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Abstract

While covalent drug discovery is reemerging as an important route to small molecule therapeutic 

leads, strategies for the discovery and engineering of protein-based irreversible binding agents 

remain limited. Here, we describe the use of yeast display in combination with noncanonical 

amino acids (ncAAs) to identify irreversible variants of single-domain antibodies (sdAbs), also 

called VHHs and nanobodies, targeting botulinum neurotoxin light chain A (LC/A). Starting from 

a series of previously described, structurally characterized sdAbs, we evaluated the properties 

of antibodies substituted with reactive ncAAs capable of forming covalent bonds with nearby 

groups after UV irradiation (when using 4-azido-L-phenylalanine) or spontaneously (when using 

O-(2-bromoethyl)-L-tyrosine). Systematic evaluations in yeast display format of more than 40 

ncAA-substituted variants revealed numerous clones that retain binding function while gaining 

either UV-mediated or spontaneous crosslinking capabilities. Solution-based analyses indicate 

that ncAA-substituted clones exhibit site-dependent target specificity and crosslinking capabilities 
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uniquely conferred by ncAAs. Interestingly, not all ncAA substitution sites resulted in crosslinking 

events, and our data showed no apparent correlation between detected crosslinking levels and 

distances between sdAbs and LC/A residues. Our findings highlight the power of yeast display 

in combination with genetic code expansion in the discovery of binding agents that covalently 

engage their targets. This platform streamlines the discovery and characterization of antibodies 

with therapeutically relevant properties that cannot be accessed in the conventional genetic code.

2. Introduction

The establishment of antibodies as therapeutic agents has both promoted and benefited 

from modern biotechnology strategies that seek to improve antibody “drug-likeness” for 

pharmaceutical applications. Particularly, high-throughput display technologies have been 

used to engineer not only high potency and selectivity of antibodies and alternative binding 

scaffolds,1–5 but also other desirable physicochemical characteristics such as stability,6–8 

solubility,9 and even environmental responsiveness.10, 11

Although many properties can now be introduced or engineered into antibodies, the limited 

range of chemical functionalities in the genetic code still constrains the range of properties 

that are accessible. In particular, covalent target engagement is a property that is nearly 

impossible to access in antibodies. On the other hand, a growing number of small molecule 

drugs and drug leads possess chemical groups that facilitate the formation of covalent bonds 

with their respective biological targets. Covalent bond formation is useful for extended 

duration of action and sustained inhibition of target function and has even been shown to 

overcome acquired drug resistance.12–15 The systematic introduction of these functionalities 

into proteins provides opportunities for leveraging the exquisite specificities of antibodies 

while accessing reactivities beyond what is enabled by the amino acids contained within the 

conventional genetic code.

Primary strategies for generating covalent protein adducts involve the use of either 

photocrosslinkable or spontaneously crosslinkable functional groups. Upon irradiation with 

light, photoreactive groups form reactive species that covalently engage with nearby residues 

and can convert a noncovalent interaction into a covalent one. Photocrosslinking has 

proven useful for in vitro investigations and protein profiling,16–22 but its dependence on 

short-wavelength irradiation limits its use in therapeutics and other in vivo applications. 

Conversely, spontaneous crosslinking is mediated by proximity-enhanced reactivity to 

initiate covalent bond formation. This is an attractive strategy for therapeutics since it 

obviates the need for external stimuli to promote covalent target engagement.23–28

Two main approaches have been exploited to expand the chemical landscape of proteins 

with groups that can participate in covalent binding. The first one relies on the installation 

of chemical warheads by targeting designed cysteine residues,29, 30 while the other is 

based on the incorporation of reactive noncanonical amino acids (ncAAs) via genetic code 

expansion, which can react with the intended target via several functional groups found 

within canonical amino acids.23, 24, 26–28, 31 While each of these strategies has demonstrated 

the utility of engineering protein-based irreversible binding agents, they rely on solution-

phase measurements to discover and validate crosslinking events. Thus, introducing such 
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reactivity into antibodies has yet to benefit from platforms capable of high throughput 

campaigns that can streamline discovery, engineering, and characterization processes prior 

to performing more detailed in-solution characterizations of promising leads.

Here we describe the use of yeast display, coupled with high resolution binding site 

structural information, to identify and characterize protease-inhibiting camelid single 

domain antibodies (sdAbs) capable of covalently binding to botulinum neurotoxin light 

chain A1 (LC/A) via reactive ncAAs. LC/A is a zinc-dependent protease responsible for 

the paralytic effects of botulism from exposure to Botulinum neurotoxins (BoNTs) and has 

become an attractive target of small molecule-based irreversible inhibition strategies32–35 

to address its long-lasting effects in the neuronal cytosol. Furthermore, recent reports 

demonstrate the ability to deliver sdAbs to intoxicated neurons to treat botulism in animals 

using an atoxic BoNT delivery vehicle.36, 37

In this work, we used two ncAAs, 4-azido-L-phenylalanine (AzF) and O-(2-bromoethyl)-L-

tyrosine (OBeY) (Figure 1a), to introduce crosslinking functionality into sdAbs via light-

mediated and spontaneous crosslinking, respectively.16, 22–24, 27 Assays in yeast display 

format revealed numerous ncAA-substituted sdAb variants that retained binding function 

and led to the identification of photocrosslinkable and spontaneously crosslinkable variants 

exhibiting time-dependent crosslinking behaviors. Corroboration of key observations on 

the yeast surface with solution-phase experiments indicated that this display platform can 

be used to discriminate between reversible and irreversible covalent binding agents and 

to characterize their time-dependent behavior. Further experiments with purified sdAbs 

revealed that the reactive sdAbs retain their inhibitory properties against LC/A, and that 

ncAA substitution position can impact crosslinking selectivity in complex mixtures. Our 

findings not only underscore the utility of yeast display for the discovery of chemically 

augmented sdAbs, but also open up new opportunities to further engineer the selectivity and 

reactivity of these novel macromolecules using tools with high throughput capabilities.

