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Abstract

Objectives A Neissaria bacterial pilus sugar, bacil-

losamine,was synthesized and, for the first time, used as a

probe to screen a single-chain variable fragment (scFv).

Results Four Neisseria, Neisseria gonorrhoeae,

Neisseria meningitidis, Neisseria sicca and Neisseria

subflava, and two negative controls, Streptococcus

pneumoniae and Escherichia coli, were tested through

ELISA, immunostaining and gold nanoparticle

immunological assay. All results indicated that the

selected scFv is feasible for the specific detection of

Neisseria species via the recognition of bacillosamine.

Conclusions The recombinant scFv could detect

Neisseria strains at 106 CFU/ml.

Keywords Bacillosamine � Neisseria meningitidis �
Neisseria gonorrhoeae � Single-chain variable

fragment

Introduction

Neisseria meningitidis and Neisseria gonorrhoeae are

human-specific pathogens. The latter colonizes the

genito-urinary tract and is a common cause of sexually

transmitted infections (Aral et al. 1991). N. meningi-

tidis is often found in the upper respiratory tract of

healthy individuals, where it can cross the mucosal

epithelium and cause sepsis or meningitis (Carbon-

nelle et al. 2009). The commonly-used clinical testing

of Neisseria with Gram staining and culture is often

imprecise and/or time-consuming. During the past

decade, nucleic acid amplification tests have rapidly

replaced culturing for the detection of Neisseria.

However, people living in sub-standard areas or with

uncommon sexual activity need a tool that is

portable and efficient to help control the risk of

transmitted infection. In light of this need, an scFv

with specific recognition for the Neisseria strain is

essential for the development of a rapid, efficient and

non-cultural detection that can act as an alarm for the

threat of infection (Ahmad et al. 2012).

Rather than DNAs or membrane proteins, we chose

neisserial pilus glycan as the target for bio-sensing

development. Neisseria species express the type IV-A

class of bacterial pili, which are covalently modified

with an O-linked galactose-(b-1-4)-galactose-(a-1-3)-
2,4-diacetimido-2,4,6-trideoxyhexose (Gal–Gal-DAT

DH) trisaccharide (Power et al. 2007) (Fig. 1a). The

unusual deoxy amino sugar portion, DATDH, was

further identified as bacillosamine (Hartley et al.
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2011), which has not been identified on human cell

surfaces to date. This rare O-linked bacillosamine

structure is a good candidate for developing a bio-

recognition strategy against Neisseria species, includ-

ing pathogenic strains.

A single-chain antibody generated from fused

variable domains (scFv) is a versatile tool (Raag and

Whitlow 1995). Its low immunogenicity due to a lack

of the Fc region makes it an alternative therapeutic

agent in comparison to full-length monoclonal anti-

bodies for numerous applications. In addition, an scFv

can be cloned and expressed in bacteria (e.g.,

Escherichia coli) and can easily be produced in large

quantities in a cost-effective manner. To minimize

possible cross-interactions due to galactosyl moieties

of the pilus sugar, we propose to use only the

bacillosamine portion (compound 1, Fig. 1b) as the

probe for scFv screening.

Materials and methods

Plasmids, strains and reagents

All reagents were commercially available and were of

reagent grade or better. All restriction enzymes and

DNA modification enzymes were of molecular biol-

ogy grade. XL1-Blue, BL21 (DE3) and T4 ligase were

purchased from Yeastern Biotech Company, Taiwan.

The pET-22b vector was purchased from Novagen. A

phage display vector (pIT2), helper phage and phage

library were obtained as a gift from Prof. Hiroshi Ueda

(Chemical Resources Laboratory, Tokyo Institute of

Technology, Japan). Neisseria meningitidis, N. sicca,

N. subflava and Streptococcus pneumoniae were

purchased from the Bioresource Collection and

Research Center, Taiwan. Neisseria gonorrhoeae

was obtained as a gift from the lab of Prof. Chiou-

Ying Yang (Institute of Molecular Biology, National

Chung Hsing University, Taiwan). Mouse anti-M13

HRP-conjugated monoclonal antibody was purchased

from GE Healthcare Life Science.

