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Abstract

Electrochemistry has recently emerged as a powerful approach in small molecule synthesis owing
to numerous attractive features, including precise control over fundamental reaction parameters,
mild reaction conditions, and innate scalability. Even though these advantages also make it an
attractive strategy for chemoselective modification of complex biomolecules such as proteins, such
applications remain poorly developed. Here we report an electrochemically-promoted coupling
reaction between 5-hydroxytryptophan (SHTP) and simple aromatic amines—electrochemical
labeling of hydroxyindoles with chemoselectivity (¢CLIC) — that enables site-specific labeling of
full-length proteins under mild conditions. Using genetic code expansion technology, the SHTP
residue can be incorporated into predefined sites of a recombinant protein expressed in either
prokaryotic or eukaryotic hosts for subsequent eCLIC labeling. We used the eCLIC reaction to
site-specifically label various recombinant proteins, including a full-length human antibody.
Furthermore, we show that eCLIC is compatible with strain-promoted alkyne-azide and alkene-
tetrazine click reactions, enabling site-specific modification of proteins at two different sites with

distinct labels.



Introduction

Electrochemistry has long played an important role in preparative chemical processes, with
some early applications dating back to the 19™ century.? It offers many unique advantages,
including exquisite control over the fundamental parameters driving reaction outcome through
facile manipulation of electrode potential, mild reaction conditions, innate scalability, and the
ability to generate reactive intermediates in situ.>®* Although the adoption of electrochemical
approaches in synthetic organic chemistry was traditionally somewhat tepid, this field has
experienced a renaissance over the last few decades, spawning numerous innovative synthetic
methodologies that cleverly build on the unique strengths of electrochemistry.

The ability to chemoselectively modify proteins at predefined sites is a powerful technology
to understand and engineer protein function.”"!® It has facilitated countless applications from novel
strategies to probe complex biological questions, to the development of sophisticated diagnostics
and biotherapeutics. Strategies have been developed for modifying proteins at the termini, at
specific canonical amino acid side chains, as well as at the noncanonical amino acid (ncAA) side
chains that are co-translationally incorporated at specific sites.”?° However, there is continuing
demand for new protein labeling methods that are efficient, use readily accessible reagents, provide
excellent chemoselectivity, and are compatible with other well-established labeling strategies for
introducing multiple, different modifications onto proteins in a controlled manner.?!** Many of
the unique advantages of electrochemistry, such as its tunability and mild reaction conditions,
make it an attractive strategy for developing such chemoselective protein labeling methods.?
Indeed, recent reports have used electrochemistry to activate small-molecule labeling reagents —
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such as a phenothiazine radical,?® triazolinediones,?’ or luminols,?®*?° generated through anodic

oxidation — which label tyrosine residues on target proteins (Figure 1). Similarly, in situ generated



oxoammonium reagents have also been used to label tryptophan residues.>**! Electrochemical
strategies have also been employed to drive nitration*? or iodination®® of tyrosine residues on
proteins. Although these examples corroborate the enormous untapped potential of using
electrochemical strategies to develop protein labeling methods, two key limitations exist: targeting
canonical amino residues such as tyrosine and tryptophan intrinsically compromises the ability to
precisely define the site and stoichiometry of protein labeling. Furthermore, reactive
radical/electrophilic reagents generated through such strategies may show off-target reactivity,>**>
particularly in the context of proteins, where the reactivity of amino acid side chains can be
significantly enhanced by their microenvironment.

Here we report electrochemical labeling of hydroxyindoles with chemoselectivity (eCLIC)
(Figure 1), which enables selective labeling of recombinantly expressed proteins at predefined
sites. Unlike previous approaches described above that rely on electrochemically activating
exogenous pro-electrophilic reagents, which are limited by suboptimal control over the site and
stoichiometry of protein labeling, eCLIC uses a two-pronged approach to establish exquisite site-
control. First, the noncanonical amino acid (ncAA) 5-hydroxytryptophan (SHTP), which has a
significantly lower oxidation potential relative to canonical aromatic amino acids, is introduced
into a chosen site of the target protein through nonsense suppression using an engineered
tryptophanyl-tRNA synthetase (EcTrpRS)/tRNA pair that we recently developed.’® Next, the
electron-rich SHTP residue is selectively oxidized at the anode to generate an electrophilic
intermediate, which can be efficiently trapped using various aromatic amines to generate stable
conjugates. This ‘Umpolung’ approach’®’ to chemoselectively convert the SHTP residue into a
reactive electrophile enables its coupling with nucleophilic aromatic amines, which are inherently

unreactive toward proteins, making eCLIC highly chemoselective. The conditions for the eCLIC



reaction were optimized and used to site-specifically modify several different proteins, including
a full-length antibody, with good efficiency and selectivity. We also show that the eCLIC reaction
is mutually compatible with the strain-promoted azide-alkyne cycloaddition (SPAAC),*® as well
as the inverse-electron demand Diels-Alder (IEDDA) reaction between strained alkenes and
tetrazines,'!®* two of the most widely used bioorthogonal conjugation reactions. Furthermore, we
expressed a protein containing both a SHTP and an azide-ncAA residue at specific sites, and
demonstrated that eCLIC and SPAAC can be used sequentially to selectively label each side chain
with a distinct cargo to generate a homogeneous dual-labeled conjugate. The eCLIC reaction is
compatible with a broad range of aromatic amine substrates, and these reagents, as well as SHTP,
are readily accessible and inexpensive. These advantages establish eCLIC as an attractive method

for site-specific protein bioconjugation.

