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Abstract

Site-specific protein labeling is important in biomedical research and biotechnology. While 

many methods allow site-specific protein modification, a straightforward approach for efficient 

N-terminal protein labeling is not available. We introduce a novel sortase-mediated swapping 

approach for a one-step site-specific N-terminal labeling with a near-quantitative yield. We show 

that this method allows rapid and efficient cleavage and simultaneous labeling of the N or C 

termini of fusion proteins. The method does not require any prior modification beyond the genetic 

incorporation of the sortase recognition motif. This new approach provides flexibility for protein 

engineering and site-specific protein modifications.

Graphical Abstract

INTRODUCTION

Site-specific protein labeling is important in modern chemical biology.1–3 Proteins 

conjugated with fluorophores, polymers, drugs, or antigens have enabled the study of 

cellular processes and molecular mechanisms. The development of new drugs, vaccines, 

and other biotechnological tools has relied on such methods.4–7 Site-specific modification of 

proteins has been accomplished by chemoenzymatic means using enzymes to selectively 

catalyze the formation or cleavage of covalent bonds (e.g., biotin ligase, sortase, 

lipoic acid ligase, farnesyl transferase, sialyltransferase, phosphopantetheinyltransferase, 

transglutaminase, N-myristoyl transferase, and formylglycine-generating enzyme)8–25 or 

to enable “click” reaction chemistry by the incorporation of non-natural amino acids 

containing bio-orthogonal reactive groups;26–29 such approaches represent a remarkable 

technological advance. However, the methods are usually sophisticated, laborious, and 

technically demanding and may not provide a high yield.
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The C termini for many proteins are not accessible or are essential for their 

function,30–32 highlighting the need for a robust and reproducible N-terminal labeling 

approach. Several strategies have been developed for N-terminal protein labeling.33,34 

Examples include chemical approaches to label the N-terminal α-amine with reactive 

groups, such as aldehydes including 2-ethynyl benzaldehyde, N-hydroxyphthalimides, 

2-pyridinecarboxyaldehydes, and selenobenzaldehydes, among others.35–39 Additionally, 

chemical modifications to introduce a click handle on the N-terminal α-amine such as an 

aldehyde, azide, or alkyne, which can subsequently be used to attach functional groups, have 

been developed as well.40–42 Notwithstanding the encouraging progress, such approaches 

are usually based on the control of pH, often require extensive optimization, and can 

result in off-target labeling, which leads to heterogeneous protein mixtures. Additionally, 

labeling occurs through a chemical reaction other than a native peptide bond, which, in 

turn, may become a limiting factor when considering clinical translatability. The native 

chemical ligation is an alternative approach; however, it requires an N-terminal cysteine 

that would need to be introduced by protein engineering approaches.43,44 Additionally, the 

introduced cysteine may affect and complicate protein folding. Enzymes such as subtiligase 

and butelase have been used to perform N-terminal labeling.45–47 Subtiligase mediates 

the ligation of the N-terminal α-amine of a protein to a C-terminal ester or thioester 

peptide.47–49 The yield varies depending on the characteristics of the N terminus of the 

target proteins. Several different subtiligases with different reactivities toward different 

N-terminal sequences have been developed.50,47 Butilase recognizes an NHV sequence 

and mediates its ligation with an X1-X2 peptide motif, where the first can be any amino 

acid except proline, and the N1 terminal residue needs to be Cys, Ile, Leu, or Val.51 The 

N-terminal sequence needs to be flexible and fully available for the enzyme to function, and 

thus, engineering a flexible spacer at the N terminus can increase the yield.45 Alternative 

strategies to site-specifically label the N terminus will provide flexibility when designing 

proteins, protein-based drugs, and protein-based assays or platforms.

