Fragment correlation mass spectrometry enables direct characterization of disul-
fide cleavage pathways of therapeutic peptides
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ABSTRACT: Therapeutic peptides that are connected by disulfide bonds are often difficult to analyze by traditional tandem mass
spectrometry without chemical modification. Using fragment correlation mass spectrometry, we measured 56 pairs of fragment ions
from an equimolar (10 pM) mixture of three cyclic peptides, with sequence coverages for octreotide, desmopressin, and the structural
analog of desmopressin to be 86%, 100%, and 75%, respectively. In all detected fragment ion pairs, only 20% of the fragments are
terminal ions, with most of the measured MS? signals only made available by fragment correlation mass spectrometry. From the peak
volumes in the covariance map, we calculated branching ratios of each disulfide fragmentation pathway, providing direct measures
of disulfide fragmentation probabilities without altering analytes’ chemical structures.

Disulfide bonds exist not only in post-translational modifications
of proteins’ but also in various therapeutic cyclic peptides.>* Iden-
tification of disulfides is analytically important because they di-
rectly affect biological function.® To tackle the analytical chal-
lenges of mapping disulfides, they are typically reduced to thiols
which then could be subject to further chemical labeling for fluo-
rescent,® mass spectrometric,’ or other analytical methods.®® Ther-
apeutic cyclic peptides connected by disulfides!? are especially dif-
ficult to analyze using label-free tandem mass spectrometric meth-
ods. This is because backbone cleavages are preferential in frag-
mentation processes such as collision-induced dissociation, while
disulfides are generally resistant to gas-phase fragmentation and of-
ten remain intact.!! Alternatively, electrochemical reduction has
been used for such analysis.!'>!3 Various mass spectrometric ap-
proaches have emerged,'* such as electron transfer dissociation or
other means,'>"!7 which typically require much more expensive in-
strumentation or complex setups. Without introducing complexity
in chemical derivatization or instrumental modification, a method
based on commercial ion trap collision-induced fragmentation con-
ditions is desirable. We developed such a method based on frag-
ment correlation mass spectrometry, enabling a simple experi-
mental workflow to directly measure disulfides in a mixture.'®

In the current experiment, we first made an equimolar so-
lution of three cyclic peptides which are structurally constructed
via disulfides: octreotide, desmopressin, and desmopressin analog.
Mpa is the commonly used abbreviation for 3-mercaptopropionic
acid in the structure of desmopressin, which is sometimes referred
to as deamino-cysteine. -Mercapto-f3,3-cyclopentamethylenepro-
pionyl was abbreviated as Mcp in the structure of desmopressin an-
alog as shown in Figure 1. We injected 10 pL of the equimolar
solution at 10 pM, without prior separation or sample preparation,
into an unmodified linear ion trap using nanoelectrospray ioniza-
tion. We continuously collected tandem mass spectrometry (MS?)
scans under the same condition, in positive mode using a collision-
induced dissociation (CID) energy with normalized collision en-
ergy of 11, with a 40-Th isolation width centered at m/z 525. A
detailed description of the methods and materials is presented in the
Supporting Information (SI). Note that our method is particularly
advantageous for mixture analysis especially when analytes co-
elute in traditional separation techniques, as explained in the SI.

We used these recorded MS? spectra scans to calculate
contingent covariance between ion intensities at each bin of m/z lo-
cation, to reveal intrinsic correlation between fragments generated
from the same fragmentation pathway.!® When pairs of fragment
ions produce positive contingent covariance peaks, this is a result
of coupled fluctuations in their signal intensity. The correlated pairs
of fragment ions were then ranked using correlation scores, defined
in the SI. Each data point in Fig. 1 gives the two specific m/z values
of fragment 1 and 2 that are correlated and assigned to each struc-
ture by our automated analysis procedure. From this dataset, se-
quence coverage maps of precursor peptides in the mixture were
generated, providing 86%, 100%, and 75% of sequence coverage
for octreotide, desmopressin, and desmopressin analog, respec-
tively. Among 56 correlated fragment pairs depicted in Fig. 1, five
times more paired fragment peaks were measured after including
non-terminal fragment ions (generated from disulfide cleavages as
well as internal ions with intact disulfides) compared to using ter-
minal ions alone. Fragment correlation mass spectrometry offers a
critical advantage in this aspect by dramatically reducing the false
positive fragment assignment rate for internal ions.!” In particular,
when using fragment correlation mass spectrometry to analyze oc-
treotide (shown in purple), whose disulfide bond is formed between
the second and seventh amino acids, the sequence coverage was
greatly improved, with all detected fragments arising from non-ter-
minal ions (shown in purple circles and diamonds).