3. Results and Discussion

3.1 Single-domain antibody mutant design and orthogonal translation system

To maximize the probability of identifying ncAA-substituted sdAbs that facilitate 

irreversible binding, we utilized a set of well-characterized, alpaca-derived sdAbs that target 

different epitopes of the light chain (LC) of botulinum neurotoxin serotype A1 (BoNT/A), 

and for which detailed structural binding data was available.38, 39 We reasoned that targeting 

different regions of LC/A with ncAA-substituted sdAbs would increase the likelihood of 

identifying sites conducive to covalent bond formation (Figure 1). Based on the available 

crystallographic data of sdAb-LC/A complexes,38, 39 we identified ncAA substitution sites 

in four sdAbs at positions likely to result in covalent interaction. Three of the chosen sdAbs, 

JPU-A5, JPU-C1, and JPU-C10, are potent inhibitors of LC/A protease activity (Figure 1b, 

c)38 and one LC/A-binding sdAb, ciA-H7, has no protease inhibition activity but prevents 

BoNT/A intoxication of neuronal cells (Figure 1b, c).39

Guided by these sdAb-LC/A complex structures, we identified substitution positions in 

sdAbs that we deemed likely to result in photocrosslinking to LC/A based on 1) our recent 
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developments in studying AzF-mediated photocrosslinking events on the yeast surface;22 

and 2) access to the AcFRS orthogonal translation system (OTS) to introduce this ncAA in 

response to the TAG codon in S. cerevisiae (Figure 1b, c).22, 40, 41. Given the expected high 

reactivity of photoactivated AzF, the selected mutations were determined by the proximity 

between the chosen sdAb residue and the closest LC/A contacts, independently of the type 

of residue on the LC/A surface. In addition, we chose several positions (JPU-A5 Q1; JPU-

C10 Q1, Q44 and Y111; ciA-H7 Q1) that lie further away from the sdAb-LC/A interface 

with future investigations of conjugation-mediated augmentation of sdAb properties in 

mind, but still evaluated the properties of the resulting clones in this work. In general, 

the mutations were localized to complementarity determining regions (CDRs). However, we 

also included several framework positions, particularly when substituting aromatic residues 

with the goal of minimizing structural disruptions but still presenting chemical functionality 

within proximity of the LC/A target.

Although our original intent was to identify positions amenable for photocrosslinked 

interactions, we recognized an opportunity to probe our mutant collection in the context of 

spontaneous crosslinking. Inspired by studies on the reactivity of electrophilic ncAAs,23, 24 

we utilized OBeY due to its structural similarity to other encodable ncAAs in yeast and 

its commercial availability. Given the known polyspecificity of AcFRS,40 we evaluated the 

incorporation of OBeY with this synthetase by using a dual fluorescent reporter.42 The 

results indicated that AcFRS supports moderately efficient OBeY incorporation in response 

to the TAG codon (Figure S1). With our designed mutants in hand and a suitable OTS to 

incorporate our chosen ncAAs, we proceeded to experimentally prepare these constructs in 

display format and evaluate their performance in binding to the target LC/A protease.

3.2 Display and binding validation

To streamline our investigations of ncAA-substituted sdAbs, we prepared all variants in 

yeast display format to evaluate binding and crosslinking properties. We cloned each wild 

type (WT) gene into the pCTCON2 vector43 encoding for the sdAb antibody tethered to 

the C-terminus of the Aga2p protein. We chose this particular display orientation due to 

the important protein contacts that occur between LC/A and the CDR3 loops of the sdAbs, 

which are located near the C-termini of the sdAbs. It is possible that displaying sdAbs 

as N-terminal fusions to Aga2p would position CDR3 loops close enough to Aga2p to 

interfere with LC/A binding. During secretion, Aga2p gets covalently linked to the Aga1p 

protein and transferred to the yeast surface, resulting in display of the sdAb. The sdAb 

is flanked by HA and cMyc tags at the N and C terminus, respectively, allowing for 

detection of the full-length sdAb by labeling for the cMyc tag with fluorescently labeled 

reagents (Figure 1d). The mutant plasmids were constructed by introducing TAG codons 

at the selected positions using typical Gibson assembly procedures (see also Materials 

and Methods). S. cerevisiae RJY10044 was transformed with the corresponding pCTCON2 

plasmid and pRS315_KanRMod_AcFRS,22, 40, 41 which encodes for the AcFRS tRNA 

aminoacyl synthetase and the corresponding orthogonal tRNACUA for incorporation of 

ncAAs in response to the TAG codon.
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We evaluated the display of the sdAbs and their ability to bind to LC/A after induction in 

the absence of ncAA or in the presence of 1 mM AzF or OBeY. After incubation of induced 

cells with LC/A and removal of excess protease the cells were treated with reagents to detect 

the C-terminal cMyc tag of the sdAb and the C-terminal Strep-tag of LC/A. Flow cytometry 

analysis showed a dependence of cMyc signal on the presence of ncAA during induction 

for the TAG mutants, but not for the WT constructs, confirming the expected behavior 

stemming from truncation due to the lack of ncAA (and thus lack of stop codon suppression; 

Figures 2a, b, S2–S4). We detected binding to LC/A for nearly all variants containing AzF 

or OBeY, while no LC/A binding was observed in samples induced in the absence of ncAAs. 

LC/A was not detected in any of our non-binding protein controls, either (scFvs FAPB2.3.6 

WT and L1TAG—where L1 represents position 1 of the light chain40, 42). These results 

indicate that only the display of full-length sdAbs results in binding to LC/A, and that ncAA 

incorporation at these sites does not abolish interactions between the proteins.

To further characterize the effect of the ncAAs on binding, we selected two sdAbs for 

quantitative examination of binding affinity via titration of LC/A to a fixed concentration 

of sdAb displayed on yeast cells.43 We limited this analysis to AzF-containing clones, as 

spontaneous crosslinking from OBeY would not be expected to follow the standard behavior 

of reversible binding events and prevent determination of affinity constants. We chose JPU-

A5 N54AzF and JPU-C1 L101AzF as they showed promising photoreactivity in our initial 

screening (see Photocrosslinking section below), as well as their parent WT counterparts 

for comparison. Titrations were carried out with a fixed concentration of induced cells and 

varying concentrations of LC/A, with unbound LC/A removed before fluorescent labeling 

for flow cytometry. The apparent dissociation constant (Kd, app) values were then estimated 

by fitting to a one-site binding model as shown in Figure 2c (see Materials and Methods for 

details). The resulting Kd, app values of AzF mutants were comparable to the Kd, app values 

of the corresponding WT sdAbs, providing further evidence that ncAA incorporation does 

not significantly impair binding to the target.