Results and discussion
Development, optimization, and scope of eCLIC

Genetic code expansion (GCE) technology enables site-specific incorporation of noncanonical
amino acids (ncAAs) using engineered aminoacyl-tRNA synthetase/tRNA pairs.**** This
technology provides an attractive way to precisely introduce a unique chemical functionality into
predefined sites of proteins, which can be subsequently activated using electrochemistry with high
chemoselectivity for conjugation with suitable bioorthogonal reaction partners. We have recently
engineered the E. coli tryptophanyl-tRNA synthetase (EcTrpRS)/tRNAET™ pair for the site-
specific incorporation of 5-hydroxytryptophan (SHTP) into proteins expressed in both E. coli and
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eukaryotic cells with excellent fidelity and efficiency. The electron-rich 5-

hydroxyindole functionality is otherwise stable, but under mild oxidative conditions, it is known



to readily undergo coupling with itself or other electron-rich aromatic compounds.**! We thought
that the ability to selectively trigger an electrochemical oxidation of the SHTP residue on a protein
may provide a plausible path for chemoselective protein labeling. To explore this possibility, we
analyzed the behavior of SHTP using cyclic voltammetry (CV) relative to other redox-active
aromatic amino acids such as tyrosine and tryptophan (Figure 2a). SHTP was found to be oxidized
at a significantly lower voltage than canonical aromatic amino acids, revealing room for its
selective oxidative modification.

Using our engineered EcTrpRS/tRNAECT™ pair, we incorporated a SHTP residue at the surface-
exposed 151 site of superfolder GFP (sfGFP), and used the resulting protein to explore if the
unique 5-hydroxyindole functionality could be chemoselectively modified using electrochemistry.
An otherwise identical wild-type sfGFP protein, with a tyrosine residue at the 151 site instead of
SHTP, was used as a control. We screened a variety of reaction conditions and potential coupling
partners using an IKA ElectraSyn 2.0 Microvial instrument to find that sfGFP-151-5SHTP forms
an adduct with N,N-dimethylaniline 1a, as observed by whole-protein mass-spectrometry (Figure
2b). Using graphite electrodes at a controlled potential (0.79 V), stirring 20 uM sfGFP-151-SHTP
and 10 mM N,N-dimethylaniline 1a in 100 mM phosphate buffer resulted in complete protein
modification within 30 minutes (Figure 2b). Treating the wild-type sfGFP protein under the same
condition resulted in no detectable protein labeling, highlighting the chemoselectivity of the eCLIC
reaction.

Next, we optimized the eCLIC reaction conditions in an attempt to reduce the concentration of
the aniline substrate needed for efficient conjugation. These optimizations were performed using
a synthetic dialkylaniline 1b (Figure 2¢; Supplementary Figure S1), which has a carboxylic acid

group that improves solubility in aqueous buffers and serves as an attachment handle for other



cargo. We were able to achieve near-complete labeling of 20 uM sfGFP-151-5HTP using only 1.5
mM of 1b, but an elevated electrode potential of 1V was necessary. Further reducing the
concentration of 1b under these conditions resulted in incomplete conversions, as well as protein
overoxidation (Figure 2c¢; Supplementary Figure S1). Even at this elevated potential, the
chemoselectivity of the eCLIC reaction was not compromised, as evidenced from the absence of
protein modification in corresponding control reactions with wild-type sfGFP. Further
optimization identified HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonicacid)®? buffer to
be beneficial for eCLIC; the use of 100 mM HEPES (pH 7) instead of phosphate buffer facilitated
near-complete protein labeling using only 0.5 mM 1b, and also suppressed protein overoxidation,
likely due to its known ability to scavenge reactive oxygen species.>® Finally, the inclusion of
TEMPO,** a known electron-transfer mediator, further improved the efficiency of the reaction,
enabling near-complete labeling of sSfGFP-151-5HTP using only 0.25 mM dialkylaniline 1b, at 0.7
V.

Using these reaction conditions, we were able to functionalize stGFP-151-5SHTP with several
other aromatic amines with diverse structures (Figure 3a; Supplementary Figure S2). Wild-type
sfGFP was not labeled by these reagents under the same eCLIC condition (Supplementary Figure
S3). We also synthesized anilines functionalized with additional cargo, such as a terminal alkyne,
a biotin, and a fluorophore, attached through a short PEG linker, and demonstrated their successful
conjugation to sfGFP-151-TAG using eCLIC (Figure 3a; Supplementary Figure S2). Most of
the structurally diverse anilines tested demonstrated efficient protein labeling without further
optimization of reaction conditions tailored to individual substrates. Not surprisingly, a labeling
reaction with phenothiazine, which is known to facilitate the labeling of tyrosine residues, led to

multiple labeling of both the wild-type and SHTP-mutant of sfGFP (Figure 3a; Supplementary



Figures S21, S3). In addition to sfGFP, we also site-specifically incorporated SHTP into
myoglobin (at site 99) and the SF7 nanobody (at site 69) that binds the HER2 receptor.> In each
case, we were able to efficiently modify the target protein using eCLIC (Figure 3b and 3c¢), while
the corresponding wild-type proteins lacking the SHTP residue showed no conversion under
identical reaction conditions (Supplementary Figure S4). These observations underscore the
generality of eCLIC for site-specific protein bioconjugation. Its compatibility with a wide range
of aromatic amine coupling partners — which are accessible and inexpensive — significantly
enhances the flexibility and utility of this bioconjugation strategy. It should be noted that prolonged
incubation in reaction buffer after eCLIC labeling may result in varying levels of non-specific
protein oxidation in some cases, observed as a +16 Da species during MS analyses. However,
promptly purifying the conjugate using buffer exchange largely eliminates the appearance of such
species.

