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The oxime ligation is a valuable bioorthogonal conjugation reaction
but with limited compatibility with disulfide-rich peptides/proteins
and time-sensitive applications. Here we overcome these limita-
tions by introducing a strategy that supports regiospecific control,
oxidative folding, production of stable aminooxy-precursors for
on-demand modification, and complete ligation within 5 min.

The oxime ligation is a useful bioorthogonal reaction between a
nucleophilic aminooxy group (H,N-O-R) and an electrophilic
carbonyl group (e.g. aldehyde/ketone) (Fig. 1a).”* The reaction
is typically carried out in aqueous media and catalysed by
aniline or phenylenediamine derivates (Fig. 1b and ¢).>” It is
a reliable and versatile conjugation technique due to the mild
reaction conditions, the high chemoselectivity, and the hydrolytic
stability of the oxime bond.® It does not require metal ion catalysts,
which can cause problems with purifications and certain classes
of peptides/proteins.® " The oxime ligation has been successfully
applied for the preparation of bioconjugates, including polymer-
proteins,”>"®  peptide dendrimers,"* oligonucleo-peptides,'>"®
glycoconjugates,'” protein—protein probes,'® "*F-PET tracers'**° and
hydrogels.**!

The synthesis of aminooxy-peptide precursors is challenging
due to the high reactivity of the aminooxy moiety. Strategies have
been developed to overcome this problem, including orthogonally
protected aminooxy acetic acid (Aoa) derivates compatible with
Fmoc- and Boc-SPPS (Fmoc-Aoa, Boc-Aoa, Boc,-A0a).*> Bocy-Aoa
was developed to avoid N-overacylation when using HCTU/
DIPEA.>>?*  Alternatively, preactivated NHS-ester, EEDQ (N-
ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline) or Eei-Aoa (2-(1-
ehoxyethylideneaminooxy)acetic acid) can be used.*>*®
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While this works for linear peptides, the aminooxy group is
not compatible with the oxidative folding step for producing
disulfide-rich peptides or proteins (Fig. S1a, ESIt). Indeed, the
oxime ligation has only been reported for two disulfide-rich
peptides, namely insulin and the c-Met peptide.>’*® In these
studies, the ligation was carried out either before the folding
step, or the aminooxy moiety was introduced after folding,
circumventing the problem without solving it.>”*® Neither of
these two strategies is ideal since they require two purification
steps (after ligation and folding), which takes time and lowers
the yields. Moreover, the introduction of the aminooxy group
remains restricted to the N-terminus.

The handling and storing of aminooxy-containing peptides
are also difficult due to the aminooxy’s high reactivity towards
aldehydes and ketones, including the laboratory solvent acet-
one. These limitations of an otherwise powerful, efficient, and
clean bioorthogonal reaction prompted us to investigate new
strategies to expand the scope of the oxime ligation.
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Fig. 1 The oxime ligation and commonly used catalysts. (a) Reaction of an
aminooxy and an aldehyde or ketone to form an oxime bond. (b) Aniline
and p-phenylenediamine accelerate the reaction by acting as catalysts.
(c) Nucleophilic catalysis mechanism of aniline (blue) during the oxime
ligation.
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Fig. 2 Expanding the scope of the oxime ligation. (a) Application scheme of the stable Fmoc-aminooxy-containing precursor peptide used with the
rapid one-pot ligation protocol to support on-demand and on-site preparation of radioactive tracers for clinical settings. (b) Synthetic strategy for the
regiospecific introduction of Fmoc-Aoa within a peptide during Fmoc-SPPS, followed by TFA cleavage and oxidative folding of the Fmoc-aminooxy-
containing peptide, leading to a fully folded Fmoc-aminooxy-containing peptide precursor compatible with long-term storage. New functional groups
can be conveniently introduced via Fmoc-removal and standard oxime ligation protocols. EEDQ: N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline.
(c) Scheme of the directed disulfide bond formation of a two-disulfide-bond-containing peptide including the Fmoc-protected aminooxy group.
Analytical C1g-RP-HPLC traces of the directed folding of a-conotoxin analogue a-CnGl-[Fmoc-Aoa] with observed and calculated masses. Peak (1):
reduced [CY,C3(Acm),C®,Ct3(Acm)]-a-CnGl-[Fmoc-Aoal; peak (2): partially folded [C1~8,C%(Acm),C*(Acm)]-a-CnGl-[Fmoc-Aoal; peak (3): fully folded

