fragments with disulfide bonds remaining intact, disulfide connectivity can be determined.



This study demonstrates the benefits of considering internal fragments when analyzing these
heavily constrained proteins, which would be valuable for characterizing biotherapeutic proteins

that contain a large number of disulfide bonds.

Experimental

Materials and Sample Preparation. The proteins -lactoglobulin from bovine milk, ribonuclease
A from bovine pancreas, a-lactalbumin from bovine milk, trypsin inhibitor from glycine max, and
m-nitrobenzyl alcohol (mNBA) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Lysozyme from chicken white egg was acquired from EMD Millipore (Darmstadt, Germany).
LC/MS-grade water, methanol and formic acid were obtained from Fisher Chemical (Hampton,
NH). All proteins were used without further purification. Protein samples were prepared in
49.5:49.5:1 water/methanol/formic acid to a final concentration of 10 or 20 uM. Supercharging
agent mNBA was added to the ribonuclease A and a-lactalbumin solutions at a 0.25% (v/v)

concentration.

Mass Spectrometry. All samples were measured with a 15-Tesla solariX Fourier transform ion
cyclotron resonance (FTICR)-MS instrument equipped with an infinity ICR cell (Bruker Daltonics,
Billerica, MA, USA). The protein solutions were loaded into in-house pulled capillaries coated
with gold, and electrosprayed by applying a voltage between 0.7 and 1.5 kV on the ESI capillary.
Individual charge states of each multiply-protonated protein (11+ to 15+ for B-lactoglobulin, 8+
to 12+ for lysozyme, 8+ to 14+ for ribonuclease A, and 11+ to 14+ for a-lactalbumin) were isolated
in the quadrupole, with an isolation window of 10 m/z before fragmentation. Three fragmentation
methods including CAD, electron capture dissociation (ECD), and electron induced dissociation

(EID) were applied to each isolated ion. For CAD fragmentation, collision energies were adjusted



to achieve the same lab-frame energy for different charge states of each protein. The lab-frame
energy is defined as the multiplication product of charge state and collision energy. The lab-frame
energies used for each protein are: B-lactoglobulin, 336V; lysozyme, 438V ribonuclease A, 330V;
a-lactalbumin, 286V to achieve optimal fragmentation. For ECD fragmentation, the pulse length
was set at 0.02s, with a lens voltage at 50 V and bias voltage at 2 V. For EID fragmentation, the

pulse length was set at 0.02s, with a lens voltage at 50 V and bias voltage ranging from 26 to 30V.

CAD-MS/MS of trypsin inhibitor (TI) was done by isolating [TI + 17H]'”* with an isolation
window of 10 m/z. The CAD energy was set at 20V which reduced the precursor ion signal to ~40%

of the mass spectral level.

ECD-MS/MS of B-lactoglobulin and lysozyme were also performed on a Waters SELECT
SERIES™ Cyclic IMS Q-ToF mass spectrometer (Waters, Milford, MA, USA) with the
electromagnetostatic ExD cell (e-MSion Inc., Corvallis, OR) mounted before the cyclic ion
mobility cell to allow for pre-cIMS ECD fragmentation. All ECD parameters were optimized to

achieve the best fragmentation.

Data Analysis. Data Processing and Fragment Assignment. Raw MS/MS spectra acquired on
FTICR were deconvoluted using Bruker Data Analysis software (SNAP algorithm). Mass spectra
acquired on the Waters Cyclic IMS Q-ToF instrument was deconvoluted using Waters BayesSpray
algorithm. Deconvoluted mass lists were uploaded into the ClipsMS (2.0) program™ for fragment
ion matching. The mass tolerance was set at 2 ppm for FTICR data and 5 ppm for Waters Q-ToF
data and the smallest internal fragment size was set at 5 amino acids. For sequence coverage and
disulfide bond cleavage analyses, to account for all disulfide-containing fragment ions,

modifications considering all possible disulfide cleavage positions (S-S and C-S cleavage) were



imported as an unlocalized modification file for fragment matching. Up to 2 water and ammonia
losses were included in the unlocalized modification file for CAD fragmentation. No localized
modifications were imported for these analyses. For disulfide connectivity analysis, modifications
applying one hydrogen loss on each cysteine to suggest the integrity of the disulfide bond were
imported as a localized modification file for fragment matching. No unlocalized modifications
were imported for this analysis. All localized and unlocalized modification files for fragment
matching are available in the Supporting Information (Table S1 to S7). All six terminal fragment
types including a, b, ¢, x, y, z were searched for all three fragmentation methods, while only by
internal fragments were searched for CAD and cz internal fragments for ECD/EID spectra. All
terminal fragments were assigned first (i.e., given first priority) before considering internal
fragments, and all overlapping internal fragments due to the arrangement and/or frameshift
ambiguity®? were removed. After fragment matching and duplicates removal, all assigned internal
fragments were further verified by manually examining their isotopic profiles against the raw

MS/MS spectra to eliminate uncertain assignments.

