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Abstract

Display of recombinant proteins on the bacterial surface is an emerging research area with wide range of potential bio-
technological applications. Because of its GRAS (generally recognized as safe) status, lactic acid bacterium Lactococcus
lactis represents an attractive host for surface display and promising vector for in situ delivery of bioactive proteins. The
present study focused on finding a new alternative approach for surface display on Lactoccocus lactis. We developed a
system that enables the formation of irreversible isopeptide bonds on the surface of Lactococus lactis. This was achieved
through the following two protein/peptide pairs, SpyCatcher/SpyTag and SnoopCatcher/SnoopTag.!"* Attachment of
tagged model protein B domain to the cell surface of Lactococccus lactis displaying the corresponding catcher protein
was demonstrated using flow cytometry. We demonstrated effective use of aforementioned protein anchors which thus
represent a promising alternative to established approaches for surface display on Lactoccocus lactis.
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1. Introduction

Display of recombinant proteins on bacterial surface
offers a variety of possible biotechnological applications.
Proteins-displaying bacteria can act as bioadsorbents, bio-
sensors, biocatalysts or oral vaccines. They can be used in
antibody production and in peptide screening.*® Several
lactic acid bacteria (LAB) are probiotics and are therefore
considered valuable hosts in biotechnology due to their
beneficial influence on health.”# Because of the “generally
recognized as safe” (GRAS) status which confirms their
safety, LAB are attractive not only for industrial applica-
tion but also therapeutically.” Display of heterologous pro-
teins on the surface of LAB has already been exploited in
therapy for the preparation of mucosal vaccines.!®-!2
Moreover, beneficial effects in inflammatory bowel disease
could be achieved when displaying binding molecules di-
rected against pro-inflammatory molecules such as
TNFa.!13-17

Different approaches can be exploited for displaying
a protein on the bacterial surface. The protein to be dis-

played is usually fused to an anchoring motif.!4!3 Five dif-
ferent types of surface anchoring domains have been de-
scribed for LAB: transmembrane domains, LPXTG-type
domains, lysin motif (LysM) domains, surface layer pro-
teins and lipoprotein anchors.!®-2! The most frequently
applied surface anchoring domains in prototype LAB, Lac-
tococcus lactis, are the C-terminal part of endogenous
AcmA, enabling non-covalent anchoring through pepti-
doglycan binding LysM repeats,?*?> and the LPXTG se-
quence of M6 protein of Streptococcus pyogenes enabling
covalent anchoring.?%?” Despite these available options,
alternative surface display approaches are being sought.
Recently, two peptide/protein pairs known as Spy-
Tag/SpyCatcher, from Streptococcus pyogenes, and Snoop-
Tag/SnoopCatcher, from Streptococcus pneumoniae have
been developed.!~® Interaction between the peptide and
the protein leads to the formation of an irreversible iso-
peptide bond. The reaction is high-yielding and fast while
the bond is highly stable. It can survive extreme pH, high
ionic strength and exposure to detergents."?®?° Stable
bond formation enables combinatorial assembly of multi-
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Fig. 1. The principle of surface display of B domain on L. lactis by the formation of isopeptide bond (A), and the gene constructs prepared for its
implementation (B). A: Surface displayed SpyCatcher (SpyC), SpyTag (SpyT), or SnoopCatcher (SnC), all anchored via AcmA on L. lactis, bind fu-
sion proteins consisting of SpyT, SpyC, or SnoopTag (SnT), respectively, and B domain. The fusion proteins were produced by L. lactis co-culture,
were extracted from L. lactis conditioned medium, or were isolated from E. coli. B: Gene constructs for lactococcal surface display and isopeptide
bond formation. USP: gene for Usp45 signal peptide for secretion to the growth medium (84 bp). B dom: gene for reporter protein B domain of
staphylococcal protein A (174 bp). SpyC: gene for protein SpyCatcher which binds SpyT (348 bp). SnC: gene for protein SnoopCatcher which binds
SnT (336 bp). SpyT: gene for peptide SpyTag (39 bp). SnT: gene for peptide SnoopTag (36 bp). AcmA: gene for C-terminal part of AcmA protein-con-

taining 3 LysM repeats for surface anchoring to L. lactis (642 bp).

protein constructs, and opens an opportunity to use this
approach in vaccine production, enzyme substrate chan-
neling, antibody polymerization, cell signaling activation,
and biomaterials.!*® The key properties of isopeptide
binding are simple and fast procedure, irreversible and sta-
ble bond, specificity, and cysteine independence; the latter
offering the possibility to use the approach in reducing en-
vironment.?

