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The chemoenzymatic synthesis of a series of dual N- and

C-terminal–functionalized cholera toxin B subunit (CTB) glycoconjugates is

described. Mucin 1 peptides bearing different levels of Tn antigen glycosylation

[MUC1(Tn)] were prepared via solid-phase peptide synthesis. Using sortase-

mediated ligation, the MUC1(Tn) epitopes were conjugated to the C-terminus

of CTB in a well-defined manner allowing for high-density display of the

MUC1(Tn) epitopes. This work explores the challenges of using sortase-

mediated ligation in combination with glycopeptides and the practical

considerations to obtain high levels of conjugation. Furthermore, we

describe methods to combine two orthogonal labeling methodologies,

oxime- and sortase-mediated ligation, to expand the biochemical toolkit

and produce dual N- and C-terminal–labeled conjugates.
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Introduction

The development of a methodology for the site-specific conjugation of glycopeptides

and carbohydrate epitopes to multimeric scaffolds is important because of their potential

as vaccines, therapeutics, or in glycan/glycopeptide arrays (Doores et al., 2006; Godula

and Bertozzi, 2012; Branson et al., 2014; Ulrich et al., 2014; Pifferi et al., 2020). In many

cases it is advantageous to be able to attach more than one distinct group to a scaffold in a

controlled manner, which requires the use of orthogonal ligation strategies; a variety of

approaches for protein ligations, such as cysteine derivatization (Dadová et al., 2018;

Tessier et al., 2019), azide–alkyne cycloaddition (Wang et al., 2003; Agard et al., 2004;

Bruins et al., 2018), and oxime ligation (Geoghegan and Stroh, 1992; Chen et al., 2003)

have been combined to enable orthogonal labeling (Smith et al., 2009; Yi et al., 2011;

Rashidian et al., 2013; Matos et al., 2020). Another popular ligation strategy employs

transpeptidases (Harmand et al., 2018; Fottner et al., 2021; Zhang et al., 2021); for

example, the sortases that are responsible for reversibly catalyzing the attachment of
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virulence factors to the cell walls of Gram-positive bacteria

(Mazmanian et al., 1999; Popp et al., 2007). Sortase A (SrtA)

from Staphylococcus aureus ligates proteins carrying an LPXTGX

recognition motif to substrates carrying an N-terminal glycine

residue (Ton-That et al., 2000; Spirig et al., 2011). This class of

reactions has been extensively optimized both by engineering the

substrate and the enzymes involved (Morgan et al., 2022). In

particular, directed evolution has yielded sortases with enhanced

activity (Chen et al., 2011, 2016; Hirakawa et al., 2012), perhaps

most notably Sortase 7M which exhibits enhanced kinetics and

Ca2+-independent activity (Wuethrich et al., 2014). Sortase

ligation has been used for the cyclisation of glycopeptides

(Wu et al., 2011), conjugation of two mucin glycopeptides

(Matsushita et al., 2009), synthesis of GPI analogues (Guo

et al., 2009), and generation of glycoform-defined

VHH–MUC1 vaccine constructs (Fang et al., 2017), but we

are not aware of reports of sortase-mediated ligation of

glycopeptides to multimeric proteins to generate multivalent

neoglycoproteins.

Here, we report synthetic studies for the conjugation of

MUC1 glycopeptides to the cholera toxin B subunit (CTB).

Mucin 1 (MUC1) is an extensively O-glycosylated protein

whose extracellular domain extends up to 200–500 nm beyond

the surface of the cell, with a total molecular weight of

250–500 kDa (Brayman et al., 2004; Hattrup and Gendler,

2008; Nath and Mukherjee, 2014). The extracellular domain

comprises a highly conserved variable number of tandem

repeats (VNTR) of 20 amino acids, which is repeated

between 20–125 times depending on the individual (Baldus

et al., 2004; Hattrup and Gendler, 2008). This VNTR domain

is rich in serine and threonine permitting heavy

O-glycosylation and proline, which contributes to the rod-

like structure of the extracellular domain (Baldus et al., 2004;

Hollingsworth and Swanson, 2004). Dramatic changes to

MUC1 glycosylation are associated with various carcinomas

(Gendler, 2001; Awaya et al., 2004; Singh et al., 2006; Krishn

et al., 2016). Abnormal truncated O-linked glycans are

recognized as potential cancer markers and result in more

of the peptide backbone being exposed to the environment

(Burchell et al., 2001; Munkley, 2016). The Tn (core) antigen

is the simplest of the tumor associated carbohydrate antigens

comprising of α-O-GalNAc linked to either serine or

threonine.