Sortase A is a bacterial transpeptidase mostly used for site-specific C-terminal protein 

labeling (Figure 1A).8,9,52 Sortase has a short recognition motif “LPXTG,” where “X” 

denotes several different amino acids such as “E” or “S.”8,9,52 The enzyme cleaves the bond 

between threonine and glycine, forming a thioester intermediate with the carboxylate of 

threonine, which is susceptible to a nucleophilic substitution of a multiglycine substrate 

(n > 2, e.g., “G3-Y,” where “Y” is a molecule intended for conjugation). The final 

product thus contains the sequence “-LPXT-G3-Y” (Figure 1A). The typical sortase reaction 

thus relies on an “-LPXTG-” motif and the availability of Gly3-containing substrates, 

and allows straightforward modification of the C terminus. However, the sortase reaction 

has found limited applications for N-terminal labeling, as many recombinantly produced 

protein N termini retain the initiator methionine (M). Proteins expressed in the Escherichia 
coli cytosol are often demethionylated when the subsequent residue is small; however, 

demethionylation yields vary for recombinant proteins, potentially due to the saturation 

of methionine aminopeptidases (MAPs).53–55 Therefore, N-terminal incorporation of a 

multiglycine residue, which is needed for the sortase reaction, requires additional steps, 

such as the incorporation of a tobacco etch virus (TEV) cleavage site, as shown before.56–58 
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A method that allows direct N-terminal labeling without the need for the protease-mediated 

cleavage step to expose a recognition sequence would be ideal.

Here, we introduce a new one-step approach to use sortase for site-specific labeling of 

recombinantly produced—and cytosolically expressed—proteins at the N terminus and to 

synthesize protein fusions. Moreover, it is possible to simultaneously cleave protein fusions 

and perform site-specific N- or C-terminal labeling. All of this can be accomplished without 

any prior modification on the proteins other than the genetic provision of the sortase 

recognition motif.

RESULTS AND DISCUSSION

Sortase-Mediated Swapping: Establishing the Approach.

Site-Specific N-Terminal Labeling without any Prior Modification.—The site-

specific N-terminal modification of proteins remains a challenge. Enzymes such as sortase 

and OaAEP1 have been used to site-specifically label proteins at the N termini.56,57,59,60 

These methods call for specific N-terminal sequences, Gly3 and GV, requiring additional 

steps to introduce recognition elements at the N terminus, for example through exposure of 

cryptic Gly3 or GV sequences by cleavage with a TEV protease.57,59

We hypothesized that incorporation of an “LPETGn” motif (n > 2) at the protein N terminus, 

upon the reaction of the protein with sortase, should result in the in situ formation of a 

Glyn-protein. Therefore, when reacted with sortase, the in situ formed Glyn-protein should 

act as a nucleophile, allowing labeling with an “LPETG”-containing probe (Figure 1B,C). 

Sortase will form a thioester intermediate with the LPETG-containing probe (probe-LPET-

thioester-sortase) and will release a G-X in the solution as well (Figure 1C). However, the in 

situ formed oligo-glycine-protein should act as a much more efficient nucleophile compared 

to the G-X released from the probe,61,62 and therefore, an excess of the “probe-LPETG-X” 

should drive equilibrium toward the formation of the “probe-LPET-Gn-protein” construct. To 

test this, we engineered a green fluorescent protein (GFP) to contain an LPETG5 sequence 

at the N terminus (MH6-LPETG5-GFP). The protein was expressed cytosolically in E. coli 
with a high expression yield (~40 mg per liter of culture) and purified via a Ni-NTA affinity 

column. We next performed a sortase reaction using an azide-functionalized LPETG peptide 

(with the azide group attached to the N-terminal amine of the leucine; see the structure 

in the SI) to introduce a click-handle azide moiety and determine whether this approach 

allows direct labeling of the GFP at its N terminus. Interestingly, the reaction yielded 

near-quantitative formation of the azide-labeled GFP (Figure 1D,E) (reaction included 

~100 μM GFP, 5 μM sortase, 4 mM azide substrate, and 10 mM CaCl2). The product 

was characterized with liquid chromatography–mass spectrometry (LC-MS) and sodium 

dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 1D,E). To confirm 

the reactivity of the introduced azide group, we performed a “click” reaction between 

the azide-modified protein and a 5 kDa polyethylene glycol (PEG) moiety functionalized 

with a dibenzocyclooctyne (DBCO) group. The PEGylation reaction proceeded with a 

near-quantitative yield (Figure 1E) (reaction condition: azide-GFP (25 μM), DBCO-PEG5 