The goal of the present study was to develop a system
for surface display on recombinant LAB L. lactis by apply-
ing the isopeptide bond formation (Fig. la). This was
achieved by preparing genetic constructs consisting of sur-
face anchor, elements of SpyTag/SpyCatcher or SnoopTag/
SnoopCatcher pairs and model passenger protein B do-
main (Fig. 1b).!* B domain is one out of five antibody-bind-
ing domains of staphylococcal protein A that can bind an-
tibodies via their Fc region. !* The fusion proteins were
expressed either in L. lactis or in E. coli, and assembled on
the surface of L. lactis, as confirmed by surface localization
of B domain.

2. Experimental

2. 1. Bacterial Strains, Media and Culture
Conditions

Bacterial strains used in this study are listed in Table 1.
E. coli strains DH5a and BL21 (DE3) were grown at 37 °C,
with aeration in lysogeny broth (LB) medium supplemented
with either ampicillin (100 pg/mL) or kanamycin (50 pg/
mL). L. lactis NZ9000 was grown in M-17 medium (Mer-

ck) supplemented with 0.5% glucose (GM-17) and chlor-
amphenicol (10 pg/mL) at 30 °C without aeration.

2. 2. Molecular Cloning

Plasmid DNA was isolated with NucleoSpin Plasmid
(Macherey and Nagel, Diiren, Germany), with an addi-
tional lysozyme treatment step for L. lactis. Lactococci
were transformed with electroporation using a Gene Puls-
er II apparatus (Biorad, Hercules, USA) according to the
MoBiTec GmbH (Goettingen, Germany) instructions.
Nucleotide sequencing was performed by GATC (Con-
stance, Germany).

Gene for SpyTag in fusion with B domain for expres-
sion in E. coli was amplified from pSDBA3b by PCR using
primers B-F-NcolI-Spy and B-R-Xhol, cloned to pGEM-T
Easy and then to pET28a via restriction enzymes Ncol/
Xhol, yielding pET_SpyT_Bd. Gene for SpyTag in fusion
with B domain for secretion from L. lactis was amplified
from pSDBA3b by PCR using primers B-F-BamHI and
B-R-Kpn-Sy-Xba. Gene for SnoopTag in fusion with B do-
main was prepared likewise using primers B-F-BamHI
and B-R-Kpn-So-Xba. Both were first cloned to plasmid
pGEM-T Easy and then to plasmid pSDBA3b via restric-
tion enzymes BamHI/Xbal, yielding pSD_SpyT_Bd and
pSD_SnT_Bd. Gene for B domain for secretion from L.
lactis was amplified from pSDBA3b by PCR using primers
B-F-BamHI and B-R-Xba, first cloned to plasmid pGEM-T
Easy and then to plasmid pSDBA3b via restriction en-
zymes BamHI/Xbal, yielding pSD_Bd (Table 2-4).

Genes for SpyCatcher and SnoopCatcher were de-
signed and synthesized de novo as gBlocks (Table 4) by
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Table 1. Strains used in this study

Strain Relevant features or sequence Reference

E. coli

DH5a endAl gInV44 thi-1 recAl relAl gyrA96 deoR F~ ®80dlacZAM15 A(lacZYA-argF)U169, Invitrogen

hsdR17(rg~ mg*), A-
L. lactis
NZ9000 MG1363 nisRK ApepN NIZO
Table 2. Plasmids used in this study

Plasmid Relevant features or sequence Reference

pET28a Kan', E. coli expression vector Novagen

pGEM-T Easy Ap", cloning vector for PCR products Promega

pSDBA3b pNZ8148 containing gene fusion of spygpys, b-dom and acmA3b 3

pNZ8148 pSH71 derivative, P,,;;,, Cm?, nisin-controlled expression 32-34

pET_SpyT_Bd pET28a containing gene fusion of spytag and b-dom This work

pSD_SpyC_AcmA pNZ8148 containing gene fusion of spyqys, spycatcher and acmA3b This work

pSD_SnC_AcmA pNZ8148 containing gene fusion of spyqp4s, snoopcatcher and acmA3b This work

pSD_Bd pNZ8148 containing gene fusion of spygp4s and b-dom This work

pSD_SpyT_Bd pNZ8148 containing gene fusion of spyqys, spytag and b-dom This work

pSD_SnT_Bd pNZ8148 containing gene fusion of spygy4s, snooptag and b-dom This work

pSD_SpyC_Bd pNZ8148 containing gene fusion of spygys, spycatcher and b-dom This work

pSD_SpyT_AcmA pNZ8148 containing gene fusion of spygp4s, spytag and acmA3b This work