Taken as a whole, the observed LC/A binding retention indicates that numerous ncAA 

substitutions in this series of sdAbs are well-tolerated. Particularly, in the case of the JPU-

A5 N54AzF and JPU-C1 L101AzF mutants, the substitutions do not appear to alter apparent 

binding affinities under the conditions used here. Both the streamlined investigation of more 

than 40 distinct variants on the yeast surface and the tolerances for ncAA substitutions 

observed here indicate the feasibility of preparing and characterizing large collections of 

ncAA-expanded proteins in yeast display format. Having confidence that our series of 

ncAA-substituted variants retain binding toward LC/A, we moved on to using our platform 

to identify sdAb candidates capable of crosslinking to LC/A either after UV exposure (in the 

case of AzF) or spontaneously (in the case of OBeY).

3.3 Photocrosslinking with AzF

AzF has been used extensively for its reactivity upon exposure to UV light and 

has been particularly useful to explore the molecular underpinnings of protein-protein 

interactions.16, 18–21, 45, 46 Our group has recently shown that photocrosslinking between 

scFvs incorporating AzF and their binding partners can be studied on the yeast surface.22 
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Thus, we analyzed our collection of AzF-containing sdAbs to find positions that would 

result in covalent crosslinking events with LC/A.

We reasoned that subjecting noncovalent LC/A-sdAb complexes on the yeast surface to 

stringent denaturation conditions would result in dissociation of the LC/A, while covalent 

complexes would remain detectable via flow cytometry. To achieve this, yeast cells 

displaying AzF-substituted sdAbs were incubated with LC/A, irradiated with 365 nm UV 

light, washed to remove unbound LC/A, and incubated under denaturing conditions (8 M 

urea, 200 mM EDTA, 20 mM Tris, pH 8.0) before labeling and analysis via flow cytometry 

(Figure 3a; see Materials and Methods for details). Fluorescence levels corresponding to 

LC/A detection after this process for all variants evaluated in this study are depicted in 

Figure 3b. As expected, yeast displaying WT constructs exhibited background levels of 

fluorescence after treatment with denaturant (Figure S6). Additionally, control non-binding 

proteins M0076 and DX-2802 (scFvs, both WT and L1AzF–where L1 represents position 

1 of the light chain),47, 48 also exhibited background levels of fluorescence following 

crosslinking and denaturation, indicating that the presence of AzF in proteins displayed 

on the yeast surface is not sufficient to retain LC/A after denaturation. In contrast, many 

AzF-substituted mutants showed elevated LC/A detection levels, strongly suggesting the 

occurrence of crosslinking events. While it is tempting to assume that LC/A detection levels 

after crosslinking are an indicator of crosslinking efficiency, construct-specific changes in 

affinity and display levels upon AzF substitution make this a potentially risky assumption. 

Based on previous structural studies49 that show a relationship between C–C distances, we 

investigated whether Cα–Cα distance was a predictor of observed crosslinking activity. 

Plotting putative crosslinking level versus Cα-Cα distance between the mutated amino 

acid and its nearest LC/A residue revealed no distinct correlation between detected LC/A 

levels and the distances (Figure S8). Given the possibility of a reactive electrophile species 

deriving from photoactivation of AzF,18, 50 we also compared the apparent crosslinking 

levels against the Cα-Cα distance to the nearest LC/A nucleophile, resulting in a similar 

plot without a clear correlation between the two variables (Figure S8a). Interestingly, even 

positions that appear to be distant from the sdAb-LC/A interface (JPU-A5 Q1; JPU-C10 Q1 

and Q44; ciA-H7 Q1) showed some degree of apparent photocrosslinking. It is possible that 

dynamic protein motions could lead to successful crosslinking, or that LC/A multimerization 

or aggregation brings other LC/A molecules within proximity of distal portions of the 

sdAbs. However, we also determined that crosslinking assays conducted using a low-power 

handheld UV lamp (Figures S9, S10) did not show detectable levels of crosslinking at 

these locations; this suggests that photocrosslinking at the most distant sites from the target 

occurs with only low frequencies. In any case, distance between residues located on the two 

proteins alone seems to be a poor predictor of target crosslinking.

To better characterize putatively crosslinkable sdAb variants, we studied the time-dependent 

behavior of two promising candidates: JPU-A5 N54AzF and JPU-C1 L101AzF. JPU-A5 

N54AzF was chosen due to its apparently high target crosslinking levels (Figure 3b). While 

the JPU-C1 L101AzF clone exhibits lower crosslinking levels than those of some other 

variants in the data shown in Figure 3b, high crosslinking levels in a preliminary study 

with a handheld lamp prompted us to choose this particular mutant for further investigation 

(Figures S9, S10). To conduct time course experiments, displayed sdAbs were treated 
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with LC/A in the dark and irradiated for times between 0 and 5 minutes, with aliquots 

taken at several time intervals (Figures 3c, d, S11). The binding control experiments, 

i.e. without the denaturation step, confirm the ability of the displayed clones to bind to 

the LC/A. Furthermore, no LC/A was detected in non-irradiated samples (0 time) after 

denaturation, indicating that reactivity is dependent on irradiation. The signal corresponding 

to LC/A increased in an irradiation time-dependent fashion for the AzF-containing clones 

but remained low for the WT constructs (Figure 3d, S11). Taken together, these results 

provide strong evidence that AzF is required to retain LC/A on the yeast surface, which 

we attribute to a covalent interaction formed between the sdAb and the LC/A. Interestingly, 

the detected MFI levels of LC/A (Figure 3d) stabilize after 3 minutes of irradiation without 

reaching the same levels of the binding control (Figure S12), suggesting that not all binding 

events result in covalent interactions. This could be attributable to the fast decay of the 

nitrene intermediate species into a less reactive electrophile,18 resulting in decreased the 

yield of crosslinked adducts.22, 50–52

Overall, these studies demonstrate the extended range of photocrosslinking assays that can 

be conducted on the yeast surface. Conducting harsh denaturation steps and time courses in 

display format make it feasible to conduct early-stage mutant characterizations without the 

need to conduct solution-phase assays. With these proof-of-concepts in hand, we sought to 

extend these capabilities to the discovery of spontaneously crosslinkable sdAb variants on 

the yeast surface.

