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a b s t r a c t

We propose a concept for ligase detection by conversion of aggregation-based homogeneous analysis

into surface-tethered electrochemical assay through streptavidin (SA)-biotin interaction. Sortase A (SrtA)

served as the model analyte and two biotinylated peptides (bio-LPETGG and GGGK-bio) were used as

the substrates. SrtA-catalyzed ligation of the peptide substrates led to the generation of bio-LPETGGGK-

bio. The ligation product (bio-LPETGGGK-bio) induced the aggregation and color change of SA-modified

gold nanoparticles (AuNPs) through the SA-biotin interactions, which could be assayed by the colorimet-

ric method. Furthermore, we found that the bio-LPETGGGK-bio could trigger the assembly of tetrameric

SA proteins with the formation of the (SA-bio-LPETGGGK-bio)n assemblies through the same interactions.

The above results were further confirmed by atomic force microscopy and fluorescent imaging. The in-

sulated assemblies were in-situ fabricated at the SA-modified gold electrode, thus hindering the electron

transfer of [Fe(CN)6]
3−/4− and leading to an increase in the electron-transfer resistance. The capability of

the method for the detection of SrtA both in vitro and Staphylococcus aureus (S. aureus) has been demon-

strated. SrtA with a concentration down to 1pmol/L has been determined by the electrochemical analysis,

which is lower than that achieved by the colorimetric assay (50pmol/L). By integrating the advantages of

homogeneous reaction and heterogeneous detection, the strategy serves as an ideal means for the fabri-

cation of various sensing platforms by adopting biotin-labeled and sequence-specific peptide or nucleic

acid substrates.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Protein/peptide modification is of great significance and partic-

ular interest in the field of biological science and protein therapeu-

tics. Peptide ligases are a kind of enzymes that can catalyze the

formation of peptide bonds with high site and substrate selectiv-

ity, including sortase, butelase, trypsiligase, subtiligase, peptiligase

and omniligase [1,2]. The enzymes play a vital role in protein en-

gineering, chemical labeling and peptide/protein macrocyclization

[3–5]. In addition, changes in the enzymatic activity and level of

ligases have been closely related to many diseases, such as skin

and soft tissue infections, osteomyelitis, meningitis, endocarditis,

septicemia, and toxic shock syndrome [6,7]. Consequently, ligases

serve as potential biomarkers and therapeutic targets. Accurate and

sensitive detection of ligases is of great significance in biologi-

cal research, medical diagnostics and pharmaceutical development.
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The common methods for quantitative detection of ligases include

high-performance liquid chromatography and mass spectrometry

[8,9]. These homogeneous methods can directly monitor the cat-

alytic product, but usually suffers from complex processes, poor

sensitivity and complicated instrumentation. Alternatively, ligases

have been determined by using fluorophore- and quencher-labeled

substrates based on fluorescence quenching or fluorescence reso-

nance energy transfer [10–13]. The fluorescent methods are sen-

sitive and effective but possess certain drawbacks, such as low

signal-to-background ratio, high cost as well as complex proce-

dures for the substrate synthesis. Therefore, it is still desirable to

develop simple, sensitive and cost-effective methods for detection

of ligases and screening of their potent inhibitors.

In recent decades, gold nanoparticles (AuNPs)-based colorimet-

ric methods have been used for bioassays due to the advantages

of easy operation, fast response, good sensitivity and simple in-

strumentation. Biotin-functionalized peptides and those contain-

ing cysteine and/or positively charged amino acids can induce the

https://doi.org/10.1016/j.cclet.2021.10.038
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Scheme. 1. Schematic representation of colorimetric (A) and electrochemical (B) as-

says of SrtA by ligation product-induced aggregation of SA-AuNPs or SA through the

SA-biotin interactions.