Table 3. Primers used in this study

Primer Relevant features or sequence Reference

B-F-Ncol-Spy 5-CCATGGCTCATATTGTAATGGTCGATGCATATAAACCAACCAAAGCTGATAA
CAAATTCAACAAAGAAC-3 This work

B-R-Xhol 5-CTCGAGTTTTGGTGCTTGTGCATC-3 This work

B-F-BamHI 5-AGGATCCGCTGATAACAAATTCAAC-3 This work

B-R-Kpn-Sy-Xba 5-TTCTAGATTATTTGGTTGGTTTATATGCATCGACCATTACA This work
ATATGAGCGGTACCTTTTGGTGCTTGTGCATC-3’

B-R-Kpn-So-Xba 5-TTCTAGATTATTTGTTAACTTTAATAAATTCGATGTCACCCA This work
ACTTGGTACCTTTTGGTGCTTGTGCATC-3

B-R-Xba 5-TTCTAGATTATTTTGGTGCTTGTGCATC-3’ This work

SpyC-F-Kpn 5-AGGTACCGGAGCTATGGTTGATACATTG -3’ This work

SpyC-R-Xba 5-TTCTAGATTAAATATGAGCATCACCTTTTGTTG-3’ This work

AcmA-F-Bam-SpyT 5-AGGATCCGCTCATATTGTAATGGTCGATGCATATAAACCAACCAAA This work
TCTGGTGGCTCGACAACC-3

AcmA-R-Xba 5-TTCTAGATTATTTTATTCGTAGATACTGACC-3 This work

Spy-F-Bam 5-AGGATCCGGAGCTATGGTTGATACATTG-3 This work

Spy-R-Eco 5-AGAATTCAATATGAGCATCACCTTTTGTTG-3 This work

Sno-F-Bam 5-AGGATCCAAACCTTTGCGTGGTGCAG-3’ This work

Sno-R-Eco 5-AGAATTCCTTTGGTGGGATTGGTTCGTTC-3’ This work

IDT (Leuven, Belgium). Gene for secretion of SpyCatch-
er-B domain fusion from L. lactis was amplified from
gBlock by PCR using primers SpyC-F-Kpn and SpyC-R-
Xba, cloned to pGEM-T Easy and then to pSD_SpyT_Bd
via restriction enzymes Kpnl/Xbal, yielding pSD_SpyC_
Bd (Table 1-4).

Genes for the surface display of SpyCatcher and
SnoopCatcher were amplified from gBlocks using primer

pairs Spy-F-Bam/Spy-R-Eco and Sno-F-Bam/Sno-R-Eco,
respectively, and were cloned first to pGEM-T Easy and
then to plasmid pSDBA3Db via restriction enzymes EcoRI/
BamHI, yielding pSD_SpyC_AcmA and pSD_SnC_
AcmA, respectively. Gene for the display of SpyTag on the
L. lactis surface was amplified from pSDBA3b by PCR us-
ing primers AcmA-F-Bam-SpyT and AcmA-R-Xba, cloned
to pGEM-T Easy and then to pSD_SpyC_AcmA via re-
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Table 4. Genes used in this study

Gene Relevant features or sequence

Reference

spycatcher

GGATCCGGAGCTATGGTTGATACATTGTCAGGTTTATCATCAGAACAA

This work

GGACAAAGTGGAGATATGACTATTGAAGAAGATTCTGCTACACATATTAAA
TTTTCAAAACGTGATGAAGATGGAAAAGAATTAGCAGGTGCTACTATGGA
ATTGCGTGATTCATCAGGTAAAACAATTTCAACTTGGATTTCAGATGGACAA
GTTAAAGACTTTTATCTGTACCCTGGAAAATATACTTTCGTTGAAACAGCAGCA
CCTGACGGATACGAAGTTGCTACTGCTATCACTTTTACAGTTAACGAACAAGG
TCAAGTTACAGTTAATGGTAAAGCAACAAAAGGTGATGCTCATATTGAATTC

snoopcatcher

GGATCCAAACCTTTGCGTGGTGCAGTCTTCTCATTACAAAAACAACATCC

This work

AGACTACCCTGATATTTATGGTGCCATTGATCAAAATGGTACTTATCAGAA
TGTTCGAACTGGTGAAGACGGAAAATTGACTTTTAAGAATTTGAGTGACGG
TAAATATCGTTTATTCGAAAACAGTGAACCAGCTGGATATAAGCCAGTA
CAAAATAAACCTATTGTCGCATTTCAAATTGTAAACGGTGAAGTTAGAGACG
TTACTTCTATTGTACCTCAGGATATTCCTGCTACTTATGAATTTACTAA

TGGAAAACATTATATTACGAA

CGAACCAATCCCACCAAAGGAATTC
GCTCATATTGTAATGGTCGATGCATATAAACCAACCAAA
AAGTTGGGTGACATCGAATTTATTAAAGTTAACAAA

spytag
snooptag

This work
This work

striction enzymes BamHI/Xbal, yielding pSD_SpyT_
AcmA (Table 2-4).