[CY6,C27B]-0-CNnGl-[Fmoc-Aoal. a-CnGl sequence: CCHPACGKYFKC*, with *C-terminal amide and Fmoc-Aoa on K.

We envisioned a strategy that could produce stable ami-
nooxy precursors compatible with the folding of disulfide-rich
peptides, long-term storage, and late-stage modifications. We
furthermore realised that for time-sensitive applications such
as the labelling with '®F (109.7 min half-life) to produce PET
tracers,””*® reaction conditions with vastly faster ligation
kinetics are required than the currently used multi-hour pro-
tocols (Fig. 2a). '®F-labelling is typically carried out via an
"8F-containing group compatible with different chemistries.
Examples include activated carboxylic acids to react with free
amines, maleimides to react with thiols, or alkynes/azides for
click chemistry.>® These approaches have their own limitations,
including lack of regioselective control when multiple free
amines are present, and compatibility issues with disulfide-
rich peptides/proteins for using maleimides or Cu-catalysts for
click chemistry.”® The oxime ligation would be a powerful
addition to the labelling repertoire if the reaction could be
accelerated and made compatible with disulfide-rich peptides/
proteins.

Thus, we first pursued regioselective on-resin incorporation
of the aminooxy group into disulfide-bond-containing peptides
(Fig. 2a). As a model peptide, we used the nonapeptide oxytocin
(OT), which has a disulfide bond between Cys' and Cys®. We
replaced Leu® with Lys(Mtt) (OTK®) as a controllable side chain
handle to introduce the aminooxy group. Position 8 was
selected based on previous studies demonstrating that position
8 modifications are well-tolerated in terms of bioactivity.?°>?
OTK® was assembled via Fmoc-SPPS on a Rink-amide resin, and
Boc-Cys(Trt) was used as the N-terminal amino acid. The
Mtt group was removed with 1% TFA in dichloromethane
(DCM), and Fmoc-Aoa was coupled to the now unprotected
g-amino group of Lys® using EEDQ as the coupling reagent.

This journal is © The Royal Society of Chemistry 2022

OTK®[Fmoc-Aoa] was cleaved from the resin using TFA and
scavengers, with the aminooxy group remaining Fmoc-protected.

Exposure of reduced/linear OTK*[Fmoc-Aoa] to common oxida-
tive folding conditions for 12 hours demonstrated that the Fmoc-
protected aminooxy group remained intact, yielding folded
OTK¥[Fmoc-Aoa] in high purity (>90%) with no side product
formation observed (Fig. S1b, ESIt). We then validated our strategy
under conditions of directed disulfide bond formation using pairs
of Cys(Acm) groups, one of the most commonly used directed
folding strategies. We applied our strategy to o-CnIG (CCHPACG-
KYFKC*), an o-conotoxin from the venom of Conus consors, with
disulfide bonds between Cys'® and Cys.>™ o-Conotoxins are an
important class of venom peptides from the marine predatory
cone snail that potently and selectively inhibit nicotinic acetylcho-
line receptors.**** a-Conotoxins, like many other disulfide-rich
peptides, are synthetically produced via a directed disulfide-bond
formation strategy and are ideal models to demonstrate the
compatibility of our aminooxy strategy with directed folding. o-
CnlIG was assembled by Fmoc-SPPS with the side chains of Cys'™®
and Cys” " protected with Trt and Acm, respectively. Boc-Cys'(Trt)
was used as the N-terminal amino acid and Lys*(Mtt) as the
aminooxy handle. After complete peptide assembly, the Mtt group
was removed with 1% TFA/DCM, and Fmoc-Aoa was coupled to
Lys®. Sidechain deprotection and peptide cleavage were carried out
with TFA and scavengers, leaving Cys*** and Lys®-Aoa protected
with Acm and Fmoc, respectively. The first disulfide bond (Cys"®)
was formed in 0.1 M NH,HCO; at pH 8.2, followed by RP-HPLC
purification. The second disulfide bond (Cys®>'?) was then formed
through I, oxidation, followed by another purification (Fig. 2c and
Fig. S2, ESIt). Both oxidations proceeded cleanly with no side
reactions, confirming the compatibility with directed disulfide
bond formation.