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.

Results and discussion

Internal fragments can access the interior protein sequence constrained by multiple disulfide
bonds. To demonstrate that internal fragments can enhance sequence information of disulfide

intact proteins, three fragmentation methods were applied, CAD, ECD, and EID on various



isolated precursor charge states of four disulfide-intact proteins, including B-lactoglobulin (2
disulfide bonds), lysozyme (4 disulfide bonds), ribonuclease A (4 disulfide bonds), and o-
lactalbumin (4 disulfide bonds). The disulfide connectivity of these proteins is shown in Scheme
1. EID fragmentation of B-lactoglobulin, [B-lac + 14H]'*" generated rich mass spectra filled with
informative peaks (Fig. 1 A). Many of the peaks in the spectra that were not assigned as terminal
fragments can be assigned as internal fragments (Fig. 1A inset), demonstrating that more
information can be extracted from a single MS/MS spectrum when considering internal fragments.
Importantly, the location of all the assigned fragments for B-lac demonstrates that internal
fragments span much of the interior sequence enclosed by multiple disulfide bonds, providing
complementary sequence information to terminal fragments (Fig. 1B). Similar results were also
observed for EID of lysozyme, [Lys + 10H]!** (Fig. 1C and 1D). In both cases, the extent of
information extracted from a single mass spectrum can be enhanced significantly when including
internal fragments. Further, ECD and CAD of the same isolated precursor ions show similar
fragmentation patterns, although ECD is less energetic than EID and CAD, and generated

significantly less internal fragments (Fig. S1 and S2).



.c | C | | c | .c
1 162
106 119

B

C c C C C c||c||c|
1-|6|_|3o|_|64|-|76Hso|'|94 115 | 127 [ 12

C
1_|_zcs—H 4c0H5c8 H_ecs—H 7cszc4H9c5|-|1:o|_124
D

| C C C C C C C C
1 6 28 61 73 || 77 || 91 H 111 H 120 [ 123

Scheme 1. Disulfide bond connectivities of the four proteins examined, A. B-lactoglobulin (2
disulfide bonds), B. lysozyme (4 disulfide bonds), C. ribonuclease A (4 disulfide bonds), D. a-
lactalbumin (4 disulfide bonds).

To compare sequence information obtained from terminal fragments with internal fragments, all
assigned unique fragments generated from every charge state for each protein were integrated.
Assigning internal fragments generated from CAD, ECD, and EID increases the sequence
coverage by 20-60% for all proteins examined. For example, sequence coverage increases from
43% to 83% for EID of -lactoglobulin (Fig. 2D), 37% to 84% for EID of lysozyme (Fig. 3F), 40%
to 87% for EID of ribonuclease A (Fig. S3F), and 36% to 90% for EID of a-lactalbumin (Fig. S4F)

after including internal fragments. Incorporating internal fragments can cover almost every single



inter-residue site to achieve near complete sequence coverage (99%) for CAD of lysozyme (Fig.
3F), with CAD of a-lactalbumin also close to 100% sequence coverage (96%, Fig. S4F). This is
primarily due to the fact that the generation of terminal fragments beyond regions enclosed by
disulfide bonds is difficult (vide infra); most often, an S-S bond would need to be cleaved in order

to release the terminal fragment. This is further discussed below.
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Fig. 1. Representative EID MS/MS spectra of A. B-lactoglobulin, [B-lac + 14H]'** and C.
lysozyme, [Lys + 10H]'*". Fragment location maps indicating the region of the protein sequence
covered by terminal fragments (blue) and internal fragments (orange) for B. EID of 3-lactoglobulin,
[B-lac + 14H]'** (spectrum in A) and D. EID of lysozyme, [Lys + 10H]'%* (spectrum in C). Vertical
dashed lines in panels B and D represent cysteines positions, with the same color indicating a
disulfide bond is formed between those two cysteines.