The specificity of the eCLIC reaction toward the SHTP residue is evident by the fact that only
SHTP mutants of each protein underwent efficient modification, whereas the corresponding wild-
type proteins did not. To further confirm the site-specificity of the eCLIC reaction, we subjected
the conjugation product of sfGFP-151-5HTP and 1b to tryptic digestion followed by sensitive
HPLC-coupled MS-MS analysis, which confirmed that the 1b label was exclusively attached to
the SHTP residue (Supplementary Figure S5). We also demonstrated that Fmoc-protected free
amino acids tyrosine, cysteine, tryptophan, and histidine (the four redox-active natural amino
acids) do not react with aromatic amines such as p-toluidine under standard eCLIC conditions

(Supplementary Figure S6), further supporting the chemoselectivity of the eCLIC reaction.



Structure of the eCLIC product and mechanistic insights

MS analyses of the eCLIC labeling reactions show product masses that are consistent with the
attachment of the aromatic amine to the protein substrate and a concomitant loss of 2 Da, which is
indicative of an oxidative coupling reaction. To elucidate the structure of this conjugate, we
attempted to model the reaction using free SHTP and N,N-dimethylaniline 1a. However, this was
complicated by the high propensity of 5-hydroxyindoles to form complex oligomeric products
under mild oxidative conditions through homocoupling.***®° Subjecting a mixture of SHTP and
1a to eCLIC conditions led to complex product mixtures, even when the latter was used in large
excess. This is in stark contrast to the clean eCLIC labeling observed with SHTP-containing
proteins, which likely stems from a significantly reduced propensity of a protein-bound SHTP
residue to undergo homocoupling, due to the steric barriers imposed by neighboring protein
residues and slower macromolecular diffusion. Interestingly, we found that the presence of a bulky
protection group, such as tert-butyloxycarbonyl (Boc), on the amine functionality of SHTP
suppresses the homocoupling reaction, perhaps mimicking the behavior of a protein-associated
SHTP residue. Using the Boc-protected SHTP, we were able to significantly promote the
heterocoupling reaction with 1a under eCLIC conditions and isolate the coupling product with the
correct mass using HPLC (Supplementary Figure S7). A thorough structural characterization
using NMR, X-ray crystallography, and mass-spectrometry revealed a C-C coupled product where
SHTP and the N.N-dimethylaniline 1a are connected through the 4 positions of both aromatic rings
(Figure 4). We also structurally characterized the coupling product formed between Boc-protected
SHTP (18) and a primary aniline substrate 4. Intriguingly, the eCLIC product (20) in this case
resulted in a different connectivity, where the aromatic amine is attached to the 4 position of SHTP,

as confirmed by NMR analyses (Figure 4, Supplementary Figure S8).



CV of both N,N-dimethylaniline 1a and the primary aniline substrate 2 show a significantly
higher potential needed for their oxidation relative to SHTP (Figure 2a). Consequently, it is
reasonable to propose a mechanism where the reaction is initiated through anodic oxidation of
SHTP side chain to create a radical cation. The aromatic amines react with this electrophilic radical
either through a radical coupling or a nucleophilic attachment mechanism (Supplementary Figure
S9). A further single-electron oxidation of this intermediate is necessary to rearomatize the coupled
product and complete the reaction. We believe that this terminal electron transfer is facilitated by
dissolved oxygen or oxidized TEMPO. Indeed, no protein labeling was observed when eCLIC was
performed under oxygen-depleted condition and in the absence of TEMPO (Supplementary
Figure S10). Including TEMPO under oxygen depleted condition partially restored protein
labeling. These observations suggest that, unlike established electrochemical protein modification
strategies that activate a pro-electrophilic small-molecule labeling reagent, eCLIC proceeds

through direct chemoselective activation of the uniquely reactive SHTP residue on the protein.

Synthesis of functional protein conjugates using eCLIC

In recent decades, monoclonal antibodies have been exploited for countless applications, from
enabling reagents for biological discovery to powerful new biologics that offer novel therapeutic
modalities. Such applications frequently rely on the ability to functionalize the antibody with
additional entities. For example, antibodies labeled with fluorescent probes are widely used for
numerous assays both for biological research and disease diagnosis. Additionally, antibody-drug
conjugates (ADCs),'®°%7 where a toxic drug molecule is covalently attached to a monoclonal
antibody, provide a powerful strategy to deliver such payloads into target cells with high precision,
reducing both the effective therapeutic dose, as well as undesirable side-effects. Traditionally,
antibody modification has relied on functionalizing canonical nucleophilic side chains such as
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lysine or cysteine, but such strategies are limited by poor control over the site and stoichiometry
of antibody modification. Using the GCE technology, it has been possible to incorporate ncAAs
with bioconjugation handles into full-length antibodies, which allows subsequent attachment of
cargo with full site control.®*° Such site-specific labeling strategy provides significant advantage
for developing both antibody-based reagents and therapeutics.!>3%6%6! To explore the feasibility
of using eCLIC for modifying full-length antibodies, we recombinantly expressed anti-HER2
antibody Trastuzumab site-specifically incorporating SHTP at the 121 position of the heavy chain.
Expi293 suspension cells were transiently transfected with two plasmids, one encoding the mutant
heavy chain (HC-121-TGA) and the light chain of Trastuzumab, and the other a TGA-suppressing
EcTrpRS/tRNA pair selective for SHTP (Figure 5a), which produced Trastuzumab-HC-121-
SHTP with good yield (8 mg/L) after purification. In comparison, the same expression/purification
conditions yielded 12 mg/L wild-type Trastuzumab. Gratifyingly, we were able to homogeneously
label Trastuzumab-HC-121-SHTP with aniline probes 2 or 1b using eCLIC selectively on the
heavy chain (Figure 5¢). Next, we synthesized a primary aniline warhead coupled to a fluorescein
(13; Figure 5c¢) and conjugated it to Trastuzumab-HC-121-5HTP using the optimized eCLIC
condition. Fluorescence imaging following SDS-PAGE (Figure 5b) and mass-spectrometry
analyses (Figure 5c¢) confirmed selective and efficient labeling of the heavy chain with the
fluorophore, whereas the light chain and the corresponding wild-type antibody was not modified.
When this antibody-fluorophore conjugate was incubated with the SK-BR-3 cell line that
overexpresses the HER2 receptor, robust cell-binding was observed using fluorescence-activated
cell sorting (FACS) analyses, while the same conjugate failed to stain HEK293T cells that do not
overexpress this receptor (Figure 5d). Finally, we attached a primary aniline eCLIC handle to

