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Abstract

Advances in bioconjugation, the ability to link biomolecules to each other, small molecules,
surfaces, and more, can spur the development of advanced materials and therapeutics. We have
discovered that pyrocinchonimide, the dimethylated analog of maleimide, undergoes a surprising
transformation with biomolecules. The reaction targets amines and involves an imide transfer,
which has not been previously reported for bioconjugation purposes. Despite their similarity to
maleimides, pyrocinchonimides do not react with free thiols. Though both lysine residues and the
N-termini of proteins can receive the transferred imide, the reaction also exhibits a marked
preference for certain amines that cannot solely be ascribed to solvent accessibility. This property
is peculiar among amine-targeting reactions and can reduce combinatorial diversity when many
available reactive amines are available, such as in the formation of antibody-drug conjugates.
Unlike amides, the modification undergoes very slow reversion under high pH conditions. The
reaction offers a thermodynamically controlled route to single or multiple modifications of
proteins for a wide range of applications.
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Introduction

The thiol-maleimide click reaction is an important mainstay in bioconjugation chemistry.
Typically, the maleimide nitrogen atom carries a payload molecule chosen for experimental
or therapeutic purposes. The reaction proceeds via nucleophilic attack by a sulfur atom at the
maleimide alkene in a classical 1,4-conjugate addition (or ‘thio-Michael”) mechanism. This
reaction covalently links the payload to the target under mild conditions in aqueous buffers.
1.2 The product of the thiol-maleimide reaction is an unstable thiosuccinimide, which can
undergo reversion via a retro-Michael process. In situ, the regenerated maleimide can then
react with other thiols, shuffling the payload to off-target sites, introducing a potential source
of toxicity, and decreasing selectivity for therapeutic bioconjugates.3-> Thiosuccinimides are
also susceptible to irreversible hydrolytic ring-opening reactions in aqueous conditions,
forming long-lived succinamic acid thioethers.3#:6-10 These and other impish behaviors
have inspired detailed investigations,11:12 especially in the context of maleimides used in
preparing antibody-drug conjugates (ADCs).13:14

Next-generation maleimides (NGMs) are maleimide derivatives designed to attenuate the
issues described above. The archetypal NGMs, halomaleimides, feature a halogen
substituent at one or both alkene carbons of the maleimide.1®~17 Halomaleimides undergo an
overall addition-elimination reaction; after the canonical thio-Michael step, the intermediate
halosuccinimide rapidly eliminates HX, reforms the hydrolytically stable maleimide
heterocycle, and generates a vinylic S-C covalent bond. Dihalo-, dithio-, and
diaryloxymaleimides have also been developed for cross-linking reactions.18-21 This
technology has been successfully employed for re-bridging reduced interchain antibody
disulfides, and arming antibodies with the anticancer drug, monomethyl auristatin E22 or the
photodynamic, theranostic fluorophore IRDye 800 CW.23
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The mono-methylated analog of maleimide (‘citraconimide’) has also been reported for the
assembly of doxorubicin-Fab” ADCs,24 and may be considered a member of the NGM
family. The citraconimide thio-Michael addition reaction exhibits excellent regioselectivity
for nucleophilic attack at the methylated alkene carbon,2%:26 and the product
methylsuccinimides exhibit improved hydrolytic stability compared to standard
succinimides.24 5-Methylene pyrrolones are maleimide =O — =CHj isosteres that exhibit
soft electrophilic character at the exocyclic y/6-alkene, and can participate in 1,6-conjugate
addition reactions with thiols. The adduct gains no additional stereocenters and can
tracelessly revert to starting materials at elevated pH, thus providing a pH-controlled catch-
and-release process.2’ Another class of maleimide isosteres, 1,2-dihydropyridazine-3,6-
diones undergo a similar retro-Michael reaction for cargo release.?8

Examined herein is an ostensibly overlooked NGM reagent, pyrocinchonimide (Pci), the
dimethylated analog of maleimide. The Pci motif (also referred to as dimethylmaleimide or
N-dimethylmaleoyl) was previously established as an A-protecting group for aminosugar
synthesis by Richard R. Schmidt.2® Prominent examples of Pci compounds in the patent
literature include antimicrobials,39-33 water soluble34 and photochemically cross-linked
polymers,3 silicon-based adhesives,38 herbicides and other plant growth regulators and their
synthetic intermediates,37~44 pharmaceuticals and prophylactics for treatment of obesity4>
and urinary incontinence,*8 liquid crystal thermoset monomers,4’ synthetic intermediates of
allosteric glucokinase modulators*® and alpha-2C adrenergic receptor antagonists,*® internal
ribosome entry site-mediated protein synthesis inhibitors,> and in oligosaccharide
manufacturing.>! Despite this considerable precedent, the reactivity of Pci compounds with
proteins has never been specifically addressed.