3.4 Spontaneous crosslinking with OBeY

While photocrosslinking has been a powerful tool for studying interactions in vitro, 

functional groups that require activation with short wavelengths of light are not necessarily 

amenable to in vivo applications. With this in mind, we investigated whether any of 

our mutants, albeit primarily designed for photocrosslinking with AzF, could support 

spontaneous crosslinking with OBeY. The latter ncAA contains an electrophilic bromoethyl 

chain that has been used for targeting nearby nucleophilic residues, particularly the thiol side 

chain of cysteine.24, 53, 54

We used a scheme similar to the one described for photocrosslinking studies to screen 

for OBeY mutants capable of forming covalent adducts on the yeast surface (Figure 4a). 

The crosslinking was promoted by incubating displaying cells with LC/A for 24 h at 37 

°C. Excess LC/A was then removed by washing, and cells were subjected to denaturing 

conditions to remove noncovalently bound LC/A. Figure 4b shows LC/A fluorescence 

detection levels after flow cytometry analysis. Installing OBeY at the same positions used 

for AzF mutants, substitution sites that appeared to facilitate spontaneous crosslinking 

with OBeY (Figure 4b; based on LC/A levels above those of their corresponding WT 

versions) were different than those found with AzF mutants (Figure 3b). Specifically, JPU-

A5 Y101OBeY, JPU-C1 Y32OBeY, and JPU-C1 M104OBeY mutants appeared to promote 

spontaneous crosslinking.

As in the case of photocrosslinking, the results did not show any clear correlation between 

crosslinking and Cα–Cα distance between the mutated residue and the most proximal Cα 
in LC/A (Figure S8b). A similar analysis involving the nearest LC/A nucleophile revealed 
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that that crosslinking only occurred with Cα–Cα distances between 8–10 Å, although not 

all mutants with a nucleophilic residue at this distance showed evidence of spontaneous 

crosslinking (Figure S8b). Since alkyl halides have been shown to react with diverse 

nucleophiles present in proteins55, 56, we also systematically examined the Cα distances 

to each type of reactive nucleophile in LC/A (Figure S8c). No discernible correlation 

was observed between crosslinking and distance for most nucleophiles. However, the plots 

corresponding to the nearest LC/A Cys or His residue show that higher levels of LC/A 

detection may be related to proximity to these residues, hinting at the possible identity of 

the reactive site in LC/A. While these trends indicate that distance to these nucleophiles is 

an important factor to consider in the positioning of reactive ncAAs, not all substitutions 

that satisfy this distance requirement resulted in detectable LC/A levels, indicating that other 

factors must come into play to achieve spontaneous covalent engagement.

To corroborate these findings, we monitored retention of LC/A on the yeast surface after 

incubation with the target for different time intervals followed by denaturation. To account 

for the possibility that new noncovalent interactions arising from OBeY substitution led 

to enhanced binding (or hinder denaturation and dissociation from the yeast surface), we 

included sdAbs incorporating the alkyne-containing ncAA O-propargyltyrosine (OPG) in 

place of OBeY as controls. OPG structurally resembles OBeY while lacking the reactive 

electrophilic center; it can also be incorporated into proteins in yeast using the AcFRS 

OTS.40

Figure 4c depicts flow cytometry dot plots of yeast display samples analyzed after 

incubation for 1 and 24 h followed by removal of noncovalently bound LC/A. These plots 

qualitatively indicate that OBeY-containing proteins retain substantial binding to LC/A after 

denaturation. In contrast, the WT and OPG-containing constructs show binding to LC/A but 

reduced or no retention after denaturation, suggesting that the reactive 2-bromoethyl chain of 

OBeY is necessary to retain binding following denaturation.

Quantitative evaluations of LC/A detection levels following a range of incubation times and 

standard denaturation (Figure 4d) indicate a clear time dependence of the amount of LC/A 

retained on the yeast surface, with detectable increases in LC/A levels observed within the 

first several hours with OBeY-substituted clones. Only after times of 6 h or longer do we 

begin to detect LC/A in some control samples. The comparatively short time scales over 

which LC/A levels rise in OBeY-substituted samples and relatively low background levels 

of LC/A detected for controls under similar conditions are consistent with the notion of 

spontaneous covalent interaction formation mediated by OBeY.

After long incubation times, yeast displaying JPU-A5 WT or JPU-C1 M104OPG-containing 

clones exhibit low but detectable levels of LC/A. While we are unsure of the exact 

mechanism that leads to this phenomenon, it is possible that long-term incubation of LC/A 

in the presence of yeast leads to aggregation or other conformationally altered states that 

are difficult to remove with denaturation procedures. Additionally, recent reports show that 

terminal alkynes, such as the one present in OPG, can engage in covalent interactions with 

cysteines via proximity-enhanced reactivity.57, 58 Given the proximity between position 104 
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in the JPU-C1 sdAb to LC/A Cys165, this could account for some of the LC/A retention in 

the case of M104OPG.

These results further highlight the robustness of yeast display as a platform for the 

discovery of covalent antibodies, here promoted by proximity-enhanced crosslinking. Thus, 

our yeast display platform supports systematic evaluations that support the identification of 

multiple types of putative covalent interactions prior to the production of promising soluble 

candidates for solution-phase characterization.

3.5 In-solution crosslinking characterizations

Given our success in identifying covalent antibodies on the yeast surface, we sought to 

corroborate our findings in soluble form. We cloned sdAb genes and TAG-containing 

variants into a modified version of pRS314 that serves as a secretion vector and incorporates 

C-terminal hexahistidine and cMyc tags into the encoded constructs.59, 60 Here, we focused 

our characterizations on the L101AzF, Y32OBeY, and M104OBeY derivatives of JPU-

C1, which could be expressed at levels sufficient to facilitate solution-phase assays. The 

purities and concentrations of all soluble sdAbs were evaluated using SDS-PAGE analysis. 

In addition to the functional data presented in the studies below, characterizations via 

bioorthogonal chemistry and MALDI-TOF mass spectrometry61–63 provided direct evidence 

for ncAA incorporation in the L101AzF and Y32OBeY clones, respectively (see Materials 

and Methods and Figure S16 for details).