We report methods to attach MUC1 glycopeptides to the

cholera toxin B subunit (CTB). The natural role of this

pentameric glycan-binding protein is to deliver a toxic ADP-

ribosyltransferase enzyme into intestinal cells (Sánchez and

Holmgren, 2008). However, the non-toxic CTB subunit is also

widely used as a neuronal cell tracer (Vercelli et al., 2000; Saleeba

et al., 2019), and it has also been used as a scaffold for the

preparation of multivalent neoglycoprotein inhibitors of

bacterial toxin adhesion and as a mucosal adjuvant

(Holmgren et al., 1993, 2005; Pizza et al., 2001; Branson et al.,

2014). It is our interest in these applications of the CTB protein

that has led us to develop a range of ligation methods for the site-

specific modification of this protein at its N-terminus and also

through site-specific incorporation of azidohomoalanine for

bioorthogonal ligation reactions (Branson et al., 2014; Machin

et al., 2019; Haigh et al., 2020; Balmforth et al., 2021). The work

reported here extends our toolbox of methods to C-terminal

modification of CTB by exploring the feasibility of using sortase

to conjugate naturally occurring glycopeptide epitopes to

produce a series of well-defined glycoconjugates. Furthermore,

we also demonstrate the feasibility of orthogonal modification

combining sortase and oxime ligation to add additional

functionality to the N-terminus. The ability to expand the

functionality of site-specific glycoconjugates for

immobilization, add additional carbohydrate epitopes, or to

increase immunogenicity is key to developing relevant and

useful therapeutics or increasing the chances of detecting

glycan-binding proteins.

Materials and methods

General procedure for solid-phase
glycopeptide synthesis

Low loading Rink Amide MBHA resin (loading:

0.33–0.35 mmol/g, 100 µmol) was shaken in DMF (5 ml) for

2 h, filtered, and washed with DMF. Fmoc deprotection: resin-

bound peptide intermediates were shaken in 20% piperidine in

DMF (3 × 5 ml × 3 min) and washed with DMF, CH2Cl2, and

DMF. Couplings: the resin was treated with a 5-fold excess of

Fmoc-amino acid (except for the Fmoc-Ser/Thr (GalNAc)-

OH which was employed in a 2-fold excess) in 2 ml DMF

containing HCTU (5 equiv) and DIPEA (10 equiv). The

mixture was shaken and coupling times were 40 min

(except for the Fmoc-Ser/Thr (GalNAc)-OH and the

subsequent coupling each of which were 12 h in duration).

The excess reagents removed by filtration, and the resin was

washed with DMF, CH2Cl2 and DMF. O-acetyl deprotection:

following coupling of the final amino acid, resin was washed

with methanol, shaken in 70% hydrazine hydrate in methanol

(3 × 5 ml × 5 min), and washed with methanol. Glycopeptide

cleavage: following Fmoc and O-acetyl deprotection, the resin

was washed with CH2Cl2 and methanol, before drying under

vacuum. The resin was suspended in TFA:H2O:TIS (95:2.5:

2.5, 5 ml) and shaken for a maximum of 2 h. The mixture was

filtered and washed with TFA. The solution was concentrated

under a stream of N2 to <1 ml. Glycopeptide obtained by ether

precipitation, isolated by centrifugation and pellet further

washed with ether. The white precipitate was dissolved in

H2O and lyophilized to give white foam. The yield and

characterization data of all synthesized peptides/

glycopeptides can be found in Supplementary Material.
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Determination of sortase-mediated
ligation efficiency

For a total volume of 100 µl, CTB–LPETGA (200 µM) and

appropriate peptide/glycopeptide (3 mM, 15 equiv) were mixed,

and the reactionmixture was made up to volume with the HEPES

buffer {+DMSO [10% v/v (final)], if required} before the addition

of Sortase 7M (30 µM, 15 mol%). The reaction mixture was

incubated at 25°C, and timepoints for analysis by SDS-PAGE

were taken at 2, 5, 10, 20, 30, 60, 90, and 120 min. For time point

samples, 5 µl of the reaction was diluted in 15 µl H2O and mixed

with 5 × SDS loading buffer (5 µl). Samples were heated to 95°C

FIGURE 1
Structure of MUC1 (Tn) epitopes based on SM3 (1–2) and H-2Db (3–6) binding domains.