In addition to the m/z values of correlated fragment ions,
the volume of a correlation island is also directly proportional to
precursor concentration and branching ratio of the relevant frag-
mentation pathway.?’ We use this information to calculate the rel-
ative probability of specific disulfide cleavage pathways, as
branching ratios. Figure 2 shows an example of a region of a con-
tingent covariance map before further jackknife resampling, high-
lighting a few disulfide fragmentation pathways generated from oc-
treotide. Peaks are shown in dark blue in the map by setting a cutoff
to be 0.1% of the height of the tallest peak on the entire covariance
map from the mixture analysis. In this region, three peaks related
to disulfide cleavage pathways from octreotide were identified,
providing rich information about fragmentation patterns, including
S-S cleavages (such as pathway 1) and C-S cleavages (such as path-
way 2), as described in the scheme of Fig. 2.
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Figure 1 (Top) A correlation plot identifying paired fragments from the same fragmentation pathways using fragment correlation mass
spectrometry after (1) calculating contingent covariance between signal intensities of two pieces of fragments in tandem mass spectrometry;
(2) ranking correlation peaks following the jackknife resampling analysis as described in the SI; (3) matching m/z values of the paired
fragments generated from the same precursor in the mixture. Data points on the correlation plot were categorized based on types of fragmen-
tation pathways (terminal ions only in squares, internal ions with intact disulfides in circles, and disulfide cleavages in diamonds) using
matched fragment structures, with each color representing one precursor ion. (Bottom) Sequence coverage maps generated for each cyclic
peptide in the mixture using all data points in the correlation plot for three types of fragmentations (in blue, green and grey).

To calculate the branching ratio for each disulfide frag-
mentation pathway, we identify the volume of a correlation peak
that is generated from a disulfide bond cleavage, normalized to the
sum of the volumes of all such detected disulfide cleavage correla-
tion peaks that are fragmented from the same structure. For exam-
ple, in Fig. 1 all peaks matched to octreotide disulfide fragmenta-
tion are plotted in purple diamonds, with branching ratios calcu-
lated in Table S1 in the SI. As shown in Fig. 2, branching ratios of
pathway 1, pathway 2, and another pathway which is similar to
pathway 1 but with an additional water molecule lost from its C

terminus, were calculated to be 6%, 19%, and 6%, respectively. In
this manner, we provide a direct measure of disulfide cleavage
probability without changing analytes’ chemical nature by chemi-
cal derivatization.

In summary, using fragment correlation mass spectrom-
etry, we directly measured disulfide bond breakage by collision-
induced fragmentation in a linear ion trap without the need of
chemical modification or instrument modification. Without prior
separation of the mixture, we identified independent fragmentation
pathways and their branching ratios.
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Figure 2 (Top) A fragmentation pathway scheme using the cyclic peptide octreotide and its two possible disulfide cleavage pathways as

examples: S-S cleavage with thiols generated in the b fragment in pathway 1 (blue) and C-S cleavage near C terminus in pathway 2 (green);

(Bottom) A contingent covariance map before jackknife resampling to show three independent disulfide cleavage pathways of octreotide
with branching ratios in this region of the map. The cutoff for identifying peaks (shown in dark blue with m/z labels of both fragments in
brackets) in the map was selected using 0.1% of relative abundance (R. 4.) of the highest peak in the entire map (with R. 4. below 0.1%
shown in light grey). Branching ratios were calculated using each peak volume from each disulfide cleavage pathway divided by the sum of

all measured disulfide cleavage peak volumes of octreotide. Black traces show that traditional averaged tandem mass spectra failed to identify
specific independent pathways, because for example signals of the fragment [bg+H]* could come from both pathway 1 and pathway 1 with
(w/) H20 loss while in the two-dimensional covariance map, they show up at different locations as independent fragmentation pathways.

https://doi.org/10.26434/chemrxiv-2024-3f78| ORCID: https://orcid.org/0000-0002-2391-4409 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-3f78l
https://orcid.org/0000-0002-2391-4409
https://creativecommons.org/licenses/by-nc/4.0/

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the ACS
Publications website.