monomethyl auristatin-F (MMAF), a highly cytotoxic tubulin inhibitor, and used eCLIC to
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conjugate this compound (21) to Trastuzumab-HC-121-5HTP. Successful production of this ADC
was confirmed by mass-spectrometry (Figure Sc¢), which demonstrated potent cytotoxicity toward
HER2-positive SK-BR-3 cells, but far lower toxicity toward HER2-negative MDA-MB-231 cells
(Figure Se). These observations confirm that eCLIC can be used to efficiently generate functional

conjugates of full-length antibodies for various applications.

eCLIC is compatible with other click reactions

We envisioned that the eCLIC labeling strategy would be mutually compatible with the two
other widely used bioorthogonal reactions: the strain-promoted azide-alkyne cycloaddition
(SPAAC),*® and the inverse-electron demand Diels-Alder (IEDDA) reaction between tetrazines
and strained alkenes.!®* To test this hypothesis, we expressed the sfGFP protein separately
incorporating three different ncAAs at the surface-exposed 151 site: SHTP, AzK, and CpK (Figure
6a). The pyrrolysyl pair was used to incorporate AzK and CpK in response to a UAG codon, as
described previously.? In each case, incorporation of the desired ncAA was confirmed by the MS
analysis, and each sftGFP mutant was separately subjected to three different labeling reactions
(Figure 6a): SPAAC (with BCN), [IEDDA (with tetrazine), and eCLIC (with 1b). We observed
modification of each ncAA residue only upon treatment with its cognate reaction partner,
confirming the mutual orthogonality of the three labeling reactions (Figure 6a). Next, we sought
to demonstrate that eCLIC and SPAAC can be used together to selectively label a protein at two
different sites. To this end, we generated an sftGFP protein incorporating SHTP and AzK at sites 3
and 151, respectively (Figure 6b).?? This was achieved by co-expressing the sfGFP-3-TGA-151-
TAG reporter in ATMW-BL21 E. coli** with a TGA-suppressing EcTrpRS/tRNA pair that charges
SHTP, and a TAG-suppressing pyrrolysyl pair that charges AzK. The resulting protein was
purified by immobilized metal-ion chromatography using a C-terminal polyhistidine tag, and was
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characterized by mass-spectrometry (Figure 6¢). This sftGFP double mutant was first labeled at
the SHTP residue through eCLIC using 1b, followed by SPAAC modification of the AzK side
chain with a cyclooctyne. MS analysis of these reactions confirmed efficient sequential labeling at
intended sites to yield the dual-labeled product (Figure 6c¢). These results confirm that eCLIC is
compatible with other established bioconjugation reactions and can be used together to facilitate

precise multi-site protein labeling.

Conclusions

In conclusion, here we show that electrochemistry can be used to efficiently modify proteins
at predefined sites using the unique reactivity of the SHTP residue that can be introduced into
proteins through the GCE technology. Previously reported electrochemical protein bioconjugation
strategies rely on activating exogenous electrophilic reagents that functionalize a canonical amino
acid residue, which intrinsically lack precise control over the site and stoichiometry of protein
labeling. In contrast, eCLIC proceeds through chemoselective anodic oxidation of the protein-
associated SHTP residue, followed by its efficient capture by a wide array of aromatic amines.
Notably, the reagents used in eCLIC are inexpensive and readily accessible. For example, SHTP
(<$20/g) is significantly less expensive relative to other commonly used ncAAs for bioconjugation
($250-$1000/g), whereas simple anilines such as 4-aminophenylacetic acid 2 (<$3/g) are orders of
magnitude cheaper than labeling agents such as cyclooctynes, and trans-cyclooctenes (>$1000/g).
Moreover, we recently showed that SHTP can also be biosynthetically generated in cells,®
obviating its exogenous supply altogether. A variety of aromatic amines can be used as coupling
partners in eCLIC, which enhances the utility of this bioconjugation strategy. Even though we

demonstrated this broad substrate scope with several different aromatic amines (Figure 3a), it is
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likely that the full scope of potential coupling partners is much larger, an aspect we are actively
exploring. The GCE technology has been used to express ncAA-containing relevant proteins, such

as full-length antibodies, in industrial scale (grams/L),%!:%3

providing an established path to express
conjugation-ready proteins for eCLIC labeling in large scale. Finally, the compatibility of eCLIC
with established bioconjugation strategies such as SPAAC and [IEDDA will enable its use for site-
specific labeling of proteins with distinct entities with precise site control. Work is currently in
progress to further improve the conjugation efficiencies of the eCLIC reaction, particularly for
aromatic amine equipped with larger cargo, which appear to require higher concentration to drive

full protein modification. We are also exploring additional factors such as the impact of electrode

surface properties on the efficiency of protein labeling.
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Figure 1. Electrochemical protein labeling strategies. a, Previous strategies rely on
electrochemical activation of exogenous pro-electrophilic reagents, which target canonical amino
acid residues such as tyrosine and tryptophan. b, In contrast, eCLIC directly oxidizes a site-
specifically incorporated SHTP residue (structure of the side chain shown in red), which then reacts