2. 3. Expression of SpyTag-B Domain Fusion
in E.coli

100 pL of overnight culture of E. coli BL21 (DE3)
harboring plasmid pET_SpyT_Bd was diluted (1:100) in
10 mL of fresh LB medium and, to determine optimal ex-
pression conditions, various parameters were tested: incu-
bation temperature 37 °C or 25 °C, induction at optical
densities (Agyg) 0.5 or 1.0, induction with IPTG in concen-
tration of 0.5 and 1.0 mM.

Large-scale expression of SpyTag-B domain fusion
was performed by diluting 10 mL of overnight culture of E.
coli BL21 (DE3) harboring plasmid pET_SpyT_Bdin 1 L
of fresh LB medium. The culture was grown to optical den-
sity Aggo = 0.5 at 37 °C. At that point, the expression of
SpyTag-B domain fusion, additionally tagged with
hexa-histidine (H6), was induced by the addition of 0.5
mM IPTG for 3 h at 37 °C; the conditions that were found
to be the most effective in preliminary screen.

2. 4. Purification of SpyTag-B Domain With
Hexa-histidine (H6) Tag

The E. coli culture expressing SpyTag-B domain with
hexa-histidine (H6) tag was centrifuged at 5000 x g for 20
min and the pellet resuspended in 20 mL of equilibration/
wash (Eq/W) buffer (50 mM NaH,PO,, 300 mM NaCl, pH
7.0). The cells were lysed with a cycle of freezing and thaw-
ing, and with 3 cycles of 5 min sonication with a UPS200S
sonifier (Hielscher, Teltow, Germany). After cell lysis, the
suspension was centrifuged at 15000 x g for 20 min and the
supernatant stored. SpyTag-B domain with H6 tag was iso-

lated with BD Talon metal affinity resin (BD Biosciences),
using batch/gravity-flow column purification and imidazole
elution (elution buffer: 50 mM NaH,PO,, 300 mM NaCl,
150 mM imidazole, pH 7.0) according to the manufacturer’s
instructions. Eluted fractions were analyzed by SDS-PAGE,
pooled and concentrated by ultrafiltration using Amicon
Ultra 1 KDa cut off (Merck Millipore; Darmstadt, Germa-
ny). Purified fusion protein was dialyzed against PBS.

2. 5. Expression of Fusion Proteins in L. lactis

Overnight cultures of L. lactis NZ9000 harboring
pSD_SpyC_AcmA, pSD_SnC_AcmA, pSD_SpyT_AcmA,
pSD_SpyT_Bd, pSD_SnT_Bd, pSD_SpyC_Bd, or pSD_Bd
were diluted (1:100) in 10 mL of fresh GM-17 medium and
grown to optical density A4y, = 0.8-1.0. Fusion protein ex-
pression was induced with 25 ng/mL nisin (Fluka AG,
Buchs, Switzerland) for 3 h at 30 °C. After incubation, 1
mL of culture was stored at 4 °C for flow cytometric analy-
sis. The remaining cell culture was centrifuged at 5000 x g
for 10 min.

2. 6. Formation of Isopeptide Bond Between
SpyTag and SpyCatcher / SnoopTag
and SnoopCatcher

In order to enable binding of E. coli-expressed Spy-
Tag-B domain to L. lactis with surface displayed SpyCatch-
er, we centrifuged 20 pL of the cell culture of L. lactis with
surface displayed SpyCatcher for 5 min at 5000 x g at 4 °C,
resuspended the pellet in 500 pL of purified E. coli-ex-
pressed SpyTag-B domain with concentration of 0.4 mg/
mL and incubated for 2 h at RT with constant shaking.

To enable binding of SpyTag-B domain from L. lactis
conditioned medium to L. lactis with surface displayed
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SpyCatcher, we separately cultured the SpyTag-B do-
main-secreting L. lactis and SpyCatcher-displaying L. lac-
tis. The producer cells of SpyTag-B domain were removed
and the conditioned medium containing SpyTag-B do-
main fusion protein was stored. 20 uL of L. lactis cell cul-
ture with surface displayed SpyCatcher was centrifuged for
5 min at 5000 x g at 4 °C, resuspended in 500 pL of condi-
tioned medium containing SpyTag-B domain and incubat-
ed overnight at RT with constant shaking.