(100 μM), room temperature, 2 h). A similar reaction was performed to install an alkyne-

functionalized LPETG substrate at the N terminus of the GFP protein, providing quantitative 
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alkyne-labeled GFP (Figure 1F,G) (reaction included ~100 μM GFP, 5 μM sortase, 4 mM 

alkyne substrate, and 10 mM CaCl2). PEGylation using a 2 kDa azide-PEG provided near-

quantitative formation of N-terminally PEGylated protein (Figure 1G) (reaction condition: 

alkyne-GFP (25 μM), azide-PEG2 (100 μM), CuSO4 1 mM, BTTAA 5 mM, ascorbic acid 

2.5 mM, room temperature, 2 h). Therefore, we concluded that the new sortase-mediated 

swapping approach can be used to site-specifically label proteins at the N terminus in a 

single-step reaction to a near-quantitative yield. The 5 Gs were included in the GFP protein 

design to ensure maximum flexibility and availability of the recognition motif and to ensure 

that, after cleavage, it will act as a strong nucleophile to resolve the probe-LPET-thioester 

intermediate. The incorporation of 3 Gs (LPETGGG) would have likely behaved similarly. 

Of note, the sortase reaction is reversible, and addition of the excess amount of substrate can 

drive the protein labeling to completion.

Synthesis of C-to-N Protein Fusions without any Prior Modifications.—
Considering the initial success of the N-terminal labeling approach, we tested the method in 

forming direct C-to-N protein fusions by mixing two proteins (A and B) and sortase together 

(Figure 2A). Protein A, in this case a nanobody (single-domain antibody or VHH, ~14 kDa 

in size), was engineered to contain an LPETG sequence at the C terminus, and protein B, 

N-terminally modified with LPETGGGGG to fulfill the requirement of an “LPETGn” (n > 

2) motif at the N terminus (Figure 2B). Strikingly, the addition of sortase to the mixture of 

proteins A and B resulted in the formation of the nanobody–GFP fusion with high specificity 

and yield (>60% in 2 h) (Figure 2C) (reaction condition: GFP (25 μM), VHH (120 μM), 

10 mM CaCl2; the reaction was initiated with the addition of immobilized sortase beads 

(50% slurry) were added to a final 1/10th of the reaction volume; 2 h at 4 °C). The product 

formation was confirmed by LC-MS and SDS-PAGE (Figure 2B,C). The nanobody (VHH4) 

used for this protein fusion targets human class II MHC molecules.63 We characterized 

the VHH4-GFP fusion by performing flow cytometric studies on Nalm-6 cells, a human 

B cell precursor leukemia cell line, confirming the fusion protein binds to the cells when 

used in low nM concentration range, suggesting that the approach does not compromise 

protein characteristics (Figure 2D). As discussed earlier, the sortase reaction is reversible, 

and thus, the addition of starting substrates VHH4, GFP, or both can increase the yield of 

the product. Of note, the intermediate thioester is prone to hydrolysis, as a water molecule 

can act as a nucleophile yet with a very slow rate. However, the hydrolysis is irreversible as 

it results in the formation of an “X-LPET”, which is no more recognized as a substrate by 

the enzyme. Therefore, in any sortase-mediated reaction, including the approach developed 

here, the product will eventually be hydrolyzed, and thus, the reaction must be quenched by 

deactivating or removing the sortase, for example by addition of EDTA (as sortase activity is 

calcium-dependent) or purification of the product via size exclusion chromatography.

One-Step Cleavage and Site-Specific N or C Termini Labeling of Fusion Proteins.