The investigation revealed that the reactivity of Pci towards thiols is profoundly diminished
compared to maleimide and citraconimide. Fluorescence and MS labeling experiments with
proteins revealed only trace quantities of the expected thio-Michael adduct. Instead, a
previously unreported imide transfer reaction was observed (i.e., a
transpyrocinchonimidation); both acyl groups are moved from the electron-poor nitrogen
atoms of select Pci derivatives, to the solvent-exposed amines of lysine side chains and A-
termini on target proteins. This imide transfer was then leveraged for direct bioconjugation
of a fluorescent label to a target protein under mild conditions using a modified
pyrocinchonimide derivative. Additionally, we have explored the possibility for protein-
bound Pci groups to participate in UV-activated intermolecular cycloadditions with terminal
alkenes. The results establish Pci compounds as a new species of amine-targeting
bioconjugation reagents, with qualities that make it distinct from NHS esters, maleimides,
and other NGMs (Figure 1).

Results and Discussion

Synthesis of Pyrocinchonimides

The most common method for preparing A-substituted maleimides is via the reaction of 1°
amines with maleic anhydride. Ring-opening acylation of the amine results in an isolable
maleamic acid intermediate, which can be cyclized under dehydrating conditions. This two-
step sequence is equally appropriate for citraconimides, but not Pci compounds. At least two
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independent sources have reported that the condensation of 1° amines with pyrocinchonic
anhydride furnishes the cyclic imide without observation of the intermediate
pyrocinchonamic acid (Scheme 1).52:53 However, the existence of the pyrocinchonamic acid
intermediate is well-established spectroscopically, and the species can be trapped as the
carboxylate triethylammonium salt.40:54

The disparity in cyclization efficiency between citraconimide and pyrocinchonimide is
consistent with the behaviors of their parent diacids. Both maleic (CAS: 110-16-7) and
citraconic (CAS: 498-23-7) acids have been isolated and characterized as pure compounds.
However, pyrocinchonic acid undergoes rapid cyclization to its anhydride during attempted
isolation, and a sample of the purified acid has never been described.>> The formation of
pyrocinchonic anhydride exhibits immeasurably fast ring-closing Kinetics in organic
solvents, reflecting a profound entropic preference for the cyclized state.56:57 This behavior
has been ascribed to angle compression (the Thorpe-Ingold effect); the mutual repulsion of
the vinylic methyl groups drives the carboxylic acids close together, and accelerates the ring
closing step.58:59 The same stereoelectronic and steric effects could operate in the amic acid,
resulting in the apparent absence of this intermediate during the synthesis of Pci derivatives.
Thus, mild conditions should suffice for Pci synthesis, despite many reports applying the
strongly dehydrating conditions typical for citraconimide and maleimide formation.

Guided by the reports described above, a general methodology provided relatively effortless
access to a wide variety of Pci derivatives in satisfactory-to-excellent yields with respect to
the amine starting material (Scheme 2). Briefly, a 1° aryl- or alkylamine was combined with
catalytic 4-dimethylaminopyridine (DMAP) and excess pyrocinchonic anhydride in a
mixture of CH,Cl, and DMF. The reaction was typically judged complete by thin layer
chromatography (TLC) after stirring at rt for 672 h (condition i). Anhydrous DMF is not
required for these syntheses. In general, the components of the product mixture were easily
separated by flash chromatography, and unreacted pyrocinchonic anhydride can be
recovered for use in future reactions. Alcohol substituents are tolerated (i.e., ester formation
does not occur), as are the sodium salts of carboxylic and sulfonic acids. Electron poor and
sterically demanding amines can result in very slow reactions; however, Pci derivatives for
challenging starting materials could still be achieved in reasonable time periods by omitting
the CH,Cl, and increasing the reaction temperature (condition ii at 50 °C and condition iii
at 90 °C).

In the following sections, the ethanolamine derivative 31, polyaromatic derivatives 30 and
37, and the fluorescein derivative 38 were used as probes to study the surprisingly reluctant
thio-Michael addition of pyrocinchonimides. Then, experiments involving the sulfanilic acid
derivatives 18 and 27 establish a previously unreported transpyrocinchonimidation reaction
with proteins.

Pyrocinchonimides Do Not Bioconjugate to Free Thiols

Pci participation in thio-Michael reactions appears sporadically in the prior literature. The
N-Pci derivative of N,-acetyl lysine was reported to undergo a thio-Michael reaction with
methyl 3-mercaptopropionate and N,-acetylcysteine methyl ester.0 Reactions of
glutathione (GSH) with A:(2-hydroxyethyl)pyrocinchonimide (32) and A-
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phenylpyrocinchonimide (1) have also been reported.26:61 However, in at least one counter
example, no reaction was observed after treatment of a Pci derivative with GSH.52 No
spectra are provided for the thio-Michael Pci adducts in these prior reports.

