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Investigation on the protein reactivity of polysulfide-based vulcanization agents:
Application of a new screening assay using GSSG and impact on the EPREX case

Screening methods to detect electrophilic compounds, which are potentially protein-reactive, are well established. Many of them are based on the reaction of the free thiol group of glutathione (GSH) with electrophilic compounds [1, 2].

The thiol group of GSH reacts with a wide variety of electrophilic extractables like α-ß unsaturated carbonyls (e.g. acrylates, BHT-quinone methide), epoxides (e.g. bisphenol diglycidyl ether), and activated halogenated compounds (e.g. bromo butyl rubber oligomers) [1]. Those compounds are also reactive towards amino groups. Most of therapeutic peptides and proteins don't have free thiol groups, but amino groups at basic amino acid residues like lysine, tryptophan, histidine and the N-terminus. The expected reaction products for GSH reactive compounds are N-substituted peptides/proteins.

However, there is another group of GSH-reactive compounds. Polysulfides like the common vulcanization agents of the Vultac© family form mixed di-and polysulfides with GSH. The reaction is known as thiol–disulfide exchange. This reaction cannot take place at amino groups.

To investigate, whether polysulfides are also able to modify disulfide bridges, a screening assay using GSSG (glutathione disulfide) instead of GSH was developed.

It could be demonstrated, that poly-tert-butylphenol disulfide (trade name Vultac© TB7) was able to form the same reaction products with GSSG as with GSH. The reaction rate of GSSG was much slower compared with GSH. MS/MS experiments revealed clearly the sulfur moiety of cysteine as reaction side. It is important to note, that Vultac© TB7 consists of poly-tert-butylphenol-disulfides and polysulfides, not only of disulfides, as indicated by the name. The same is true for Vultac© 2 [3].

Disulfide bonds are essential structure elements in peptides/proteins to maintain the 3D-structure. If an extractable/leachable is able to modify disulfide bonds in therapeutic peptides/proteins, efficacy and safety might be impacted.

Insulin is a therapeutic peptide, consisting of 3 disulfide bridges. Incubation with poly-tert-butylphenol disulfide (TBP-disulfide) yield to several reaction products with sum formulas C257H383N65O77S7 to S10 (formal addition of Sx), C267H396N65O78S8 to S11 (formal addition of TBP-Sx), and C277H409N65O79S8 to S12 (formal addition TBP-Sx-TBP).

This is the first time, at least to our knowledge, that an extractable of the Vultac family was shown to be able to covalently modify a therapeutic peptide. The exact positions of the modifications were not investigated yet.

As described by Sharma [4], leachables consisting of di- and polysulfides of Vultac© 2 (tert.-amylphenol derivatives) were found in EPREX© prefilled syringes. This leachables are suspect to be the cause of an increased frequency of PRCA (pure red cell aplasia). The API in EPREX© is Epoetin alfa (EPO), a glycoprotein consisting of 2 disulfide bridges. Treatment of EPO with Vultac© TB7 (tert.-butylphenol di- and polysulfides) lead to a distinct increase of EPO dimers and higher aggregates.

The impact of HSA, an excipient of EPREX©, as possible scavenger of reactive polysulfides due to its free thiol group, was investigated. As HSA was replaced by Polysorbate 80, the incidence of PRCA increased. Treatment of HSA with poly-tert-butylphenol disulfide lead to the formation of HSA-adducts.
Hypothesis: Polysulfides (but not disulfides) of the Vultac class are able to react with proteins by covalent binding to the disulfide bond. In the presence of free thiols like in HSA, polysulfides are trapped. As HSA was replaced by polysorbate, free polysulfides were able to react with EPO. The assumption is, that not the addition of polysorbate, but the removal of HSA is the main cause of EPO related adverse effects.

Whether EPO can be modified by covalent binding in the same way as Insulin needs to be investigated. However, it could be demonstrated, that treatment of EPO with Vultac© TB7 dramatically increased the formation of dimers/oligomers. Covalently modified EPO and EPO aggregates may induce immunogenic reactions.
Outlook: EPO is too complex to be analysed as intact molecule with LC-MS due to its microheterogeneity. To investigate, whether, and if, at which side EPO can be modified by polysulfides, enzymatic treatment is necessary (e.g. removal of carbohydrates and/or proteolytic digest).* Finally, the immunogenicity of reaction products has to be investigated to proof or reject the hypothesis.

*: In collaboration with A&M Stabtest GmbH, Bergheim, Germany, the proposed experiments were conducted. The results will be presented at Smithers E&L conference Europe, 2 December 2020.
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