Many proteins are difficult to express recombinantly without the presence of a fusion 

tag, both in terms of yield and folding status.64–73 Characteristics of fusion tags are their 

high solubility and stability, high expression yield, rapid and highly efficient folding upon 

translation, and decreased proteolytic degradation.69,70,74 Examples of fusion tags include 

glutathione-S-transferase (GST),64 maltose-binding protein (MBP),75,76 and small ubiquitin-
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like modifier (SUMO).65,66 To obtain the free protein, tags must be removed. Therefore, 

many cleavage sites have been engineered at the junction of the fusion tags and the desired 

protein. The corresponding enzymes required for cleavage are commercially available.77 

Examples include thrombin (LVPR↓GS), TEV protease (ENLYFQ↓S (G,A)), Factor Xa (I(E 

or D)GR↓X), and human rhinovirus (HRV) 3C protease (LEVLFQ↓GP).77

This cleavage reaction can pose a challenge of protein fusion technology.78 Common 

hurdles include labor-intensive optimization of cleavage conditions and precipitation of the 

protein after cleavage. We hypothesized that the incorporation of a sortase recognition tag in 

the linker between the two fused proteins can be used not only as a cleavage site79 but also 

as a landing pad for further site-specific modifications80 (Figure 3A). As a proof-of-concept, 

we first tried this approach with the LPETG5 N-terminal-engineered GFP. Addition of the 

sortase and the commercially available Gly3 molecule resulted in rapid and quantitative 

cleavage of the MH6-LPET motif from the GFP N terminus in less than 30 min (100 

μM GFP, 2 μM sortase, 10 mM Gly3 substrate) (Figure 3B,C). The reaction product was 

confirmed via SDS-PAGE and LC-MS analyses (Figure 3B,C). Of note, and in general, 

sortase can be used in a wide concentration range relative to the substrate. A typical range is 

~0.01 to 0.1 equimolar relative to the “LPETG” substrate. The pentamutant sortase used in 

this study9 has a Km,LPETG of ~230 μM, a kcat of ~5.4 s−1 (kcat/Km ~23,000 M−1 s−1), and 

Km,GGG of ~1617 μM.9 For comparison, the kcat/Km for thrombin,81,82 TEV,83 HRV 3C84,85 

and Factor Xa86 are ~94,600, ~2620, ~920 and ~39,000 M−1 s−1, respectively.

To further explore the capabilities of this sortase cleavage approach, B cell maturation 

antigen (BCMA) was selected as the target, a protein often challenging to express. BCMA, 

also known as tumor necrosis factor receptor superfamily member 17 (TNFRSF17), is 

a cell surface receptor that recognizes the B cell-activating factor.87,88 Preferentially 

expressed in mature B lymphocytes, BCMA is thought to play a role in B cell 

development and autoimmune response.87,89 BCMA chimeric antigen receptor (CAR) T 

cell therapy (idecabtagene vicleuce) is now FDA-approved and has shown success in treating 

patients with relapsed or refractory multiple myeloma.90–92 Fluorophore-labeled BCMA 

(commercially available as a BCMA-Fc fusion) is routinely used to characterize BCMA 

CAR T cells.

Based on the crystal structure of the BCMA ectodomain,93 we designed and expressed 

GST-BCMA with a sortase recognition LPETG motif located between the two proteins. 

Incubating the resulting fusion protein with sortase and Gly3 substrate (~100 μM GST-

BCMA, 2 μM sortase, and 10 mM Gly3 substrate) resulted in rapid and quantitative cleavage 

of BCMA from the GST tag. SDS-PAGE analysis showed near-complete cleavage in less 

than 60 min (Figure 3F). Three more fusion proteins were synthesized and tested using 

the same protocol: SUMO-BCMA, SUMO-interleukin-2 (IL2), and SUMO-anti-CD4 single-

chain variable fragment (scFv). The addition of sortase and Gly3 substrate resulted in rapid 

and quantitative cleavage for all protein fusions (Figure 3E,G,H). SDS-PAGE and LC-MS 

analyses confirmed the formation of the products (Figure 3E,G,H and Figure S1A–C). The 

cleavage process can also be performed using immobilized sortase on agarose beads at 4 °C 

as well, making the approach further straightforward (Figure 3F).
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It should be possible to use sortase not only to release the protein of interest from the fusion 

tag but also site-specifically label its N or C terminus (Figure 4). For instance, an additional 

LPETG motif incorporated at the C terminus of the protein should allow the concurrent 

sortase-mediated release of the fusion and site-specific C-terminal labeling of the protein 

of interest (Figure 4A). By incorporating an “LPETGn” (n > 2) sequence in the spacer, the 

approach can be used for simultaneous cleavage and N-terminal labeling as well (Figure 

4B). Thus, this approach not only cleaves the protein of interest from the fusion tag but also 

site-specifically labels it at its N or C terminus (Figure 4A–B).