In our hands Pci compounds are not reactive towards thiols. NMR experiments failed to
detect any transformation of the Pci groups of 30 and 37 after prolonged exposure (3 h) to
10 mol% excess 3-mercaptoethanol (BME) at elevated temperatures (50 °C) in DMSO-dj. In
contrast, conventional maleimides were consumed within minutes under identical conditions
(Scheme 3 and Figure S1 in the Supporting Information Section B). Further NMR
experiments with GSH and water-soluble Pci derivatives 17 and 31 established the general
lack of reactivity to be independent of the Pci A-substituent or choice of solvent. The rate
constant for pyrocinchonimide reactions with thiols has been previously shown to be slowed
by a factor of 3.15x10° compared to maleimides.28 However, we have failed to observe any
appreciable formation of thiol-Pci adducts, even in the presence of large excess of free thiol
for extended periods. It is possible that the conjugate addition could occur at extreme
temperatures or pH, outside of acceptable ranges for bioconjugation.

The reaction of Pci groups with cysteine residues on proteins was also investigated using
single cysteine and cysteine-free variants of dihydrofolate reductase (DHFR-Cys and
DHFR) and an exonuclease deficient Klenow fragment of DNA polymerase | (KF-Cys and
KF). Fluoroscein derivatives 5-F-Pci (38) and its standard maleimide analog 5-F-Mal were
chosen as fluorescent reporters, and the bioconjugation result was evaluated by SDS-PAGE
(Figure 2 and Figure S2 in the Supporting Information Section B). The two KF variants
readily reacted with 5-F-Mal, and no difference in fluorescence intensity for the Cys and
Cys-free variants was observed. The apparent unimportance of a free cysteine residue in the
bioconjugation of KF with 5-F-Mal is striking, but not entirely unexpected. Despite their
reputation for exclusive thiol reactivity, maleimides are known to react with other
nucleophiles, and especially amines.53-67 5-F-Pci (38) also reacted to a small extent with
both KF variants, suggesting a Cys-independent addition occurs at a low level for KF. These
5-F-Pci (38) conjugates cannot be detected or identified by mass spectrometry (MS),
indicative of their vanishingly small quantities. The low fluorescence of the reaction with 5-
F-Pci (38), compared to its maleimide analog, is commensurate with its greatly attenuated
thiol-maleimide bioconjugation efficiency, and corroborates the results obtained from the
small molecule studies.

The reactions of 5-F-Pci (38) and 5-F-Mal with DHFR are equally informative. As with KF,
the presence of a free cysteine is unnecessary for the formation of bioconjugates with 5-F-
Mal, although DHFR presents less non-specific labeling than KF. Remarkably,
bioconjugation of DHFR with 5-F-Pci (38) appears cysteine-dependent, but the dimness of
the band permits only a conservative estimate for this reaction’s efficiency, which again
failed to yield products detectable by MS. Taken together, the results with both proteins
demonstrate Pci compounds, unlike conventional maleimides, are not good candidates for
bioconjugation via the canonical thio-Michael reaction. This may not be a surprising result;
the two methyl substituents on the Pci heterocycle are expected to contribute approximately
-12 kcal'mol~1 of stability to the alkene, relative to the unsubstituted maleimide, through
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hyperconjugative effects alone.®® This inference can explain the lack of both thio- and aza-
Michael addition reactions by Pci compounds.

The Transpyrocinchonimidation Reaction

In aqueous conditions, pyrocinchonimides equilibrate between their imide and non-isolable
amic acid forms.54-57 The mechanism likely proceeds via nucleophilic attack of a water
molecule or hydroxide ion at the imide carbonyl groups, followed by elimination of the
amide, resulting in the ring-opened structure. The product amic acid then rapidly recyclizes
via the reverse process, reaching an equilibrium position that is strongly influenced by pH.>*
This reactivity forms the mechanistic rationale for the following observations.

In addition to oxygen-based nucleophiles, nitrogen atoms can attack Pci carbonyls. In the
presence of free amines, and presumably operating by the same mechanism, transient
pyrocinchonic diamides can be expected to form. In this situation, the ring-closing step
associated with Pci re-formation must occur with the ejection of a constituent nitrogen atom.
Thermodynamic considerations dictate that the amine with the lowest pKj offers the best
potential leaving group during this step. Therefore, leveraging the established mechanism for
pyrocinchonimide equilibration, it should be possible to achieve an overall imide-transfer
reaction from an electron-depleted nitrogen atom to an electron-rich one (Scheme 4).

The operability of this concept is now demonstrated. Compound 18 was originally
synthesized for its ease of use in bioconjugation experiments owing to its excellent stability
and solubility in water. Compound 18 is derived from sulfanilic acid, which features an
ammonium ion >10-fold more acidic than acetic acid (pKj 3.23 vs 4.75).%° The electron
deficiency of the nitrogen atom is further frustrated by the withdrawing effects of the twin
acyl substituents of the Pci motif in 18. In the presence of the considerably more basic e-
NH, of lysine residues (pK, ~ 10.5) on target biomolecules, a formal imide transfer
(transpyrocinchonimidation) was consistently observed. The reaction is a close analogue of a
reported phthaloyl (Phth) protecting group installation method, where Phth-transfer also
occurs from an acidic (carbamate) nitrogen atom.’? Compound 27, which carries an
additional electron-withdrawing nitro substituent on the sulfanilic acid portion of the
molecule, was designed to further lower the pK; for the pyrocinchonimide donor nitrogen
atom and accelerate the imide transfer.

