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Peptides are different from proteins. Although both are composed of amino acids, peptides are smaller molecules
comprised of two or more amino acids linked by peptide bonds, while proteins are long chains of amino acids that
may have a much larger number of amino acids. Peptide stability in aqueous solutions is critical when developing
parenteral formulations, as the potency of a peptide is often compromised due to chemical or physical degradation

pathways.

therapeutic peptides stabilization formulations aqueous solutions

| 1. Introduction

Peptides can control various physiological processes, functioning as growth factors, neurotransmitters, and
endocrine or paracrine signals at other sites of action. In diverse disease areas, such as endocrinology, oncology,
hematology, and urology, peptides are used as therapeutic agents . Several antibiotics, antitumor agents,

hormones, and neurotransmitters are peptides.

Peptides are different from proteins. Although both are composed of amino acids, peptides are smaller molecules
comprised of two or more amino acids linked by peptide bonds, while proteins are long chains of amino acids that
may have a much larger number of amino acids. Unlike proteins with a defined tertiary and quaternary structure [,
peptides generally do not have a defined three-dimensional structure. Although peptides are mostly linear and
usually do not have as much complexity in their structure as proteins, some can have a defined three-dimensional
structure due to the presence of multiple disulfide bridges, hydrogen bonds, and hydrophobic interactions Bl4l, The
hydrophobic sides of amino acids in peptides are buried inside their structure and tend to form aggregates. This is
because hydrophobic, non-covalent interactions between non-polar or slightly polar molecules cause these side
chains to avoid contact with water and interact instead. This tendency to aggregate can also be increased by
changes in pH, temperature, ionic strength, and the presence of surfactants or other excipients Bl. Furthermore,
their functionality in living organisms is different. While proteins usually act as structural and regulatory molecules
(6l peptides regulate a broad spectrum of biological effects, including proteins &, Making a clear distinction
between peptides and proteins based on the number of amino acids is challenging, and several definitions exist.
First, the United States Food and Drug Administration defines peptides as short chains that contain less than 40
amino acid residues 2. Malavolta 19 provides a similar definition, defining molecules containing 50 amino acid

residues or more as proteins. Between them is a category called polypeptides that have 40-49 residues.
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Furthermore, Forbes (11l defines peptides as a short string of 2 to 50 amino acids, where oligopeptides contain

between 10 and 20, and polypeptides contain more than 20 amino acids.

2. Instability of Peptide and the Possible Causes of
Degradation

Peptides may be able to undergo several degradation pathways. Peptide degradation can occur through chemical
and physical mechanisms. Chemical instability involves processes that alter the peptide by creating or breaking
covalent bonds, leading to the formation of new chemical entities 2. Oxidation, hydrolysis, B-elimination,
deamidation, racemization, isomerization, and disulfide exchange are examples of chemical instability pathways
[13]14]  physical instability refers to structural changes in non-covalent interactions of the peptides and includes

changes in secondary structure, adsorption, aggregation, and precipitation 22!,
2.1. Hydrolytic Pathways

2.1.1. Chain Cleavage of the Peptide Backbone

Hydrolysis represents one of the main degradation pathways of peptides. Generally, hydrolysis is catalyzed by
Bronsted acids and bases X8 and strongly depends on the pH. This pH dependency has been extensively
investigated for the peptides gonadorelin and triptorelin. These peptides undergo acid-catalyzed hydrolysis at pH
1-3 through deamidation of the C-terminal amide. At pH 5-6, however, the peptide backbone can undergo
hydrolysis at the N-terminal side of the serine (Ser) residue. This process is likely facilitated by the hydroxyl group
on the Ser side chain, which acts as a nucleophile by attacking the adjacent amide bond. As a result of this
reaction, a cyclic intermediate is formed, which ultimately leads to the fragmentation of the peptide 27181 At pH >
7, the primary degradation pathway of gonadorelin and triptorelin are base-catalyzed epimerization. The
epimerization reaction most likely involves Ser via a carbanion intermediate. Gonadorelin and triptorelin have the
capability to create hydrogen bridges in a relatively stable six-membered intermediate, which elucidates the reason
for the Ser residue’s relatively high rate of racemization in comparison to other amino acids. Apart from
epimerization, the hydrolysis of gonadorelin and triptorelin under base-catalyzed conditions has also been detected
(17]191120] ' Recombinant Glucagon-like Peptide-1 (r-GLP-1) has also been reported to undergo base-catalyzed
racemization because of extreme pH exposure during purification that can impact its impurity profile and yield of
bulk rGLP-1 [21l. The primary degradation route of recombinant human parathyroid hormone (rhPTH) occurs via
cleavage at the aspartate (Asp) residue under acidic conditions. Conversely, when the pH is above 5, asparagine
(Asn) deamidation is the primary degradation route (22, The cholecystokinin peptide tends to undergo C-terminal

and N-terminal cleavage as the primary degradation pathways when it is subjected to non-isothermal conditions
[23]