Preparation of the screening target: bacillosamine

moiety

To mimic the structure of the bacillosamine moiety on

pilus sugar, we blocked its C-3 hydroxyl group and

integrated a linker containing the azido group to form a

bacillosamine derivative, namely compound 1

(Fig. 1b), for further screening. Our synthesis began

with tert-butyldiphenylsilyl 2,4-diazido-2,4,6-trideoxy-

3-O-naphthylmethyl-b-D-glucopyranoside, which is

derived from D-galactosamine (Amin et al. 2006). The

sugar portion of compound 1 was then synthesized and

further incorporated with an azido group for a click

reaction with alkyne-modified bovine serum albumin

(BSA). Details of the procedure are presented in the

Supporting Information.

Biopanning

Six rounds of panning were performed on compound

1-BSA. Panning of our phage scFv library was

performed against compound 1-BSA, which was

coated on microtitre plates at 5 lg/well for 1 h at

37 �C. After five rinses with PBS, the immune tube

was blocked with 3% (w/v) BSA in PBS for 1 h at
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37 �C. The phage library was then added and

incubated for 2 h at 37 �C. Unbound phage was

removed by rinsing five times with PBST (PBS

containing 0.1% v/v Tween 20). The compound

1-binding phage was eluted from the immune tube

with 100 ll trypsin. The eluted phage was then used to
infect E. coliDH5a for 1 h at 37 �C. Subsequently, the
enriched phagemids were incubated with KM13

helper phage for 1 h at 37 �C, followed by centrifug-

ing and resuspending in fresh 2xYT-AK medium

(2xYT medium containing 100 mg ampicillin/ml,

50 mg kanamycin/ml and 1% glucose). Amplified

phage was used for the next round of panning.

Screening of compound 1-specific clones

by monoclonal phage ELISA (see also Supporting

Information)

After six rounds of panning, 96 individual clones from

round 6 of panning were randomly selected to assay

the specificity by ELISA. Single colonies were

cultured in 200 ll 29YT-A medium (containing

100 mg ampicillin/ml and 1% glucose) overnight at

37 �C using 96-microwell plates. Individual phage

clones were produced by the addition of KM13 helper

phages. Microtitre plate wells were coated with 100 ll
10 lg compound 1-BSA/ml in PBS. After 1 h incu-

bation at 37 �C, each well was blocked with 200 ll 3%
BSA and incubated at 37 �C. After 1 h, wells were

washed five times with PBST (0.1% Tween 20), and

then the individual phage solution was added and

incubated for 1 h at 37 �C. After five washes with

PBST, HRP-conjugated anti-M13 antibody (1:3000

v/v) (GE Healthcare, USA) was added and incubated

for 1 h at 37 �C. Following washing, TMB (Thermo

Fisher Scientific, Germany) was added. The develop-

ing reaction was stopped by the addition of 1 M

H2SO4, and the absorbance was measured at 450 nm.

Recombinant antibody engineering, prokaryotic

cell expression and purification

The highest affinity phage clones were selected for

further analysis. The scFv fragment was digested from

the pIT2 vector, ligated into the NcoI/NotI expression

vector pET22b (Progen Biotechnik GmbH, Heidel-

berg, Germany), and fused to the C-terminal His-tag

sequence. Escherichia coli BL21 (DE3) was trans-

formed with vector pET22b and grown in 5 ml 2xYT-

A medium (containing 100 mg ampicillin/ml and 1%

glucose) at 37 �C to an OD600 of 0.4–0.6, followed by

induction with 1 mM IPTG and incubation for 16 h at

16 �C. Due to the pelB leader signal sequence in the

vector, soluble scFv was expressed as a periplasmic

protein. After collection according to Sockolosky and

Szoka (2013), functional scFv produced in the super-

natant was purified using Ni–NTA metal affinity

chromatography. The scFv was eluted with 300 mM

imidazole and dialyzed against PBS for 24 h at 4 �C.

Immunofluorescence staining and confocal laser

scanning microscopy

To investigate the identification of the selected scFv

antibody with Neisseria species, confocal microscopy

was performed on N. gonorrhoeae, N. meningitidis, N.

sicca and N. subflava and two negative controls (S.

pneumoniae and E. coli XL1B). Bacteria were dried

on a glass coverslip and then incubated with FITC-

labelled D7 scFv antibodies diluted 1:50 in PBS. After

a 15 min incubation, the slides were washed five times

in PBST (PBS containing 0.1% Tween 20) and

mounted on microscope slides with ProLong Gold

Antifade Reagent (Thermo Fisher Scientific, Ger-

many). The distribution of FITC-labelled scFv anti-

bodies was analysed using a confocal scanning laser

Leica TCS SP5 II (Leica, Germany). Fluorophores

were excited with an argon laser (488 nm) for FITC.