To further investigate the imide transfer reaction, compounds 18 and 27 were reacted with
human insulin which provides a small, readily characterized peptide hormone to receive the
imide. First, 20 uM insulin solutions were incubated with 100 mM 18 or 27 at 25 °C for 2 h;
imide-transfer products were quantified by whole-protein ESI LC-MS, and the modified
residues were subsequently identified by digest analysis (Figure 3a). The deconvoluted mass
spectra were integrated over the regions corresponding to the calculated masses of the
starting material and bioconjugates within a + 0.5 Da range, and the relative intensities were
calculated as a proportion of the sum total. Consistent with the proposed mechanism, insulin
samples treated with 27 exhibited the highest proportions of Pci modification (Figure 3b).
Additionally, insulin modified with 18 resulted exclusively in a single modification (1xPci)
of the peptide (within noise levels), whereas 27 delivered high proportions of the doubly-
modified species (2xPci).
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Next, compound 27 (20 to 100 mM) was incubated with insulin (40 uM) in pH 8.5 solution
at 25 and 37 °C for 2 and 18 h, and the full matrix of these conditions was explored (Figure
3c). At the most aggressive conditions examined (37 °C, 18 h, 100 mM 27), the unmodified
insulin levels were undetectable above the noise, and 69% of the bioconjugates carried two
Pci groups. Notably, only two of the three available amines in insulin were modified; the e-
NH, nitrogen atom of insulin’s one lysine side chain, and one of the two A-termini
participated in the imide-transfer with either reagent, despite all three atoms being solvent-
exposed. For comparison, bioconjugation with an NHS ester modified all three amines.
(Figure 3d-e and Figure S3 in the Supporting Information Section B). Thus, imide transfer
by compound 27 to insulin reaction exhibits an innate selectivity for certain amines.

The imide transfer reaction was then evaluated in a more challenging context. Trastuzumab,
also known as Herceptin (Genentech), is an antibody that binds to human epithelial growth
factor receptor 2 (HER2), and is a biotherapeutic treatment for HER2-positive breast cancer.
1 Methods for preparing well-defined trastuzumab bioconjugates are in high demand for
antibody-mediated delivery of chemo- and radiotherapeutic agents to tumor sites.”%73 Two
3.5 UM trastuzumab solutions were incubated with 3.5 and 8.75 mM 27 at 25 °C for 2 and
18 h (conditions I and 11, respectively) in buffered 40 mM HEPES (pH 8.5). Prior to LC-MS
analysis, the product mixtures were stripped of their A-linked surface glycans via digestion
with PNGase F at 37 °C for 18 h.”4 ESI-MS analysis of the intact antibodies revealed
average drug-to-antibody ratios (DAR, with Pci representing the ‘drug’)”>76 of 0.9 and 2.3
for conditions I and 11, respectively. In the product mixture obtained from I, the
trastuzumab-1xPci bioconjugate was found to be the most dominant signal, save for signal
from the unmodified antibody. The trastuzumab-4xPci bioconjugate was the highest level of
modification observed for this condition (Figure 4). In contrast, condition 11 yielded a more
extensively modified antibody product mixture, with the lowest ion count observed for the
unmodified antibody. The modification density was also increased, with at most eight Pci-
moieties detected per antibody, and the most dominant signal was assigned to the
trastuzumab-2xPci bioconjugate.

The cytotoxic trastuzumab ADC, ‘emtansine’ (Kadcyla), exhibits an average DAR of 3.5,
also with as many as eight modifications per antibody.”” Even small increases in DAR
values can dramatically increase product heterogeneity. Lysine-modified ADCs with DARS
in the range 0-6, with approximately 40-45 lysine residues available for modification, can
generate a combinatorial library with over four million unique members.”3:78.79 Sych
heterogeneity can result in unwanted behavior, including toxicity and loss of efficacy.8%:81
The challenge of addressing the combinatorial diversity of lysine-targeted bioconjugates has
only recently started to receive a reply.82-85 The low DAR values obtained with the Pci
reagent 27 suggest that transpyrocinchonimidation may be a viable addition to the NHS
alternatives toolkit, particularly in situations where bioconjugate heterogeneity is a persistent
problem.