We first tested sortase-mediated cleavage and C-terminal protein labeling by modifying the 

GST-BCMA fusion protein by incorporating two LPETG motifs at the N and C terminus 

of the BCMA. Addition of sortase and a Gly3-biotin substrate to the fusion protein yielded 

near-quantitative cleavage between the GST and BCMA and resulted in the concomitant 

formation of C-terminally biotinylated BCMA, as confirmed by SDS-PAGE and LC-MS 

analyses (~50 μM GST-BCMA, 2 μM sortase, and 2 mM Gly3 substrate) (Figure 44DC,). To 

test the functionality of the biotinylated BCMA, we reacted BCMA-biotin with streptavidin 

tetramers to form a tetrameric BCMA. The resulting tetramer stained BCMA Jurkat CAR T 

cells with an EC50 of ~0.53 nM (calculated for BCMA tetramer), proving conservation of 

BCMA functionality (Figure 4E,F). We repeated the reaction, following the same protocol, 

using a SUMO-anti-CD4 scFv with two LPETG motifs at the N and C termini of the 

scFv. Addition of sortase and Gly3-biotin substrate resulted in near-quantitative cleavage 

and biotinylation of the anti-CD4 scFv, as confirmed by SDS-PAGE and LC-MS analyses 

(Figure 4G).

Considering this result, we explored simultaneous cleavage and N-terminal labeling of a 

protein through design and expression of a SUMO-BCMA fusion with an LPETG4 sequence 

between the SUMO and BCMA. Addition of the alkyne-functionalized LPETG substrate 

and sortase to the SUMO-BCMA fusion protein resulted in near-quantitative cleavage and 

facilitated the production of N-terminally alkyne-labeled BCMA (reaction condition: ~100 

μM SUMO-BCMA, 5 μM sortase, 4 mM alkyne substrate, 10 mM CaCl2, 2 h at 4 °C). 

Product formation was confirmed by SDS-PAGE and LC-MS analyses (Figure 4H,I).

The sortase-mediated concurrent cleavage and site-specific labeling is rapid with excellent 

yield and does not require extensive optimization. Sortase expression is an easily adopted 

laboratory technique, where 1 L of the bacterial culture can yield ~20–40 mg of the 

highly stable enzyme, which can be stored at −20 °C for several years. Of note, sortase 

can be immobilized on N-hydroxysuccinimide (NHS)-activated agarose beads and remains 

functional for >1 month at 4 °C.8,56,94 Sortase beads can be used for labeling or cleavage, 

and addition of more beads can be used as an approach to increase or optimize the rate 

of the cleavage or labeling. Moreover, the sortase beads can be recovered, washed, and 

reused for several times. The triglycine (Gly3) nucleophile molecule, needed for cleavage, 

is commercially available. Furthermore, this approach would only leave one glycine at the 

N terminus of the protein of interest as the sortase cuts between the T and G in the LPETG 

recognition motif, whereas many of the widely used cleavage enzymes leave more amino 

acids at the N terminus after the cut; for example, HRV 3C would leave a GP, and thrombin 

would leave a GS at the newly exposed N terminus.
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CONCLUSIONS

The new sortase-mediated swapping approach introduced here allows the installation of 

biomolecules at the N terminus in near-quantitative yield and without modifications other 

than the genetic incorporation of the sortase recognition tag. As sortase is a transpeptidase, 

the linker between the N terminus and the probe remains to be a native peptide bond. 

Additionally, it allows efficient and rapid simultaneous cleavage and N- or C-terminal 

labeling on fusion proteins, a unique feature of the approach. Using orthogonal sortases,9,95 

one can use this approach to label both C and N termini of proteins as well, as shown 

before.9,95 Therefore, this approach can be considered an attractive alternative for N-

terminal protein labeling and provide a possibility for simultaneous protein cleavage and 

N- or C-terminal site-specific labeling.