with aromatic amines to generate stable conjugates.
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Figure 2. Discovery and optimization of the eCLIC reaction. a, CV analysis shows SHTP is
oxidized at a significantly lower potential relative to other canonical aromatic amino acids such as
tyrosine and tryptophan, as well as the aromatic amine coupling partners used for eCLIC
conjugation. b, N,N-dimethylaniline 1a can be electrochemically attached to sfGFP-151-5HTP to
generate a single homogeneous conjugate, whereas the corresponding wild-type sfGFP protein
does not react under identical conditions. ¢, Optimization of eCLIC reaction (also see
Supplementary Figure S1) revealed beneficial effect of HEPES buffer and the inclusion of
TEMPO (*vs SHE; all others are ElectraSyn cell voltages).
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participate in the eCLIC reaction (also see Supplementary Figure S2). % conversion in brackets
under the following reaction conditions: 20 uM sfGFP-151-5SHTP + 1 mM substrate, 100 mM
HEPES (pH 7), 250 uM TEMPO, 0.7 V, 60 min). *Phenothiazine (11) was used at 0.5 mM. Except
for phenothiazine, which is known to react with tyrosine residues, none of the other substrates
labeled wild-type sfGFP lacking the SHTP residue (Supplementary Figure S3). Myoglobin-99-
SHTP (b) and anti-HER2 nanobody-69-SHTP (c¢) can also be efficiently labeled using the
optimized eCLIC condition. The corresponding wild-type proteins, lacking the SHTP residue,
show no labeling under identical conditions (Supplementary Figure S4).
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Figure 5. Functional conjugates of a full-length antibody using eCLIC. a, Using an engineered
EcTrpRS/ARNA pair, SHTP was site-specifically incorporated into the 121 site of the heavy chain
of Trastuzumab. b, Analysis of the eCLIC labeling reaction of wild-type Trastuzumab and
Trastuzumab-HC-121-5HTP with the fluorescent substrate 13 by SDS-PAGE followed by
fluorescence imaging revealed selective labeling of the SHTP-containing heavy chain. This
experiment was performed twice with similar results. ¢, Subjecting Trastuzumab-HC-121-5HTP
to eCLIC reaction using three different coupling partners (1b, 2, 13, 21) led to efficient labeling
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of the heavy chain in each case, while the light chain remained unmodified, as shown by MS
analysis (red: theoretical mass; black: observed mass).d, Incubating HER2-expressing SK-BR-3
cells with 13-labeled Trastuzumab (prepared by eCLIC) results in efficient cell staining, as shown
by FACS analysis, while it failed to stain the HER2-negative HEK293T cells. Gating strategy for
flow cytometry analysis is shown in Supplementary Figure S12. e, Trastuzumab-21 (antibody-
drug conjugate; ADC) conjugate generated through eCLIC shows potent and selective toxicity
toward HER2+ SK-BR-3 cells, but not HER2-negative MDA-MB-231 cells. Each experiment was
performed in biological triplicate with error bars representing +/- SEM.
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Figure 6. The eCLIC reaction is compatible with SPAAC and IEDDA. a, sfGFP reporters
harboring either SHTP, AzK, or CpK (the structure of each amino acid side chain is shown above
the panel) were separately subjected to eCLIC conditions (with 1b), BCN, or tetrazine, which
shows that each reagent selectively labels its cognate substrate, but not the others. b, A sfGFP
reporter harboring a SHTP at site 3 and an AzK at site 151 was expressed using engineered EcTrp
and pyrrolysyl tRNA-synthetase/tRNA pairs, respectively. Sequentially subjecting this protein to
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eCLIC (with 1b) and SPAAC (with BCN) resulted in efficient site-specific dual-labeling.
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Methods:
Cyclic Voltammogram Measurements

Experiments were carried out in a home-made glass three electrode cell containing a carbon rod
counter electrode (99.995% trace metals; Sigma Aldrich), a Ag/AgCl reference electrode (3 M
NaCl; Basi Inc.; West Lafayette, IN), and a glassy carbon working electrode (3.0 mM OD; Pine
Research; Durham, NC). Prior to each experiment, the glassy carbon electrode was polished for 5
minutes with a 1 uM polycrystalline diamond slurry (Ted Pella; Redding, CA). The electrode
potential was controlled with a Versastat 3 potentiostat (AMETEK; Berwyn, PA).

The CV experiments were carried out with 5 mL of electrolyte solution containing a pH 7 PBS
supporting electrolyte (20 mM phosphate; 150 mM sodium chloride) and 1 mM of the analyte.
The nominal turning potentials for the CV were -0.3 V and +1.7 V vs SHE with a scan rate of 100
mV/s.

The CV experiments with TEMPO and N-Boc-OMe-5HTP were carried out in 5 mL of electrolyte
solution containing a 1:1 mixture of pH 7 PBS supporting electrolyte (20 mM phosphate; 150 mM
sodium chloride) and acetonitrile. Mixed into the electrolyte was 250 uM of the analyte of interest.
The nominal turning potentials for the CVs were +0.2 V and +1.0 V vs SHE with a scan rate of 10
mV/s.

Various eCLIC bioconjugation reactions
General optimized condition for eCLIC

To a 1 mL ElectraSyn reaction vial was added 40 pL of 1 M HEPES, pH 7, 1 uL of 100 mM
TEMPO, 8 pL of 1 mM sfGFP-151-5HTP (20 uM final concentration), a sufficient volume of
substrate in DMSO for a 250 uM — 1000 uM final concentration, and molecular biology grade
water to a final volume of 400 pL. Reactions were run under “Constant Voltage” settings at 0.7 V
for 60 min at 250 uM — 1000 uM substrate (time and concentration may be optimized), using SK-
50 microelectrodes as both the anode and cathode with no reference electrode. Due to the low
current generated in the reaction, Vial Detection setting was turned off. The reaction mixture was
buffer-exchanged using a Bio-Spin® P-30 column (Bio-Rad 7326006) pre-equilibrated with PBS
to remove excess small-molecule substrate and HEPES buffer.