Protein-bound Pci groups could feasibly be expected to migrate from the bioconjugate to
off-target amines. To examine this possibility, Pci-modified insulin bioconjugates were
incubated with a series of potential small molecule-, peptide-, and protein-based Pci-
scavengers for periods of up to 22 days (Figures S4-S5 in the Supporting Information
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Section B). The insulin bioconjugate was observed to undergo a slow, pH-dependent
reversion to its unmodified form; however, no evidence for Pci-exchange to amine groups on
scavenger molecules was found. This behavior is typical of a class of bioconjugates intended
for extended release of therapeutic payloads from targeted delivery systems, such as
hydrogels and nanoparticles.86-88

Our attention then turned to developing a Pci reagent with a covalently attached payload.
Our laboratory uses bioconjugation for construction of single molecule devices based on
single-walled carbon nanotube field-effect transistors (SWCNT-FETs).89-91 These devices
rely on the quasi-irreversible binding of aromatic hydrocarbon-based anchors to the SWCNT
side-wall.%2 Our previously reported strategies for achieving protein-nanotube bioconjugates
exclusively applied A-(1-pyrenyl)maleimide, reacting with a single-cysteine mutant of the
target protein. Here, a Pci reagent was designed to target amines, not Cys thiols, and the
pyrene substituent is carried by the Pci 3-carbon, rather than its heterocyclic A-atom. The
key step in the synthesis of the target is a frustratingly stubborn Wittig condensation,
involving the phosphorus ylide derived from citraconimide. (Scheme 5). The poor
performance of this process is likely the result of a combination of ylide stabilization via its
betaine resonance, and the poor reactivity of the aryl aldehyde (compared to the alkyl
aldehyde precedents).93-96 Improved procedures for introducing cargo to the Pci motif are
currently in active development.

The reactivity of the pyrene-modified Pci reagent 46 was first investigated with insulin.
Unsurprisingly, the cumbersome steric character and greatly reduced solubility of compound
46 compared to 27 resulted in lower transformation efficiency (Figure S6 in the Supporting
Information Section B). Furthermore, the more sterically crowded molecule 46 also affects
the intrinsic selectivity of the bioconjugation; exactly one modification of insulin was
observed in this example. Compound 46 was then employed for modification of Taq
polymerase (Taq). Tag was incubated with compound 46 at 37 °C for 18 h (pH 8.5). After
removal of the excess Pci reagent by dialysis, the activity of the modified enzyme was
verified by high resolution agarose gel assays to resolve dsSDNA from ssDNA.%! The Taq
bioconjugate mixture retained 95% of the activity observed for the unmodified enzyme
(Figure S7 in the Supporting Information Section B). The bioconjugate mixture was
incubated with pristine SWCNTSs using standard procedures and single-molecule
attachments were investigated by atomic-force microscopy (AFM). AFM imaging revealed a
single 1 nm feature, consistent with previous observations of similar proteins (Figure 5).

UV-Activated Cycloadditions

Motivated by the efficiency of 27 to introduce Pci into proteins, we sought reactions capable
of further elaborating the Pci bioconjugates. Cycloadditions of alkenes with maleimide
derivatives have been extensively examined in the literature. The synthesis of cyclobutane-
containing fused di-, tri- and tetracyclic scaffolds via UV-initiated [2+2] cycloadditions of
maleimide-like compounds are especially well-documented. In 2001, an unfamiliar [5+2]
cycloaddition of Pci was reported,? and was then applied to a challenging total synthesis.%
The reaction involves a formal insertion of two alkene carbons into the Pci ring between the
nitrogen atom and one of its carbonyls, resulting in an overall two-carbon ring-expansion,
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and the formation of a seven-membered dihydroazepinedione (Dhzd). Initial mechanistic
proposals for this unusual transformation have since been succeeded by robust,
experimentally validated models,100-102

Two hypothesized photochemical processes compete to support the [2+2] or the [5+2]
cycloaddition pathways. Sensitized irradiation in the presence of an appropriate
chromophore populates the C=C triplet state and facilitates the [2+2] pathway. Direct
irradiation, which operates in the absence of a photosensitizer, populates the C-N singlet
state, causing homolytic cleavage, and results in an amide/acyl diradical intermediate. While
energy transfer from the singlet to the triplet state can occur through intersystem crossing,
the presence of electron-donating methyl groups at the alkene weakens the C-N bond and
supports diradical formation.192 The diradical intermediate undergoes a formal [5+2]
cycloaddition in the presence of alkenes, or else spontaneously recombines to regenerate the
starting Pci molecule.

These UV-activated processes offer a bioorthogonal route to further functionalization of Pci-
modified proteins (Scheme 6a). Two alkene-based secondary modifiers were chosen to
investigate this approach: a commercially available PEG derivative and an EDTA-derived
metal ligand (47), which was synthesized using a one-pot method inspired by existing
proceduresi3 (Scheme 6b). The PEG derivative demonstrates a typical solubilization
scheme for biotherapeutics. The introduction of metal complexes to proteins has a wide
scope of utility, including the chelation of radioisotopes for targeted radiotherapy, as contrast
and imaging agents in nuclear medicine, and as luminescent probes, serving as alternatives
to traditional organic fluorophores. EDTA is a general-purpose ligand that can form stable
complexes with a variety of different metal atoms with many potential applications.
Solutions of Pci-modified insulin (~40 uM) were incubated with mPEG-alkene-1K (40 mM,
MW ~1000 Da) or 47, under direct irradiation from a 450 W medium-pressure Hg lamp
(228-420 nm), and temperature regulation below 8 °C was achieved with a high-velocity
flow of chilled water (Figure S8 in the Supporting Information Section B).