EXPERIMENTAL PROCEDURES

Cloning and Expression.

The bacterially codon-optimized double-stranded DNA (from either SynBio or IDT 

companies) for SUMO-IL2, SUMO-BCMA, and SUMO-anti-CD4 scFv, containing about 

30 bp overlaps (from each side) with their backbones were synthesized and cloned 

downstream of the pelB signal sequence of the linearized pHEN6 plasmid by Gibson 

assembly61 for periplasmic expression. For GFP protein and GST-BCMA fusion protein, 

similarly, the bacterially codon-optimized double-stranded DNA was synthesized and 

directly cloned into a linearized pET28a plasmid for bacterial cytosolic expression. Any 

other modification on these plasmids to add sortase recognition tags (LPETG or LPETGn) at 

the N and C termini were performed using site-directed mutation. Insertion of fragments and 

modification of plasmids were verified by DNA Sanger sequencing (at GeneWiz Company). 

Proteins were designed to have a multihistidine tag for metal affinity purification (sequences 

available in the SI).

The sequence-verified pHEN6 and pET28a plasmids were transformed into E. coli WK6 

and E. coli BL21 (DE3), respectively. For the E. coli BL21 (DE3) expression (GFP and 

GST-BCMA), transformed colonies were grown at 37 °C in Terrific broth, induced with 0.5 

mM IPTG at OD600 of 0.6 for protein expression, and harvested at 6000g for 10 min 4 h 

after IPTG induction. This was followed by cell lysis and purification to obtain the soluble 

protein. Briefly, bacterial cell pellets were resuspended in lysis buffer (20 mM Tris-HCl (pH 

8.0), 150 mM NaCl, 20 mM imidazole, and 1% Triton X-100 with 1 mM freshly prepared 

PMSF) followed by lysis using sonication (5 min, 10 s pulses with 10 s in between pulses; 

80% amplitude). The lysate was centrifuged at 15,000g for 10 min at 4 °C. The supernatant 

was harvested and purified by immobilized metal affinity chromatography (IMAC) using a 5 

mL HisTrap column preloaded with NiSO4.

For the E. coli WK6 expression (SUMO-IL2, SUMO-BCMA, and SUMO-anti-CD4 scFv), 

after reaching OD600 of ~0.6–0.8, cells were induced with 0.5 mM IPTG and grown 

overnight at 30 °C for protein expression. Cells were then harvested by centrifugation 

(6000g for 10 min), the pellet was resuspended in ice-cold TES buffer (200 mM Tris, 600 

μM EDTA, 500 mM sucrose, pH 8) and incubated at 4 °C for 2 h with gentle shaking. This 
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was followed by osmotic shock where the solution was diluted by adding Tris buffer (50 

mM Tris, pH 8) (4-fold dilution) and an overnight incubation at 4 °C with gentle shaking. 

The cell suspension was centrifuged at 6000g for 10 min, and the process was repeated 

as necessary to obtain a clear supernatant; the supernatant was then collected and further 

purified by immobilized metal affinity chromatography (IMAC) using a 5 mL HisTrap 

column preloaded with NiSO4.

Sortase-Mediated Labeling Reactions.—The Penta mutant sortase A with an 

improved kcat was used for all experiments.62 The reaction mixtures contained 50 mM 

Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM CaCl2, ~2–10 μM sortase, and the substrates. 

When sortase was used as a cleavage enzyme, >5 mM triglycine (Gly3) molecule was used 

to accelerate the cleavage and achieve quantitative yield. For N-terminal labeling reactions, 

~1–2 mM LPETG-containing probe and ~ 50–200 μM LPETGn-containing substrate were 

used. After incubation at 4 °C with agitation for ~60 min, reaction products were analyzed 

by LC-MS with yields of generally >80%. When the yield was below 80%, the reaction 

was allowed to proceed for an additional hour, with the addition of extra 2 μM sortase and 

a 1 mM LPETG-containing probe; this process can be repeated until a satisfactory yield 

is obtained, and we could achieve >90% yield for all the reactions discussed in this work. 