aggregation of AuNPs through the streptavidin (SA)-biotin, Au-S or

electrostatic interactions [14–17]. This phenomenon has allowed

for the colorimetric detection of proteases by cleaving the peptide

into two shorter parts, which limits the substrate-induced AuNPs

assembly. In this work, we found that the two biotinylated pep-

tides can be conjugated by a ligase and the resulting ligation prod-

uct can induce the aggregation of SA-modified AuNPs through the

SA-biotin interactions (Scheme 1A). Thus, a colorimetric method

for the detection of peptide ligases was proposed using SA-AuNPs

as the color indicators. Though simple and convenient for ligase

inhibitor screening, the colorimetric assay exhibits low sensitivity

for ligase detection in biological samples. Electrochemical meth-

ods are sensitive to the peptide cleavage event occurring on the

liquid-solid interface, thus allowing for the detection of proteases

with high sensitivity. Recent investigations indicate that the metal

ions- and peptides-induced aggregation of AuNPs or AgNPs can

be initiated on the electrode, thus infusing the aggregation events

into the interface [18–21]. SA is a tetrameric protein with four

biotin-binding sites, and the SA-biotin system has been widely

used to develop various biosensors [22–24]. We found that the lig-

ation product with two biotin tags could induce the assembly of

not only SA-AuNPs but also SA proteins through the SA-biotin in-

teractions. Thus, we proposed that the liquid-phase assay of lig-

ase can be transformed into electrochemical analysis through the

product-triggered formation of SA-biotin-peptide networks on the

SA-covered electrode (Scheme 1B). The resulting networks can effi-

ciently limit the electron transfer of [Fe(CN)6]
3−/4− through the for-

mation of insulating protein/peptide layers, and the change of elec-

tron transfer resistance can be conveniently monitored by electro-

chemical impedance spectroscopy (EIS). The conventional peptide-

based electrochemical methods involve the immobilization of pep-

tides on the electrode surface, which limits the interaction be-

tween the enzyme active center and the reaction site of peptide

due to the steric hindrance effect [25–27].

Sortase A (SrtA) is a kind of thiol-containing transpeptidase

prevalent in Gram-positive bacterias [28]. The ligase can recog-

nize the substrate bearing a “sorting sequence” of LPXTG and

cleave the peptide bond between threonine and glycine [29,30].

The N-terminal glycine of another protein/protein can attack the

Fig. 1. (A) UV–vis absorption spectra and photographic images of SA-AuNPs in the

absence (tube/curve 1) and presence of 1 μmol/L of bio-LPETGG and GGGK-bio

(tube/curve 2) or 0.5 μmol/L bio-LPETGGGK-bio (tube/curve 3). (B) TEM images of

SA-AuNPs in the absence (top) and presence (bottom) of bio-LPETGGGK-bio.

acyl-enzyme intermediate to yield a new peptide bond. The fea-

sibility of our method for the assay of SrtA has been tested.

Two biotinylated peptides with the sequences of bio-LPETGG and

GGGK-bio were rationally designed as the substrates [31]. SrtA-

catalyzed transpeptidation allowed the ligation of the peptide sub-

strates with the formation of bio-LPETGGGK-bio. Since peptides

and nucleic acids can be easily labeled with biotin groups in solid

phase synthesis, the sensing protocol can be extended for the con-

struction of versatile platforms for determining other ligases and

screening potent inhibitors.

The aggregation of AuNPs can lead to a distinct red shift of

the localized surface plasmon resonance (LSPR) band. Based on the

SA-biotin interactions, various AuNPs-based colorimetric biosen-

sors have been designed by using biotinylated peptides or nucleic

acids as the probes [17,20,32-35]. By examining the changes in the

color and LSPR band of SA-AuNPs, colorimetric assay of SrtA was

conducted. Modification of SA on the surface of AuNPs did not

induce significant change in the LSPR band of AuNPs (Fig. S1 in

Supporting information). We also found that the modification im-

proved the stability of AuNPs to resist the salt-induced aggregation,

which is in agreement with the previous reports [34,35]. No sig-

nificant changes in the color and LSPR band of AuNPs at 525nm

were observed with the addition of two substrate peptides bio-

LPETGG and GGGK-bio (cf. tube/curve 1 and tube/curve 2 in Fig.

1A). This indicates that the SA-AuNPs are stable in the presence of

the substrate peptides. However, incorporation of bio-LPETGGGK-

bio caused the color change from red to blue (tube 3), which is ac-

companied by the LSPR band shift from 525nm to 670nm (curve

3). The LSPR band change was linearly dependent upon the bio-

LPETGGGK-bio concentration in the range of 1–500nmol/L. These

results indicated the capability of bio-LPETGGGK-bio to induce the

aggregation of SA-AuNPs, which was further confirmed by the TEM

observation (Fig. 1B).