Binding of SpyTag-B domain secreted from L. lactis
to SpyCatcher displayed on L. lactis was also achieved
during co-culturing of the two strains. 100 uL of overnight
cultures of L. lactis NZ9000 harboring pSD_SpyT_Bd and
pSD_SpyC_AcmA were concomitantly added to 10 mL of
fresh GM-17 medium. Simultaneous expression of the two
fusion proteins was induced with nisin. Similarly, binding
of SpyCatcher-B domain secreted from L. lactis to SpyTag
displayed on L. lactis was achieved by co-culturing L. lactis
NZ9000 harboring pSD_SpyC_Bd and pSD_SpyT_AcmA,
as well as binding of SnoopTag-B domain secreted from L.
lactis to SnoopCatcher displayed on L. lactis by co-cultur-
ing L. lactis NZ9000 harboring pSD_SnC_AcmA and
pSD_SnT_Bd.

2. 7. SDS-PAGE and Western Blot

SDS PAGE was performed with a Mini-Protean II ap-
paratus (Bio-Rad, Hercules, USA). Samples were thawed in
an ice bath, briefly sonicated with UPS200S sonicator
(Hielscher, Teltow, Germany), mixed with 2x Laemmli
Sample buffer and DTT, and denatured by heating at 100 °C
before loading. Page Ruler Plus (Fermentas, St. Leon-Rot,
Germany) pre-stained standard was used for molecular
weight comparison. Proteins were stained with Coomassie
Brilliant Blue or transferred to polyvinylidene fluoride
(PVDF) membranes (Immobilon-P, Millipore) using wet
transfer at 100 V for 90 minutes. Membranes were blocked
in 5% non-fat dried milk in TBS with 0.05% Tween-20

a)
ODgpo=1.0  ODggo=0.5 ODggo=1.0 ODgy=0.5
Cpra(MM) 05 10 05 10 05 10 05 10

250 kDa g .o
130 kDa

70kDa |
55 kDa

35kDa |
25 kDa |

15kDa

10 kDa

(TBST; 50 mM Tris-HCI, 150 mM NaCl, 0.05% Tween 20,
pH 7.5) and incubated overnight at 4 °C with goat anti-pro-
tein A antibody (1:2000, Abcam) in 5% non-fat dried milk
in TBST. Following three washes with TBST, membranes
were incubated for 2 h with HRP conjugated secondary
donkey anti-goat IgG (1:5000, Jackson ImmunoResearch)
in 5% non-fat dried milk in TBST. After three further wash-
es with TBST, membranes were incubated with Lumi-Light
chemiluminescent reagent (Roche). Images were acquired
using ChemiDoc MP Imaging System (BioRad).

2. 8. Flow Cytometry

For flow cytometry 20 pL of cell culture in stationary
phase was added to 500 pL of Tris-buffered saline (TBS; 50
mM Tris-HCI, 150 mM NaCl, pH 7.5) and centrifuged for 5
min at 5000 x g at 4 °C. The pellet was resuspended in 500
uL of TBS with 1 pL of fluorescein-5-isothiocyanate
(FITC)-conjugated human IgG antibody (Jackson Immu-
noResearch, West Grove, USA) that binds the B domain via
Fc region. After 2 h of incubation at RT with constant shak-
ing at 100 rpm, cells were washed three times with 200 uL
0.1% TBST and finally resuspended in 500 pL TBS. Samples
were analyzed with a flow cytometer (FACS Calibur; Becton
Dickinson, Franklin Lakes, USA) using excitation at 488
nm and emission at 530 nm in the FL1 channel. The geo-
metric mean fluorescence intensity (MFI) of at least 20 000
bacterial cells in the appropriate gate was measured. The
average of at least three independent experiments was con-
sidered. All the samples went through the same procedures
of preparation for flow cytometry analysis.

2.9. Statistical Analyses

Statistical analyses were performed with GraphPad
Prism 5.0 software. Student’s t test was used to compare the
significance of differences between B domain-displaying
bacteria and control.