Somatostatin and its analog octastatin have also been observed to undergo acid/base-catalyzed hydrolysis in
aqueous formulations, with the rate of hydrolysis being influenced by the buffer species [24l23 Qctastatin, for

example, experiences a higher degradation rate in a phosphate buffer than in a glutamate buffer solution, likely due
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to a catalytic effect of phosphate ions 24, |t appears that increasing phosphate concentration results in much faster
degradation of octastatin. Conversely, increasing the concentration of glutamate in a buffer solution enhances the
stability of the solution, as evidenced by hydrophobic and ionic interactions between glutamate and octastatin 22,
These findings underscore the significance of selecting appropriate buffer species and their concentrations when

formulating peptides.

2.1.2. Deamidation of Asn and GIn Residues

Peptides containing glutamine (GIn) and Asn residues are susceptible to deamidation, leading to the formation of
Glu and Asp, respectively, under physiological conditions. When the pH is lower than 3, Asn residues deamidation
occurs primarily through the direct hydrolysis of the Asn amide side chain to generate Asp. Likewise, GIn residues
undergo acid-catalyzed direct hydrolysis to form Glu 22, Asn deamidation mostly transpires via a cyclic imide
intermediate that forms through an intramolecular reaction where the amino acid residue’s nitrogen next to Asn
attacks the carbonyl carbon on the side chain of the Asn residue. Thus, the rate of deamidation through this
pathway depends on the carboxyl-side amino acid residue’s nature 28271281 Under similar conditions, the
deamidation of GIn residues proceeds much slower than the deamidation of Asn, because the cyclization of Asn
residues into a five-membered ring is kinetically more favorable than the formation of a six-membered ring

intermediate in GIn deamidation 22,

Peptide chain flexibility strongly favors a high rate of Asn deamidation 9. The amino acid sequence in the
peptides can also affect the rate of deamidation 2%, Amino acid residues following Asn, such as threonine (Thr),
Ser, and Asp, may substantially increase the reaction rate since they are very susceptible to dehydration, forming a

cyclic imide intermediate [2!.

At alkaline and neutral pH, adrenocorticotropic hormone (ACTH), was shown to degrade via deamidation of its
single Asn residue (28131 Asn or GIn deamidation was also observed for salmon calcitonin (sCT) under acidic
conditions 22, Oxytocin provides another instance of a peptide that can be subjected to Asn 53 and GIn B4 side
chain amides deamidation through hydrolysis. Additionally, oxytocin's C-terminal glycine (Gly)-NH has been

reported to undergo deamidation at pH 2 [35],

2.1.3. Isomerization of Asp Residues

The Asp transformation into isoAsp follows the equivalent succinimide ring intermediate as reported for Asn
deamidation [B8I7]. Moreover, racemization of L-succinimide into D-succinimide can produce D-Asp and D-isoAsp
enantiomers [27B38 The rate-limiting step for the isomerization of Asp and Asn deamidation reactions at
physiological pH is the formation of the succinimide intermediate 2. |somerization of the Asp-hexapeptide into the

isoAsp-hexapeptide through cyclic imide intermediate was also reported to be pH dependent 49,

2.2. Oxidative Pathways
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Peptide oxidation is a reaction that increases the electronegative atom content in a peptide molecule 2 where
oxygen or halogens are typically the electronegative heteroatoms 42l Sulfur-containing residues such as Met and
Cys are particularly susceptible to oxidation because sulfur atoms are highly reactive and can easily lose electrons,
forming sulfur radicals when exposed to reactive oxygen species (ROS). Aromatic residues such as His, Trp, and
Tyr are also prone to oxidation because the aromatic rings in these residues contain multiple carbon-carbon double

bonds that are easily oxidized by various ROS [43],

Oxidation can be induced by contaminating oxidants, trace amounts of catalytic redox-active metals, and light
exposure. Moreover, peptide oxidation may be affected by pH, temperature, and buffer composition =
Deprotonation of the mercapto group of Cys ¥4 and the phenoxy group of Tyr accelerates oxidation of these

residues 48], Deprotonation of the imidazole side chain of His favors metal binding and, potentially, oxidation 4,

2.2.1. Autoxidation

Frequently, the oxidative degradation of pharmaceuticals is referred to as “autoxidation”. However, the term
“autoxidation” denotes “the spontaneous oxidation in an air of a substance not requiring catalysis” ¥Z. Hence, if
peptides were to autoxidize, this would require the reaction of amino acids with molecular oxygen. In general, the
reaction of “closed-shell” (i.e., non-radical) organic substances with oxygen is relatively slow 48 and it is unlikely
that autoxidation contributes significantly to peptide oxidation except, perhaps, to the oxidation of the mercapto
group of Cys under the condition that chain oxidation is possible. Conditions for the chain oxidation reaction of

dithiols (i.e., dithiothreitol) have been defined by radiation chemical techniques 42,