Reaction under oxygen-depleted conditions

Oxygen-free deionized water was prepared by sparging with nitrogen for 1 hour. The sparged
water, solid HEPES powder, concentrated 151-5SHTP-sfGFP stock (1.1 mM), 100 mM TEMPO in
DMSO, and 100 mM dialkylaniline carboxylate (1b) were transferred to a N> glovebox after 3
purge/refill cycles and left for 24 hours. The water was used to prepare fresh 1 M HEPES buffer,
pH 7. All components were mixed as in standard reaction conditions (20 uM 151-5HTP-sfGFP,
100 mM HEPES, 1 mM 1b) in the presence or absence of 250 pM TEMPO and sealed in an
Electrasyn 2.0 microvial. Reactions were carried out at 700 mV for 80 minutes and processed as
described above for mass spectrometry analysis outside of the glove box.
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Testing orthogonality of eCLIC, SPAAC, and IEDDA

sfGFP-151-5HTP, sfGFP-151-AzK, and sfGFP-151-CpK were each diluted to 20 pM in 100 mM
HEPES, pH 7 for all reactions. eCLIC was carried out on each protein with 250 uM dialkylaniline
carboxylate 1b and 250 uM TEMPO for 1 hour. Tetrazine cycloadditions were carried out with a
final concentration of 200 uM tetrazineamine,**®> and allowed to react for 3 h. Strain-promoted
azide-alkyne cycloadditions were carried out with a final concentration of 500 uM BCN-OH
(Sigma-Aldrich), and allowed to react for 3 h. All labeling reactions were buffer exchanged into
PBS by PD-10 spin columns and analyzed by ESI-MS.

Site-specific dual labelling of sfGFP-3-5HTP-151-AzK

A stock of sfGFP-3-5HTP-151-AzK was diluted to a 20 uM in 100 mM HEPES, pH 7, and reacted
with 1 mM 1b for 30 minutes at 1 V. The sample was buffer exchanged into PBS using a PD-10
spin column, then reacted with BCN-OH was added to a final concentration of 1 mM and was

allowed to incubate for 1 hour at room temperature. The protein was analyzed after both steps by
ESI-MS.

Antibody drug conjugate synthesis

121-5HTP-Trastuzumab was modified with aniline-MMAF (20) as described in the general
optimized condition for eCLIC using V2100 microelectrodes instead of SK-50. To remove any
remaining 20, the resulting antibody-drug conjugate was buffer exchanged with a Bio-Spin® P-
30 column followed by three rounds of concentration and dilution in PBS using an Amicon® Ultra
0.5mL filter (Millipore Sigma UFC501096).

Mass spectrometry analysis of purified proteins
Whole-protein MS analysis

Purified proteins and protein conjugates were analyzed on an Agilent 1260 Infinity ESI-TOF.
Samples were separated on a Phenomenex Aeris 3.6 pm Widepore XB-C8 (100 x 4.5 mm) using
a gradient from 5-99% buffer B in buffer A (buffer A: 95% water, 5% acetonitrile, 0.1% formic
acid; buffer B; 5% water, 95% acetonitrile, 0.1% formic acid), and analyzed in positive ion
mode. Total protein masses were calculated by deconvolution using MagTran (Amgen Inc.).
Theoretical masses of wild-type proteins were calculated on Benchling (Benchling.com), and
theoretical masses for ncAA-containing proteins or conjugates thereof were manually calculated.

Tryptic MS/MS analysis of 1b-modified 151-5HTP-sfGFP

Modified 151-5SHTP-sfGFP (100 ng) was precipitated by adding 100% trichloroacetic acid (TCA)
in PBS (100 png/100 pL). The solution was vortexed and then incubated at -80 °C overnight. After
thawing, the sample was centrifuged (15,000 x g, 10 minutes, 4 °C) and the supernatant was
removed. The protein pellet was washed with cold acetone (500 pL), resuspended by brief
sonication (4 pulses, 30% amp) and pelleted by centrifugation (5,000 x g, 10 minutes, 4 °C). The
acetone was removed and the protein pellet was allowed to air dry. The protein pellet was
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resuspended in 8 M Urea/PBS (30 uL) and then 100 mM ammonium bicarbonate (70 pL) was
added to a total volume of 100 uL. Reductive alkylation of cysteines was performed with 50 mM
TCEP (5 uL, 15 min, 65 °C) and 500 mM iodoacetamide (2.5 uL, 30 min, 25 °C). The sample was
then diluted in PBS (120 pL) and digested overnight at 37 °C following the addition of trypsin (4
puL of 20 pg diluted in trypsin resuspension buffer) and 100 mM CaCl; (2.5 puL). After quenching
with 10% formic acid, the trypsin-digested peptide sample was desalted using a SEP-Pak desalting
columns (Waters), dried by speed-vac, and resuspended in Buffer A (200 pL, 100% H>0, 0.1%
formic acid) for LC-MS/MS analysis.

