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The role of disulfide bonds is to provide stability for tertiary
and/or quaternary structure in proteins. Since the overall
structure of proteins is related to their function, ensuring disulfide
bond arrangements are as expected is critical for the safety and
efficacy of biotherapeutics. Currently, the largest class of
biotherapeutics is monoclonal antibodies, which contain a
number of cysteine residues that are commonly involved in
disulfide bonds (32 cysteines involved in 16 disulfides bonds for
1gG1 mADb, for example). While the cellular expression of
antibody-based therapeutics typically produces the expected and
efficacious arrangement of disulfide bonds, in some cases their
arrangement can be changed during the process from
expression to final formulation. These dislocated linkages are
often referred to as being “scrambled”.

Characterization of disulfide bond arrangements is commonly
executed using high resolution mass spectrometry which allows
for detection of both expected and scrambled disulfide bonds.
While detection of the peptides linked via disulfide bonds has
become routine with modern mass spectrometers, interpretation
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Figure 1. MS (top) and MS/MS (bottom) spectra for a spiked
scrambled disulfide containing peptide detected by BPV Flex
Software.
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of data to confidently identify disulfide bonds has remained
challenging. Most of the time, corresponding peptides are large
and difficult to fragment. Moreover, taking into account the
possibility of scrambling events considerably enlarges the search
space, due to combinatorial explosion, which often results in
lengthy processing times. While there are approaches to limit the
search space, this results in the need to perform multiple
searches to ensure identification of all potential scrambling
events.

Presented in this technical note is the use of BPV Flex Software
for comprehensive and rapid characterization of disulfide bonds
in an IgG1. To ensure that the software is able to detect both
expected and scrambled disulfides, synthetic peptides mimicking
a scrambling event were spiked in a mAb digest. The spiked
scrambled peptides were obtained by starting from synthetic
cysteine-containing tryptic peptides normally present in the mAb
sequence and treating them to form disulfide bonds
representative of a scrambling event. The scrambled peptides
were spiked at different levels in the mAb digest to test the
sensitivity of the whole assay. The workflow for detection of
disulfide bonds as well as the results of the scrambling search
will be discussed.

Key Features of BPV Flex Software
Scrambled Disulfide Searching
e Rapid processing times for scrambled disulfides

e Easy sorting and filtering of data to focus on expected and
scrambled disulfide bonds

o Viewing of expected disulfide bonds and scrambled disulfides
using an interactive sequence viewer

o Peptide auto-validation that guides data review for greater
confidence in results

e A customizable view for streamlined data analysis
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Methods

Sample Preparation:
mAb1 digest preparation in non-reducing conditions:

20 pL of mADb1 (500 pg) were subjected to denaturation using
75 pL of RapiGest solution, and 1.5 pL of a 100 mM N-
ethylmaleimide (NEM) solution was added to label potential free
cysteines present in the sample and to prevent any artificial
disulfide bonds scrambling that could occur during trypsin digest
preparation. This solution was incubated for 2 hours at 37°C.
The mAb1l sample was then submitted to trypsin digestion using
a 1:20 protein/enzyme ratio and incubating overnight at 37°C.
The reaction was quenched and RapiGest precipitated by adding
20 pL of HCI 0.5N and the mixture was centrifuged for 4 min at
14000g.

Spiking of scrambled disulfide peptide in mAb1 digest:

The known scrambled disulfide species was prepared using
synthetic peptides corresponding to light chain T10 and heavy
chain T11. Each of the peptides was received with a purity of
>96% and used without further purification. To form the disulfide
bonds the peptides were incubated with CuCl: at a ratio of 2:1
for 2.5 hours at 85°C. The reaction mixture was then spiked into
the antibody digest at 10%, 5%, 1%, 0.5%, and 0.1%. The
percentage of spiking corresponded to the molar abundance and
are given according to the initial amount of synthetic peptides
reacted with CuCla.

Chromatography:

20 pg of mAD1 tryptic digest, spiked or not spiked with
scrambled disulfide peptides, was separated using a CSH C18
column (1.7 um particle size, 130 A, 2.1x150 mm, Waters) using
an ExionLC™ System. The aqueous mobile phase (A) consisted
of HPLC-grade water with 0.1% FA, while the organic phase (B)
was acetonitrile 0.1% FA. A gradient profile was used at a flow
rate of 200 pL/min, Table 1. The column temperature was
maintained at 50°C.

Mass Spectrometry:

Mass spectrometry experiments were completed using a SCIEX
X500B QTOF system fitted with a Turbo V™ lon Source with a
twin spray probe. Data was acquired using information
dependent acquisition (IDA) for the top 10 candidates. MS
conditions are listed in Table 2.