2.2.2. Metal Induced Oxidation

Metal ion-catalyzed oxidation for peptides refers to the process by which metal ions can promote the oxidation of
specific amino acid residues in peptides. This process usually requires the presence of a redox-active transition
metal such as Fe2* and Cu?* that can undergo redox cycling reactions and produce ROS. In metal ion-catalyzed
oxidation, metal ions act as catalysts, accelerating the conversion of hydrogen peroxide, superoxide anion radical,
and hydroxyl radical. These hydroxyl radicals can then react with amino acid residues in peptides, causing
degradation. Specifically, metal ion-catalyzed oxidation can cause oxidative damage to amino acid residues such
as histidine (His), cysteine (Cys), and methionine (Met) B, Metal ion-catalyzed oxidation frequently implies a site-
specific reaction catalyzed by transition metals complexed by metal-binding sites. Hence, metal ion-catalyzed
oxidation frequently does not target the most solvent-accessible amino acids, but rather amino acids which are part
of or are located close to metal ion-binding sites 21, |t was reported that the oxidation of hPTH (1-34) by ferrous
ethylenediaminetetraacetic acid (EDTA)/H,O,, found that this system can cause oxidation of the methionine
residue at position 8 (Met 8) and the histidine residue at position 9 (His 9) (1-34). The study found that the
oxidation of Met 8 and His 9 in hPTH (1-34) resulted in the formation of sulfoxide and imidazole-5-aldehyde
products, respectively. The oxidation of Met 8 was found to be highly selective, as this residue was oxidized much
more rapidly than other methionine residues in the peptide. The oxidation of His 9 was also found to be highly
selective, as other histidine residues in the peptide were not oxidized under these conditions. The study suggested
that the oxidation of Met 8 and His 9 in hPTH (1-34) by ferrous EDTA/H,O, may be relevant to the physiological
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and pathological roles of this peptide. For example, the oxidation of Met 8 may affect the biological activity of hPTH
(1-34), as this residue is important for binding to the PTH receptor. The oxidation of His 9 may also affect the
conformation of the peptide, as this residue is located near the N-terminus of the peptide and plays a role in

stabilizing the peptide structure 2],

2.2.3. Light-Induced Oxidation

Light-induced oxidation usually affects peptides that contain aromatic amino acid residues such as Trp, Tyr, and
Phe, or a disulfide bond B3 The mechanisms of light-induced oxidation are complex and not completely
understood. While much emphasis has been placed on the primary photophysics and photochemistry of Trp, Tyr,
Phe, and cystine, secondary reactions can induce the formation of a large variety of products 4. The photo-
irradiation of Trp can lead to photoionization as well as the formation of singlet oxygen. Photoionization is
associated with the release of an electron, which can react with suitable electron acceptors such as oxygen (to
yield superoxide) or disulfides (to yield thiolate and thiyl radical) 3. Similar mechanisms have been reported for
Tyr and Phe, though photoionization may be a biphotonic rather than monophotonic process. The biphotonic
process is initiated by two-photon absorption, whereas the monophotonic process involves a single photon.
Oxytocin was reported to be sensitive to U.V. light at pH 4.0-5.0 and 7.0-8.0 281, Recently, a series of papers have
focused on near U.V. and visible light-induced photo-oxidation of peptides promoted by ligand-to-charge-transfer
(LMCT) pathways of iron-buffer complexes BAB8I5I. These processes yield multiple reactive species and peptide

oxidation products at relatively low light doses.

2.2.4. Peroxide Oxidation

Peroxide can cause the oxidation of amino acid residues including Met 89, Cys 81 and His 2 as well as the
formation of hydroperoxides on amino acids and polypeptides during oxidative stress, which can potentially lead to
biological damage. Accidentally, peroxide may be present in formulations due to the inclusion of surfactants or
other excipients. For example, some surfactants, such as polysorbate 20 and polysorbate 80, can produce
peroxide 83, Therefore, surfactants or co-solvents such as polyethylene glycol usually have certain specifications

related to the levels of peroxides.