Fig. 2. Coomassie-stained SDS-PAGE of E. coli expressing SpyTag-B domain under different culturing conditions (A) and fractions obtained after

IMAC purification of SpyTag-B domain from cell lysate (B).
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3. Results

3. 1. Expression and Purification
of Recombinant SpyTag-B Domain
from E. coli

Gene for SpyTag-B domain, possessing affinity for
the Fc region of human IgG, was cloned into the pET28a
plasmid (Fig. 1b) in order to express the protein in E. coli
and obtain it in sufficient amount and purity. Recombi-
nant SpyT-B domain fusion protein with H6 tag was pro-
duced in E. coli BL21 DE3. Various expression conditions
(growth at 37 °C and 25 °C, induction at optical densities
(Agpo) 0.5 and 1, induction with IPTG concentration of
0.5 and 1.0 mM) were tested. The highest total amount of
SpyT-B domain expression was achieved by growing the
bacteria at 37 °C to Agyy = 0.5 or 1.0, followed by induc-
tion with 0.5 or 1 mM IPTG for 3 h at 37 °C (Fig. 2a). The
majority of the fusion protein was produced in the soluble
form as it could be detected in the soluble fraction (super-
natant) of the cell lysate (Fig. 2b). SpyTag-B domain was
isolated with immobilized metal affinity chromatography
(IMAC) (Fig. 2b).

3. 2. Binding of E. coli-expressed SpyTag-B
Domain to L. Lactis with Surface
Displayed SpyCatcher
SpyCatcher in fusion with Usp45 secretion signal®®

and the surface anchoring C-terminal domain of AcmA

was displayed on the surface of L. lactis as previously re-
ported for other proteins.!**~37 Binding of SpyTag-B do-
main, isolated from E. coli, to recombinant L. lactis with
surface displayed SpyCatcher was evaluated by flow cy-
tometry using antibody recognizing B domain. Statistical-

MFI
i

SpyC
induction

v v - "

SpyT-B domain 7
addition

= - v

Fig. 3. Flow cytometric analysis of binding of SpyTag (SpyT)-B do-
main, isolated from E. coli, to L. lactis cells displaying SpyCatcher
(SpyC) on their surface. FITC-conjugated human IgG was used for
detection. Mean fluorescence intensity (MFI) value of SpyC-dis-
playing bacteria with added SpyT-B domain was compared to those
of the controls by using Student’s t test. ** p<0.01, *** p<0.001.

ly significant increase in MFI was observed when SpyT-B
domain was incubated with L. lactis with induced Spy-
Catcher expression, in comparison to control non-induced
L. lactis cells, or induced L. lactis cells without the addition
of SpyT-B domain (19.9%; Fig. 3).

3. 3. Binding of SpyTag-B Domain from L.
lactis Conditioned Medium to L. lactis
with Surface Displayed SpyCatcher

SpyTag in fusion with B domain and Usp45 secretion
signal (plasmid pSD_SpyT_Bd) was expressed in L. lactis
under the control of NisA promoter®® and secreted to the
growth medium. The producer cells were removed and the
conditioned medium containing SpyTag-B domain fusion
protein was incubated with L. lactis cells with surface dis-
played SpyCatcher (plasmid pSD_SpyC_AcmA). Low ex-
tent of binding was observed with flow cytometry using
antibody recognizing B domain. Small statistically signifi-
cant increase in MFI was reported when SpyTag-B domain
was incubated with SpyCatcher-displaying L. lactis, in com-
parison to empty plasmid pNZ8148-containing control. No
difference was observed when non-tagged B domain was
incubated with SpyCatcher-displaying L. lactis (Fig. 4).
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4- —
— 3-
c
=
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Control - v v 5
SpyC induced cells v - - v
SpyT-B domain medium v - v -
B domain medium - v - v

Fig. 4. Flow cytometric analysis of binding of L. lactis-secreted Spy-
Tag (SpyT)-B domain to L. lactis-displaying SpyCatcher (SpyC).
FITC-conjugated human IgG was used for detection. Mean fluores-
cence intensity (MFI) values of SpyC-displaying bacteria with add-
ed SpyT-B domain-containing medium were compared to those of
the controls by using Student’s t test. * p<0.05, ** p<0.01.

3. 4. Binding of SpyTag-B Domain Secreted
from L. lactis to SpyCatcher Displayed on
L. lactis During the Co-culturing
of the Two Strains
We co-cultured L. lactis secreting SpyTag-B domain
fusion (plasmid pSD_SpyT_Bd) with L. lactis displaying
SpyCatcher (plasmid pSD_SpyC_AcmA) to achieve im-
mediate bond formation between SpyCatcher and SpyTag
protein/peptide pair. Binding was evaluated with flow cy-
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tometry using antibody recognizing B domain. Statistical-
ly significant increase in MFI (40.1%) was observed, when
Spy-tagged B domain producing L. lactis was co-cultured
with SpyCatcher-displaying L. lactis cells, in comparison
to SpyCatcher-displaying L. lactis cells (Fig. 5).

