Biotin as a reactive handle to selectively label proteins and DNA with
small molecules
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ABSTRACT: Biotin labeling of proteins and DNA is probably the most common bioconjugation for affinity immobilization, but
has not been exploited for chemical modification. Recently, oxaziridine reagents were developed that selectively conjugate the thi-
oether of methionines on the surface of proteins, a method termed redox-activated chemical tagging (ReACT). These reagents gen-
erate sulfimide linkages that range in stability depending on solvent accessibility and substitutions on the oxaziridine. Here we
show that oxaziridine reagents react rapidly with the thioether in biotin to produce sulfimide products that are stable for more than
seven days at 37 °C. This method, which we call biotin redox-activated chemical tagging (BioReACT) expands the utility of biotin
labeling and enables predictable and stable chemical conjugation to biomolecules without the need to screen for a suitable methio-
nine conjugation sites. We demonstrate the versatility of this approach by producing a fluorescently labeled antibody, an antibody—
drug conjugate, and a small molecule-conjugated oligonucleotide. We anticipate that BioReACT will be useful to researchers to
rapidly introduce biorthogonal handles into biomolecules using biotin, a functional group that is widespread and straightforward to

install.

Chemical modification of biomolecules has widespread ap-
plications ranging from antibody-drug conjugates to in vivo lo-
calization assays.!*® Researchers have devised numerous meth-
ods to conjugate small molecules to biomolecules such as
amino acid modification or introduction of a biorthogonal reac-
tive handle.* Due to their prevalence and reactivity, lysine and
cysteine are the most widely used amino acids. While methio-
nine has been the focus of other labelling strategies®, its rela-
tively unreactive side chain makes bioconjugation challenging.
Recently, the Chang and Toste groups described oxaziridine
chemistry for selective methionine modification on proteins
called redox-activated chemical tagging (ReACT).* Methionine
is seldom found on the surface of proteins, enabling accurate
and site-specific labelling”®. Although the ReACT method is
extremely selective, the conjugation product is prone to hydrol-
ysis, especially at the when the label is installed at a C—terminal
methionine, limiting its potential for applications where stabil-
ity is critical.” To address this limitation, more stable oxaziri-
dine reagents were synthesized and our group identified sites on
the general antibody scaffold that both labels well and are stable
for several days.”'® The most stable sites to hydrolysis were in
partially buried regions of the antibody that were not entirely
predictable. A method to generate oxaziridine—biomolecule
linkages at accessible sites with predictable stability would be
advantageous.

Biotin is ubiquitous throughout biological research, and pro-
teins and DNA can usually be biotinylated with no effect on
function. It is regularly used in conjunction with avidin-based
reagents, enabling applications such as immobilization or fluo-
rescent tagging.'1%131415 Avidin is a tetrameric protein that can
introduce unwanted avidity effects and additional protein com-
plications to numerous biophysical assays. Furthermore, unless
the it is pre-modified, avidin cannot be used to introduce small

molecule conjugates. Oxaziridine reagents such as those used
in ReACT are susceptible to nucleophilic attack by methionine
into the N-O ¢ followed by elimination resulting in a sulfimi-
dated methionine (Figure 1a). We hypothesized that oxaziridine
reagents might also react with the tetrahydrothiophene in bio-
tin,'® enabling rapid small molecule bioconjugation to proteins
and other biomolecules. In addition, we hypothesized that the
increased steric hinderance of the biotin bicycle would alter the
reactivity and potentially decrease the hydrolysis rate of the re-
sulting sulfimide conjugate.

Here we report the reaction between biotin and azide-labelled
oxaziridine reagents in aqueous conditions at room tempera-
ture. This method, which we call biotin redox-activated chemi-
cal tagging (BioReACT), achieves efficient and stable labelling
of proteins with oxaziridine reagents. We functionally validate
the method by generating an antibody-drug conjugate and nu-
merous flow-cytometry reagents. Finally, we conjugate a func-
tional click handle to a biotinylated oligonucleotide. These
studies show that the biotin—oxaziridine reaction is a powerful
approach for the efficient synthesis of stable protein and DNA
bioconjugates.