FIGURE 2
(A) Time-course of Sortase 7M–mediated ligation of CTB–LPETGA and peptide 1 based on the SM3 recognition sequence or peptide 7 (P4A
variant of peptide 1). (B) Time-course of Sortase 7M–mediated ligation of CTB–LPETGA and glycopeptide 2 based on the SM3 recognition sequence
or glycopeptide 8 (P4A variant of glycopeptide 2). Percentage conjugation an average of three densitometry measurements and error bars indicate
2 × standard deviation.
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for 5 min before being frozen and stored at −20°C before analysis

by SDS-PAGE. Samples were run on a 15% Tris-glycine SDS-

PAGE gel, stained with Coomassie blue (12 h), destained, and

imaged using a Bio-Rad Gel Doc XR system. The relative

quantity of labeled product and unlabeled starting material

was quantified by densitometry (Bio-Rad Image Lab 6.0.1,

Bio-Rad Laboratories Ltd.). Data were analyzed in OriginPro

2019b (OriginLab Corporation, Northampton, MA,

United States). Original SDS-PAGE gels are included within

the Supplementary Material.

General procedure for preparative scale
sortase ligation using CBD-Sortase 7M

For a total volume of 200 µl, the protein to be labeled

(200 µM) and peptide/glycopeptide (3,000 µM, 15 eq.) were

mixed, and the reaction mixture was made up to volume with

the appropriate buffer before the addition of His6-CBD-Srt7M

(30 µM, 15 mol%). The reaction mixture was incubated for 2 h at

25°C. Once the reaction has reached completion by mass

spectrometry, 200 µl of chitin resin [50% slurry in TBS

(pH 7.2)] was added, and the mixture incubated on ice for

15 min. The solution was filtered using a centrifugal cellulose

acetate filter (4,000 × g, 1 min). The excess substrate was removed

by either diafiltration, dialysis, or size exclusion chromatography

[Superdex 75 10/300, Tris-buffered saline (pH 7.2)].

General procedure for Thr/Ser oxidation
and oxime ligation

Protein to be labeled was buffer exchanged into sodium

phosphate buffer (pH 7.4); it is very important that the buffer

does not contain potassium. Performing reactions in the

presence of K+ ions will result in oxidation failing to reach

completion (Brabham et al., 2020). Oxidation: the protein to

be labeled (500 µl, 200 µM) in sodium phosphate buffer was

mixed with L-methionine (4 µl of 250 mM stock, final

concentration 2.0 mM, 10 eq) and NaIO4 (2 µl of 250 mM

stock, final concentration 1.0 mM, 5 eq). The reaction was

followed by ES-MS, and it typically completed within 10 min.

The protein was purified using a G-25 minitrap desalting

column equilibrated and eluted with sodium phosphate buffer

(pH 6.8). Oxime ligation: to the oxidized protein obtained

from the G-25 minitrap desalting column (1 ml, ~100 µM)

was added aniline (18 µl, final concentration 200 mM,

1,000 equiv.) and the oxyamine substrate (8 µl of 250 mM

stock in DMSO, final concentration 2.0 mM, 10 equiv.). The

mixture was briefly mixed by vortexing and incubated at 37°C

for 8–16 h. The oxime-labeled protein was purified using a

PD-10 desalting column equilibrated and eluted with sodium

phosphate buffer (pH 6.8). The reactions were followed by

protein HRMS, which are included within the Supplementary

Material.

Results and discussion

Preparation of glycopeptide and protein
substrates

The antibody SM3 (identified from the sera of breast cancer

patients) and the mouse class I MHC product H-2Db are known

to bind regions of incompletely glycosylated MUC1, either

APDTRP or APGSTAPPA, respectively (Apostolopoulos et al.,

1998; Dokurno et al., 1998; Burchell et al., 2001; Martínez-Sáez

et al., 2015). Previously, Fang et al. (2017) reported the

C-terminal sortase conjugation of αMUC1(Tn) glycopeptide

[GGGCTSAPDT (GalNAc)RPAP] to camelid-derived heavy

chain–only antibody fragments (VHHs) using Sortase 5M.