The sequence of these proteins can be classified into different regions depending on the number
of disulfide bonds enclosed. For example, B-lactoglobulin has two disulfide bonds with a
connectivity of Cys66-Cys160 and Cysl106-Cys119 (Scheme 1A), thus the B-lactoglobulin
sequence can be classified into three regions: 1) sequence not enclosed by disulfide bond (residues
1-66, 160-162), ii) sequence enclosed by one disulfide bond (residues 66-106, 119-160), and iii)
sequence enclosed by two disulfide bonds (residues 106-119). Similarly, the sequence of lysozyme,
which possesses four disulfide bonds (Scheme 1B) can be classified into five regions including
sequence not enclosed disulfide bond (residues 1-6, 127-129), sequence enclosed by one disulfide
bond (residues 6-30, 115-127), sequence enclosed by two disulfide bonds (residues 30-64, 94-115),
sequence enclosed by three disulfide bonds (residues 64-76, 80-94), and sequence enclosed by
four disulfide bonds (residues 76-80). For the other two proteins with four disulfide bonds, the
primary protein sequence can also be separated into specific regions (ribonuclease A, Scheme 1C,
and o-lactalbumin, Scheme 1D). To investigate the utility of internal fragments for accessing
highly disulfide constrained regions, the extent of sequence information obtained from terminal
and internal fragments at different sequence regions were compared and a clear trend can be
observed. Generally, most internal fragments originate from the interior of the sequence within
disulfide bonded regions, while terminal fragments originate from the outermost sequence. For
example, for CAD of B-lactoglobulin, terminal fragments cover more sequence not enclosed by
disulfide bond than internal fragments (64% vs. 60%, Fig. 2A), corresponding to a change of +4%,
while no terminal fragments and only internal fragments cover the sequence enclosed by two
disulfide bonds (0% vs. 54%, Fig. 2C), corresponding to a change of -54%. Similarly, for CAD of
lysozyme with four disulfide bonds and five distinct sequence regions, the sequence coverage

change when comparing terminal vs. internal fragments are +43%, -14%, -47%, -65%, and -20%



when going deeper into the middle of the sequence (Fig. 3A to E). This data clearly demonstrates
that internal fragments significantly enhances sequence information of the regions constrained by
multiple disulfide bonds. A similar trend was observed for ECD and EID of these two proteins
(Fig. 2 and 3) and the other two proteins possessing four disulfide bonds (ribonuclease A, Fig. S3,
and a-lactalbumin, Fig. S4), with the relative sequence coverage decreasing for terminal fragments
while increasing for internal fragments when reaching the interior protein sequence (Fig. 2A to C,
3A to E, S3A to E, and S4A to E). Notably, some specific sequence regions can only be accessed
by internal fragments, such as the sequence enclosed by two disulfide bonds of B-lactoglobulin
(Fig. 2C) and sequence enclosed by four disulfide bonds of ribonuclease A (Fig. S3E) and a-
lactalbumin (Fig. S4E), highlighting the ability of internal fragments to cover sequence regions
that cannot be reached by terminal fragments. The data shown here shows promise for the inclusion
of internal fragments in obtaining more comprehensive sequence information for disulfide-intact

proteins.
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Fig. 2. The extent of sequence information obtained by terminal and internal fragments for [3-
lactoglobulin at different sequence regions after integrating data from all five charge states (11+
to 15+) and for all three fragmentation methods (CAD, ECD, and EID) examined, A. sequence not
enclosed by disulfide bond, B. sequence enclosed by one disulfide bond, C. sequence enclosed by
two disulfide bonds, D. whole sequence. Cross marks in each panel indicate the sequence coverage
after combing terminal and internal fragments.
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Fig. 3. The extent of sequence information obtained by terminal and internal fragments for
lysozyme at different sequence regions after combining data from all five charge states (8+ to 12+)
and for all three fragmentation methods (CAD, ECD, and EID) examined, A. sequence not
enclosed by disulfide bond, B. sequence enclosed by one disulfide bond, C. sequence enclosed by
two disulfide bonds, D. sequence enclosed by three disulfide bonds. E. sequence enclosed by four
disulfide bonds. F. whole sequence. Cross marks in each panel indicate the sequence coverage
after combing terminal and internal fragments.