Preparation of nano-gold-labelled scFv solution

Colloidal nano-gold solutions were prepared by citrate

reduction of HAuCl4 (Storhoff et al. 1998) and were

then filtered through a 0.45 lm nylon filter. After

incubation with D7 scFv at 0.5 mg/ml for 16 h, the

solution was incubated with 10% NaCl for 1 h,

followed by centrifugation for 30 min at

*10,0009g to remove excess reagents. Following

removal of the supernatant, the red precipitate was

washed with 5 ml PBS buffer, recentrifuged, and

resuspended in 5 ml PBS buffer.

Results and discussion

To generate the scFv, we used the compound 1-coated

BSA as a probe for scFv screening from the phage

display library. After six rounds of panning, 96
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individual clones were randomly selected to test the

specificity with ELISA. The highest affinity phage

clone D7 was selected; the corresponding DNA of the

scFv was further inserted into pET22b and overex-

pressed in E. coli BL21 (DE3). The His-tagged scFv

was purified from a periplasmic extract using Ni–NTA

column chromatography. SDS-PAGE analysis of D7

scFv revealed a band at *29 kDa (Fig. 2a), which is

consistent with the expected protein size.

The binding affinities of the purified D7 scFv

toward Neisseria pilus sugar and compound 1 were

confirmed by ELISA. As shown in Fig. 2b, scFv binds

to compound 1-coated BSA and Neisseria pili with a

significantly higher affinity (*fourfold) compared to

that of BSA only. A competitive ELISA was further

performed. The binding of D7 scFv (10 lg/ml in PBS)

on immobilized Neisseria pili (30 lg/ml in PBS)

isolated from N. meningitides (Huttunen et al. 2016)

was measured in the presence and absence of

compound 1 (10 lg/ml in PBS). The signal signifi-

cantly decreased by *sixfold (after subtracting the

value for BSA only) in the presence of compound 1.

This finding indicates that D7 scFv can specifically

recognize the neisserial pili through the bacillosamine

moiety.

The bio-recognition power of D7 scFv for N.

gonorrhoeae, N. meningitidis, N. sicca and N. sub-

flava, was tested through ELISA and immunostaining.

Due to the unique O-linked bacillosamine structure

present on the cell surface of Neisseria species, we

hypothesized that our selected scFv antibody would be

able to recognize all listed bacteria. Based on the

ELISA result (Fig. 3a), scFv binds to Neisseria species

with significantly increased affinity (*sixfold) com-

pared with S. pneumoniae and E. coli (after subtracting

the value for BSA only) presumably due to the absence

of bacillosamine on these control strains. Similar

results were found in the immunostaining experiment.

Staining with FITC-modified D7 scFv revealed co-

localization of the scFv antibody against Neisseria

species (Fig. 3b, four Neisseria species). In contrast,

no immunoreactivity was observed for staining with

FITC-modified D7 scFv against S. pneumoniae and

E. coli (Fig. 3b, controls). These results indicate that

D7 scFv is feasible for the specific detection of

Neisseria species via the recognition of a bacil-

losamine moiety on pilus sugar.

A gold nanoparticle immunological assay was also

applied to detect Neisseria species. After conjugation

with D7 scFv, the colloidal gold nanoparticle-

labelled scFv solution was incubated with Neisseria

species, S. pneumoniae and E. coli (108 CFU/ml) to

assess its specificity. In the presence of Neisseria

species, the colloid turns blue and thus forms

aggregates (Fig. 4a), resulting in a decreased absor-

bance at 520 nm. The effective detection was

estimated by incubating gold nanoparticle-labelled

scFv with various concentrations of N. meningitidis.

As shown in Fig. 4b, N. meningitidis could be

detected as low as 106 CFU/ml.

We report, herein, the production of Neisseria pilus

sugar-specific scFv via the screening of a phage

display library. The scFv screening was based on only

the bacillosamine portion, a partial structure of pilus
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sugar. The bio-recognition power of the screened scFv

was confirmed via an ELISA test, immunostaining,

imaging analysis, and detection via gold nanoparti-

cles, with promising results. As an alternative to Gram

staining, culture and nucleic acid amplification tests,

the recombinant scFv is suitable for developing a

convenient and rapid on-site detection kit for Neisse-

ria infection.
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