LC-MS/MS analysis was performed on an Orbitrap Exploris 240 mass spectrometer running
Xcalibur v4.4 (Thermo Scientific) coupled to a Dionex Ultimate 3000 RSLCnano system. Samples
(5 pL) were injected directly onto a 4 cm Acclaim PepMap 100 C18 column and peptides were
eluted onto an Acclaim PepMap RSLC. Peptides were separated with a 1-hour gradient from 5%
to 25% of Buffer B (20% H>O, 80 % MeCN, 0.1% formic acid) in Buffer A (100% H>0, 0.1%
formic acid) at a flow rate of 0.3 uL/min. The spray voltage was set to 2.1 kV. One full MS1 scan
(120,000 resolution, 350-1800 m/z, RF lens 65%, AGC target 300%, automatic maximum
injection time, profile mode) was obtained every 2 secs with dynamic exclusion (repeat count 2,
duration 10 s), isotopic exclusion (assigned), and apex detection (30% desired apex window)
enabled. A variable number of MS2 scans (15,000 resolution, AGC 75%, maximum injection time
100 ms, centroid mode) were obtained between each MS1 scan based on the highest precursor
masses, filtered for monoisotopic peak determination, theoretical precursor isotopic envelope fit,
intensity (5E4), and charge state (2-6). MS2 analysis consisted of the isolation of precursor ions
(isolation window 2 m/z) followed by higher-energy collision dissociation (HCD) (collision
energy 30%). The tandem MS data was analyzed by the Thermo Proteome Discoverer V2.4
software package and searched using the SequestHT and Percolator algorithms against a
UniprotKB database of E. coli K12 proteome amended to include the sequence for 151-W-sfGFP.
Trypsin was specified as the protease with a maximum of 2 missed cleavages. Peptide precursor
mass tolerance was set to 10 ppm with a fragment mass tolerance of 0.02 Da. Oxidation of
tryptophan (+15.995), dialkylaniline (1b) labeling of oxidized tryptophan (+207.090), oxidation
of methionine (+15.995) as well as acetylation (+42.011) and/or methionine-loss (+131.040) of
the protein N-terminus were set as dynamic modifications. Cysteine alkylation (+57.021) was set
as a static modification. The false discovery rate (FDR) for peptide identification was set to 1%.
All mass-spectrometry data were collected as two technical replicates each from two independent
biological replicates.

Cell line sources

HEK293T (CRL-11268™) and SK-BR-3 (HTB-30™) cells were acquired from ATCC. MDA-
MB-231 (HTB-26™) cells were a gift from EW, originally sourced from ATCC. Expi293F™ cells
were acquired from Thermo Fisher (Catalog # A14527). ATMW-BL21 cells were prepared in-
house and reported previously.?

Protein expression and purification

Expression of sfGFP, myoglobin, and 5F7 nanobody in ATMW-BL21
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Expression and protein purification of sfGFP, myoglobin, and 5F7 nanobody were performed as
previously described, in the E. coli ATMW-BL21 strain.** All proteins were expressed from a
pET22b plasmid, driven by a IPTG-inducible T5-lac promoter. In brief, ATMW-BL21 cells were
co-transformed with the appropriate pET22b plasmid and a pEVOL-tacl EcTrpRS-h13 leuV*
suppressor plasmid. For wild-type protein expression, the cells were transformed with only the
appropriate pET22b plasmid. A single transformant was used to start a 5 mL overnight culture
containing the appropriate antibiotics (100 pg/mL ampicillin, 20 pg/mL chloramphenicol, 95
pg/mL spectinomycin, 15 pg/mL zeocin, and 10 pg/mL gentamycin), 0.5 mL of which was used
to inoculate a 50 mL LB culture (in a 250 mL sterile Erlenmeyer flask) supplemented with
antibiotics. Cultures were grown to an ODeoo of 0.5-0.6, followed by induction with a final
concentration of | mM IPTG and 1 mM SHTP. The cultures were expressed at 30 °C with shaking
at 250 rpm for 16 h. The cultures were pelleted at 5,000 x g for 10 minutes at 4 °C, and the
supernatant was removed. Cell pellets were resuspended in a ratio of 1 mL lysis buffer to 10 mL
expression culture volume. Lysis buffer: B-PER Bacterial Protein Extraction Reagent (Thermo
Scientific), 1X Halt Protease Inhibitor Cocktail (Thermo Scientific), 0.01% Pierce Universal
Nuclease (Thermo Scientific). Cells were nutated for 30 minutes at room temperature, then
clarified by centrifugation at 18,000 xg for 10 minutes at 4 °C. The sfGFP reporter proteins contain
a C-terminal polyhistidine tag and were purified using a HisPur Ni-NTA resin (Thermo Scientific)
following the manufacturer’s protocol. Protein purity was confirmed by SDS-PAGE analysis and
protein molecular mass was characterized using HPLC-coupled ESI-MS of intact proteins (Agilent
Technologies, 1260 Infinity ESI-TOF).

To express the sSfGFP-3TGA-151TAG reporter, ATMW-BL21 cells were co-transformed with a
pGTEV-3TGA-151TAG reporter plasmid®> and pEvoltac EcW.h14-MbPylRS TAG suppressor
plasmid encoding both EcTrp and the pyrrolysyl pairs.?? The sfGFP reporter was expressed and
analyzed as described above, except supplemented with | mM SHTP and 1 mM AzK upon 1 mM
IPTG induction, and a larger culture volume of 500 mL (grown and expressed in a 2 L sterile
Erlenmeyer flask) was used.

Expression of sSfGFP-151-CpK and sfGFP-151-AzK were performed as previously described.?
Trastuzumab expression in Expi293 suspension cells and mass spectrometry analysis:

Expi293 cells were grown and cultivated under standard conditions as recommended by the
supplier (ThermoFisher). Cells were grown in Expi293 medium supplemented with 0.5x
antibiotic-antimyotic (Thermo Fisher, 15240062) at 37 °C, 8% CO», in sterile plastic Erlenmeyer
flasks with ventilated caps, and shaken using a CO»-resistant orbital shaker at 125 rpm. Cultures
were maintained by seeding at a 0.3 million viable cells/mL, then expanding cultures every 4™ day
when they reached a density of 3-5 million viable cells/mL. Cell density and viability were
measured using the trypan blue exclusion method with a Bio-Rad TC20"" automated cell counter.