Our initial aim was to keep the linker length to a minimum;

therefore, the SM3 and H-2Db sequences were synthesized by

solid-phase peptide synthesis with a Gly–Val N-terminal tag for

sortase-mediated ligation. Inclusion of valine provided both a

minimal length spacer and a unique signal enabling

quantification of peptide concentration by NMR spectroscopy.

Peracetylated α-O-GalNAc-Ser/Thr amino acids, synthesized

from D-galactosamine as outlined in Supplementary Scheme

S1 (Xu et al., 2004; De Silva et al., 2009), were incorporated

into the peptides to create all three potential GalNAc (Tn)

glycosylation patterns (Figure 1). To minimize off-resin

manipulation of the glycopeptides, O-acetyl protecting groups

were removed on resin using 70% hydrazine hydrate in

methanol. This deacetylation reaction reached completion

within 15 min rather than 2 h as previously reported (Mitchell

et al., 2001). Glycopeptides were cleaved from the resin using

standard TFA cleavage conditions; no acid-catalyzed cleavage of

GalNAc moiety was observed, provided cleavage was not allowed

to proceed for more than 2 h.

Cholera toxin B subunit (CTB) was chosen as the model

pentameric scaffold protein for glycopeptide conjugation. A

synthetic gene for cholera toxin B subunit harboring a

C-terminal NGGNLPETGA extension including a sortase

recognition motif (CTB–LPETGA) was constructed by

assembly PCR. The protein was expressed in E. coli and

isolated from the growth media by ammonium sulfate

precipitation, followed by nickel affinity and size exclusion

chromatography steps. Characterization of CTB–LPETGA by

SDS-PAGE and HRMS revealed a truncation present in

approximately 10% of the CTB protomer units corresponding

to 11 amino acids from the C-terminus being absent including

the LPETGA sortase motif (Supplementary Figure S1). The cause

of the truncation could potentially have been premature

termination of translation or subsequent proteolysis; however,

addition of protease inhibitors to the growth media (both prior to
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induction and ammonium sulfate precipitation) or to the buffer

used to resuspend the ammonium sulfate precipitate did not have

any effect. Having 10% of peptide truncation means that on

average there are 4.5 sortase sites available for ligation per

pentamer, rather than the expected 5, but this is unlikely to

have any negative impact on any downstream application of the

ligation methods reported here.

Effect of DMSO and Pro4 on ligation
efficiency

Peptide 1 and glycopeptide 2, based on the SM3 sequence, were

ligated to CTB–LPETGA using Sortase 7M (Wuethrich et al., 2014),

and the reactions were followed by SDS-PAGE and quantified by

densitometry. After 2 h conjugation with the SM3 peptide 1 had

reached its maximum conversion of 78% (Figure 2A). Conjugation

with the SM3 glycopeptide 2 reached a maximum conversion of

52%, approximately 25 percentage points lower than observed for

the non-glycosylated peptide under the same conditions (Figure 2B).

Considering that the GalNAc residue is attached to Thr-6 of the

peptide substrate, it seemed unlikely that glycosylation was having a

detrimental steric effect on the ligation reaction. We therefore

postulated that the sugar residue might cause some

conformational change in the peptide that reduced ligation

efficiency. Therefore, each reaction was repeated in the presence

of 10% DMSO to act as chaotropic agent and disrupt any putative

hydrogen bonding within the peptide/glycopeptide (Jackson and

Mantsch, 1991). No change in conjugation efficiency was observed

for peptide 1 (Figure 2A); however, a significant increase in the level

of conjugation was observed for glycopeptide 2. After 2 h, 73% of the

available sortase sites were converted to the product, which was an

increase approximately 20% compared to the reaction without

DMSO present (Figure 2B). The rate and total level of

conjugation for peptide 1 and glycopeptide 2 were comparable in

the presence of 10% DMSO. No significant reduction in rate of

labeling was observed, indicating that this concentration of DMSO

was sufficient to interrupt any unfavorable intramolecular

interactions within the glycopeptide, but insufficient to impair

Sortase 7M activity, and unlikely to perturb the highly stable

CTB structure (Goins and Friere, 1988).