Chem. Commun., 2022, 58, 9100-9103 | 9101
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We then evaluated the long-term stability by monitoring
OTK¥[Fmoc-Aoa] dissolved in 0.1% TFA or 50% ACN/0.1% TFA
over three months at 4 °C or as a lyophilised powder, confirm-
ing the high stability of the Fmoc-aminooxy-containing pre-
cursors (Fig. S3, ESIT).

This strategy therefore overcomes the first set of limitations,
supporting regiospecific incorporation of the aminooxy moiety,
compatibility with oxidative folding protocols and disulfide-
rich peptides/proteins, and the preparation of stable Fmoc-
aminooxy-containing precursors for long-term storage and
late-stage modifications. The latter should be particularly use-
ful for preparing peptide radiotracers as theranostics, a rapidly
expanding field.>*"

Next, we aimed at accelerating the reaction kinetics. The oxime
ligation with peptides and proteins is typically carried out over
several hours in aqueous media at pH 4-5 with either aniline or
p-phenylenediamine (pPDA) as catalysts (uM reactants, 10 mM
catalysts)."*”*® While these ligation times are acceptable for the
majority of applications, they are too slow for radiochemistry
applications that use '®F, which ideally requires complete ligation
within minutes due to its short half-life (109.7 min). Ligation
kinetics are driven by the concentration of the reactants, with
solubility a recognised bottleneck. We therefore investigated the
ligation kinetics in different solvent systems, including H,O, 80%
acetonitrile (ACN), 80% ethanol (EtOH), and DMF, using purified
OTK*Fmoc-AoA] along with benzaldehyde, acetophenone or
p-glucose as our model reactants, and pPDA as the catalyst.

First, we analysed the Fmoc removal kinetics using 30% (v/v)
piperidine in these four solvents (Fig. S4, ESIt). Fmoc removal
occurred within seconds in all tested solvents, and no racemi-
sation was observed. The move to more organic solvents
allowed higher ligand concentrations, which substantially
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accelerated reaction kinetics, with ligations of OTK®[AoA] with
benzaldehyde and acetophenone completed in seconds com-
pared to the slower and incomplete ligations in water (Fig. S5,
ESIt). The reaction rate of p-glucose, however, even though
faster than in water, was still not fast enough for rapid radio-
chemistry applications. The slower reaction kinetics are due to
the energetic equilibrium between the cyclic and linear alde-
hyde conformation of p-glucose, with the cyclic conformation
energetically favoured, but only the linear aldehyde conforma-
tion able to react with the aminooxy group (Fig. S5, ESIT).***°
To overcome this problem, we increased the excess of p-glucose
from 1 eq. to 100 eq. with 2 eq. pPDA as the catalyst in
anhydrous DMF and the temperature to 75 °C. This improved
the reaction rate but also induced unexpected dimerization of
the peptide conjugate. This was resolved by replacing pPDA
(two free amines) with aniline (single amine), resulting in clean
ligation of OTK®*[Aoa] with p-glucose within 5 min (compared to
>1 h before optimisation). With the ligation reaction opti-
mised, the next step was to develop a rapid one-pot
Fmoc-removal, labelling and purification protocol to support
time-sensitive applications. We dissolved OTK*[Fmoc-Aoa] in
pre-heated 30% piperidine/anhydrous DMF (20 mM) for 1 min
at 75 °C. The reaction was quenched with neat TFA (~30% v/v)
followed by the addition of pre-heated aniline (2 eq.) and
p-glucose (100 eq.) in anhydrous DMF. The reaction was
quenched after 5 min with acetone. Using this one-pot protocol
>95% of OTK®[Aoa] reacted with p-glucose within 5 min
(Fig. 3a). Fast C14-RP-HPLC purification (5-35% B in 15 min)
yielded OTK®*[Aoa-p-glucose] in high purity (>95%) (Fig. 3a).
To apply our protocol to clinically more relevant material, we
performed the ligation reaction also with fluorodeoxyglucose
(FDG), a clinically used and readily available *®F source for PET
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Fig. 3 One-pot Fmoc-removal and oxime ligation of OTKE[Fmoc-Aoa] with p-glucose (a) or FDG (b). The Fmoc group of OTK®[Fmoc-AoAl was