Data Processing:

Data processing was accomplished using BPV Flex Software 2.0
with and without the scrambled disulfide option enabled as

dictated by the study in question.

Table 1. Chromatographic Gradient.

Time (min) %A %B Flow Rate
o () (ml/min)
0 100 0 0.3
50 55 45 0.3
60 55 45 0.3
65 20 80 0.3
65.1 100 0 0.3
70 100 0 0.3

Table 2. Mass Spectrometer Parameters.

Parameter Setting
Scan Mode Positive
GS1 40 psi
GS2 40 psi
Curtain Gas 35
Temperature 450 °C
lon Spray Voltage 5500 V
Time Bins to Sum 4
Accumulation Time 0.15 sec
TOF Start Mass 160
TOF Stop Mass 2500
Declustering Potential 80V
Collision Energy Dynamic
IDA Candidates 10
Intensity Threshold 100 cps
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Expected Disulfide Bonds

Non-reduced peptide map data was collected using the ExionLC
System connected to an X500B QTOF system. The data was
searched using BPV Flex Software for the expected disulfide
bonds which were entered on the Define Molecule page. For the
search, additional modifications were not considered to reduce
complexity in data interrogation. As shown in Figure 2, the data
was grouped by peptide sequence and then filtered to show only
the expected disulfide bonds. All of the peptides corresponding
to expected disulfide bonds were detected in multiple charge
states. For many of them at least one charge state was
automatically validated by the software. Auto-validation refers to
peptides which passed a user-defined MS/MS score threshold.
Additional charge states were manually reviewed and those that
time aligned with auto-validated species or were determined to
match expected disulfide bonds were selected for use in the
assay. As shown in Figure 3, overall sequence coverage was
near 100% for the control sample with each of the expected
disulfide bond pairs found. The peptide sequences linked by
expected disulfide bonds are highlighted and the defined
linkages are clearly visible.

Matched | Unmatched | Theoretical

Charge Auto- Use

e

% @) AllMatched Peptides | ) Selected Peptides | Auto-Valdated Peptides () Peptides setto Use > Legend

Chain 1 - L Sequence Coverage 98.6 %
DIVMTQSHLSMSTSLGDPVSITCKASQDVSTVVAWYQQKPGQSPRRLIYSASYRY IGVPDRFTGSGAGTDFTFTISSVQA
[0[AVVVCO0HVSPPY|IGOG!Kl[IKRIVAAPSVI4lPPSU[Q\KSOIASVV?KlNNiVVR[AKVQWKVUNAIUSGNSQ
ESV?EQDSKDSTYSLSS7L'LSKADVEKHKVYACEVTHQGLSSPVTKSFNRG[?

Chain2 - H Sequence Coverage 100.0 % ‘
QVQLVQSGAEVAKPGTSVKLSCKASGYTFTDYWMQWVKQRPGQGLEWIGT | YPEDGDTGYAQKFQGKATLTADKSSKTVY
MHLSSLASEDSAVYYCARGDYYGSNSLDYWGQGTSVIVSSASTKGPSVFPLAP 5(5‘$GG‘AALG%LVKDVFP[PV|VS

NSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTY I CNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGG
PSVFLFPPKPKDTLMISRTPEVTICVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVIHQDWLNGK

EYKCKVSNKALPAP I EKT | SKAKGQPREPQVYTLPPSRDELTKNQYSLTCLVKGFYPSDIAVEWESNGQP ENNYKTTPPY
LDSDGSFFLYSKLTVDKS RWQQGNVFSCSVMHEALHNHY TQKSLSLSPGK

Chain 3 - L Sequence Coverage 98.6 %
DIVMTQSHLSMSTSLGDPVSITCKASQDVSTVVAWYQQKPGQSPRRLIYSASYRY IGVPDRFTGSGAGIDFIFTISSVQA
e
EDLAVYYCQQHYSPPYTFGGGTKLE I KRTVAAPSVF I FPPSDEQLKSGTASVVELLNNFYPREAKVOWKVDNALQSGNSQ
ESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKS FNRGEC

o

Chain4 - H Sequence Coverage 100.0 %
QVQLVQSGAEVAKFG'SVKLZCKASGYTFVDYWMQWVKORPGQGLEWIG'IVP DGDTGYAQKFQGKATLTADKSSKTVY
sl
MNLSSLASEDSAVVVCARGDVYGSNSLDVWGOGVSVVVSSASYKGPSVFPLAP?SKSYSGGYAALG?L KDYFPEPVTVS
INSGALTSGVHTFPAVLQSSGLYSLSSVVIVPSSSLGTQTY I CNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGG
PSVFLFPPKPKDTLMISRTPEVICVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGK

oot

EYKCKVSNKALPAPIEKT | SKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPY

o
LDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

Figure 3. Sequence coverage map for BPV Flex Software. Result of
control disulfide sample searching only for expected disulfide
bonds. Yellow highlighted sequence reflects observed peptides,
while lines connecting Cys residues indicate expected linkages
observed in the sample. Observed scrambling linkages may also
be displayed as well.