2.3. B-Elimination

A disulfide bond of a peptide can undergo B-elimination leading to C-S cleavage, resulting in perthiolate/perthiol
and dehydroalanine. It is frequently observed when materials are subjected to high temperatures in conjunction
with a high pH environment. Cys and Ser-containing peptides undergo B-elimination at alkaline pH 84163l Even at
neutral pH, when cystine-containing peptides are heated at 100 °C, they initially form perthiol and then convert to
free thiols 881, sCT degrades through B-elimination at the disulfide bridge between the Cys residues at positions 1
and 7. It has also been reported that the insertion of an additional sulfur forms a trisulfide and tetrasulfide bridge
because of a B-elimination reaction [7. It has also been observed in oxytocin after exposure to heat stress at an
alkaline pH 22
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2.4. Disulfide Exchange

Disulfide exchange reactions can occur in peptides, leading to disulfide scrambling and contributing to forming
dimers and larger aggregates. An investigation on the degradation of sCT recognized dimeric products generated
through disulfide exchange reactions. However, dimers linked to disulfides can go through further disulfide
reactions, ultimately regenerating monomers of sCT 2. In an acidic aqueous solution, disulfide interchange can
continue through the formation of sulfonium ions 88, When disulfide bonds are subjected to hydrolysis, sulfenic
acid intermediates are formed, which can further react with other cysteine residues or with water to produce
sulfonium ions. These ions can then undergo disulfide interchange reactions, leading to the formation of new
disulfide bonds between cysteine residues. There have been several studies conducted on disulfide exchange
reactions and the significance of disulfide bridges in maintaining peptide stability. Several investigations have
highlighted the importance of disulfide bonds for peptide stability and the impact of disulfide exchange reactions on
peptide conformation and function. By developing strategies to stabilize disulfide bonds and prevent disulfide

exchange reactions, researchers can improve the stability and bioactivity of peptides for use as therapeutic agents
[64](67][68][691[70][71]

2.5. Dimerization, Aggregation, and Precipitation

Apart from intermolecular disulfide bond formation, peptides can dimerize/oligomerize via a series of oxidative
reactions L7273l Some of these processes may even lead to larger aggregates. In addition, stress conditions,
such as freezing, heating, or agitation, may induce aggregation. Aggregates can form through covalent bonds;
such as dityrosine, ester, disulfide, or amide linkages; or electrostatic interactions or non-covalent bonds that occur
through hydrophobic interactions. However, during sample preparation, relatively weak non-covalent bonds may be
disrupted again, leading to incorrect results (4],

The formation of aggregates on peptides is not limited to a single pathway 2. Instead, multiple mechanisms can
occur concurrently, leading to the formation of both soluble and insoluble aggregates 2. Aggregation occurs when
peptides interact with each other to form larger, multi-molecular species, which can have altered conformation,
solubility, and biological activity. At higher concentrations, peptides are more likely to interact with each other due to
increased intermolecular forces, resulting in faster aggregation. As aggregation proceeds, the peptides can
become more insoluble and eventually precipitate out of solution 8 In addition to precipitation, higher
concentrations of peptides have been reported to form gel-like aggregates. Calcitonin, deterelix, leuprolide, and -
amyloid peptide are examples of peptides that are capable of forming gel-like aggregates under certain conditions
71, Gel-like aggregates form because the structure shifts from an a-helix or B-turn structure to a B-sheet structure.

As a result, they have strength, elasticity, and plasticity that can maintain their shape.

References

https://encyclopedia.pub/entry/42582 6/12



Instability of Peptide and Possible Causes of Degradation | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

. Lau, J.L.; Dunn, M.K. Therapeutic peptides: Historical perspectives, current development trends,

and future directions. Bioorganic. Med. Chem. 2018, 26, 2700-2707.

. Smith, A.D.; Datta, S.P.; Smith, G.H.; Campbell, P.N.; Bentley, R.; McKenzie, H.A.; Jakoby, W.B.

Oxford dictionary of biochemistry and molecular biology. Trends Biochem. Sci. 1998, 3, 228.

. Timmons, P.B.; Hewage, C.M. Biophysical study of the structure and dynamics of the

antimicrobial peptide maximin 1. J. Pept. Sci. 2022, 28, e3370.

. Rogne, P.; Fimland, G.; Nissen-Meyer, J.; Kristiansen, P.E. Three-dimensional structure of the two

peptides that constitute the two-peptide bacteriocin lactociccin G. Biochim. Biophys. Acta 2008,
1784, 543-554.

. Ohtake, S.; Kita, Y.; Payne, R.; Manning, M.; Arakawa, T. Structural characteristics of short

peptides in solution. Protein Pept. Lett. 2013, 20, 1308-1323.

. Bray, D. Protein molecules as computational elements in living cells. Nature 1995, 376, 307-312.

. Khavinson, V.K.; Popovich, I.G.; Linkova, N.S.; Mironova, E.S.; llina, A.R. Peptide Regulation of

Gene Expression: A Systematic Review. Molecules 2021, 26, 7053.

. Vaudry, H.; Tonon, M.-C.; Vaudry, D. Editorial: Trends in Regulatory Peptides. Front. Endocrinol.

2018, 9, 125.