Following expression and purification of all derivatives, we sought to determine the 

crosslinking properties of the soluble sdAb variants. Photocrosslinking was attempted by 

incubating either the WT or L101AzF sdAbs in the presence of LC/A followed by UV 

irradiation of the samples in a photoreactor for 2 min. Spontaneous crosslinking was 

attempted by incubating WT, Y32OBeY, or M104OBeY with LC/A at 37 °C for 24 h. 

Analysis was carried out via SDS-PAGE, as the denaturing conditions disrupt noncovalent 

interactions between the sdAb and the LC/A, and covalent adducts are detected as a new 

band with increased molecular weight.

Figures 5a and 5b show the gel images resulting from photocrosslinking and spontaneous 

crosslinking experiments, respectively (see Figure S17 and S18 for complete gel and blot 

images). In both sets of experiments, when LC/A was incubated with WT sdAb only 

the bands corresponding to each separate protein were visible after Coomassie staining. 

However, when LC/A was incubated with ncAA-containing sdAbs in their corresponding 

conditions (irradiation for 2 min or 24 h incubation), we detected an additional band of a 

molecular weight consistent with the expected size of the LC/A-sdAb adduct. Densitometric 

analysis revealed that the band intensities for the crosslinked adducts were 38.1 ± 2.9% 

(L101AzF), 35.5 ± 4.4% (Y32OBeY) and 38.1 ± 5.7% (M104OBeY) when compared 

to the non-reconstituted LC/A control. These values represent an upper-limit estimate of 

the crosslinking yield under the experimental conditions used here, as LC/A degradation, 

differences in staining of different molecular weight proteins, and signal saturation limit the 

accuracy of this calculation.
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In order to confirm the composition of the presumptive adducts, we took advantage of the 

C-terminal tags present in LC/A (Strep-tag) and the sdAbs (cMyc). Using western blots with 

the two different detection antibodies, we observed that this high-molecular weight band 

was observed when probing for both tags, validating its identity (Figures 5a, b, S17, S18). 

Additionally, the western blot for the cMyc epitope revealed bands at approximately 50 

kDa when LC/A was incubated with the OBeY-containing sdAbs. The sizes of these bands 

are consistent with a crosslinked adduct between the sdAb and a previously reported ~35 

kDa N-terminal degradation product of LC/A.64, 65 This observation further corroborates 

the reactivity between the LC/A and sdAbs, while also providing evidence regarding the 

crosslinking position on the LC/A. Since the ~35 kDa corresponds to the 250-residue, 

N-terminal portion of the protease,64, 65 we infer that crosslinking occurs between the 

sdAb and amino acid(s) in the range of residues 1–249 of LC/A. This in line with the 

crystallographic data, which shows that interactions between WT JPU C1 and LC/A occur 

within this domain.38

With convincing evidence for crosslinking interactions in solution, we next sought to 

evaluate covalent adduct formation as a function of time. SDS-PAGE analysis facilitated 

characterization of the formation of the photocrosslinked LC/A-sdAb adduct for varying 

irradiation times. The results in Figures 5c, d indicate that the intensity of the band 

corresponding to the LC/A-JPU-C1 L101AzF complex increased until reaching a maximum 

after 3 minutes of irradiation, consistent with the observed increase in covalently bound 

LC/A detected on the yeast surface (see Figure S19 for full image).

We conducted similar experiments with JPU-C1 M104OBeY by following adduct formation 

over time as well as at different pH values (Figure S20). Interestingly, the intensity of the 

crosslinked adduct increased over the first 12 h of incubation in buffer at pH 7.1, while 

increasing for only the first 8 h in buffers at pH values of 8.0 or 9.0 and yielding lower final 

quantities of adducts. This is surprising given that the bromoethyl functionality typically 

reacts with nucleophilic thiols or amines, and thus reactivity is expected to increase at 

high pH values. Alternatively, the distance analysis (Figure S8c) revealed the possibility of 

crosslinking to His residues, which may not show noticeable increases in nucleophilicity at 

the studied pH values. Furthermore, we also observed that LC/A autolysis was impaired at 

higher pH values (Figure S20a). Hence, decreased crosslinking at higher pH values may be 

attributable to structural changes in LC/A that hinder sdAb binding and thus interfere with 

covalent engagement.

The soluble characterizations performed here confirm the crosslinking capabilities of several 

sdAb variants initially identified on the yeast surface and indicate that crosslinking time 

scales are similar on yeast and in solution. These findings further validate the use of the 

yeast display format to conduct initial experiments prior to moving to solution-based assays.

3.6 Inhibitory properties of sdAbs

To better understand the properties of the soluble ncAA-sdAbs, we evaluated the 

inhibitory and selectivity properties of the clones. First, during the spontaneous crosslinking 

experiments performed in Figure 5b, we observed qualitative evidence suggesting that sdAb 

variants were preventing LC/A autoproteolysis. In the absence of sdAbs, the band intensity 
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corresponding to active LC/A decreased following prolonged incubations, and new bands 

appeared: one slightly below the intact LC/A, the next one at ~35 kDa, and two near 

the 25 kDa marker (Figure 5b). This pattern is consistent with previous reports evaluating 

the autoproteolysis of LC/A.64, 65 Interestingly, when LC/A was incubated in the presence 

of WT or OBeY JPU-C1 sdAb variants, the band intensity corresponding to intact LC/A 

remained similar to the band intensity in non-reconstituted LC/A, while intensities of bands 

at sizes corresponding to degradation products were less evident. This strongly suggests 

that both WT and OBeY-containing sdAbs are capable of inhibiting the autoproteolytic 

activity of LC/A, implying that OBeY substitution does not overtly disrupt the demonstrated 

inhibitory properties of WT JPU-C1.38

To quantitatively characterize the inhibitory properties of all three ncAA-sdAb variants 

considered here, we used a commercial FRET-based LC/A substrate to monitor enzymatic 

activity over time. By monitoring changes in reporter fluorescence over time in mixtures 

of a fixed LC/A concentration and varying sdAb amounts, we were able to determine the 

initial rates of reaction. The rate in the presence of varying concentrations of inhibitors can 