Internal fragments can determine the relative position of disulfide bonds. To determine the
position of disulfide bonds, the number of disulfide bond cleavages were analyzed for these
proteins. We show here that terminal fragments cleave disulfide bonds located on the exterior of
the protein while internal fragments cleave disulfide bonds within the interior of the protein. For
example, terminal fragments generated by EID of B-lactoglobulin (2 disulfide bonds) induced
more cleavages at the outermost disulfide bond (Cys66-Cys160) than internal fragments (38 vs.
11, Fig. 4A), while only internal fragments cleaved the interior disulfide bond (9 times at the
Cys106-Cys119 bond, Fig. 4B). This trend is more pronounced for proteins with a greater number
of disulfide bonds. For example, EID of lysozyme (4 disulfide bonds) showed that the Cys6-
Cys127 bond was cleaved 62 times by terminal fragments but only 6 times by internal fragments
(Fig. 5A). For the Cys30-Cys115 bond, located more interior of the protein sequence, the
difference between disulfide cleavages from terminal and internal fragments was reversed, 10 vs.
16, respectively (Fig. 5B). For the Cys64-Cys80 bond and the Cys76-Cys94 bond, the disulfide
cleavages comparison is 0 vs. 17 and 0 vs. 19 (terminal vs. internal, Fig. 5C and D). This trend
was also observed for CAD and ECD of B-lactoglobulin and lysozyme, and the other two disulfide
bonded proteins (ribonuclease A, Fig. S5, and a-lactalbumin, Fig. S6). Surprisingly, for disulfide
bonds buried within the protein, their cleavages were only explained by internal fragments (Fig.
4B, 5C and D, S5D, S6C and D), highlighting the use of internal fragments to access disulfide

bond information that cannot be obtained by terminal fragments.
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Fig. 4. Number of disulfide bonds cleaved by terminal and internal fragments for B-lactoglobulin
after integrating data from all five charge states (11+ to 15+) for all three fragmentation methods
(CAD, ECD, and EID) examined, A. Cys66-Cys160 bond, B. Cys106-Cys119 bond. Cross marks
in each panel indicate the disulfide bond cleavage counts after combing terminal and internal
fragments.

These data indicate that by correlating the relative number of disulfide cleavages explained by
internal fragments to their sequence positions, the relative locations of disulfide bonds can be
determined. The outermost disulfide bonds are explained more by terminal fragments, as their
formation usually only require one backbone cleavage in addition to one disulfide bond cleavage.

In contrast, in order for internal fragments to explain these outermost disulfide bond cleavages,
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Fig. 5. Number of disulfide bonds cleaved by terminal and internal fragments for lysozyme after
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ECD, and EID) examined, A. Cys6-Cys127 bond, B. Cys30-Cys115 bond, C. Cys64-Cys80 bond,
D. Cys76-Cys94 bond. Cross marks in each panel indicate the disulfide bond cleavage counts after
combing terminal and internal fragments.

simultaneous cleavages of one disulfide bond and multiple protein backbone bonds are required,
raising the energy barrier compared to terminal fragments. When going deeper into the protein
sequence, more internal fragments result from cleavage of innermost disulfide bonds. In these

highly constrained regions, simultaneous cleavages of multiple disulfide bonds and one protein



backbone bond are needed to generate terminal fragments, while the formation of internal
fragments still only require one disulfide bond cleavage in addition to multiple protein backbone
cleavages. These results can be rationalized by considering the relative energies required to cleave
the protein backbone (~10-15 kcal/mol) compared to the disulfide bond (~45-60 kcal/mol).33: ¢
Because the energy barrier of cleaving a disulfide bond is higher than cleaving a protein backbone
bond, the energy requirement of forming internal fragments in the interior protein sequence could
be lower than for terminal fragments, and thus internal fragments could be more easily to cleave
disulfide bonds buried within the protein. To support our data, ECD of B-lactoglobulin and
lysozyme were conducted using a different mass spectrometry system (Waters Select Series Cyclic
IMS Q-TOF). Similar trends for both sequence coverages and disulfide bond cleavages were
observed (Fig. S7 and S8), further demonstrating the utility of internal fragments to cover the

interior protein sequence and determine the relative positions of disulfide bonds.

Internal fragments retaining intact disulfide bonds can determine disulfide connectivity.