removed with 30% piperidine (1 min at 75 °C) and the reaction quenched with TFA (~

30% v/v). Aniline (2 eqg.) and p-glucose (100 eq.) or pPDA (2 eq.) and

FDG (100 eq.) were added, and the reaction mixed for 5 min at 75 °C. The reaction process was monitored by analytical C;g RP-HPLC and LC-MS.
* excess OTKE[Aoal was quenched with acetone. Insets: Analytical Cig-RP-HPLC traces and MS data of purified OTK®[Aoca-b-glucose] and OTKE[Aoa-FDGI.
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imaging.*® Facile introduction of "*FDG into peptides via oxime
ligation represents a new and highly efficient way of producing
PET tracers that play an increasingly important role in oncology
and other applications. Interestingly, the reaction conditions
optimised for p-glucose were not sufficient for FDG ligation
(>1 h for complete ligation). We however resolved this by
changing the aniline catalyst back to pPDA and did not observe
any dimerization as with p-glucose.

The final FDG labelling protocol entailed OTK®*[Fmoc-Aoa]
dissolution (20 mM) in pre-heated (75 °C) 30% piperidine/
anhydrous DMF to remove the Fmoc group (1 min), which
was quenched with neat TFA (~30%, v/v). pPDA (2 eq.) and
FDG (100 eq.) in anhydrous DMF were added, and the ligation
reaction was quenched after 5 min with acetone (10% v/v).
Analytical RP-HPLC and MS analysis confirmed complete pro-
duct conversion within 5 min, and RP-HPLC purification
yielded OTK®*[Aoa-FDG] in >95% purity (Fig. 3b).

In summary, we developed a new strategy for regioselective
control of the oxime ligation and compatibility with disulfide-
rich peptides/proteins. The Fmoc-protected aminooxy group
was stable to standard and directed oxidative folding condi-
tions and Fmoc-aminooxy-containing precursors can be kept in
long-term storage for on-demand bioconjugation and labelling.
This is highly useful for preparing radiotracers, where adding
the radionuclide is the final and time-sensitive step before
injecting the tracer into patients. Our rapid one-pot labelling
protocol enabled efficient **F introduction into peptides/pro-
teins within minutes, highlighting the application potential of
this approach for (pre)clinical PET imaging.

Taken together, these new strategy and protocols consider-
ably expand the versatility and scope of the oxime ligation,
rendering it now an even more powerful tool that can be used
with other bioconjugation reactions such as click chemistry,
native chemical ligation, or the Staudinger reaction.*’ This
expands the chemical biology toolbox and creates new oppor-
tunities for late-stage modifications, radiotracer development,
and biomaterial engineering.
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