Detailed description of materials and methods, detailed discus-
sions, and branching ratios of octreotide disulfide fragments in Ta-
ble S1. (PDF)

AUTHOR INFORMATION

Corresponding Author

* Richard N Zare, Taran Driver
Email: mz@stanford.edu; tdriver@stanford.edu

Author Contributions

Y.L. designed and performed experiments, analyzed data, gener-
ated figures, and wrote the first draft. T.D. designed the algorithm
and wrote the code for contingent covariance analysis. Y.L. and
T.D. developed the logic and codes for matching fragmentation
pathways of cyclic peptides with disulfides. G.C. and T.D. con-
ceptualized the study and developed the contingent covariance
method. R.N.Z. revised the manuscript.

Notes
Taran Driver and Guy Cavet are co-inventors on US Patent Appli-
cation # 18/479,114.

ACKNOWLEDGMENT

Y.L. and R.N.Z. acknowledge the support from the Air Force Of-
fice of Scientific Research through the Multidisciplinary University
Research Initiative program (AFOSR FA9550-21-1-0170). Figures
were created with BioRender.com.

REFERENCES

(€8] Schulte, L.; Mao, J.; Reitz, J.; Sreeramulu, S.; Kudlinzki, D.;
Hodirnau, V.-V.; Meier-Credo, J.; Saxena, K.; Buhr, F.; Langer,
J. D.; Blackledge, M.; Frangakis, A. S.; Glaubitz, C.; Schwalbe,
H. Cysteine Oxidation and Disulfide Formation in the Riboso-
mal Exit Tunnel. Nat Commun 2020, 11 (1), 5569.
https://doi.org/10.1038/s41467-020-19372-x.

2) Shannon, D. A.; Weerapana, E. Orphan PTMs: Rare, yet Func-
tionally Important Modifications of Cysteine. Biopolymers
2014, 101 (2), 156—164. https://doi.org/10.1002/bip.22252.

3) Chen, S.; Gopalakrishnan, R.; Schaer, T.; Marger, F.; Hovius,
R.; Bertrand, D.; Pojer, F.; Heinis, C. Dithiol Amino Acids Can
Structurally Shape and Enhance the Ligand-Binding Properties
of Polypeptides. Nature Chem 2014, 6 (11), 1009-1016.
https://doi.org/10.1038/nchem.2043.

4) Vinogradov, A. A.; Yin, Y.; Suga, H. Macrocyclic Peptides as
Drug Candidates: Recent Progress and Remaining Challenges.
J. Am. Chem. Soc. 2019, 141 (10), 4167-4181.
https://doi.org/10.1021/jacs.8b13178.

) Li, Y.; Kolasinski, K. W.; Zare, R. N. Silica Particles Convert
Thiol-Containing Molecules to Disulfides. Proc. Natl. Acad.
Sci. US.A. 2023, 120 (34), €2304735120.
https://doi.org/10.1073/pnas.2304735120.

(6) Alcock, L. J.; Perkins, M. V.; Chalker, J. M. Chemical Methods
for Mapping Cysteine Oxidation. Chem. Soc. Rev. 2018, 47 (1),
231-268. https://doi.org/10.1039/C7CS00607A.

7 Lu, S; Fan, S.-B.; Yang, B.; Li, Y.-X.; Meng, J.-M.; Wu, L.;
Li, P.; Zhang, K.; Zhang, M.-].; Fu, Y.; Luo, J.; Sun, R.-X_; He,

®)

©

(10)

()]

(12)

(13)

(14

(15)

(16)

()]

(18)

(19)

(20)

S.-M.; Dong, M.-Q. Mapping Native Disulfide Bonds at a Pro-
teome Scale. Nat Methods 2015, 12 (4), 329-331.
https://doi.org/10.1038/nmeth.3283.

Elsayed, Y. Y.; Kiihl, T.; Imhof, D. Edman Degradation Re-
veals Unequivocal Analysis of the Disulfide Connectivity in
Peptides and Proteins. Anal. Chem. 2024, 96 (10), 4057—4066.
https://doi.org/10.1021/acs.analchem.3c04229.

Echterbille, J.; Quinton, L.; Gilles, N.; De Pauw, E. lon Mobil-
ity Mass Spectrometry as a Potential Tool To Assign Disulfide
Bonds Arrangements in Peptides with Multiple Disulfide
Bridges. Anal. Chem. 2013, 85 (9), 4405-4413.
https://doi.org/10.1021/ac303686w.