The reactions were quenched by addition of EDTA (25 mM), and the labeled proteins were 

purified by size exclusion chromatography.

Immobilizing Sortase.—In order to immobilize sortase on beads, we used dried NHS-

activated agarose resin (Thermo), which reacts with primary amines to form covalent bonds. 

Approximately 20 mg of sortase in ~3 mL of HEPES buffer (50 mM, pH 7.5) was added to 

150 mg of resin in a 15 mL tube and incubated at 4 °C overnight on a Rotisserie tube rotator. 

The tube was centrifuged at 1000g for 1 min. The beads were then washed twice with 10 mL 

of HEPES (50 mM pH 7.5) buffer followed by 30 min incubation in quenching buffer (1 M 

Tris, pH 7.4) at room temperature. The tube was then centrifuged, and beads were washed 

as previously mentioned. The washed sortase-immobilized beads were stored upright at 4 °C 

in HEPES buffer (50 mM pH 7.5; containing at least 0.5 mL of buffer above the resin). The 

flowthrough and washes can be used to determine coupling efficiency by measuring protein 

absorption and SDS-PAGE analyses. The immobilized sortase beads remain functional for at 

least several weeks.

Liquid Chromatography–Mass Spectroscopy (LC-MS).—LC-MS analyses were 

performed using a Waters LC-MS system consisting of an ACQUITY Arc Sample Manager 

FTNR coupled with a Waters 2489 UV–Vis Detector and QDa mass detector. Reverse-

phase chromatography was performed using an XBridge Protein BEH C4 column, 300A, 

3.5 μm 2.1 × 50 mm, 10–500 K. The LC method used was a gradient of water (0.1% 

formic acid)-acetonitrile (0.1% formic acid) 95–5 to 20–80 over 3.5 min, followed by 

1.5 min of 95–5. Concentrations of samples ranged from 30–100 μg/mL of protein in 

HEPES buffer (50 mM HEPES, with 150 mM NaCl, pH 7.5); 25 μL of each sample was 

injected into the instrument. The mass spectroscopy was performed in positive mode using 

electrospray ionization (ESI), using a 600–1250 m/z detection range. The data were acquired 

and analyzed using MassLynx Software. The total ion current peaks corresponding to the 
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proteins were selected for MS analyses. The mass spectra were then deconvoluted to obtain 

the parent protein mass. The deconvoluted mass spectra were then plotted using GraphPad 

Prism 8.

Flow Cytometry.—The binding capacity of VHH4-GFP and BCMA-biotin-streptavidin-

Alexa Fluor 647 fusion proteins to Nalm6 cells and anti-BCMA Jurkat CAR T cells, 

respectively, was tested using flow cytometry analysis. The cultured cells were washed 

with PBS + 5% BSA solution twice by centrifuging at 350g for 5 min to remove the 

culture media. Cells were then resuspended in blocking solution (PBS + 5% BSA), and 

cell count and viability were determined by mixing with Trypan blue and analyzing using 

a Countess II cell counter. Approximately 1 million live cells were used for each staining. 

Fluorophore-conjugated proteins were diluted to concentration as mentioned in the figures in 

blocking solution and incubated with cells for 30 min on ice. Cells were then washed with 

PBS twice and resuspended in 200 μL PBS. An Accuri (BD) flow cytometer system and 

FlowJo software (TreeStar) were used for cytometer analysis. A total of 30,000 cells were 

collected for each sample to enable data normalization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Site-specific N-terminal labeling using the sortase-mediated swapping approach. (A) 

Traditional sortase reaction for site-specific C-terminal protein labeling. (B) Schematic 

representation of the direct N-terminal protein labeling using the sortase-swapping approach. 