Analysis of the product mixtures by ESI LC-MS revealed masses consistent with the target
cycloadducts (Figure S8 in the Supporting Information Section B). The insulin-1xDhzd-
MPEG cycloadduct presented a range of /m/zsignals separated by ~44 Da, a typical
polymeric PEG MS fingerprint. Only the 1xDhzd-mPEG attachment was detected, with a
second Pci group remaining unmodified. In the cycloaddition reaction with 47, both the 1x
and 2xDhzd-47 insulin adducts were observed. After incubation with terbium(l11) chloride
prior to further analysis, only the insulin-2xDhzd-47-Th complex was observed (as the
dihydrate). The increased background noise of the mass spectra precluded estimation of
product yields; photolytic decomposition of the protein likely occurred, resulting in
additional mass fragments. Furthermore, the structures in Scheme 6 are drawn for the [5+2]
product Dhzd compounds, which is concordant with the published mechanism. However, the
[2+2] cyclobutane product with the same mass could also form, and thus the exact identity
of the cycloadducts remains unclear. Resolving this uncertainty will likely require a
comprehensive X-ray crystallography experiment beyond the scope of the present study.
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Conclusion

The Pci bioconjugation reported here offers useful capabilities and a reaction modality that
is distinctive from maleimides and NHS esters. The investigation demonstrates that Pci
compounds react very poorly with thiols via the conventional thio-Michael pathway, despite
scattered reports to the contrary. Therefore, Pci reagents are likely to be compatible with
thiols, including Cys residues on protein targets and bystanders, and the reducing agents
BME and GSH. The imide transfer reaction may also be helpful in addressing frontier
challenges in bioconjugation chemistry. We demonstrate effective imide transfer can result
in low conjugation loadings and DARs compared to NHS methods, even when very large
excesses of Pci reagent are employed (Figures S9-10 in the Supporting Information Section
B). The Pci modification of proteins is slowly lost to hydrolysis at neutral-to-basic pH;
however, no evidence for protein-protein imide exchange was found (Figures S4-5 in the
Supporting Information Section B). The fact that the hydrolyzed anhydride/diacid is
unreactive towards amine groups on neighboring proteins also suggests that prior activation
(e.g. 18 and 27) is essential. In contrast to maleimide reversion, the terminal nature of Pci
hydrolysis may protect against unwanted off-target modification in situ.194 We expect the
Pci group may be of value in situations where ADC development is confounded by product
heterogeneity issues, or where a slow release of the payload is desirable. Lastly, evidence
has been collected that suggests tandem Pci-transfer/UV-cycloaddition procedures may be a
viable approach to the future development of Pci capabilities.

Although Pci is a structural analogue of maleimide, the Pci-transfer is more functionally
aligned with an emerging class of alternative amine-targeting methods and reagents, 10
including the 6 1 -azaelectrocyclization reagents,106-110 squarimides,111-113
iminoboronates, 114 TAK-242 derivatives, 115116 diazonium terephthalate esters,117 two-
component formaldehyde/indole couplings,118 phthalaldehydes, 19 acylfluorides,120
palladium-catalyzed arylations,12! sulfonyl acrylates,122:123 fluorophenyl esters,8> DSH-
mediated acylations,124 heteroaryl methylsulfones, 2> dinitroimidazoles,126 and linchpin-
directed modification strategies.127:128 The Pci-transfer reagents 18 and 27 were used in
unusually high concentrations in the present study, compared with typical concentration
ranges employed in bioconjugate chemistry. However, these are only the first generation of
these reagents. Exploration of other water-soluble variants with alternative substitution
patterns around the aniline portion of the Pci transfer reagent is fertile ground for further
research. We anticipate that new iterations of these reagents with improved reaction kinetics
and defined site-selectivity profiles will be the subjects of future studies.

General Experimental Methods

Small molecule high-resolution mass spectra (HRMS) were obtained by electrospray
ionization (ESI) on a Waters (Micromass) LCT Premier equipped with a time-of-flight
(TOF) mass analyzer. Proton (*H, 400 and 600 MHz), carbon (13C, 100 and 150 MHz), and
fluorine (1°F, 564 MHz) nuclear magnetic resonance (NMR) spectra were obtained on
Bruker instruments equipped with a switchable QNP or BBFO probe. NMR samples were
prepared in CDCl3 and DMSO- g5, and residual protonated solvent was used as an internal
chemical shift standard. 1H and 13C assignments were determined using HSQC and 10 Hz
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optimized HMBC 2D-NMR analyses. Optical rotatory powers were measured in the sodium
D band (589 nm) on a Jasco P-1020 polarimeter. Fourier transform infrared (FTIR) spectra
were obtained as neat samples on a Jasco 4700 attenuated total reflectance (ATR) instrument
using a diamond-coated zinc selenide sample accessory. X-ray data was collected on a
Bruker SMART APEX I diffractometer. Flash chromatography was carried out on silica gel
60 according to the method established by Still et al.,129 or using a Teledyne Isco
CombiFlash preparative chromatography system. Analytical thin layer chromatography (tlc)
was conducted on aluminum-backed 2 mm thick silica gel 60 GFy54, and chromatograms
were visualized under a UV lamp (254 and 365 nm) or by chemical staining with ceric
ammonium molybdate (Hanessian’s stain) or potassium permanganate (KMnQy,).