An adaptation of a previously reported PEI-based transfection method was used for antibody
expression.®® After reaching 3-5 million viable cells/mL at a minimum of 95% viability, cells were
fuged at 200 x g for 6 min and resuspended in fresh media to 20 million viable cells/mL. To the
concentrated cultures was added a 1:1 ratio of pCDNA3.1-HC-121-TGA-Trastuzumab and
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pAcBac-EcWRS-H14-1x-EcWtR(TGA) at a final DNA concentration of 25 ug/mL. A
concentrated stock solution of 40 kDa linear PEI (40 mg/mL) was added to a final concentration
of 50 pg/mL. Cells were incubated with shaking under standard expansion conditions for 3 hours,
then diluted to 3-4 million viable cells/mL, and sterile (0.22 um filtered) 100 mM stocks of SHTP
and valproic acid were added to 1 mM and 2 mM final concentrations, respectively.

After 7-12 days of expression, Expi293 supernatant was harvested by pelleting cells at 800 x g for
8 minutes, then passing the decanted media through a sterile filter (0.22 pm). The media was
adjusted to pH 5.4, 50 mM NaOAc using a 500 mM stock. After equilibrating 1 mL Pierce™
Protein G resin (Thermo Scientific, 20398) with 15 column volumes of wash buffer (pH 5.4, 50
mM NaOAc), the filtered media was passed through by gravity flow (300-600 mL). Protein G
resin was washed with a volume of 50 mM NaOAc, pH 5.4 equal to approximately half the volume
of added media (150-300 mL). Purified antibody was eluted by 16-20 stepwise additions of 1 mL
pH 2.7, 100 mM glycine, collecting each elution in tubes containing 120 uL pH 7.4 1 M sodium
phosphate for immediate neutralization. Eluted fractions were qualitatively tested for the presence
of protein by adding 10 pL elution fraction to 10 pL Bradford reagent (Thermo Scientific
1856209). Fractions containing protein were pooled and was concentrated to ~ 1-2 mg/mL final
protein concentration using Amicon® Ultra 15 (Millipore Sigma UFC901024) centrifugal filters.
Concentrated antibody was buffer-exchanged using a PD midiTrap G-25 column (GE Healthcare
28918008) pre-equilibrated with 20 column volumes of PBS. Protein concentration was
determined by absorption measurement using a NanoDrop 2000 spectrophotometer (Fisher
Scientific ND2000).

Protein purity and protein conjugation state was determined by HPLC-coupled ESI-MS of fully
reduced antibodies (Agilent Technologies, 1260 Infinity ESI-TOF). First, 20 ug antibody sample
was adjusted to 50 mM phosphate pH 7.0, 10 mM fresh TCEP, then heated to 55 °C for 10 minutes.
After cooling to 37 °C, antibody was incubated 1 pL Remove-iT® PNGase (New England Biolabs,
P0706S) for 60 minutes. To remove PNGase, digested antibody was incubated with 25 pL of
settled chitin resin (New England Biolabs, S6651L) on an orbital shaker for 15 minutes, then
carefully removed as supernatant after centrifuging at 15,000 x g for 1 minute. 250 — 500 ng of
protein was used for HPLC-coupled MS analysis as described above.

MTT Assay

SK-BR-3 or MDA-MB-231 cells were adjusted to 3*10° cells/mL in DMEM, high glucose,
supplemented with 10% FBS, then added in 100 pL aliquots to a 96 well plate. Cells were
incubated for 24 hours at 37 °C, 5 % COz in a humidified mammalian cell incubator. For antibody
drug conjugate toxicity testing, media was replaced with fresh DMEM media alone or containing
10 three-fold dilutions of 121-HC-5HTP-Traztusumab or 121-HC-5HTP-Traztusumab+MMAF.
After five days, media was replaced with fresh DMEM high glucose (without phenol red, Corning
99-663-CV) containing 0.5 mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) and incubated for 4 hours at 37 °C. The wells were gently washed once with PBS at
37 °C after removing media and then permeabilized with 200 pL. DMSO to reveal intracellular
formazan production. Absorbance was measured at 595 nm and viability was measured by
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interpolating between average absorbance values of the positive (no treatment) and negative (no
cells) control wells.

Flow cytometry

After reaching confluence, adherent cultures of SK-BR-3 and HEK293T cells were detached from
the plate surfaces using 0.25% trypsin (HyClone) for 2 minutes at 37 °C. Trypsin was quenched
with two volumes of ice-cold DMEM + 10% FBS, centrifuged at 2,000 xg for 5 minutes, then
resuspended in ice-cold PBS at 1-2 million cells/mL. Cells were treated with 10 nM Trastuzumab-
HC-121-5HTP-fluorescein-aniline (14) conjugate and gently rocked for 15 minutes at 4 °C. Cells
were washed once and resuspended in ice-cold PBS, then analyzed by flow cytometry on a BD
Accuri C6 Plus flow cytometer (BD Biosciences) using the FITC settings (excitation wavelength:
488 nm, standard filter: 533/30). 10,000 events were collected in BD Accuri C6 Plus. version
1.0.23.1, and data were processed using FlowJo, version 10.8.1. For gating, a plot of side scatter
area vs. forward scatter area was used to exclude cell debris and large cell clumps; a plot of forward
scatter height vs. forward scatter area was used to identify single cells and exclude doublets; FITC
fluorescence of all single cells was plotted.

Additional information

Supplementary information is available for this paper.

Data availability statement

Data supporting the findings of this study are available within the paper and its Supplementary
Information. Crystallographic data for the structure reported in this Article has been deposited at
the Cambridge Crystallographic Data Centre, under deposition number CCDC 2179454 (19).

Copies of the data can be obtained free of charge via https://www.ccdc.cam.ac.uk/structures
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