Type | fragment

Cys Cys . Cys Cys
1

Tybe Il fragmént

Scheme 2. The two types of fragments retaining intact disulfide bonds to determine disulfide
connectivity. A hydrogen loss (-1 Da) was applied on every cysteine residue to suggest the integrity
of disulfide bonds involved. Type I fragment traverses an even number of dehydrocysteines (2, 4,
6 etc.), suggesting that intact disulfide bonds are formed within the cysteines involved. Type II
fragment is generated between adjacent cysteines with no disulfide bonds involved, suggesting
that those two adjacent cysteines are highly unlikely to be connected.



To determine the disulfide connectivity between cysteines, we focus on fragments that only result
from protein backbone cleavages and retain the intact disulfide bonds. Fragments that arise from
these types of cleavages can be divided into Type I fragments and Type II fragments (Scheme 2).
Type I fragments correspond to fragments (terminal and internal) that traverse an even number of
dehydrocysteine residues (e.g., 2, 4, 6) and contain mass shifts associated with the multiplication
product of the number of disulfide bonds and dehydrocysteines (no. of disulfide bonds x -2 Da,
Scheme 2). Type II fragments correspond to internal fragments formed between adjacent cysteine
residues; thus no disulfide bonds are involved (Scheme 2). Type I fragment suggests that intact
disulfide bonds are maintained within the cysteines involved, while Type II fragment suggests that

those two adjacent cysteines are highly unlikely to be connected.

To determine disulfide connectivity using Type I and Type II fragments, CAD fragmentation of
trypsin inhibitor (181 residues, 20.1 kDa, 2 disulfide bonds, Fig. S9A), [TI + 17H]'"* (Fig. 6A)
was investigated, as the non-overlapping feature of the two disulfide bonds of trypsin inhibitor
makes it a good test example. Type I fragments can be used to determine the disulfide connectivity
of the two disulfide bonds of trypsin inhibitor. For example, the two dehydrocysteines (Cys39 and
Cys86) located close to the N-terminus were traversed by 9 Type I terminal fragments and 70 Type
I internal fragments, and the two dehydrocysteines (Cys136 and Cys145) located closer to the C-
terminus were traversed by 8 Type I terminal fragments and 7 Type I internal fragments, which
strongly suggests that the connectivity between these cysteines should be “Cys39-Cys86” and
“Cys136-Cys145” for these two disulfide bonds (Fig. 6A). Four examples of Type I internal
fragments traversing these two disulfide bonds are shown (Fig. S9). It should be noted that
fragments traversing an even number of dehydrocysteines do not guarantee the integrity of

disulfide bonds involved; however, the likelihood of them being cleaved is much lower. For



example, only one internal fragment (by4».137) traversed the middle two dehydrocysteines (Cys86
and Cys136), whereas the formation of 3 Type II fragments between Cys86 and Cys136 (byos-115,

by1oo-115, by125-132) indicates that these two cysteines are not likely to be connected.
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Fig. 6. Fragment location maps after importing a hydrogen loss localized modification on every
cysteine, suggesting the integrity of every disulfide bond of A. CAD of trypsin inhibitor, [TI +
17H]'7*, and B. CAD of a-lactalbumin after integrating data from all four charge states examined
(11+ to 14+). Vertical dashed lines represent cysteines positions, with the same color indicating a
disulfide bond is formed between those two cysteines. Internal fragments traversing an even
number of dehydrocysteines (Type I fragments) suggest that intact disulfide bonds are formed
within those cysteines, while internal fragments formed between adjacent cysteines (Type II
fragments) suggest that those two cysteines are not likely to relate to each other.