Peptide Analytics ¥

~ Sequence: WQQGNVFSCSVMHEALHNHYTQK;NQVSLTCLVK (5 items)

ID : Observed Sequence
B Mono. m/z Validated
7 n use
4 Sequence: TPEVTCVVVDVSHEDPEVK;CK (4 items)
4 103 3 466.6282 S5: TPEVTCVVVDVSHEDPEVK
&/
v @2x
100 '3 583.0328 4 TPEVTCVVVDVSHEDPEVK
2
v @x
98 '3 777.0419 3 TPEVTCVVVDVSHEDPEVK
T
v @wx
9713 1165.0586 2 TPEVTCVVVDVSHEDPEVK
P
v @x
4 Sequence: DTLMISRTPEVTCVVVDVSHEDPEVK;CK (2 items)
13313 629.9117 5 . 2% DTLMISRTPEVTCVVVDVSHEDPEVK
= CK
132 :3 787.1376 4 . 2% DTLMISRTPEVTCVVVDVSHEDPEVK
= CK
4 Sequence: VYACEVTHQGLSSPVTK;SGTASVVCLLNNFYPR (3 items)
136 ' 6 7121592 5 VYACEVTHQGLSSPVTK
?
v . DX SGTASVVCLLNNFYPR
135 6 889.9470 4 . 2% VYACEVTHQGLSSPVTK
= SGTASVVCLLNNFYPR
134 6 1186.2580 3 . 21X VYACEVTHQGLSSPVTK
- SGTASVVCLLNNFYPR

147 4 769.9736 5 v . 2% WQQGNVFSCSVMHEALHNHYTQK
= NQVSLTCLVK

149 4 550.2698 7 . 2% WQQGNVFSCSVMHEALHNHYTQK
. NQVSLTCLVK

148 4 641.8130 6 . 2% WQQGNVFSCSVMHEALHNHYTQK
B NQVSLTCLVK

146 ' 4 962.2155 4 . 2% WQQGNVFSCSVMHEALHNHYTQK
& NQVSLTCLVK

145 14 1282.6184 3 M~ A~y WQQGNVFSCSVMHEALHNHYTQK

Disulfide Bonds Disulfide  Error (ppm) Peptide AA Index Chains
Bonds...
expected
(2.4)@264=(2,4)@324 Expected 3.0 T19 259-277 24
T25 324-325 24
(24)@264=(2,4)@324 Expected 18 T19 259-277 24
T25 324-325 24
(2.4)@264=(2,4)@324 Expected 26 T19 259-277 24 T
T25 324-325 24
(24)@264=(24)@324 Expected 21 T19 259-277 24
T25 324-325 24
(24)@264=(24)@324 Expected 2.5 T18-19 252-277 24
T25 324-325 24
(24)@264=(2,4)@324 Expected 23 T18-19 252-277 24
T25 324-325 24
(1.3)@194=(1,3)@134 Expected 30117 191-207 13
T10 127-142 i
(1.3)@194=(1,3)@134 Expected 27117 191-207 13
T10 127-142 13
(1.3)@194=(1,3)@134 Expected 09 T17 191-207 13
T10 127-142 13
(24)@428=(2,4)@370 Expected 217138 420-442 24
T33 364-373 24
(24)@428=(2,4)@370 Expected 3.6 138 420-442 24
133 364-373 24
(24)@428=(2,4)@370 Expected 2.8 138 420-442 24
T33 364-373 24
(24)@428=(2,4)@370 Expected 247138 420-442 24
133 364-373 24
(24)@428=(2,4)@370 Expected 2.6 T38 420-442 24 i
»

Figure 2. Grouped and filtered results for expected disulfides. The peptides and the linkages involved are clearly defined for each bond. In
many cases more than one charge state are detected and these are aggregated under each peptide sequence entry.
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Scrambled Disulfides

As previously described, two cysteines containing tryptic peptide
sequences of mAbl, T10 from LC and T11 from HC were
selected, purchased under a synthetic form and incubated with
CuCl:z to generate disulfide peptides. The conversion of these
two peptides into disulfide bonded species is not complete. The
content of the reaction mixture is illustrated in Figure 4. The
scrambled disulfide peptide mix generated was first spiked into
digested samples at a level of 10%. For the remainder of this
work we refer to the spiked levels based on the assumption of
quantitative conversion, however actual spiked levels are roughly
half of those quoted for T11 (HC)-T10 (LC) scrambled disulfide
peptides and less for homodimers of T10 and T11 peptides
which represent respectively 13% and 16% of total MS signal as
illustrated.