Next, the effect of the peptide sequence on conjugation

efficiency was evaluated. The 20 amino acid MUC1 tandem

repeat domain is known to be highly kinked, which in part is

induced by its five proline residues (Brayman et al., 2004). The

second set of experiments focused on the N-terminal motif of

GVAPXS/T [where X is D (SM3) or G (H-2Db)] to evaluate if the

proline residue closest to the nucleophilic glycine residue could

be the cause of the poor conjugation efficiency for the

glycopeptide. Variants of the SM3 peptide and glycopeptide

substrates were synthesized in which Pro4 was changed to Ala

and ligation was repeated in the absence of DMSO. After 1.5 h,

quantitative ligation was achieved for the P4A peptide 7

(Figure 2A) and conjugation of P4A glycopeptide 8 reached a

maximum level of 87% (Figure 2B). Ligation of both P4A

substrates were a significant improvement over the natural

substrates and confirmed the Pro4 had an influence on

conjugation efficiency of both the peptide and glycopeptide

substrates. It is possible that ligation of glycopeptide 8 could

have improved further if the reaction were spiked with 10%

DMSO; however, as this was not the native SM3 epitope, further

experiments to confirm this hypothesis were not performed.

Effect of N-terminal flexibility on
glycopeptide ligation efficiency

Although removal of the proline residue resulted in near

quantitative ligation, it is unclear if the proline residue may

induce important secondary structure within the glycopeptide. It

was considered important not to perturb the conformation of the

(glyco) peptides if the methodology were to be used to develop

glycoconjugates, which could be used as therapeutics or detection of

novel carbohydrate binding proteins. Therefore, the effect of

introducing various length linkers between the sortase handle and

the MUC1 sequence was investigated to determine if conjugation

efficiency could be improved whilst maintaining amino acids that

could be important for secondary structure. One, two, or three copies

of 8-amino-3,6-dioxaoctanoic acid (AEEAc-OH), each equivalent to

insertion of PEG3, were introduced between the GV sortase handle

FIGURE 3
Time-course of Sortase 7M–mediated ligation of
CTB–LPETGA and glycopeptide 2 and 9–12 based on the
SM3 recognition sequence. The reaction performed in the
presence of 10% DMSO. AEEAc, 8-amino-3,6-dioxaoctanoic
acid. Percentage conjugation an average of three densitometry
measurements and error bars indicate 2 × standard deviation.
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and the SM3 sequence. Furthermore, the effect of increasing

N-terminal flexibility was investigated by changing the Gly–Val

sortase handle to a triglycine motif (12) in analogy to the longer

[GGGCTSAPDT (GalNAc)RPAP] sequence previously investigated

(Fang et al., 2017). All four extended peptide sequences (9, 10, 11, 12)

gave statistically significant improvements in conjugation

(12–21 percentage points) relative to glycopeptide 2 under the

same conditions (Figure 3). In the case of compound 12, the

improvement in conjugation is likely due to the increased

flexibility of the N-terminus rather than the additional length

provided by the addition of a single amino acid (GGG vs. GV)

(Figure 3). Only peptide 10with the PEG6 equivalent linker showed a

significant improvement in the level of conjugation relative to the

glycopeptide bearing the N-terminal triglycine (12).

As the double AEEAc linker showed the highest levels of

conjugation in the preliminary experiments, the peptides and

glycopeptides based on the SM3 (APDTRP) and H-2Db

(APGSTAPPA) motifs were resynthesized with the double

AEEAc linker (n = 2). After 2 h the level of conjugation

between CTB–LPETGA and the new peptides and

glycopeptides containing a PEG6 equivalent linker (13–18)

in the presence of 10% DMSO was between 80%–85% (by

SDS-PAGE and densitometry) (Figure 4; Table 1). Compared

to the original glycosylated SM3 substrate 2 in the absence of

DMSO, the optimized linker length and conditions for

glycopeptide 10 resulted in an increased conversion of

32 ± 4 percentage points.