(C) The hypothesized mechanism for the direct N-terminal protein labeling. (D) GFP 

was directly labeled at its N terminus using an azide-functionalized LPETG-containing 

substrate; LC-MS analyses confirmed the formation of the product. (E) The N-terminally 

installed click handle can be used to site-specifically attach different molecules to the 

protein, such as a PEG moiety; SDS-PAGE analysis was used to confirm the formation of 

PEGylated GFP. Lanes #1: marker, #2: MH6LPETGGGGG-GFP, #3: azide-functionalized 

GFP, #4: PEGylated-GFP (5 kDa PEG). (F) GFP was directly labeled at its N terminus 

using an alkyne-functionalized LPETG-containing substrate; LC-MS analyses confirmed 

the formation of the product. (G) The N-terminally installed alkyne click handle can be 

used to site-specifically attach different molecules to the protein, such as a PEG moiety; 

SDS-PAGE analysis was used to confirm the formation of products. Lanes #1: marker, 

#2: MH6-LPETGGGGG-GFP, #3: alkyne-functionalized GFP, #4: PEGylated-GFP (2 kDa 

PEG).
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Figure 2. 
One-step synthesis of C to N protein fusions using the sortase-mediated swapping approach. 

(A) Schematic representation of synthesizing a C-to-N protein fusion via the sortase-

swapping approach. (B) A nanobody equipped with an LPETG motif at its C terminus was 

fused to the GFP equipped with an LPETGGGGG at its N terminus via the sortase-swapping 

approach. LC-MS analyses confirmed the formation of the product. (C) SDS-PAGE was 

used to further confirm the formation of products after 2 h of reaction at 4 °C using 

immobilized sortase beads. (D) Flow cytometry analysis confirmed the functionality of the 

anti-human class II MHC nanobody after the synthesis of the nanobody–GFP fusion. Jurkat 

cells are class II MHC-negative, and Nalm6 cells are class II MHC-positive.
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Figure 3. 
Rapid and efficient fusion tag cleavage using sortase. (A) Schematic representation of using 

sortase as a cleavage enzyme. Incorporation of an LPETG motif between the two proteins 

would allow sortase to cut the protein between the T and G. (B) Addition of the Gly3 

substrate and sortase resulted in rapid and quantitative cleavage of the MH6-LPET- sequence 

from the GFP’s N terminus; LC-MS analyses confirmed the formation of the product. (C) 

SDS-PAGE confirmed the formation of the product. (D to H) SUMO-BCMA, GST-BCMA, 

SUMO-IL2, and SUMO-anti-CD4 scFv fusion proteins were rapidly and quantitatively 

cleaved via the addition of sortase and Gly3 substrate. SDS-PAGE and LC-MS analyses 

confirmed the formation of the products.
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Figure 4. 
Simultaneous cleavage and site-specific C- or N-terminal protein labeling using sortase. 

(A,B) Schematic representation of simultaneous cleavage and site-specific C- or N-terminal 

protein labeling using sortase. (C) GST-BCMA fusion protein was engineered to contain a 

sortase recognition sequence between the two proteins and at the C terminus; addition of 

sortase and Gly3-biotin substrate resulted in simultaneous and near-quantitative cleavage and 

formation of C-terminally biotin-labeled BCMA; LC-MS analyses confirmed the formation 

of the products. (D) SDS-PAGE confirmed the formation of the products. (E,F) BCMA-

biotin was tetramerized using streptavidin. Flow cytometry analyses on BCMA-CAR Jurkat 

T cells confirmed retention of BCMA functionality (EC50 = 0.53 nM). (G) SUMO-anti-CD4 

scFv fusion protein was engineered to contain a sortase recognition sequence between the 

two proteins and at the C terminus; addition of sortase and Gly3-biotin substrate resulted 

in simultaneous and near-quantitative cleavage and formation of the C-terminally biotin-

labeled anti-CD4 scFv; SDS-PAGE confirmed the formation of the products. (H) SUMO-

BCMA fusion with an LPETG4 sequence between the SUMO and BCMA was produced 

by periplasmic expression in E. coli. Addition of alkyne-functionalized LPETG substrate 

and sortase yielded near-quantitative cleavage and facilitated N-terminally alkyne-labeled 

BCMA. (I) SDS-PAGE confirmed the formation of the products.
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