Data generated with the mAb1 digest spiked with 10% of
scrambled disulfide bond peptides were searched using the
scrambled feature in BPV Flex Software. To enable the search
for scrambled disulfides the option must be selected within the
advanced settings in the peptide mapping workflow. As shown in
Figure 5, the feature is activated by checking the “Search for
Scrambled Disulfide Bonds” option. Once selected, the number
of peptides involved as well as the number of free cysteines can
be defined. The detection criteria for all of the components in the

m Peptide Mapping Advanced Settings X

Processing Parameters
Max. Charge State: 10
Min. Peptide Length: 2

Max. Number of Combined Modifications per Peptide: 4

Peptide Deconvolution Tolerance: 20.00 ppm
XIC m/z Width: 50.000 ppm
Number of TOFMS Spectra to Combine: 3 + scans
MS/MS Matching Tolerance: 0.03 Da
Min. Score Required for Identification: 3.0

Parameters for Disulfide Bond Search
+/ Search For Scrambled Disulfide Bonds
Max. Number of Peptides Linked via Disulfide Bond: | 3

Max. Number of Free Cysteine Residues: 0
Modification Percentage Calculations
@ Sum of Charge States
+/| Include Modifications with Unassigned Positions

Average of Charge States

Figure 5. Peptide mapping advanced settings are used to
activate scrambled disulfide search.
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Figure 4. Extracted lon Chromatograms for the different species
observed in the reaction mixture of T10 (LC) and T11 (HC)
peptide reacted with CuCl,. (pink traces correspond to
unreacted T11 (HC) and to T11(HC) disulfide peptide, blue trace
corresponds to the T11(HC)-T10 (LC) disulfide peptide, oranges
traces correspond to T10(LC) and T10(LC)-T10(LC) disulfide
peptide

search space are also defined within the advanced settings and
are applied to all components in the sample.

After applying the search options, the highest level spiked
sample was processed using the same parameters used for the
expected disulfide study. After processing, the results were
filtered to focus on the components that were identified as being
scrambled. As shown in Figure 6, the expected scrambled
disulfide species were observed in the data set with high quality
MS and MS/MS data. For each of the identified charge states the
identification was auto-validated by the software. In addition to
the expected scrambling event, the homo-dimer of each of the
spiked peptides was observed as shown by the top and bottom
entries in Figure 6. These species would be expected based on
the preparation of the scrambled peptides.

The sensitivity of detection of the scrambled disulfide bonds was
then investigated using samples spiked with different levels of
scrambled species. Spiked levels of 10%, 5%, 1%, 0.5%, and
0.1% were prepared and analyzed using the same parameters
applied for searching the highest spiked level of 10%. As shown
in Figure 6, for all spiked levels down to 0.5% the scrambled
disulfide spiked peptide was detected. In addition, in each case
the identified peptide was auto-validated based on the underlying
MS/MS data. The homo-dimers of each of the peptides were
also detected in the same analyses, however they were not auto-
validated due to their low intensity.
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Nistre Analysis Parameters / Modifications ¥
+ @ +IDATOF MS (160-2500) from 0.5 % spike. C03247...7.74. Mono m/z: 751.3844 from 27671027 80 min
% 7516354 (4)
Analysis Name ; Observed RT Error Disulfide  Score Charge Auto- Use Sequence Pe.. AA Index 22 751.8859 (4)
Mono. m/z (ppm) Bonds... Validated 6%
v scrambled m SGTASVVCLLNNFYPR 5 *751.3847 (4)
" 3
=
~ Sequence: SGTASVVCLLNNFYPRSTSGGTAALGCLVK (6 items) ]
s %
7513844 2774 28 Scrambled 376 4 SGTASVVCLLNNFYPR  T10  127-142 =
0.5 % spik ? =
Foike v @2 STSGGTAALGCLVK ~ T11  137-150 * 3% e
7513829 2778 08 Scrambled 523 4 SGTASVVCLLNNFYPR  T10  127-142 .
1% spik DR 2%
P8 v @ STSGGTAALGCLVK ~ T11  137-150 G S
" 371(4) 7528868 (4
1001.5104 27.67 3.0 Scrambled  5.47 3 SGTASVVCLLNNFYPR  T10  127-142 ° 51.6352(
i ? L 7518834 (4) 750 1hab 23833 (4) [152 6388(4%
10%:5pike v | @®® gcemmcck M1 137150 " [p L !
LIESH 752.0 7525
o 7513845 27.67 30 Scrambled 629 4 v @ ) x) SSTASWCLNNFYPR T10 127142 .
” < STSGGTAALGCLVK ~ T11  137-150 .
S 10015075 27.68 02 Scrambled 508 3 v @) x SSTASWCLNNFYPR TIO  127-142 J T0F MS RERS AR B
P f STSGGTAALGCLVK ~ T11  137-150 MS/MS =
7513827 2769 05 Scrambled  7.38 4 SGTASVVCLLNNFYPR  T10  127-142
i 2
5 % spike v @ax STSGGTAALGCLVK ~ T11  137-150
+ @ +MS/MS (150 1600) from 0.5 % spike. C03247p214... xperiment 6 @ 27. 70 min. Precursor: 751.3818 Da.
100%
2524 ¥ Ve 939 1487
0% sr0043 || 2721781 i512/b14 i |
i715ly14
60% 4! ‘//4 696.3526 y7 y16ly12
| om0 9234714 o35 088
: 461.2523