Transpyrocinchonimidation products were quantified by ESI LC-MS (ACQUITY UPLC H-
class system, Xevo G2-XS QTof, Waters Corporation). The protein was separated from
reaction buffer using a phenyl guard column at 45 °C (ACQUITY UPLC BEH Phenyl
VanGuard Pre-column, 130 A, 1.7 um, 2.1 mm X 5 mm, Waters). The 5 min analytical
method used 0.2 mL/min flow rate of a gradient of Buffer A consisting of 0.1% formic acid
in water and Buffer B, 100% acetonitrile (Table S1). The Xevo Z-spray source was operated
in positive MS resolution mode, 400-4000 Da, with a capillary voltage of 3000 V and a
cone voltage of 40 V (Nal / Csl and Leu-enkephalin lock-mass calibration).130 Nitrogen was
used as the desolvation gas at 350 °C at a flow-rate of 800 L/h. Total average mass spectra
were reconstructed from the charge state ion series using the MaxEnt1 algorithm from
Waters MassLynx software V4.1 SCN949 according to the manufacturer’s instructions. The
parameters for the deconvolution of insulin and insulin-Pci were 0.05 Da peak separation,
and the combined ion series for 650-2300 77/ zwas processed under MaxEntl using an
acquisition range of 5700-7300 Da, 0.5 Da/channel resolution, Uniform Gaussian with 0.5
Da width at half height, minimum intensity ratios of 33% for left and right, and 12
maximum number of iterations. The deconvolution of trastuzumab and trastuzumab-Pci
applied the following modifications to the parameters mentioned above: combined ion series
for mlz 1800-4000 processed under MaxEnt1 using 145,000-150,000 Da range and 1.0 Da/
channel resolution. A representative total ion chromatogram (TIC), combined m/z spectrum,
and deconvoluted spectrum for insulin and trastuzumab can be found in the Supporting
Information Section B, Figure S12 and Figure S18. Data files were exported in .txt format
for further processing (GraphPad Prism, v. 8.0) and quantification (MS-Excel). A typical
semi-quantitative assessment of the relative abundances (%) as measured by the ESI LC-MS
analysis is illustrated in Supporting Information Section B, Figure S19. This method was
applied to the analysis of Pci bioconjugates with both insulin and trastuzumab.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The unique modality of pyrocinchonimides.
The behavior of the Pci bioconjugation is compared with its two closest analogs, maleimides

and NHS esters.
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Figure 2. Probing the elusive Pci thio-Michael bioconjugation.
In this representative 15% SDS-PAGE, KF and DHFR are analyzed after treatment with 5-F-

Pci (38) or 5-F-Mal for 2 h at pH 7.2 and 25 °C. The protein gels were visualized by a
Typhoon scanner with fluorescence excitation at 256 nm (top gel), then stained with
Coomassie brilliant blue as a control for loading and protein purity (lower gel). The reaction
of single cysteine proteins with 5-F-Pci (38) uncovered Cys-dependent fluorescence for
DHFR-Cys (lanes 7 and 9-10), but not KF-Cys (lanes 3 and 5). Conventional 5-F-Mal
yielded efficient fluorescent labeling of single cysteine proteins as expected (lanes 2 and 6),
but also extensive Cys independent labeling (lanes 4 and 8). Negative control experiments
featured identical conditions without 5-F-Pci (38) or 5-F-Mal treatment (lanes 11-14). The
precision plus Kaleidoscope standards fluorescent ladder (lane 1) and PageRuler plus
prestained protein ladder (lane 15) were used as references.
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Figure 3. Transpyrocinchonimidation of insulin.
a) Schematic for Pci transfer followed by intact protein ESI LC-MS and tandem digest

MALDI-TOF of insulin-Pci bioconjugates. b-c) Estimated proportions (%) of Pci
bioconjugates detected in reaction mixtures, calculated as the quotient of the signal
intensities ascribed to the starting human, monomeric insulin and its bioconjugates. Peak
integration values obtained from the deconvoluted spectra were used to perform this
analysis, which assumes equal ionizability for the insulin starting material and the Pci-
modified products. d) This view of insulin’s structure highlights the two A-terminal a-NH>
groups and the e-NH, of B-chain K29 (PDB: 1MSO0). ) Two modification sites were
identified on the insulin B-chain by trypsin or chymotrypsin digest analysis: the A-terminal
a-NH,, and the K29 e-NH,. No modification was detected on the A chain’s a-NH,. The
detected fragment masses, and corresponding cleavage sites are indicated. TControl samples
were not exposed to the Pci-transfer reagents; this measurement can assess background noise
in the mass ranges of the detected bioconjugates and helps to benchmark confidence in
product detection.
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Figure 4. Transpyrocinchonimidation of trastuzumab.
a) Schematic depiction of Pci bioconjugation of trastuzumab, followed by deglycosylation

prior to ESI LC-MS analysis. b) Deconvoluted mass spectra of deglycosylated trastuzumab
Pci-bioconjugates after treatment with (1) 3.5 mM 27 for 2 h, or (I1) 8.75 mM 27 for 18 h at
25 °C. Traces on the top-half of the graph were obtained for the Pci-modified samples;
traces on the bottom-half of the graph were obtained from the unmodified control samples of
trastuzumab.