We first evaluated the reactivity of unconjugated biotin with
oxaziridine reagents by exposing biotin methyl ester 1 to oxa-
ziridine 2 (prepared from known protocol) in 1:1 CD;0D/D,O
(Fig. 1b).° The two protons alpha to the sulfur in biotin appear
as distinct peaks between 2.7-3.0 ppm in 'H NMR, allowing us
to assess the conversion and reaction kinetics. Remarkably, the
reaction proceeds to >80% conversion within 3 minutes, and
100% conversion by 20 minutes (Fig. 1¢, S1). We observed a
17:3 ratio of N-transfer product (NTP, sulfimide) to O-transfer
product (OTP, sulfoxide), which proved challenging to sepa-
rate, resulting in an 85% NMR yield and 52% isolated yield of



desired sulfimide 3. It should be noted that while we observed
OTP in this reaction, it was never seen for any of the biologi-
cally labeling experiments described below.
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Figure 1: Repurposing oxaziridines to label biotin. a) ReACT strategy for methionine bioconjugation. Oxaziridine compounds
react with the thioether in methionine to form a sulfimide conjugation product. b) Hypothesized reactivity of oxaziridines with biotin
to form a sulfimidated bicycle. BioReACT enables labeling of biomolecules such as DNA that contain no methionines. ¢) The reaction
of biotin methyl ester with 1.5 equivalents of oxaziridine 2 in 1:1 CD;0D/D,0 to form the resulting NTP sulfimide (85% NMR yield,
52% isolated yield). d) 1H-NMR series of the reaction in (c). Conversion was monitored by detecting the chemical shift of the protons
alpha to the sulfur at ~2.75 and ~2.97 ppm. Conversion was complete within 20 minutes.

We next evaluated the reactivity of biotin attached to antigen-
binding fragment (Fab) derived from the anti-Her2 antibody
trastuzumab as a model protein. The Fab scaffold has been thor-
oughly characterized with the methionine strategy (ReACT) to
identify reactive and stable sites, making it a privileged candi-
date for comparison of the two labelling strategies.® We chose
trastuzumab as it expresses well and has high thermal stability.
We incubated 50 pM biotinylated trastuzumab Fab in PBS at
23 °C with a several concentrations of oxaziridine 2 and used
whole protein mass spectrometry to measure labelling. Gratify-
ingly, we saw labelling at equimolar concentrations of Fab and
oxaziridine, and quantitative labelled protein at 10-fold excess
oxaziridine (Fig. S2). WT unbiotinylated trastuzumab Fab con-
tains three native methionines'’ that were minimally reactive to
the oxaziridine reagent (Fig. 2a). At high molar excess 2, we
saw increased labelling of the native protein, thus for future ex-
periments we used 5-fold molar excess oxaziridine reagent. To
gauge the working concentration range of labelling we incu-
bated trastuzumab Fab at increasing concentrations with 5-fold
molar excess of oxaziridine probe (Fig. S3). We chose a range
of 10-130 pM as this is the normal working range of most pro-
teins. Interestingly we saw comparable labelling at 10 uM to
that of 130 uM, indicating this method can be used to label pro-
teins at a range of concentrations. To assess labelling efficiency
50 uM biotinylated trastuzumab Fab was incubated with 250
uM oxaziridine reagent. The biotinylated Fab reacted rapidly,
achieving a maximum labelling efficiency of 80% (65% single,
15 % double labelled) after 1 hour (Fig. 2a). To test the stability
of the resulting biotin sulfimide to hydrolysis, we incubated la-
belled Fab in PBS at 37°C for several days (Fig. 2b). Using the
ReACT strategy, C-terminal methionine conjugates were 50%
hydrolyzed within 3 days, whereas conjugates using the BioRe-
ACT approach were 100% stable 10-days at 37°C. This is
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comparable to the most stable mutants seen from an extensive
methionine scan of the same Fab scaffold.’ These results
demonstrated that BioReACT is an efficient method to rapidly
and stably label proteins that contain the common Avi-Tag.
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Figure 2: Biotin is a reactive handle for stable bioconjugation
to proteins. a) Trastuzumab Fab was allowed to react with oxaziri-
dine 2 in PBS for 1 hour at RT. b) Whole protein mass spectrometry
was used to quantify labelling efficiency over time. Single labelling
represents a singly biotinylated Fab with one oxaziridine adduct,
while double labelling represents two oxaziridine adducts on a sin-
gly biotinylated Fab ¢) The singly labeled protein is 100% stable
after incubation in PBS at 37°C for 10 days, whereas a C-terminal
methionine oxaziridine conjugate is rapidly hydrolyzed.
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Figure 3. Biotinylated Fabs conjugated using BioReACT can be used to detect protein levels on cells and to form antibody drug
conjugates. a) (Top) DBCO-Cy5.5 was reacted with azide labelled Anti-PD-L1 Fab to produce a fluorescently labelled Fab. (Bottom) CyS5.5
conjugated Fab detected PD-L1 by flow cytometry on the surface of MDA-MB-231 cells. b) (Top) DBCO-Val-Cit-PABA-MMAF was
reacted with azide labelled trastuzumab Fab to form an antibody drug conjugate (ADC). (Bottom) The resulting ADC was incubated with
SKBR3 cells for 3 days after which a cell titer glow assay was used to confirm dose-dependent killing.