. E.D.A. ANDAs for Certain Highly Purified Synthetic Peptide Drug Products That Refer to Listed

Drugs of rDNA Origin: Guidance. 2021. Available online: https://www.fda.gov/regulatory-
information/search-fda-guidance-documents/andas-certain-highly-purified-synthetic-peptide-drug-
products-refer-listed-drugs-rdna-origin (accessed on 4 January 2023).

Malavolta, L.; Cabral, F.R. Peptides: Important tools for the treatment of central nervous system
disorders. Neuropeptides 2011, 45, 309-316.

Forbes, J.; Krishnamurthy, K. Biochemistry, Peptide; StatPearls: Tampa, Florida, 2022.

Manning, M.C.; Chou, D.K.; Murphy, B.M.; Payne, R.W.; Katayama, D.S. Stability of Protein
Pharmaceuticals: An Update. Pharm. Res. 2010, 27, 544-575.

Li, S.; Schéneich, C.; Borchardt, R.T. Chemical instability of protein pharmaceuticals: Mechanisms
of oxidation and strategies for stabilization. Biotechnol. Bioeng. 1995, 48, 490-500.

Topp, E.M.; Zhang, L.; Zhao, H.; Payne, R.W.; Evans, G.J.; Manning, M.C. Chemical Instability in
Peptide and Protein Pharmaceuticals; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010; pp. 41—
67.

Hovgaard, L.; Frokjaer, S.; Van De Weert, M. Pharmaceutical Formulation Development of
Peptides and Proteins, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2012.

https://encyclopedia.pub/entry/42582 7/12



Instability of Peptide and Possible Causes of Degradation | Encyclopedia.pub

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Manning, M.C.; Patel, K.; Borchardt, R.T. Stability of Protein Pharmaceuticals. Pharm. Res. J. Am
Assoc. Pharm. Sci. 1989, 6, 903-918.

Hoitink, M.A.; Beijnen, J.H.; Boschma, M.U.S.; Bult, A.; Hop, E.; Nijholt, J.; Versluis, C.; Wiese,
G.; Underberg, W.J.M. Identification of the Degradation Products of Gonadorelin and Three
Analogues in Aqueous Solution. Anal. Chem. 1997, 69, 4972—-4978.

Strickley, R.G.; Brandl, M.; Chan, K.W.; Straub, K.; Gu, L. High-Performance Liquid
Chromatographic (HPLC) and HPLC-Mass Spectrometric (MS) Analysis of the Degradation of the
Luteinizing Hormone-Releasing Hormone (LH-RH) Antagonist RS-26306 in Aqueous Solution.
Pharm. Res. 1990, 7, 530-536.

Helm, V.J.; Muller, B.W. Stability of Gonadorelin and Triptorelin in Aqueous Solution. Pharm. Res.
1990, 7, 1253-1256.

Hoitink, M.A.; Beijnen, J.H.; Bult, A.; van der Houwen, O.A.; Nijholt, J.; Underberg, W.J.
Degradation Kinetics of Gonadorelin in Aqueous Solution. J. Pharm. Sci. 1996, 85, 1053-1059.

Senderoff, R.1.; Kontor, K.M.; Kreilgaard, L.; Chang, J.J.; Patel, S.; Krakover, J.; Heffernan, J.K.;
Snell, L.B.; Rosenberg, G.B. Consideration of Conformational Transitions And Racemization
During Process Development of Recombinant Glucagon-Like Peptide-1. J. Pharm. Sci. 1998, 87,
183-189.

Nabuchi, Y.; Fujiwara, E.; Kuboniwa, H.; Asoh, Y.; Ushio, H. The stability and degradation pathway
of recombinant human par-athyroid hormone: Deamidation of asparaginyl residue and peptide
bond cleavage at aspartyl and asparaginyl residues. Pharm. Res. 1997, 14, 1685-1690.

Oliva, A.; Ashen, D.S.; Salmona, M.; Farifia, J.B.; Llabrés, M. Solid-state stability studies of
cholecystokinin (CCK-4) peptide under nonisothermal conditions using thermal analysis,
chromatography and mass spectrometry. Eur. J. Pharm. Sci. 2010, 39, 263-271.

Jang, S.W.; Woo, B.H.; Lee, J.T.; Moon, S.C.; Lee, K.C.; Deluca, P.P. Stability of Octastatin, a
Somatostatin Analog Cyclic Octapeptide, in Aqueous Solution. Pharm. Dev. Technol. 1997, 2,
409-414.

Herrmann, J.; Bodmeier, R. Degradation Kinetics of Somatostatin in Aqueous Solution. Drug Dev.
Ind. Pharm. 2003, 29, 1027-1033.