L
I
1 Fedekoke 1
1

Control - - v -
SpyC
SpyT-B domain

B domain - - - v

Fig. 5. Flow cytometric analysis of binding of L. lactis-secreted Spy-
Tag (SpyT)-B domain to L. lactis cells displaying SpyCatcher (SpyC)
on their surface after co-culturing of the two strains. FITC-conju-
gated human IgG was used for detection. Mean fluorescence inten-
sity (MFI) values were compared to those of controls using Student’s
t test. ¥** p<0.001, **** p<0.0001.

3. 5. Replacing Tag and Catcher: Binding of
SpyCatcher-B Domain Secreted from
L. lactis to SpyTag Displayed on L. lactis

During Co-culturing of the Two Strains
The location of interacting protein/peptide pair was
reversed by engineering a strain of L. lactis to secrete the
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Fig. 6. Flow cytometric analyses of binding of L. lactis-secreted Spy-
Catcher (SpyC)-B domain to L. lactis cells displaying SpyTag (SpyT)
on their surface. FITC-conjugated human IgG was used for detec-
tion. MFI: Mean fluorescence intensity. MFI values were compared
to those of controls using Student’s t test. ** p < 0.01, *** p < 0.001.

SpyCatcher fusion protein, and another strain to display
the SpyTag. SpyCatcher-B domain fusion-secreting L. lac-
tis (plasmid pSD_SpyC_Bd) was co-cultured with Spy-
Tag-displaying L. lactis (plasmid pSD_SpyT_AcmA). Sta-
tistically significant increase in MFI (22.0%) was observed,
when SpyCatcher-B domain producing L. lactis was
co-cultured with SpyTag-displaying L. lactis cells, in com-
parison to SpyCatcher-displaying L. lactis cells (Fig. 6).

3. 6. Introducing SnoopCatcher and Tag:
Binding of SnoopTag-B Domain
Secreted from L. lactis to SnoopCatcher
Displayed on L. lactis During
Co-culturing of the Two Strains

We co-cultured L. lactis secreting SnoopTag-B do-
main fusion (plasmid pSD_SnT_Bd) with L. lactis display-
ing SnoopCatcher (plasmid pSD_SnC_AcmA), respec-
tively, to achieve immediate bond formation, as
demonstrated previously for SpyCatcher/SpyTag pair.
Binding was evaluated with flow cytometry using antibody
recognizing B domain. Statistically significant increase in
MFI (21.1%) was observed, when Snoop-tagged B do-
main-producing L. lactis was co-cultured with Snoop-
Tag-displaying L. lactis cells, in comparison to Snoop-
Catcher-displaying L. lactis cells (Fig. 7).

8- I i
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SnT-B domain v
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Fig. 7. Flow cytometric analysis of binding of L. lactis-secreted
SnoopTag (SnoopT)-B domain to L. lactis cells displaying Snoop-
Catcher (SnoopC) on their surface after co-culturing of the two
strains. FITC-conjugated human IgG was used for detection. Mean
fluorescence intensity (MFI) values were compared to those of con-
trols using Student’s t test. ** p<0.01, *** p<0.001, **** p<0.0001.

4, Discussion

Isopeptide bond formation was applied to develop
alternative surface display systems for LAB L. lactis by en-
abling a stable covalent bond between a peptide SpyTag
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and a protein SpyCatcher or, similarly, between a peptide
SnoopTag and a protein SnoopCatcher.!? The peptide/
protein pair has already been employed to stabilize en-
zymes, for modular vaccine production, vaccine optimiza-
tion and formation of catalytic biofilms.?*3*

To test the feasibility of the isopeptide bond forma-
tion, we anchored one of the binding partners to the sur-
face of L. lactis, by fusing it with Usp45 secretion signal
and peptidoglycan-binding C-terminus of AcmA protein,
as previously reported.!*>* The second binding partner
was fused to a reporter protein B domain that we previous-
ly applied for the assessment of surface display.!** B do-
main fusion was isolated from E. coli or secreted from an-
other recombinant L. lactis species (Fig. 1). Formation of
the isopeptide bond resulted in the attachment of the B
domain to the surface of L. lactis and was assessed by flow
cytometry. We obtained statistically significant display of
B domain on the surface of L. lactis with almost all the
systems that were constructed.