597.2758 9469730 11715349
| |

20% 368.1499 ml

% Intensity
)
5
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Peptide Results | Analysis Results

Figure 6. Observed scrambled disulfide events of spiked peptides from 10% to 0.5%. Top right panel shows overlaid MS data for the same
charge state at 10% (pink) and 0.5% (blue). Lower right shows a mirror plot of MS/MS spectra for 10% (pink) and 0.5% (blue) spiked levels with
good agreement between spectra. Each shown spiked level was auto-validated.
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Theoretical Observed Error Charge XIC Area Auto- Use Sequence Disulfide Bonds Disulfide Bonds Peptide AA index
Mono. m/z  Mono. m/z (ppm) Validated Status

v = Use STSG OR SGTA Scrambled RE ST

~ Sequence: SGTASVVCLLNNFYPRSGTASVVCLLNNFYPR (2 items)

11602464  1160.2492 24 3 1.9306e4 v . 2 X SGTASVVCLLNNFYPR (1,1,3,3)@134=(1,3,1,3)@134 Scrambled Ti0 127-142
SGTASVVCLLNNFYPR T10 127-142
8704366 8704388 25 4 186395, - SGTASVVCLLNNFYPR (1,1,3,3)@134=(1,3,1,3)@134 Scrambled T10 127-142
< SGTASVVCLLNNFYPR T10 127-142

» Sequence: SGTASVVCLLNNFYPR:STSGGTAALGCLVK (2 items) 746 4279
10015073  1001.5104 30 3 1.4738e5 & . 2 SGTASVVCLLNNFYPR (1,1,3,3)@134=(2,4,.2.4)@147 Scrambled Ti0 127142
STSGGTAALGCLVK ™m 137-150
4 7513823 7513845 30 4 74613e5 v . 2 X SGTASVVCLLNNFYPR (1,1,3.3)@134=(24,2.4)@147 Scrambled T10 127-142
' STSGGTAALGCLVK m 137-150

~ Sequence: STSGGTAALGCLVKSTSGGTAALGCLVK (3 items)
12636487  1263.6525 30 2 8.6563e3 . 2?2 X STSGGTAALGCLVK  (2.2.4,4)@147%(2,4,2.4)@147 Scrambled ™m 137-150
STSGGTAALGCLVK ™m 137-150
842.7683 842.7708 30 3 1.3386e5 . 2 X STSGGTAALGCLVK  (2,244)@147=(2,4.24)@147 Scrambled ™m 137-150
STSGGTAALGCLVK ™m 137-150
6323280 632.3299 30 4 4.0825e5 . 2 X STSGGTAALGCLVK  (2.2,44)@147=(2,4.2.4)@147 Scrambled ™m 137-150
: STSGGTAALGCLVK ™m 137-150
I

Intersay, cps

Figure 6. Anticipated scrambled disulfide search. Bonds observed based on spiked synthetic peptides treated to form disulfides.
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Conclusions

e Data processing time for scrambled disulfides is rapid without
the need to limit search space.

e Itis possible to rapidly review results with powerful sorting and
filtering capabilities to focus on the expected and scrambled
disulfide bonds of interest.

e |tis possible to easily view expected and scrambled disulfides
using the interactive sequence viewer.

e The peptide auto-validation guides data review for greater
confidence in results.

e The highly customizable view allows for streamlined data
analysis that fits user needs.
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