Similar results could also be gleaned when a-lactalbumin (123 residues, 14.2 kDa, 4 disulfide
bonds, Scheme 1D), which possesses a more complicated disulfide linkage was analyzed (Fig. 6B).
Disulfide connectivity of a-lactalbumin was determined by interrogating the innermost disulfide
bonds, and expanding to the outermost disulfide bonds. The middle four dehydrocysteines (Cys61,
Cys73, Cys77, Cys91) were traversed by 4 Type I internal fragments (bys0-97, bysi-106, bys3-97, byso-
106, Fig. S10), indicating that two disulfide bonds are formed within these four cysteines (Fig. 6B).
Type II internal fragments were then used to aid the assignment of the exact connectivity within
these four cysteines. The formation of 8 Type Il internal fragments between Cys61 and Cys73, and
12 Type II internal fragments between Cys77 and Cys91 strongly suggests that the connectivity of
“Cys61-Cys73” and “Cys77-Cys91” is not likely. In addition, the lack of Type I internal fragments
traversing the middle two dehydrocysteines (Cys73 and Cys77) indicates that the “Cys73-Cys77”
connectivity is not likely either. Should Cys73 and Cys77 be connected, Type I internal fragments
traversing the dehydro form of these two cysteines would have been generated, as demonstrated
for CAD of trypsin inhibitor (Fig. 6A). Therefore, the only possible connectivity of these four
cysteines is “Cys61-Cys77” and “Cys73-Cys91”. Expanding to the outermost cysteines, the
formation of 1 Type I internal fragment traversing the middle six dehydrocysteines (by20-113), and
8 Type I terminal fragments traversing all eight dehydrocysteines indicates that two more disulfide
bonds are formed between the four cysteines located on the exterior protein sequence. The
presence of Type I internal fragment by»o.113 determines the connectivity of “Cys28-Cys111”,
provided that the middle four cysteines are associated with each other. This is further supported
by the fact that 28 Type II internal fragments are formed between Cys6 and Cys28, 40 Type II
internal fragments are formed between Cys28 and Cys61, 28 Type Il internal fragments are formed

between Cys91 and Cysll1, and 1 Type II internal fragment is formed between Cysll1 and



Cys120. These Type II internal fragments rule out the possibility of “Cys6-Cys28”, “Cys28-
Cys617, “Cys91-Cys111”, and “Cys111-Cys120” connectivities. Therefore, the two outermost
disulfide bond connectivities can be determined as “Cys28-Cysl111” and “Cys6-Cys120”. It is
noteworthy that only internal fragments can access the middle four cysteines and determine their
connectivities, demonstrating again the value of analyzing internal fragments to obtain
comprehensive disulfide bond information. The disulfide connectivity of lysozyme can be

elucidated and determined in a similar way using these two types of fragments (Fig. S11).

Conclusions

Here we report the utility of internal fragments to enhance information obtained from disulfide
intact proteins. We demonstrate that internal fragments can access the interior protein sequence
constrained by multiple disulfide bonds that cannot be reached by terminal fragments, resulting in
a sequence coverage increase of 20-60% to cover nearly the complete sequence of disulfide-intact
proteins. We show that terminal fragments result from cleavage of disulfide bonds located on the
exterior of the protein while internal fragments represent cleavage of more disulfide bonds buried
within the interior of the protein. By correlating the relative number of internal fragments that
result in disulfide cleavages to their sequence positions, the relative positions of disulfide bonds
can be determined. Lastly, we show that internal fragments retaining intact disulfide bonds, which
are traditionally overlooked, can be used to determine the disulfide connectivity. By analyzing
internal fragments, it is possible to gain more sequence information and elucidate disulfide linkage
patterns for proteins with unknown disulfide connectivities, which would be valuable for

characterizing biotherapeutic proteins that contain many disulfide bonds.
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Table S1. Unlocalized modifications for fragment matching of ExD of -lactoglobulin (2 disulfide
bonds) to account for all disulfide-containing fragment ions.

Modification type  Mass shift (Da)  Amino acid residue ~ Number of residues required

H+ 1.00783 Any 1
H- -1.00783 C 1
2H- -2.01566 C 2
3H- -3.02349 C 4
4H- -4.03132 C 5
1S 31.9721 C 1
28 63.9442 C 2
SH- -32.9799 C 1
2SH- -65.9598 C 2
S- -31.9721 C 1
2S- -63.9442 C 2
H-S+ 30.9643 C 1
2(H-S+) 61.9286 C 2
SH2- -33.9878 C 1
2(SH2-) -67.9755 C 2



Table S2. Unlocalized modifications for fragment matching of CAD of B-lactoglobulin (2

disulfide bonds) to account for all disulfide-containing fragment ions.

Modification type  Mass shift (Da)  Amino acid residue ~ Number of residues required

2H20- -36.02113 Any 0
H20- -18.010565 Any 0
2NH3- -34.053098 Any 0
NH3- -17.026549 Any 0
H- -1.00783 C 1
2H- -2.01566 C 2
3H- -3.02349 C 4
4H- -4.03132 C 5
1S 31.9721 C 1
28 63.9442 C 2
SH- -32.9799 C 1
2SH- -65.9598 C 2
S- -31.9721 C 1
2S- -63.9442 C 2
H-S+ 30.9643 C 1
2(H-S+) 61.9286 C 2
SH2- -33.9878 C 1
2(SH2-) -67.9755 C 2



Table S3. Unlocalized modifications for fragment matching of ExD of lysozyme, ribonuclease A,
and a-lactalbumin (all with 4 disulfide bonds) to account for all disulfide-containing fragment ions.