When the substrate peptides (bio-LPETGG and GGGK-bio) were

incubated with SrtA, the color of SA-AuNPs suspension became

blue and a red shift of the LSPR band was observed (Fig. S2A

in Supporting information). The sensing protocol thus provides a

viable means for the assay of SrtA. It was found that the color

change and band shift were dependent upon the SrtA concen-

tration, and the level of bio-LPETGGGK-bio increased and that of

peptide substrates decreased accordingly with the proceeding of

SrtA-catalytic ligation. The relative absorption intensity, defined

as A670/A525, was used to evaluate the analytical performances,

where A670 and A525 were referred to the absorption intensities

at 670 and 525nm, respectively. The A670/A525 values were inten-

sified while increasing the concentrations of SrtA in the range of

0–2nmol/L (Fig. S2B in Supporting information). Sortase serves as

a potential target for the development of effective antiviral drugs,
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while berberine chloride, a natural plant alkaloid found in many

Chinese herbs, can inhibit the activity of SrtA [11]. Based on the

colorimetric assay, berberine chloride was found to inhibit SrtA

activity in a dose-dependent manner. The half-maximal inhibitory

concentration (IC50) in the case of 2nmol/L SrtA was found to be

0.76μg/mL, being consistent with that obtained by the fluorescent

assay [11].

Although the AuNPs-based colorimetric method is simple, easy

to operate, and does not require any special equipment, it pos-

sesses a lower sensitivity for SrtA detection than the reported flu-

orescent methods [11,13]. EIS is a simple and sensitive method for

measuring the immobilization and binding processes occurring at

the electrode surface. Inspired by the binding of one tetrameric

SA toward four biotin molecules and biotinylated peptide-induced

aggregation of SA-AuNPs through SA-biotin interactions, we en-

visioned that the tetrameric SA could be assembled on the SA-

modified electrode with bio-LPETGGGK-bio as the linker, thus in-

fusing the colorimetric principle into the electrochemical assay.

The schematic for SrtA detection is depicted in Scheme 1B. In

the absence of SrtA, the substrate peptides of bio-LPETGG and

GGGK-bio could bind to the SA proteins anchored on the elec-

trode and existing in solution, thereby inhibiting the further as-

sembly process. After ligation of the peptide substrates by SrtA,

the catalytic product of bio-LPETGGGK-bio was captured by the

SA-modified electrode. The biotin group at the other end of the

captured peptide allowed the attachment of SA protein in solu-

tion. Through the SA-biotin interactions, more and more catalytic

products and SA proteins in solution could be continually recruited

to the electrode surface. The resulting (SA-bio-LPETGGGK-bio)n as-

semblies thus hindered the electron transfer and significantly in-

creased the impedance response due to their large size and nega-

tive charges.

Atomic force microscopy (AFM) can provide information con-

cerning the surface morphology and structure of the nanomate-

rials. To prove that the peptide of bio-LPETGGGK-bio can induce

the SA assembly, the morphologies of SA and SA/bio-LPETGGGK-bio

were characterized by AFM. As shown in Fig. 2A, the SA proteins

coated on the mica surface were dispersed uniformly. Recall that

the 66-kDa SA is a globular tetrameric protein with a diameter of

1–2nm [17]. Incubation of SA with bio-LPETGGGK-bio resulted in

the formation of the aggregates of (SA-bio-LPETGGGK-bio)n assem-

blies. In contrast, no particles or aggregates were formed on the

mica surface treated with bio-LPETGGGK-bio.