Development and testing of chitin-
binding Sortase 7M variant

The ability to remove the sortase enzyme rapidly from the

preparative scale ligation reactions efficiently would be vital as

prolonged exposure to sortase will eventually lead to hydrolysis of

the ligated product (Morgan et al., 2022). The standard methodology

for removing sortase from ligation reactions by exploiting the affinity

of itsHis-tag forNi-NTA resinwas not possible because of the natural

affinity of CTB for Ni-NTA resin (Dertzbaugh and Cox, 1998).

Attempts to exploit the difference in affinity of these two proteins

for the Ni-NTA resin were unsuccessful, and further attempts to

isolate the ligation product by size exclusion chromatography (SEC)

led to increased levels of hydrolysis compared to the crude sample

prior to being loaded on the SEC column.Although immobilization of

sortase was a potential solution (Steinhagen et al., 2013; Witte et al.,

2015), once immobilized the activity of the enzyme is reduced. As a

result, we decided to investigate an alternative fusion construct of

Sortase 7M which could be used in solution for the reaction and then

selectively removed at the end of the reaction. An N-terminal chitin-

binding domain (CBD) was selected because of its effectively

irreversible binding to chitin resin and its small size which should

not interfere with activity of the enzyme.

To ensure the CBD domain did not interfere with the

transpeptidase activity, the conjugation of CTB to the

SM3 glycopeptide with the double length AEEAc linker (10) was

repeated using both the Sortase 7M and CBD-Sortase 7M variant.

Although the chitin-binding variant of Sortase 7M was found to

ligate slightly faster over the first 30 min compared to the

non–chitin-binding variant, at timepoints beyond 1 h the

difference in conjugation between the two enzymes was

FIGURE 4
SDS-PAGE gel showing sortase ligation after 2 h using
peptides (13, 17, and 18) and glycopeptides (10, 14–16) containing
a double length AEEAc linker, equivalent to PEG6. Levels of
conjugation listed in Table 1.

TABLE 1 Percentage of conjugated and unlabeled sortase sites on
CTB–LPETGA after 2 h.

Substrate Conjugated (%)a

13 82 (±3)

14 80 (±2)

15 80 (±2)

16 81 (±2)

17 85 (±1)

18 85 (±2)

10 84 (±3)

aDensitometry performed by comparing intensity of unlabeled (CTB–LPETGA) and

conjugated CTB bands. CTB without the LPETGA tag (CTB) accounts for ~10% of each

sample. Average of three technical repeats of the densitometry measurements. Errors

indicate 2 × standard deviation.
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negligible with conjugation reaching 90% for both enzymes after 2 h

(Figure 5). The efficiency of removing CBD-Sortase 7M from

ligation reactions was evaluated by repeating the experiments

with SM3 peptide 18 and glycopeptide 10. After 2 h reaction in

the presence of CBD-Sortase 7M, chitin resin was added and the

mixture was incubated on ice to minimize any further reaction past

the deemed endpoint prior to removal of the resin by centrifugal

filtration. An analysis of samples before and after use of the chitin

resin showed complete removal of the CBD-Sortase 7M, and no

significant difference in the level of conjugation before and after

removal of chitin resin was observed (Figure 6).

Combining orthogonal N- and C-terminal
ligation methodologies

Orthogonal modification of the C- and N-terminus of a protein

scaffold allows the opportunity to introduce more than one new

functionality at specific sites on a protein scaffold. Oxime ligation at

the N-terminus of CTB was first described for the construction of

well-defined CTB-viral peptide immunogens (Chen et al., 2003). We

have previously applied oxime ligation of CTB for the preparation of

multivalent neoglycoprotein bacterial toxin inhibitors and for

N-terminal biotinylation of CTB for phage display (Branson et al.,

2014; Balmforth et al., 2021). To explore if oxime and C-terminal

sortase-mediated ligation could be used orthogonally, theN-terminus

FIGURE 5
Time-course for ligation of CTB–LPETGA and glycopeptide
10 using Sortase 7M (■) and chitin-binding domain (CBD) Sortase
7M (•). Percentage conjugation an average of three densitometry
measurements and error bars indicate 2 × standard deviation.

FIGURE 6
SDS-PAGE gel demonstrating removal of CBD-Sortase 7M
from reactionmixture using 1.5 eq of chitin resin. No change in the
level of conjugation is observed before and after removal of CBD-
Sortase 7M.