Li, Y.; Hu, Y.; Logsdon, D. L.; Liu, Y.; Zhao, Y.; Cooks, R. G.
Accelerated Forced Degradation of Therapeutic Peptides in
Levitated Microdroplets. Pharm Res 2020, 37 (7), 138.
https://doi.org/10.1007/s11095-020-02868-y.

Gorman, J. J.; Wallis, T. P.; Pitt, J. J. Protein Disulfide Bond
Determination by Mass Spectrometry. Mass Spectrometry Re-
views 2002, 21 3), 183-216.
https://doi.org/10.1002/mas.10025.

Chaturvedi, S.; Bawake, S.; Sharma, N. Recent Advancements
in Disulfide Bridge Characterization: Insights from Mass Spec-
trometry. Rapid Comm Mass Spectrometry 2024, 38 (7), €9713.
https://doi.org/10.1002/rcm.9713.

Li, G,; Yin, Y.; Huang, G. Increased Disulfide Peptide Se-
quence Coverage via “Cleavage ON/OFF” Switch during
Nanoelectrospray. RSC Adv. 2014, 4 (103), 59650-59654.
https://doi.org/10.1039/C4RA12386G.

Tsai, P. L.; Chen, S.-F.; Huang, S. Y. Mass Spectrometry-Based
Strategies for Protein Disulfide Bond Identification. Reviews in
Analytical Chemistry 2013, 32 (4). https://doi.org/10.1515/re-
vac-2013-0011.

Chrisman, P. A.; McLuckey, S. A. Dissociations of Disulfide-
Linked Gaseous Polypeptide/Protein Anions: Ion Chemistry
with Implications for Protein Identification and Characteriza-
tion. J. Proteome Res. 2002, [ (6), 549-557.
https://doi.org/10.1021/pr025561z.

Fung, Y. M. E.; Kjeldsen, F.; Silivra, O. A.; Chan, T. W. D;
Zubarev, R. A. Facile Disulfide Bond Cleavage in Gaseous Pep-
tide and Protein Cations by Ultraviolet Photodissociation at 157
Nm. Angew Chem Int Ed 2005, 44 (39), 6399-6403.
https://doi.org/10.1002/anie.200501533.

Xia, Y.; Cooks, R. G. Plasma Induced Oxidative Cleavage of
Disulfide Bonds in Polypeptides during Nanoelectrospray loni-
zation. Anal.  Chem. 2010, &2 (7), 2856-2864.
https://doi.org/10.1021/ac9028328.

Li, Y.; Cavet, G. L.; Zare, R. N.; Driver, T. Fragment Correla-
tion Mass Spectrometry: Determining the Structures of Biopol-
ymers in a Complex Mixture without Isolating Individual Com-
ponents. May 14, 2024. https://doi.org/10.26434/chemrxiv-
2024-pl3tl.

Driver, T.; Cooper, B.; Ayers, R.; Pipkorn, R.; Patchkovskii, S.;
Averbukh, V.; Klug, D. R.; Marangos, J. P.; Frasinski, L. J.;
Edelson-Averbukh, M. Two-Dimensional Partial-Covariance
Mass Spectrometry of Large Molecules Based on Fragment
Correlations. Phys. Rev. X 2020, 10 (4), 041004.
https://doi.org/10.1103/PhysRevX.10.041004.

Driver, T.; Pipkorn, R.; Averbukh, V.; Frasinski, L. J.; Maran-
gos, J. P.; Edelson-Averbukh, M. Identification of Cofrag-
mented Combinatorial Peptide Isomers by Two-Dimensional
Partial Covariance Mass Spectrometry. J. Am. Soc. Mass Spec-
trom. 2023, 34 @, 1230-1234.
https://doi.org/10.1021/jasms.3c00111.

https://doi.org/10.26434/chemrxiv-2024-3f78| ORCID: https://orcid.org/0000-0002-2391-4409 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-3f78l
https://orcid.org/0000-0002-2391-4409
https://creativecommons.org/licenses/by-nc/4.0/

The direct characterization of disulfide bond cleavages is challenging using collision-induced dissociation in tandem mass
spectrometry without chemical modifications. This complicates mass spectrometric analysis in the presence of disulfide bonds,
even for small therapeutic peptides for which the disulfide bond is critical to function. We employed fragment correlation mass
spectrometry to directly characterize disulfide cleavage pathways to improve sequence coverages of therapeutic cyclic peptides
in a mixture of three such peptides. Moreover, we measured the branching ratio of each disulfide cleavage pathway in the
collision-induced dissociation process.
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