Bhatt, N.P.; Patel, K.; Borchardt, R.T. Chemical Pathways of Peptide Degradation. |. Deamidation
of Adrenocorticotropic Hormone. Pharm. Res. 1990, 7, 593-599.

Geiger, T.; Clarke, S. Deamidation, isomerization, and racemization at asparaginyl and aspartyl
residues in peptides. Succinimide-linked reactions that contribute to protein degradation. J. Biol.
Chem. 1987, 262, 785—794.

https://encyclopedia.pub/entry/42582 8/12



Instability of Peptide and Possible Causes of Degradation | Encyclopedia.pub

28.

29.

30.

31.

32.

33.

34.
35.

36.
37.

38.

39.

40.

41.

Reissner, K.J.; Aswad, D.W. Deamidation and isoaspartate formation in proteins: Unwanted
alterations or surreptitious signals? Cell. Mol. Life Sci. 2003, 60, 1281-1295.

Kato, K.; Nakayoshi, T.; Kurimoto, E.; Oda, A. Mechanisms of Deamidation of Asparagine
Residues and Effects of Main-Chain Conformation on Activation Energy. Int. J. Mol. Sci. 2020, 21,
7035.

Patel, K.; Borchardt, R.T. Chemical Pathways of Peptide Degradation. lll. Effect of Primary
Sequence on the Pathways of Deamidation of Asparaginyl Residues in Hexapeptides. Pharm.
Res. 1990, 7, 787-793.

Patel, K.; Borchardt, R.T. Chemical Pathways of Peptide Degradation. II. Kinetics of Deamidation
of an Asparaginyl Residue in a Model Hexapeptide. Pharm. Res. 1990, 7, 703-711.

Lee, K.C,; Lee, Y.J.; Song, H.M.; Chun, C.J.; De Luca, P.P. Degradation of Synthetic Salmon
Calcitonin in Aqueous Solution. Pharm. Res. 1992, 9, 1521-1523.

Lin, S.-Y.; Wang, S.-L. Advances in simultaneous DSC—-FTIR microspectroscopy for rapid solid-
state chemical stability studies: Some dipeptide drugs as examples. Adv. Drug Deliv. Rev. 2012,
64, 461-478.

Lee, V.H.L. Peptide and Protein Drug Delivery; Marcel Dekker, Inc.: New York, NY, USA, 1991.

Hawe, A.; Poole, R.; Romeijn, S.; Kasper, P.; van der Heijden, R.; Jiskoot, W. Towards Heat-
stable Oxytocin Formulations: Analysis of Degradation Kinetics and Identification of Degradation
Products. Pharm. Res. 2009, 26, 1679-1688.

Robinson, N.E. Protein deamidation. Proc. Natl. Acad. Sci. USA 2002, 99, 5283-5288.

Chu, G.C.; Chelius, D.; Xiao, G.; Khor, H.K.; Coulibaly, S.; Bondarenko, P.V. Accumulation of
Succinimide in a Recombinant Monoclonal Antibody in Mildly Acidic Buffers Under Elevated
Temperatures. Pharm. Res. 2007, 24, 1145-1156.

Sargaeva, N.P.; Goloborodko, A.A.; O’Connor, P.B.; Moskovets, E.; Gorshkov, M.V. Sequence-
specific predictive chromatography to assist mass spectrometric analysis of asparagine
deamidation and aspartate isomerization in peptides. Electrophoresis 2011, 32, 1962—-1969.

Wakankar, A.A.; Borchardt, R.T. Formulation considerations for proteins susceptible to asparagine
deamidation and aspartate isomerization. J. Pharm. Sci. 2006, 95, 2321-2336.

Oliyai, C.; Borchardt, R.T. Chemical Pathways of Peptide Degradation. IV. Pathways, Kinetics,
and Mechanism of Degradation of an Aspartyl Residue in a Model Hexapeptide. Pharm. Res.
1993, 10, 95-102.

Solomons, T.W.G.; Fryhle, C. Organic Chemistry, 10th ed.; John Wiley & Sons, Inc.: Hoboken, NJ,
USA, 2011.

https://encyclopedia.pub/entry/42582 9/12



Instability of Peptide and Possible Causes of Degradation | Encyclopedia.pub

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Smith, M.B.; March, J. March’s Advanced Organic Chemistry: Reactions, Mechanisms, and
Structure, 6th ed.; Wiley: Hoboken, NJ, USA, 2007.

Li, S.; Schoneich, C.; Borchardt, R.T. Chemical Pathways of Peptide Degradation. VIIl. Oxidation
of Methionine in Small Model Peptides by Prooxidant/Transition Metal lon Systems: Influence of
Selective Scavengers for Reactive Oxygen Intermediates. Pharm. Res. 1995, 12, 348-355.