FIGURE 7
(A) ESI-MS of CTB–LPETGA (12,553.4 Da) and truncated CTB
(11,528.9 Da) before treatment with NaIO4. (B) ESI-MS of
CTB–LPETGA following oxidation with periodate. (C) ESI-MS
following treatment of oxidised-CTB with alkoxyamine-
PEG4-biotin and aniline, showing quantitative N-terminal
biotinylation of both substrates. (D) SDS-PAGE gel of
CTB–LPETGA, oxidized CTB–LPETGA, biotinylated CTB–LPETGA,
and C-terminally conjugated and biotinylated CTB constructs.
Levels of conjugation listed in Table 2.
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of CTB–LPETGA was first biotinylated before the peptides and

glycopeptides (10, 13–18) were conjugation to the C-terminus using

CBD-Sortase 7M. We chose to perform the ligation reactions in this

order as periodate oxidation of a glycoprotein bearing terminal

GalNAc residues risks oxidation of the sugar residues. An

alternative strategy of N-terminal periodate oxidation followed by

sortase ligation to attach the glycopeptides and then oxime ligation to

introduce the biotin groups would not be practical as delays to the

oxime step result in cyclisation of the N-terminal aldehyde group

onto the peptide backbone (Rose et al., 1999).

The N-terminal threonine residue was oxidized using sodium

periodate (5 eq) in sodium phosphate buffer. This reaction typically

reaches completionwithin 5min in sodiumphosphate (Figures 7A,B),

whereas the reaction does not reach completion in phosphate-

buffered saline containing potassium ions, which are known to

hinder periodate reactivity (Brabham et al., 2020). Previously

oxime ligation of alkoxyamine–PEG4–biotin was used for the

N-terminal biotinylation of wt CTB; this was sufficient to allow

effective binding to streptavidin for phage display screening

(Balmforth et al., 2021). Using the same alkoxyamine–PEG4–biotin

(10 eq) in the presence of aniline (1% v/v) at 37°C, oxime biotinylation

of the oxidized CTB reached completion within 16 h (Figure 7C).

When the oxidized CTBwas used below 200 µM, amixture of labeled

product (12,924.5 Da) and N-terminal cyclisation (12,508.3 Da) was

observed (Rose et al., 1999). For optimal oxime ligation reactions, an

oxidized CTB concentration above 400 µMwas required to minimize

N-terminal cyclisation and obtain quantitative N-terminal

biotinylation of both CTB–LPETGA and the truncated CTB.

Having achieved quantitative N-terminal biotinylation,

preparative scale sortase ligation of the biotin–CTB–LPETGA

with the (AEEAc)2 peptides and glycopeptides (10, 13–18) was

performed using CBD-Sortase 7M in the presence of 10%DMSO.

After 2 h, each reaction was placed on ice and CBD-Sortase 7M

removed using chitin resin. The level of conjugation was

evaluated by SDS-PAGE and densitometry following

purification by size exclusion chromatography to remove the

excess peptide/glycopeptide (Figure 7D; Table 2). No significant

difference in sortase ligation efficiency was observed between

CTB–LPETGA with and without the N-terminal biotin tag.

Conclusion

In conclusion, we have described the optimization of C-terminal

sortase ligation for a series of MUC1(Tn) glycopeptide epitopes and

the orthogonal labeling of both theN- andC-terminus of the cholera

toxin B subunit using two site-specific methods. The N-terminus of

CTB–LPETGA was quantitatively labeled with an alkoxyamine-

functionalized biotin via oxime ligation. Sortase-mediated ligation

could then be used to ligate a series of MUC1(Tn) epitopes to the

C-terminus with a conjugation efficiency of 82%–87%. Although

demonstrated here with biotinylation, it should be straight forward

to extend N-terminal functionalization with other peptides,

glycopeptides, or immunogenic epitopes given the ease of

incorporation of alkoxyamine functionalization to small

molecules or to peptides during solid-phase peptide synthesis.

Furthermore, we have demonstrated the addition of an

N-terminal chitin-binding domain to Sortase 7M has no negative

effect enzyme activity and can be used to remove the enzyme rapidly

and efficiently once the deemed endpoint of the reaction has been

reached.
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