Modification type  Mass shift (Da) Amino acid residue ~ Number of residues required

H+ 1.00783 Any 1
H- -1.00783 C 1
2H- -2.01566 C 2
3H- -3.02349 C 3
4H- -4.03132 C 4
5H- -5.03915 C 4
6H- -6.04698 C 4
7H- -7.05481 C 4
8H- -8.06264 C 4
1S 31.9721 C 1
28 63.9442 C 2
3S 95.9163 C 3
4S 127.8884 C 4
SH- -32.9799 C 1
2SH- -65.9598 C 2
3SH- -98.9397 C 3
4SH- -131.92 C 4
S- -31.9721 C 1
2S- -63.9442 C 2
3S- -95.9163 C 3
4S- -127.888 C 4
H-S+ 30.9643 C 1
2(H-S+) 61.9286 C 2
3(H-S+) 92.8929 C 3
4(H-S+) 123.8572 C 4



Table S4. Unlocalized modification for fragment matching of CAD of lysozyme, ribonuclease A,
and a-lactalbumin (all with 4 disulfide bonds) to account for all disulfide-containing fragment ions.

Modification type  Mass shift (Da) Amino acid residue ~ Number of residues required

2H20- -36.0211 Any 0
H20- -18.0106 Any 0
2NH3- -34.0531 Any 0
NH3- -17.0265 Any 0
H- -1.00783 C 1
2H- -2.01566 C 2
3H- -3.02349 C 3
4H- -4.03132 C 4
5H- -5.03915 C 4
6H- -6.04698 C 4
7H- -7.05481 C 4
8H- -8.06264 C 4
1S 31.9721 C 1
28 63.9442 C 2
3S 95.9163 C 3
4S 127.8884 C 4
SH- -32.9799 C 1
2SH- -65.9598 C 2
3SH- -98.9397 C 3
4SH- -131.92 C 4
S- -31.9721 C 1
2S- -63.9442 C 2
3S- -95.9163 C 3
4S- -127.888 C 4
H-S+ 30.9643 C 1
2(H-S+) 61.9286 C 2
3(H-S+) 92.8929 C 3
4(H-S+) 123.8572 C 4



Table S5. Localized modifications for fragment matching of CAD of trypsin inhibitor, which

applies one hydrogen loss on every cysteine to suggest the integrity of the disulfide bonds.

Modification type =~ Mass shift (Da)  Position of modified amino acid residue
H- -1.00783 39
H- -1.00783 86
H- -1.00783 136
H- -1.00783 145

Table S6. Localized modifications for fragment matching of CAD of a-lactalbumin, which applies

one hydrogen loss on every cysteine to suggest the integrity of the disulfide bonds.

Modification type =~ Mass shift (Da)  Position of modified amino acid residue
H- -1.00783 6
H- -1.00783 120
H- -1.00783 28
H- -1.00783 111
H- -1.00783 61
H- -1.00783 77
H- -1.00783 73
H- -1.00783 91

Table S7. Localized modifications for fragment matching of CAD of lysozyme, which applies one

hydrogen loss on every cysteine to suggest the integrity of the disulfide bonds.