Nauser, T.; Koppenol, W.H.; Schoneich, C. Reversible Hydrogen Transfer Reactions in Thiyl
Radicals from Cysteine and Related Molecules: Absolute Kinetics and Equilibrium Constants
Determined by Pulse Radiolysis. J. Phys. Chem. B 2012, 116, 5329-5341.

Liu, F; Fang, Y.; Chen, Y.; Liu, J. Reactions of Deprotonated Tyrosine and Tryptophan with
Electronically Excited Singlet Molecular Oxygen (alAg): A Guided-lon-Beam Scattering, Statistical
Modeling, and Trajectory Study. J. Phys. Chem. B 2012, 116, 6369-6379.

Kéllay, C.; Osz, K.; Déavid, A.; Valastyan, Z.; Malandrinos, G.; Hadjiliadis, N.; Sévago, I. Zinc(ii)
binding ability of tri-, tetra- and penta-peptides containing two or three histidyl residues. Dalton
Trans. 2007, 36, 4040-4047.

Miller, D.M.; Buettner, G.R.; Aust, S.D. Transition metals as catalysts of “autoxidation” reactions.
Free Radic. Biol. Med. 1990, 8, 95-108.

Merenyi, G.; Lind, J.; Jonsson, M. Autoxidation of closed-shell organics: An outer-sphere electron
transfer. J. Am. Chem. Soc. 1993, 115, 4945-4946.

Lal, M.; Rao, R.; Fang, X.; Schuchmann, H.-P.; von Sonntag, C. Radical-Induced Oxidation of
Dithiothreitol in Acidic Oxygenated Aqueous Solution: A Chain Reaction. J. Am. Chem. Soc. 1997,
119, 5735-5739.

Jomova, K.; Baros, S.; Valko, M. Redox active metal-induced oxidative stress in biological
systems. Transit. Met. Chem. 2012, 37, 127-134.

Stadtman, E.R. Metal ion-catalyzed oxidation of proteins: Biochemical mechanism and biological
consequences. Free. Radic. Biol. Med. 1990, 9, 315-325.

Mozziconacci, O.; Ji, J.A.; Wang, Y.J.; Schoneich, C. Metal-Catalyzed Oxidation of Protein
Methionine Residues in Human Parathyroid Hormone (1-34): Formation of Homocysteine and a
Novel Methionine-Dependent Hydrolysis Reaction. Mol. Pharm. 2013, 10, 739-755.

Neves-Petersen, M.T.; Klitgaard, S.; Pascher, T.; Skovsen, E.; Polivka, T.; Yartsev, A.; Sundstrom,
V.; Petersen, S.B. Flash Photolysis of Cutinase: Identification and Decay Kinetics of Transient
Intermediates Formed upon UV Excitation of Aromatic Residues. Biophys. J. 2009, 97, 211-226.

Neves-Petersen, M.T.; Jonson, P.H.; Petersen, S.B. Amino acid neighbours and detailed
conformational analysis of cysteines in proteins. Protein Eng. Des. Sel. 1999, 12, 535-548.

https://encyclopedia.pub/entry/42582 10/12



Instability of Peptide and Possible Causes of Degradation | Encyclopedia.pub

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Creed, D. The photophysics and photochemistry of the near-uv absorbing amino Acids-I.
tryptophan and its simple derivatives. Photochem. Photobiol. 1984, 39, 537-562.

Mozziconacci, O.; Schoneich, C. Photodegradation of Oxytocin and Thermal Stability of
Photoproducts. J. Pharm. Sci. 2012, 101, 3331-3346.

Subelzu, N.; Schéneich, C. Near UV and Visible Light Induce Iron-Dependent Photodegradation
Reactions in Pharmaceutical Buffers: Mechanistic and Product Studies. Mol. Pharm. 2020, 17,
4163-4179.

Subelzu, N.; Schoneich, C. Pharmaceutical Excipients Enhance Iron-Dependent Photo-
Degradation in Pharmaceutical Buffers by near UV and Visible Light: Tyrosine Modification by
Reactions of the Antioxidant Methionine in Citrate Buffer. Pharm. Res. 2021, 38, 915-930.

Zhang, Y.; Richards, D.S.; Grotemeyer, E.N.; Jackson, T.A.; Schoneich, C. Near-UV and Visible
Light Degradation of Iron (lll)-Containing Citrate Buffer: Formation of Carbon Dioxide Radical
Anion via Fragmentation of a Sterically Hindered Alkoxyl Radical. Mol. Pharm. 2022, 19, 4026—
4042.

Sjoberg, B.; Foley, S.; Cardey, B.; Fromm, M.; Enescu, M. Methionine oxidation by hydrogen
peroxide in peptides and proteins: A theoretical and Raman spectroscopy study. J. Photochem.
Photobiol. B Biol. 2018, 188, 95-99.