Firstly, we expressed a fusion peptide SpyTag-B do-
main-His Tag in E. coli to obtain sufficient amount of the
fusion protein following IMAC purification. Purified Spy-
Tag-B domain-His Tag was added to SpyCatcher-display-
ing recombinant L. lactis. Statistically significant display of
B domain, in comparison to the control, was determined.
However, the binding was relatively weak and partially un-
specific.

Secondly, we expressed SpyTag-B domain in L. lactis
and directed it to the growth medium. After removal of the
producer cells, the conditioned medium was incubated
with SpyCatcher-displaying recombinant L. lactis. The dis-
play of B domain was lower than that achieved with Spy-
Tag-B domain from E. coli and was not statistically signifi-
cant. This could be due to the lower amount of the fusion
protein in the conditioned medium. Moreover, there are
several other factors in the medium that could hinder
binding, for example pH value of the medium, and the
presence of numerous other proteins and peptides. Even
though SpyCatcher-SpyTag bond is claimed to be stable
under a range of pH values (5-8)% it is possible that low
pH of the conditioned medium hinders the bond forma-
tion. Additionally, numerous peptides in the conditioned
medium might non-specifically interact with SpyCatcher.

Thirdly, we expected the formation of the isopeptide
bond to be more probable if the Spy-tagged B domain was
available immediately after induction of the surface dis-
play of SpyCatcher, as this would decrease the probability
of unspecific interactions. Availability of Spy-tagged B do-
main was provided by co-culturing two species of L. lactis:
one displaying SpyCatcher, and the other secreting Spy-
Tag-B domain fusion. Thus achieved surface display of B
domain was indeed higher than that achieved by the addi-
tion of SpyTag-B domain from E. coli or from the condi-
tioned medium of L. lactis.

In the above examples the SpyCatcher was immobi-
lized on the surface of L. lactis. To test the influence of the

location of binding partners, we reversed the system by
displaying SpyTag on L. lactis, and co-cultured the strain
with L. lactis secreting SpyCatcher-B domain fusion pro-
tein. The display of B domain was again achieved; however
due to relatively high unspecific binding of antibodies with
SpyTag-displaying lactococci the display was not statisti-
cally significant.

Apart from SpyCatcher/SpyTag pair, the isopeptide
bond can also be formed by combining SnoopCatcher and
SnoopTag. We applied similar experimental setup as pre-
viously described for SpyCatcher/SpyTag by displaying
SnoopCatcher on the surface of L. lactis and co-culturing
the bacteria with a strain of recombinant L. lactis secreting
SnoopTag-B domain fusion protein. Significant surface
display of B domain was again observed; however there
was no improvement over SpyCatcher/SpyTag pair.

5. Conclusion

In the present study we demonstrated, for the first
time, the surface display of reporter protein on L. lactis by
exploiting isopeptide bond-forming partners SpyCatcher
and SpyTag, as well as SnoopCatcher and SnoopTag. The
most effective display was obtained by anchoring Spy-
Catcher to the bacterial surface, and co-culturing the bac-
teria with a lactococcal strain that secreted Spy-tagged re-
porter protein. This represents a proof-of-principle for a
new, highly flexible surface display system for L. lactis that
warrants further studies with an intention to improve the
extent of surface display.
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Povzetek

Predstavitev rekombinantnih proteinov na bakterijski povr$ini postaja pomembno raziskovalno podrodje s $tevilnimi
moznostmi uporabe na podroéju biotehnologije. Zaradi statusa GRAS (generally recognized as safe — splo$no prizna-
na kot varna) predstavlja mle¢nokislinska bakterija Lactococcus lactis privlacen gostiteljski organizem za povrsinsko
predstavitev in obetaven vektor za in situ dostavo proteinov. Opisana raziskava se je osredotocila na iskanje novega
alternativnega pristopa za povrsinsko predstavitev na bakteriji Lactococcus lactis. Razvili smo sistem, ki omogoc¢a tvorbo
ireverzibilne izopeptidne vezi na povrsini bakterije Lactococcus lactis. To smo dosegli s pomocjo dveh parov protein/
peptid, SpyCatcher/SpyTag in SnoopCatcher/SnoopTag.!~* Pritrditev modelnega proteina domene B na povriino bak-
terij Lactococcus lactis, ki so imele na povrsini ustrezen lovilni protein, smo potrdili s preto¢no citometrijo. V raziskavi
smo prikazali u¢inkovito uporabo omenjenih proteinskih sidrnih domen, ki tako predstavljajo potencialno alternativo
obstoje¢im na¢inom povrsinske predstavitve na bakteriji Lactococcus lactis.
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