then be correlated to the fractional LC/A activity by normalizing by the rate of enzyme in 

the absence of sdAb. Fitting these data to a dose-response model allowed us to estimate 

the IC50 values for each sdAb (Figure 6, S21). The results indicate that the sdAbs retain 

their inhibitory capabilities when incorporating these ncAAs, although JPU-C1 Y32OBeY 

shows a ~5-fold decrease in inhibitory potency when compared to WT JPU-C1. The residue 

at position 32 is tyrosine in each of JPU-A5, JPU-C1, and JPU-C10, which may indicate 

that Y32 is a preferred amino acid at this sdAb position. Substitutions at this position 

could affect antibody stability and thus binding affinity to LC/A, resulting in the decreased 

inhibitory potency of JPU-C1 Y32OBeY. On the other hand, positions L101 and M104 

are located within the highly variable CDR3 loop and are therefore more likely to tolerate 

ncAA substitutions without loss of binding affinity or inhibitory potency. We also made 

numerous attempts to characterize the effect of crosslinking on inhibition using this assay. 

However, both the fast autoproteolysis of LC/A and its photodegradation when irradiated 

in the absence of sdAb prevented us from quantifying the effects of crosslinking events 

on enzymatic activity in solution. Nonetheless, in-solution inhibition assays confirmed that 

ncAA-substituted variants of JPU-C1 retain inhibitory properties.

3.7 Selectivity of ncAA-containing sdAbs

Having evaluated the behavior of our chemically reactive sdAbs under “ideal” biochemical 

conditions, we investigated their selectivity when used to bind LC/A in complex mixtures 

to determine whether the introduction of crosslinkable groups leads to detectable levels of 

off-target interactions. Here, we used mammalian cell lysates to present a range of potential 

intracellular off targets, as any potential BoNT protease inhibitor would need to exhibit 

selectivity in the neuronal cytosol to prevent off-target crosslinking, thus reducing efficacy 

and possibly causing harm. Starting with the photocrosslinkable JPU-C1 L101AzF sdAb, 

we performed photocrosslinking experiments with varying concentrations of sdAb in the 

presence of HepG2 cell lysate spiked with a fixed concentration of LC/A. The solutions 

were then transferred to nitrocellulose membranes and probed for the cMyc tag present in 

the sdAb.
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Figure 7a shows the resulting blots before and after irradiating the samples for 30 s. A 

band near 37 kDa appears with similar intensity in all lysate-containing samples, which 

we attribute to a lysate protein that cross-reacts with our cMyc detection antibody (this 

also serves as an internal standard for evaluating sdAb selectivity). The appearance of the 

band corresponding to the LC/A-sdAb adduct (Figure S24a) is dependent on concentration 

and requires sample irradiation. This provides a strong indication that the presence of 

lysate does not prevent crosslinking between the intended binding partners. Furthermore, the 

expected crosslinked adduct represents the major new band formed following irradiation. In 

the presence of LC/A, the appearance of additional bands remains at close to undetectable 

levels, while in the absence of LC/A, new bands only appear at very high concentrations of 

sdAb after irradiation. The intensities of these bands are noticeably lower than the intensities 

of the LC/A adduct; detailed densitometry (Figure S25a) confirms all of these observations. 

These data indicate that the AzF-substituted sdAb exhibits high target selectivity even in a 

complex sample.

We performed similar experiments with the soluble OBeY-containing sdAbs JPU-C1 

Y32OBeY and JPU-C1 M104OBeY. The sdAbs were incubated with HepG2 lysate, 

and some samples were spiked with LC/A. The blots shown in Figure 7b reveal the 

appearance of the LC/A-JPU-C1 Y32OBeY adduct with a concentration-dependent band 

at approximately 75 kDa (Figure S24b), as well as the adduct corresponding to partially 

hydrolyzed LC/A-JPU-C1 Y32OBeY complex near the 50 kDa marker. Notably, no other 

bands other than the internal control were detected in this assay (see Figure S25b for 

detailed densitometry), indicating again that the presence of foreign proteins does not 

prevent association and reaction between JPU-C1 Y32OBeY and LC/A. Importantly, JPU-

C1 Y32OBeY does not show detectable levels of off-target protein binding under the 

conditions used here.

Finally, Figure 7c shows the results of blotting experiments with cell lysates performed 

with JPU-C1 M104OBeY. We were able to detect the crosslinked sdAb-LC/A adduct (~75 

kDa) when blotting against the LC/A even at substoichiometric concentrations of sdAb, 

again demonstrating that the presence of foreign proteins does not preclude the efficient 

covalent interaction between them (Figure S24c). We also observed the appearance of 

an additional band slightly below the 75 kDa marker with increasing concentrations of 

M104OBeY in the absence of LC/A, suggesting an unintended reaction of the sdAb with 

a protein in the lysate. Furthermore, a few less intense bands in the 75–100 kDa range 

appeared following incubations at high concentrations of sdAb. While this is an indication 

of off-target interactions of this substituted sdAb, by comparing the intensity profiles in 

the absence and presence of LC/A via densitometry (Figure S25c), we noticed that the 

appearance of these side products in the presence of LC/A is suppressed, appearing only at 

sdAb concentrations similar to or greater than the concentration of the added LC/A. This 

suggests that the sdAb exhibits a distinct crosslinking preference for LC/A, although its 

selectivity is lower than the selectivity of the other soluble ncAA-sdAbs characterized here.

Overall, these assays indicate that ncAA-substituted clones retain their inhibitory properties 

and can further exhibit target selectivity, although the extent to which selectivity is observed 

appears to depend on the ncAA substitution site. Thus, chemically augmented sdAbs 
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initially identified on the yeast surface in this work employing two different chemistries 

exhibited crosslinking functionalities in solution while retaining inhibition and, in some 

cases, high target selectivity.

4. Conclusions

In this study, we leveraged the combination of yeast display and ncAAs to discover and 

characterize sdAbs capable of covalently binding their target in one of two ways: via 

irradiation with short-wavelength light or via proximity-induced reaction. Based on previous 

crystallographic data,38, 39 we installed two reactive ncAAs, AzF (for photocrosslinking) 

and OBeY (for spontaneous crosslinking), at selected positions in four previously discovered 

sdAbs known to bind to the botulinum neurotoxin light chain A1. Conducting assays in 

yeast display format allowed for efficient flow cytometric characterization of more than 

40 sdAb variants, all without protein purification, and revealed that sdAbs exhibit high 

functional tolerance toward single site substitution with ncAAs. We further determined that 

this approach streamlines the identification of crosslinkable candidates via flow cytometry, 

both to identify sites that facilitate crosslinking and to evaluate time-dependent behaviors of 

these interactions.