The feasibility of the method for EIS assay of SrtA was demon-

strated by incubating the SA-modified electrodes with different

sample solutions. As shown in Fig. 2B, there is no significant

change in the electron-transfer resistance (Ret) when the SA-

modified electrode (curve a) was incubated with the SrtA reac-

tion buffer (curve b), the mixture of bio-LPETGG, GGGK-bio and

SA (curve c) or the catalytic product of bio-LPETGGGK-bio (curve

d). However, a remarkably increased Ret was observed upon in-

cubation of the SA-modified electrode with bio-LPETGGGK-bio/SA

mixture (curve e), indicating the formation of insulating (SA-bio-

LPETGGGK-bio)n assemblies. The in-situ formed assemblies could

effectively block the electron transfer of [Fe(CN)6]
3−/4− and the Ret

increased with the bio-LPETGGGK-bio concentrations in the range

of 0.01–1 μmol/L. When the SA-modified electrode was incubated

with the mixture of bio-LPETGG, GGGK-bio, SrtA and SA (curve f),

the impedance was also greatly enhanced. The enhanced Ret sug-

gested the capability of SrtA for catalyzing the transpeptidation

reaction, which thus resulted in the generation of bio-LPETGGGK-

bio and then the (SA-bio-LPETGGGK-bio)n assemblies. Conversely,

smaller Ret was attained when the SA-modified electrode was

treated with the bio-LPETGG/GGGK-bio/SA mixture (curve c) or the

bio-LPETGG/GGGK-bio/SrtA mixture (curve g). The EIS results were

also confirmed by fluorescence microscopy using FITC-SA instead

Fig. 2. (A) AFM images of 0.5 μmol/L SA before (top) and after (bottom)

interaction with 0.5 μmol/L bio-LPETGGGK-bio. (B) EIS responses at the SA-

modified electrode before (curve a) and after incubation with the following so-

lutions: SrtA reaction buffer (b), bio-LPETGG+GGGK-bio+ SA (c), bio-LPETGGGK-

bio (d), bio-LPETGGGK-bio+ SA (e), bio-LPETGG+GGGK-bio+ SrtA+ SA (f), and bio-

LPETGG+GGGK-bio+ SrtA (g). The concentrations of bio-LPETGG, GGGK-bio, bio-

LPETGGGK-bio, SA and SrtA used were 2 μmol/L, 2 μmol/L, 1 μmol/L, 0.5 μmol/L

and 0.2 nmol/L, respectively. (C) Confocal fluorescent images of SA-modified gold

chips before (a) and after incubation with bio-LPETGGGK-bio/FITC-SA (b), bio-

LPETGG/GGGK-bio/FITC-SA (c) or bio-LPETGG/GGGK-bio/SrtA/FITC-SA (d).

Fig. 3. (A) EIS responses at the SA-modified electrode in the case of SrtA with var-

ious concentrations (0, 0.001, 0.005, 0.01, 0.015, 0.025, 0.5 and 0.1 nmol/L). The ex-

perimental data and fitted results were shown as the points and curves, respec-

tively. (B) Dependence of Ret on SrtA concentration. The inset depicts the linear

portion of the curve.

of SA. As shown in Fig. 2C, the SA-modified chip surface was black

(panel a), and green assemblies were observed on the chip after

incubation with bio-LPETGGGK-bio/FITC-SA mixture (panel b), evi-

dencing bio-LPETGGGK-bio-induced in-situ assembly of FITC-SA. In-

terestingly, no or fewer green assemblies were attained on the bio-

LPETGG/GGGK-bio/FITC-SA-treated chip (panel c), but numerous

green assemblies were observed when the modified chip was incu-

bated with the bio-LPETGG/GGGK-bio/SrtA/FITC-SA mixture (panel

d). The above results demonstrated that the ligation product in-

duced the assembly of FITC-SA on the chip surface. Accordingly,

SrtA can be determined by examining the in-situ generation of (SA-

bio-LPETGGGK-bio)n assemblies.

The analytical performances of the method were investigated by

measuring the impedance change in the case of SrtA with various

concentrations. As shown in Fig. 3A, the impedance was enhanced

with the increase of SrtA concentrations from 0 to 0.1 nmol/L,

indicating that the higher level of SrtA could promote the
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Fig. 4. (A) Selectivity of the method. 1, blank (buffer); 2, ALP; 3, trypsin;

4, lysozyme; 5, thrombin; 6, β-galactosidase; 7, SrtA. The concentration of SrtA was

0.05nmol/L, and that of other proteins was 5nmol/L. (B) Dependence of Ret on the

concentration of SrtA in serum. The concentrations of the spiked SrtA were 0, 0.001,

0.01 and 0.025nmol/L.