Peskin, A.V.; Cox, A.G.; Nagy, P.; Morgan, P.E.; Hampton, M.B.; Davies, M.J.; Winterbourn, C.C.
Removal of amino acid, peptide and protein hydroperoxides by reaction with peroxiredoxins 2 and
3. Biochem. J. 2010, 432, 313-321.

Khossravi, M.; Borchardt, R.T. Chemical pathways of peptide degradation: IX. Metal-catalyzed
oxidation of histidine in model peptides. Pharm. Res. 1998, 15, 1096-1102.

Kishore, R.S.K.; Kiese, S.; Fischer, S.; Pappenberger, A.; Grauschopf, U.; Mahler, H.-C. The
Degradation of Polysorbates 20 and 80 and its Potential Impact on the Stability of
Biotherapeutics. Pharm. Res. 2011, 28, 1194-1210.

Galande, A.K.; Trent, J.O.; Spatola, A.F. Understanding base-assisted desulfurization using a
variety of disulfide-bridged peptides. Biopolymers 2003, 71, 534-551.

Cohen, S.L.; Price, C.; Vlasak, J. B-Elimination and Peptide Bond Hydrolysis: Two Distinct
Mechanisms of Human IgG1 Hinge Fragmentation upon Storage. J. Am. Chem. Soc. 2007, 129,
6976-6977.

Volkin, D.; Klibanov, A. Thermal destruction processes in proteins involving cystine residues. J.
Biol. Chem. 1987, 262, 2945-2950.

Windisch, V.; Deluccia, F.; Duhau, L.; Herman, F.; Mencel, J.J.; Tang, S.-Y.; Vuilhorgne, M.
Degradation Pathways of Salmon Calcitonin in Aqueous Solution. J. Pharm. Sci. 1997, 86, 359—

https://encyclopedia.pub/entry/42582 11/12



Instability of Peptide and Possible Causes of Degradation | Encyclopedia.pub

68.

69.

70.

71.

72.

73.

74.

75.

76.

17.

364.

Benesch, R.E.; Benesch, R. The Mechanism of Disulfide Interchange in Acid Solution; Role of
Sulfenium lons. J. Am. Chem. Soc. 1958, 80, 1666—1669.

Wakabayashi, K.; Nakagawa, H.; Tamura, A.; Koshiba, S.; Hoshijima, K.; Komada, M.; Ishikawa,
T. Intramolecular Disulfide Bond Is a Critical Check Point Determining Degradative Fates of ATP-
binding Cassette (ABC) Transporter ABCG2 Protein. J. Biol. Chem. 2007, 282, 27841-27846.

Fazio, M.A.; Oliveira, V.X.; Bulet, P.; Miranda, M.T.M.; Daffre, S.; Miranda, A. Structure-activity
relationship studies of gomesin: Importance of the disulfide bridges for conformation, bioactivities,
and serum stability. Pept. Sci. Orig. Res. Biomol. 2006, 84, 205-218.

Kourra, C.M.B.K.; Cramer, N. Converting disulfide bridges in native peptides to stable methylene
thioacetals. Chem. Sci. 2016, 7, 7007—7012.

Malencik, D.A.; Anderson, S.R. Dityrosine Formation in Calmodulin: Conditions for Intermolecular
Crosslinking. Biochemistry 1994, 33, 13363-13372.

Smith, I.C.P.; DesLauriers, R.; Sait6, H.; Walter, R.; Garrigou-Lagrange, C.; McGregor, H.;
Sarantakis, D. Carbon-13 nmr studies of peptide hormones and their components. Ann. N. Y.
Acad. Sci. 1973, 222, 597-627.

Kamberi, M.; Chung, P.; Devas, R.; Li, L.; Li, Z.; Ma, X.; Fields, S.; Riley, C.M. Analysis of non-
covalent aggregation of synthetic hPTH (1-34) by size-exclusion chromatography and the
importance of suppression of non-specific interactions for a precise quantitation. J. Chromatogr. B
2004, 810, 151-155.

Wang, W. Protein aggregation and its inhibition in biopharmaceutics. Int. J. Pharm. 2005, 289, 1—
30.

Powell, M.F.; Sanders, L.M.; Rogerson, A.; Si, V. Parenteral Peptide Formulations: Chemical and
Physical Properties of Native Luteinizing Hormone-Releasing Hormone (LHRH) and Hydrophobic
Analogues in Aqueous Solution. Pharm. Res. 1991, 8, 1258-1263.

Tan, M.M.; Corley, C.A.; Stevenson, C.L. Effect of gelation on the chemical stability and
conformation of leuprolide. Pharm. Res. 1998, 15, 1442-1448.

Retrieved from https://encyclopedia.pub/entry/history/show/96175

https://encyclopedia.pub/entry/42582 12/12