Bioconjug Chem. Author manuscript; available in PMC 2020 July 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Richardson et al.

Page 23

Figure 5. Applying the imide transfer to pyrene bioconjugation of Taq. A schematic diagram of a
SWCNT-FET noncovalently bioconjugated to a single molecule of Tag.

A pyrene-Pci molecule, 46, (black) is adhered to the SWCNT-FET through m—7t stacking.
Atomic force microscopy shows the expected 1-2 nm diameter of the SWCNT-FET with a
single Taq attachment obtained using linker 46 (1 nm, white arrow).
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Scheme 1. Facile cyclization of pyrocinchonimides.
In contrast to the reactions of 1° amines with maleic and citraconic anhydrides, the ring-

opened pyrocinchonamic acid intermediate spontaneously cyclizes to afford the imide at
ambient temperatures without requiring dehydrating conditions.
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5 2-F i 7 33 2-fluorenyl i 61
7 4-F i 54 35 (CH2)2S03Na i 97
8 2-CH; iii 43 36 1-anthracenyl i 82
9 3-CH;z i 97 37 + 2-anthracenyl i 98
10 4-CHj i 97 38 5-fluorosceinyl i 77
1 3-NO, i 70 39  2-anthraquinonyl i 31
12 4NO, i 66
13 4CHg i 90
14 4CeHyy 0 79
15 4CH,s i 81
16 4-COH i >99 —( R )—
17, 4CH,Cl F 71
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Scheme 2. Synthesis of N-substituted Pci compounds.
TCompounds 18, 27, 30, 31, 37, and 38 (in blue) are the subject of bioconjugation

experiments reported in the following sections. *Synthesized from 19 via reaction with
MsCI/Et3zN. The identities of 18 and 27 were unambiguously confirmed by single crystal X-
ray diffraction analysis (Supporting Information Section A).
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2 31 GSH (10 equiv.) D20 25 °C no reaction
3 31 BME (2 equiv.)  methanol-d, 25°C  no reaction
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5 30 BME (11equiv) DMSO-dg 50°C no reaction
6 37 BME (1.1equiv) DMSO-dg 50°C no reaction
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NS0H  HOON N N\)LOH
NH H

BME

Scheme 3. Attempted small molecule thio-Michael reactions. Reactions of Pci compounds 18, 31,
30 and 37 with GSH and BME.

Additional reactions and positive controls appear in the Supporting Information Section B.
No reaction indicates undetectable thio- or aza- Michael addition products in an NMR
experiment with a cryoprobe-equipped 600 MHz spectrometer.
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Scheme 4. Mechanism for transpyrocinchonimidation.
Attack of the pyrocinchonimide carbonyl groups by an electron-rich 1° amine can result in

an overall imide transfer reaction (proton transfers omitted for simplicity). The depicted
process is reversible and thermodynamically controlled.
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Scheme 5.

Reagents and conditions i) PANH,, AcOH, 160 °C, 1 h, then Ac,0, 160 °C, 0.5 h, then
PBugs, pyrene-1-carboxaldehyde, NaOAc 160 °C, 48 h, then ag. HCI, 180 °C, 16 h. ii)
NaOH, MeOH, CH,Cls, rt, 30 min;®7 iii) sodium 4-sulfonato-3-nitraniline, DMF, 90 °C, 48
h. Compound 44, the product of the multistep one-pot procedure, was unambiguously
identified by single-crystal X-ray diffraction analysis (Supporting Information Section A).
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Reagents and conditionsi) 40 mM mPEG-alkene 1K or 40 mM 47, /v 228-420 nm, 40 mM
HEPES (pH 8.5), 5-10 °C, 4 h; ii) 10 mM terbium(l11) chloride, 40 mM HEPES (pH 8.5),
25 °C, 18 h; iii) Ac,0, DMF, 60 °C, 24 h, then H,0 (1 equiv.), 75 °C, 2 h, then 3-buten-1-ol,

DMAP, 80 °C, 24 h.

Bioconjug Chem. Author manuscript; available in PMC 2020 July 20.



	Abstract
	Graphical Abstract
	Introduction
	Results and Discussion
	Synthesis of Pyrocinchonimides
	Pyrocinchonimides Do Not Bioconjugate to Free Thiols
	The Transpyrocinchonimidation Reaction
	UV-Activated Cycloadditions

	Conclusion
	General Experimental Methods
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Scheme 1.
	Scheme 2.
	Scheme 3.
	Scheme 4.
	Scheme 5.
	Scheme 6.