These investigations include what we believe is the first discovery of spontaneously 

crosslinkable binding agents in yeast display format. Our discoveries of covalent OBeY-

sdAb variants were unexpected, as the sites investigated in this work were initially selected 

using the structural data with the goal of facilitating the introduction of photocrosslinkable 

ncAAs, not electrophilic ncAAs. Finally, solution-based experiments revealed that the sdAb 

variants JPU-C1 L101AzF, Y32OBeY, and M104OBeY exhibited clear crosslinking activity 

in solution, retained the inhibitory activity of the parent, and possessed moderate to high 

levels of selectivity for LC/A when tested in the presence of complex protein mixtures.

Although a known benefit of irreversible inhibition is enhancement of inhibitor potency, 

we recognize that converting inhibitors that already exhibit high potency (such as the 

parent sdAbs used in this work) into covalent inhibitors may not readily reveal enhanced 

potency under typical conditions used during in vitro enzyme inhibition assays. Nonetheless, 

covalent target engagement can be advantageous in the prevention of inhibitor dissociation 

from the target and reactivation of the target. In the case of BoNT, covalent inhibitors are 

desirable to permanently inactivate the light chain protease, which exhibits an exceptionally 

long-lived half-life (~months) in the intracellular space. This potential benefit and others 

will need to be evaluated in cellular or animal models of BoNT infection in future studies.

In order to gauge the success of our predicted reactive sdAb positions, we used structural 

data to estimate distances between sdAb and LC/A residues and then compared these 

values with the apparent reactivities of sdAb variants determined on the yeast surface. 

Interestingly, many of these analyses revealed no clear correlations when measuring 

distances to the closest residue or nucleophile; even the short distances to the nearest 

Cys or His residues noted in sdAb clones that spontaneously crosslink to LC/A do not 

unambiguously reveal a single crosslinking site on the target. Our observations indicate 

that distance measurements alone are insufficient for accurate prediction of which ncAA 
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substitutions will lead to crosslinking events (although it is likely that expression level 

variability between clones accounts for some differences in apparent crosslinking levels). 

This suggests that factors in addition to proximity between ncAA substitution sites and 

nucleophiles on the target play a role in covalent target engagement in ways that have yet 

to be elucidated. Unpredictable reactivity levels and a dearth of structural data highlight 

the utility of a yeast display platform, or other platforms in the high throughput technology 

space, to facilitate engineering and characterization of chemically expanded antibodies that 

exhibit high affinity and target selectivity. Larger datasets that include both crosslinking 

efficiency and crosslinking site(s) of antibody variants bearing crosslinkable groups are 

needed to enable data-driven approaches to covalent antibody engineering.66–68

Future endeavors using the yeast-display screening tools reported here can be 

complemented by mechanistic investigations of successful crosslinkable antibodies using 

mass spectrometry to identify crosslinking site(s)25, 26, 50, 52, 69, 70. Additionally, valuable 

information could be obtained from structural49 characterization of purified adducts, such 

as identification of local environments within complexes that promote efficient crosslinking. 

Thus, increasing both the breadth and depth of studies with covalent antibodies will be 

paramount for establishing principles for covalent binding agent discovery.

Moving beyond characterizations, further improvement of our platform will enable us to 

leverage the high throughput capabilities of yeast display with libraries of ncAA-containing 

proteins. New and improved genetic code expansion tools in yeast40, 42, 63, 71–73 make 

it feasible to combine established yeast display strategies with libraries encoding ncAAs 

bearing various reactive groups (e.g. fluorosulfates for SuFEX chemistry and various 

Michael acceptors)23, 24, 26, 27, 31, 54, 70 or with ncAAs that facilitate conjugations with 

chemical warheads.23, 26, 29, 30, 54, 70, 74 This powerful combination provides a wide range of 

opportunities for covalent antibody discovery. Our results show that the phenotype resulting 

from ncAA-mediated covalent bond formation can be assayed on the yeast surface, while 

prior work in yeast display format established high throughput screens to tune the efficiency 

and selectivity of covalent bond formation.75 We envision that a platform for discovering 

and characterizing covalent antibodies will lead to applications of covalent protein binding 

agents in basic biomedical research, diagnostics, and drug discovery.
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Figure 1. 
Overview of strategy for presenting covalent functionalities in single-domain camelid 

antibodies targeting the light chain of botulinum neurotoxin serotype A1. a Reactive 

noncanonical amino acids used in this work for photocrosslinking (4-azido-L-phenylalanine; 

AzF) and spontaneous crosslinking (O-(2-bromoethyl)-L-tyrosine; OBeY). b Crystal 

structures of LC/A (gray surface, active site highlighted in cyan with catalytic Zn2+ shown 

as a sphere) bound to each wild type sdAb (shown as colored cartoons and transparent 

surfaces). The mutated residues are indicated and highlighted as sticks. c Residue positions 

used for ncAA incorporation in each of the four sdAbs used in this study. d Representation 

of strategy to evaluate ncAA-mediated covalent interactions between LC/A (shown in gray) 

and displayed sdAbs.
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Figure 2. 
Binding assays with ncAA-substituted sdAbs. a Representative flow cytometry dot plots of 

displaying yeast cells after induction in the absence of ncAA (−ncAA) or presence of 1 mM 

AzF or OBeY after incubation with 200 nM LC/A. Cells were labeled against Strep-tag for 

detection of LC/A (vertical axis) and cMyc tag for full-length displayed antibody (horizontal 

axis). See Figures S2, S3 for all dot plots. b Median fluorescence intensity (MFI) of the 

LC/A detection of full-length sdAb populations as determined by flow cytometry analysis. 