Modification type = Mass shift (Da)  Position of modified amino acid residue

H- -1.00783 6

H- -1.00783 127
H- -1.00783 30
H- -1.00783 115
H- -1.00783 64
H- -1.00783 80
H- -1.00783 76
H- -1.00783 94
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lactoglobulin, [Blac + 14H]'**. D. Fragment location map indicating the region of the protein
sequence covered by terminal and internal fragments for spectrum in panel C.
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Fig. S2. A. Representative ECD MS/MS spectrum of lysozyme, [Lys + 10H]'". B. Fragment
location map indicating the region of the protein sequence covered by terminal and internal
fragments for spectrum in panel A. C. Representative CAD MS/MS spectrum of lysozyme, [Lys
+ 10H]'**. D. Fragment location map indicating the region of the protein sequence covered by
terminal and internal fragments for spectrum in panel C.
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Fig. S3. The extent of sequence information obtained by terminal and internal fragments for
ribonuclease A at different sequence regions after integrating data from all seven charge states (8+
to 14+) for all three fragmentation methods (CAD, ECD, and EID) examined, A. sequence not
enclosed by disulfide bond, B. sequence enclosed by one disulfide bond, C. sequence enclosed by
two disulfide bonds, D. sequence enclosed by three disulfide bonds, E. sequence enclosed by four
disulfide bonds, F. whole sequence.
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Fig. S4. The extent of sequence information obtained by terminal and internal fragments for o.-
lactalbumin at different sequence regions after integrating data from all four charge states (11+ to
14+) for all three fragmentation methods (CAD, ECD, and EID) examined, A. sequence not
enclosed by disulfide bond, B. sequence enclosed by one disulfide bond, C. sequence enclosed by
two disulfide bonds, D. sequence enclosed by three disulfide bonds, E. sequence enclosed by four
disulfide bonds, F. whole sequence.
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Fig. S5. Number of disulfide bonds cleaved by terminal and internal fragments for ribonuclease A
after integrating data from all seven charge states (8+ to 14+) for all three fragmentation methods
(CAD, ECD, and EID) examined, A. Cys26-Cys84 bond, B. Cys40-Cys95 bond, C. Cys58-Cys110
bond, D. Cys65-Cys72 bond.
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Fig. S6. Number of disulfide bonds cleaved by terminal and internal fragments for a-lactalbumin
after integrating data from all four charge states (11+ to 14+) for all three fragmentation methods
(CAD, ECD, and EID) examined, A. Cys6-Cys120 bond, B. Cys28-Cys111 bond, C. Cys61-Cys77
bond, D. Cys73-Cys91 bond.
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Fig. S7. ECD MS/MS data of B-lactoglobulin, [Blac + 15H]'** acquired from Waters Select Series
Cyclic IMS mass spectrometer, A. fragment location map indicating the region of the protein
sequence covered by terminal and internal fragments, B. the extent of sequence information
obtained at different sequence regions by terminal and internal fragments, C. the number of
disulfide bonds cleaved by terminal and internal fragments. Cross markers in panels B and C
indicate the metric (sequence coverage or disulfide bond cleavage counts) after combining
terminal and internal fragments.
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Fig. S8. ECD MS/MS data of lysozyme, [Lys + 9H]°* acquired from Waters Select Series Cyclic
IMS mass spectrometer, A. fragment location map indicating the region of the protein sequence
covered by terminal and internal fragments, B. the extent of sequence information obtained at
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cleaved by terminal and internal fragments. Cross markers in panels B and C indicate the metric
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Fig. S9. A. Disulfide bond connectivities of trypsin inhibitor (2 disulfide bonds). Isotope envelope
fits of representative internal fragments traversing intact disulfide bonds generated by CAD of
trypsin inhibitor, [TI + 17H]'7* (Figure 6, panel A), B. [bys.97 + 7TH]"* (0.332 ppm), C. [by26-99 +
5H]** (-0.001 ppm), D. [byi0o-153 + 6H]®* (-0.112 ppm), E. [by9s-175 + 8H]*" (-0.189 ppm). Internal
fragments shown in panels B and C traverse the Cys39-Cys86 bond (the “purple” disulfide bond),
while internal fragments shown in panels D and E traverse the Cys136-Cys145 bond (the “red”
disulfide bond).
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Fig. S10. Isotope envelope fits of internal fragments traversing the two intact disulfide bonds in
the interior of a-lactalbumin (Cys61-Cys77 bond and Cys73-Cys91 bond, the “green” and “purple”
disulfide bonds) generated by CAD (Figure 6, panel C), A. [byso-97 + 3H]** (-1.205 ppm), B. [bysi-
106 + 4H]* (-1.969 ppm), C. [bys3-97 + 3H]** (1.634ppm), D. [byeo-106 + 3H]** (1.666ppm).
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Fig. S11. A. Fragment location map after importing a hydrogen loss localized modification on
every cysteine, suggesting the integrity of every disulfide bond of CAD of lysozyme after
integrating data from all five charge states examined (8+ to 12+). Isotope envelope fits of
representative internal fragments traversing the two intact disulfide bonds located in the interior
of lysozyme (Cys64-Cys80 bond and Cys76-Cys94 bond, the “green” and “purple” disulfide bonds)
generated by CAD (panel A), B. [bys9-96 + 3H]** (-1.579 ppm), C. [bys3.o7 + 4H]** (-0.064 ppm).