To evaluate practical applications of BioReACT we gener-
ated flow cytometry and antibody-drug conjugate reagents.
Flow cytometry is a method often used to evaluate protein lev-
els on the surface of cells'®. Most protocols involve multiple
incubation steps, with either a primary antibody or a fluoro-
phore-conjugated secondary antibody. We saw an opportunity
to reduce the number of required incubations and wash steps by
labelling biotinylated Fabs directly with a fluorescent dye in a
controlled and site-specific manner. We first labelled biotinyl-
ated Fabs with oxaziridine 2, and the resulting azide-containing
conjugate was allowed to react with a DBCO-Cy5.5 dye in a
strain-promoted azide-alkyne cycloaddition.'”? We labelled
Fabs that target three different cell surface proteins, Her2, PD-
L1, and CDCP1."*'? An anti-GFP Fab was fluorescently la-
belled as an isotype control. Each labelled Fab was able to de-
tect its corresponding antigen on known cell lines (SKBR3 cell
line for Her2 and MDA-MB-231 cells for PD-L1 and CDCP1,
Fig. 3a, S4, S5). We next applied BioReACT to antibody drug
conjugates (ADCs). Common methods to generate ADCs can
result in a wide range of drug-to-antibody ratios (DARs). We
anticipated BioReACT to give a well-defined DAR (assuming
minimal reactivity with native cysteines) due to the predefined
incorporation of a single biotin handle. We allowed azide-la-
belled trastuzumab Fab to react with DBCO-conjugated
monomethyl auristatin F (MMAF), a cell-impermeable analog
of MMAE.? The resulting ADC selectively killed SKBR3 cells
over 72 h more effectively than the warhead (MMAF) or the
Fab alone (Fig. 3b). These results demonstrate that BioReACT
is a useful tool for common applications that require protein—
small molecule conjugation.

Due to the methionine dependence, to date the ReACT
method has been constrained to labelling proteins. Biotinylation
is very common in biological research, and we sought to exploit
this to label other biomolecules. Oligonucleotide based thera-
peutics have gained traction as a way to modulate protein ex-
pression levels, and strategies for delivering these biomolecules
involve their attachment to delivery vehicles such as carbohy-
drate polymers or peptides.® These linkages often rely on bio-
conjugation strategies. We purchased a single stranded DNA
oligonucleotide modified with a biotin tag at the 5’ end and al-
lowed it to react with a 5-fold molar excess of oxaziridine 2 in
water at 23 °C for one hour (Fig. 4). Oxaziridine 2 was dis-
solved in methanol to prevent subsequent signal suppression
caused by either DMSO or DMF. MALDI-TOF Mass Spec-
trometry revealed highly efficient introduction of the azide han-
dle onto DNA. In a parallel experiment, we showed that non-
biotinylated DNA does not label. Since biotin—conjugated oli-
gonucleotides are cheap, stable, and readily available for pur-
chase through commercial suppliers, BioReACT provides a
rapid and practical method to generate stable small molecule—
oligonucleotide conjugates.

The ReACT method has provided a way to selectively label
methionine. Since methionine is rarely found on the surface of
proteins, ReACT relies on the introduction of the amino acid by
site-directed mutagenesis. Exhaustive screening is often re-
quired to find sites that readily react with oxaziridine reagents
and provide hydrolytically stable conjugates, two properties
that are critical for many bioconjugation applications. We have
expanded the utility of these reagents by demonstrating their
reactivity with biologically relevant and highly prevalent biotin.
Biotin is commonly incorporated on commercially available
surfaces, antibodies, proteins, oligonucleotides, and polymers
in modern biological research. Additionally, it can be readily
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incorporated into proteins by a genetically encoded Avi-tag or
by chemical conjugation. BioReACT works rapidly and effi-
ciently with biotinylated proteins and DNA without the need to
screen for a suitable site, and the resulting sulfimide is ex-
tremely stable to hydrolysis. While biotinylation is typically
considered a synthetic endpoint, BioReACT enables rapid mod-
ification and customization through chemical conjugation.
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Figure 4: Expanding the applications of ReACT to label bioti-
nylated DNA. (Top) Biotinylated DNA was exposed to 5 molar
equivalents of oxaziridine 2 for 1 hour at RT in water to form the
resulting sulfimide conjugate. (Bottom) MALDI-TOF Mass Spec-
trometry indicates efficient conjugation to biotinylated DNA (or-
ange trace) and no labeling in the absence of biotin (blue trace).
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