generation of more ligation products. The curve reached to a plat-

form in the presence of high concentrations of SrtA, which might

be ascribed to the saturation of the electrode by the SA assem-

blies. A linear correlation between Ret and SrtA concentration was

attained in the range of 1–25pmol/L (Fig. 3B), and the corre-

lation equation could be expressed as Ret =5076+460,046[SrtA]

(nmol/L). The relative standard deviations (RSDs) for the detec-

tion of various concentrations of SrtA are all less than 10%, indi-

cating an acceptable repeatability of this method. The lowest de-

tectable concentration of 1 pmol/L is much lower than those ac-

quired by HPLC assays (>100nmol/L) [36] and fluorescent meth-

ods (0.3 nmol/L and 12.5 pmol/L) [11,13], which could be attributed

to the high sensitivity of EIS and poor conductivity of pro-

tein/peptide assemblies. Moreover, the ligation reaction performed

in the homogeneous format and the “one-pot” surface-tethered

analysis in the heterogeneous format improved the catalytic ef-

ficiency and simplified the detection procedures. The strategy by

converting homogeneous reaction to surface-tethered assay may be

valuable for designing novel heterogeneous sensing platforms.

To evaluate the specificity of the method, several important

enzymes in human body were tested, including alkaline phos-

phatase (ALP), trypsin, lysozyme, thrombin and β-galactosidase.

As shown in Fig. 4A, only SrtA induced a significant increase in

the impedance, while all the other enzymes only caused negligi-

ble change in the Ret. The excellent sensitivity and selectivity al-

lowed for the detection of SrtA in complicated biological samples.

As depicted in Fig. 4B, the serum did not lead to significant Ret.

However, after SrtA was spiked in the serum, the Ret was enlarged

with increasing concentrations of spiked SrtA. The SrtA concentra-

tions found in the serum were almost coincident with those in

the buffer solution. Therefore, the electrochemical method is more

suitable for the determination of SrtA in biological samples since

serum exhibits significant interference on the AuNPs-based colori-

metric assays [37].

SrtA in the Gram-positive pathogenic bacteria plays an impor-

tant role in human tissue infection. As a typical Gram-positive

pathogen, S. aureus can cause hospital- and community-acquired

infections [28,38]. The feasibility of the method for assay of SrtA

in S. aureus has been demonstrated. A smaller Ret was obtained

when the SA-modified electrode was treated by the mixture of SA

and S. aureus extract, while a higher Ret was attained when the ex-

tract was pre-incubated with the substrate peptides (bio-LPETGG

and GGGK-bio), and then SA. This indicated that SrtA maintained

the enzymatic activity in S. aureus. As shown in Fig. S3 (Support-

ing information), the Ret was intensified as the concentration of

S. aureus increased in the range of 1–100 CFU/mL. Berberine chlo-

ride can inhibit the activity of SrtA in S. aureus [11]. We found that

the Ret increased much more slowly with the addition of berberine

chloride to the extract of S. aureus ranging from 1 CFU/mL to 1000

CFU/mL. The proposed method thus holds great potential for de-

termination of SrtA in S. aureus bacteria and screening of effective

SrtA inhibitor drugs.

In summary, a concept for ligase detection and inhibitor screen-

ing by conversion of aggregation-based homogeneous analysis into

surface-tethered electrochemical assay has been proposed. SrtA

was tested as the model analyte. In the colorimetric assay, the lig-

ation products caused the aggregation of SA-AuNPs, while those

in the electrochemical analysis induced the in-situ SA assem-

bly. Although the colorimetric assay exhibited poor sensitivity, it

possessed the merits of easy operation, fast response time and

simple instrumentation, thus providing a viable means for high-

throughput screening of potential enzyme inhibitors. Conversely,

the electrochemical method showed high sensitivity and selectiv-

ity, and involved less sample consumption, holding great promise

for the detection of SrtA in complicated biological samples. The

feasibility of the electrochemical method for assay of SrtA has been

demonstrated both in vitro and in S. aureus. The lowest detectable

concentration of 1 pmol/L is much lower than those by the HPLC

assays (>100nmol/L) [36] and fluorescent methods (0.3 nmol/L

and 12.5 pmol/L) [11,13]. We believe that the assays based on the

SA-biotin interactions can be extended to determine other ligases

by adopting the sequence-specific substrates.
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