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Background and project’s aim
Generating specific antibodies against weakly immunogenic peptides requires their covalent conjugation to large protein carriers, such as keyhole limpet hemocyanin (KLH). This “hapten-carrier”
approach exploits the carrier protein in two ways: (i) it provides, upon processing by antigen-presenting cells (APCs), CD4+ peptide epitopes essential for helper T-cell activation; and (ii) it displays
multiple hapten copies, promoting B-cell receptor-mediated uptake and antibody production.
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Most hapten-carrier approaches exploit highly efficient thiol-maleimide ligation, which enables the attachment of multiple Peptide —pl o }% ¥ N
copies of cysteine-containing peptides to commercial maleimide-functionalized carriers. Besides its fast kinetics and simple L ’
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setup, this benchmark reaction proceeds under mild conditions (aqueous buffers, near-neutral pH, room temperature),
compatible with a wide range of biomolecules (Scheme 1). While widely used for linear peptides by introducing a spare thiol
(e.g., an extra cysteine), thiol-maleimide conjugation of disulfide-containing haptens has an inherent limitation: the free ﬁ
thiol can attack disulfide bonds, disrupting the native hapten pattern and generating incorrectly folded, disulfide-scrambled
structures (Scheme 2). To address this issue, Katayama et al. [1,2] introduced a long spacer between the thiol and disulfide-
containing hapten to reduce the effective molarity of the thiol/disulfide reaction and slow it down. While conceptually
convincing, their approach was validated only by demonstrating the generation of native disulfide-rich hapten-specific
antibodies, which was not possible using classical approaches. However, the possibility and extent of disulfide scrambling
under conjugation conditions were not investigated, prompting us to explore this issue and develop a potentially more general | scheme 2. Introducing an additional thiol group into a disulfide-containing
strategy. Here, we aimed to develop a general strategy for synthesizing disulfide-containing peptide conjugates while |hapten may compromise its native disulfide connectivity through an undesired
ing thei tive disulfid th der thiol-maleimid li diti W lected th ll-structured N- intramolecular thiolate attack on disulfide bonds, competing with the intended
preserving their native disulfide pattern under thiol-maleimide coupling conditions. We selecte e well-structure thiol-maleimide conjugation. Incorporating an appropriate spacer hetween the
terminal region of LINGO-1 as a model: a 20-mer containing two disulfide bridges. This peptide was coupled to a small set of |free thiol and the disulfide-rich core could suppress this side reaction by
| thiol-containing spacers, and disulfide scrambling was rigorously monitored under maleimide conjugation conditions. decreasing the effective molarity of the reactive thiol near the disulfide bonds.

Scheme 1. Thiol-maleimide ligation for the generation of hapten-carrier constructs
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Spacers aimed to reduce disulfide scrambling 1. Synthesis of an azide derivative of LINGO-1[1-20] 2. Synthesis of spacers
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3. Assembly through copper-catalyzed azide/alkyne Cycloaddition (CuAAC)

Oligoproline (rigid “molecular rulers”) B!

A model disulfide-rich peptide: LINGO'I[I'ZO] I 5(ret) 1. CuBr.Me,S (5 equiv.), DIEA (5 equiv.), Nan rs"
Small disulfide-constrained peptide mimicking the 3D structure N Q THPTA (10 equiv.), DMSO, 37 °C — N v —
of the extracellular N-terminal part of LINGO-1, a trans- (unGo-1[1-20] ’ + (spacer) (‘C—NN (10 equiv) w (Spacer)—cys -,
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Valuable model because super sensitive to disulfide scrambling.

m * One single HPLC purification after step 1 (CUAAC).

(GGGGS).GG 43 * Non-standard CuAAC conditions because low water solubility of GGGGS linkers.

(GGGGS).GGGG 35  S-trityl deprotection with TFA/H,0/phenol/DODT/iPr;SiH : 83/5/5/5/2 followed
(GGGGS)sG ‘713 by precipitation in cold Et,0. Very clean, quantitative reactions.
P 42 ¢ LINGO-1[1-20]-SPACER-SH crude conjugates used for scrambling monitoring,
e e 5 A oo et s o e vilds not ptimized and for KLH conjugation.
Evaluation of disulfide scrambling under thiol-maleimide conjugation conditions Biological validation of the synthetic methodology
Immunization of a rabbit with the Lingo-1[1-20]-P,,-KLH conjugate
Incubation of the LINGO-1[1-20]-SPACER-SH constructs under standard thiol-maleimide conjugation P il bt ~

conditions: 20 mM phosphate buffer pH 6.6, 30 mM EDTA and 150 mM NaCl. The RIGID (Pro),, spacer
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(recommended conditions for conjugation to maleimide activated proteins). Isulfide scrambling
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Conclusions and perspectives Check out for the full story !
Small disulfide-rich peptides (DRPs) require conjugation to large carrier proteins to elicit an effective immune response because of their low immunogenicity. Thiol— link to the published article:

maleimide chemistry is widely used for such peptide—protein conjugates, facilitated by commercial maleimide-functionalized carriers such as KLH. However,
introducing a spare thiol into a DRP can disrupt its native disulfide pattern, generating heterogeneous immunogens that fail to accurately mimic the intended epitope.
Here, we established a robust strategy for the late-stage introduction of thiol-containing linkers onto DRPs, generating “DRP-spacer—thiol” constructs that preserve
their native disulfide pattern under thiol-maleimide coupling conditions and enable conjugation to protein carriers. Using LINGO-1[1-20] as a model DRP, whose
solvent-exposed disulfides are particularly prone to nucleophilic attack, we generated an immunogen that elicited an IgG response following standard immunization.
ELISA showed that protein A-purified polyclonal I1gG selectively bound LINGO-1 on transfected cells. Western blot analysis demonstrated superior sensitivity to a
commercial IgG and strong specificity for LINGO-1 over homologs LINGO-2, -3, and -4, which share the same cysteine pattern and 45-75% sequence similarity. Overall,
our results establish a robust strategy for generating DRP-specific antibodies while preserving native disulfide patterns, readily adaptable to diverse DRPs.
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