The ncAA position is indicated in each case. This experiment was performed once. Error 

bars represent the robust coefficient of variation of the populations. See Figure S4 for 

full-length detection MFI. c Titration data for selected JPU-A5 (left) and JPU-C1 (right) 

proteins displayed on the yeast surface. One-site binding fit curves are shown as solid lines 

and their 95% confidence intervals drawn as shadowed areas. The estimated Kd, app values 

are indicated in each plot along with the 95% confidence intervals for each value. The 

titrations were carried out in technical triplicates. Error bars represent the standard deviation 

at each concentration. See Figure S5 for titration dot plots.
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Figure 3. 
Identification of photocrosslinkable sdAbs on the yeast surface. a Scheme depicting 

experiments used to characterize photocrosslinking on the yeast surface. Yeast cells 

displaying sdAbs were incubated with LC/A and subjected to 365 nm UV irradiation (1) 

which can result in successful crosslinking for some AzF clones (top), but no covalent bond 

is formed without irradiation, WT, or when AzF mutants cannot covalently bind to the target 

(bottom). Denaturation (2) removes noncovalently bound LC/A, leaving covalent adducts 

on the cell surface for detection via flow cytometry. b Median fluorescence intensity of 

LC/A detection in full-length sdAb populations measured via flow cytometry experiments 

after irradiation for 2 min at 4 °C in a photoreactor and denaturation of yeast displaying 

the indicated sdAbs, where the residue numbers represent the position where AzF was 

incorporated. This experiment was performed once. See Figure S7 for all flow cytometry 

dot plots. c Representative flow cytometry dot plots of WT and selected photoreactive 

sdAbs. The binding control plots show the binding behaviors of displayed sdAbs in the dark, 

without irradiation or denaturation. The no irradiation and 3 min irradiation panels show the 

populations of cells after the denaturing step. See Figure S11 for all plots. d Time course 

showing the median fluorescence intensities corresponding to covalent LC/A detection via 

flow cytometry after the indicated irradiation times for each nanobody. These experiments 
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were carried out in technical triplicates. The error bars represent the standard deviations of 

the samples.
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Figure 4. 
Identification of spontaneously crosslinkable sdAbs on the yeast surface. a Scheme 

representing the evaluation of spontaneous crosslinking on the yeast surface. Cells 

displaying sdAbs were incubated with LC/A at 37 °C (1). Certain OBeY-containing clones 

can form a covalent bond with residues of the nearby LC/A (top), whereas constructs with 

non-reactive amino acids or that lack the requirements for reactivity maintain a non-covalent 

interaction (bottom). After denaturation (2), irreversibly bound LC/A can be detected via 

flow cytometry, while reversible interactions are disrupted, and no LC/A is detected. b 
Median fluorescence intensity of LC/A detection in full-length sdAb populations measured 

via flow cytometry experiments after incubation with LC/A at 37 °C for 24 h followed by 

denaturation. Indicated residues correspond to the position where OBeY was incorporated. 

See Figure S13 for all flow cytometry dot plots. c Representative flow cytometry dot plots 

of WT and OBeY mutants capable of spontaneous crosslinking to LC/A. The corresponding 
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OPG controls are also included. The flow cytometry analysis was carried out after the 

denaturation step following different incubation times with LC/A. See Figures S14 and S15 

for flow cytometry dot plots. d Time course experiment showing the median fluorescence 

intensities corresponding to LC/A detection via flow cytometry after different incubation 

times followed by denaturation. These experiments were performed in technical triplicates. 

The error bars represent the standard deviations of the samples.
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Figure 5. 
Crosslinking characterizations of ncAA-sdAbs in solution. a SDS-PAGE and western blots 

of JPU-C1 WT and L101AzF after incubation with LC/A and following 365 nm UV 

irradiation for 0 or 2 min in solution. A band corresponding to the crosslinked adduct 

is detected only after irradiation of the L101AzF protein. The western blot results are 

consistent with the formation of an LC/A-sdAb adduct (Figure S17). b SDS-PAGE and 

western blots of soluble forms of JPU-C1 WT, Y32OBeY, and M104OBeY after incubation 

with LC/A at 37 °C. The adduct band is observed only in lanes containing OBeY-containing 

sdAbs, and the western blots further corroborate the identities of the adducts (Figure S18). c 
Time course of the reaction between 1 μM JPU-C1 L101AzF and 200 nM LC/A at different 

irradiation times as visualized by Coomassie-stained SDS-PAGE (Figure S19). d Band 

intensity of the adduct in the experiment in c normalized to that of the LC/A control without 

incubation or irradiation. This experiment was carried out in technical triplicate. Error bars 

represent the standard deviations of the samples. LC/A lanes marked with +* indicate 

inactive LC/A, i.e. in the absence of Zn2+. Western blotting was carried out by probing with 

Strep-Tactin DY488 1:500 for LC/A detection and mouse α-cMyc HRP conjugate 1:2,500 

for sdAb detection.
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Figure 6. 
Evaluation of inhibitory properties of soluble JPU-C1 ncAA-sdAbs. a Dose-response curves 

and b estimated IC50 values for each sdAb when incubated with 250 pM LC/A followed 

by addition of 100 nM of fluorescent reporter. Fractional activities were calculated by 

normalizing the initial rate to that of uninhibited enzyme and fitted to a dose-response 

model. 95% confidence intervals are shown in parentheses. The starred (*) p-value indicates 

statistical significance at the 95% level when comparing the IC50 value to that of WT. See 

Figure S21 for kinetic traces.

Alcala-Torano et al. Page 27

ACS Chem Biol. Author manuscript; available in PMC 2023 December 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Evaluation of ncAA-sdAb specificity in the presence of cell lysates. Western blots 

probed for the sdAb C-terminal cMyc tag after incubation in HepG2 lysate with varying 

concentrations of a JPU-C1 L101AzF, b JPU-C1 Y32OBeY, or c JPU-C1 M104OBeY, 

in the presence or absence of 200 nM LC/A. The samples in a were analyzed after 1 

h incubation at room temperature and with or without 365 nm light irradiation for 30 s. 

Samples in panels b and c were incubated for 24 h at 37 °C. The membranes were probed 

with mouse α-cMyc-HRP conjugate to locate free sdAbs and sdAb adducts. See Figures 

S22–S24 for Coomassie-stained gels, full cMyc-HRP blots, and Strep-Tactin-DY488 blots. 

See Figure S25 for intensity profiles of cMyc blots.
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