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Mussels attach to virtually all types of inorganic and organic surfaces in aqueous environments, and catecholamines composed
of 3,4-dihydroxy-L-phenylalanine (DOPA), lysine, and histidine in mussel adhesive proteins play a key role in the robust adhe-
sion. DOPA is an unusual catecholic amino acid, and its side chain is called catechol. In this study, we displayed the adhesive
moiety of DOPA-histidine on Escherichia coli surfaces using outer membrane protein W as an anchoring motif for the first time.
Localization of catecholamines on the cell surface was confirmed by Western blot and immunofluorescence microscopy. Fur-
thermore, cell-to-cell cohesion (i.e., cellular aggregation) induced by the displayed catecholamine and synthesis of gold nanopar-
ticles on the cell surface support functional display of adhesive catecholamines. The engineered E. coli exhibited significant ad-
hesion onto various material surfaces, including silica and glass microparticles, gold, titanium, silicon, poly(ethylene
terephthalate), poly(urethane), and poly(dimethylsiloxane). The uniqueness of this approach utilizing the engineered sticky E.
coli is that no chemistry for cell attachment are necessary, and the ability of spontaneous E. coli attachment allows one to immo-
bilize the cells on challenging material surfaces such as synthetic polymers. Therefore, we envision that mussel-inspired cate-
cholamine yielded sticky E. coli that can be used as a new type of engineered microbe for various emerging fields, such as whole

living cell attachment on versatile material surfaces, cell-to-cell communication systems, and many others.

Microbial cell attachment is a crucial process in the overall
efficiency of a variety of systems that exploits the whole mi-
crobial cell, such as biocatalysts (1-9) or biosensors (10). Existing
methods of attaching microbial cells to surfaces utilize various
chemistries, such as adsorption (11), covalent attachment (12,
13), and entrapment within matrices (13, 14). However, adsorp-
tion often results in the detachment of bacteria due to the weak
bond with the substrates, and covalent coupling requires cross-
linking agents which results in the loss of cell activity and viability.
The entrapment process requires harsh conditions in some cases,
which jeopardizes cellular activity and viability. Another impor-
tantissue is that the types of materials that the conventional meth-
ods can be applied to are largely limited due to the available sur-
face chemistry. Therefore, cell attachment to variety of material
surfaces without surface modification or harsh chemical treat-
ment remains a great challenge. The facile cell attachment would
circumvent the complex chemical modifications and reduce the
loss of cellular activity and viability of the whole cell.

As an emerging method for cell attachment, engineered cells
expressing binding affinity tags on the cell surfaces through dis-
play technology have been utilized, although the approach is not
prevalent. Cell surface display allows peptides and proteins to be
displayed on the surfaces of microbial cells by fusing them with the
anchoring motif through recombinant DNA techniques. A wide
range of applications of the display technology include bioadsorp-
tion (15-20), whole-cell biocatalyst (21-27), peptide library
screening (28, 29), live vaccine development (30-32), antibody
production (33), and biosensors (34, 35). Although cell attach-
ment through cell surface display is not a well-known application,
cell attachment through displaying peptides with binding affinity
has been reported on chitin, cellulose, and gold substrates. The
first report of displaying affinity tags for cell attachment was re-
combinant Escherichia coli expressing Cex exoglucanase and cel-
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lulose-binding domain on the cell surface (36). The engineered E.
coli was found to bind tightly and rapidly to cellulosic materials; it
was later shown that this binding is very specific and stable (36,
37). Also, recombinant E. coli with chitin-binding domain ex-
pressed on the surface exhibited highly stable immobilization on
the chitin substrate (38). Cell attachment for whole-cell biosensor
was also reported on the gold substrate with recombinant E. coli
expressing gold-binding peptides on the cell surface (10). Limita-
tion of the aforementioned cell attachments is that the engineered
recombinant E. coli can only bind to a specific substrate depending
on the displayed peptide motif on the cell surface. In order to
overcome this limitation related to material versatility, we hy-
pothesized that not only can introduction of the adhesive property
of mussels extend the range of materials for cell attachment but
the adhesive E. coli can also spontaneously bind to surfaces with-
out chemical process.

Adhesive properties are unique in that mussels can attach to
virtually all types of inorganic and organic surfaces in wet condi-
tions. Therefore, the production of mussel adhesive proteins
(MAPs) and its mimetic peptides have been investigated in depth
to be used as bioadhesives. The expression systems of MAPs and
hybrid fusion MAPs in E. coli have been explored through recom-

Received 8 July 2013 Accepted 6 October 2013
Published ahead of print 11 October 2013

Address correspondence to Seung Hwan Lee, hwanlee@krict.re kr, or Haeshin Lee,
haeshin@kaistac.kr.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.02223-13.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AEM.02223-13

aem.asm.org 43


http://dx.doi.org/10.1128/AEM.02223-13
http://dx.doi.org/10.1128/AEM.02223-13
http://dx.doi.org/10.1128/AEM.02223-13
http://aem.asm.org

Park et al.

Protein Surface Display
Mefp-5
SSEEYKGGYYPGNAYHYHSGG
SYHGSGYHGGYKGKYYGKAKK

Tyrosinase Treatment

YYYKYKNSGKYKYLKKARKYHR |
KGYKYYGGSS S8 =

YH: DOPA+Histidine ""ﬁ)\’("
/ 3 |
N.

4 / /\

O/H \\, e ) >\/ij 0~
) ) T .
[ 27

.
P4r
o 2874, o

FIG 1 Schematic illustration of engineering mussel-inspired catecholamine-displayed E. coli. DOPA and histidine repeats found in the mussel adhesive protein,
Mefp-5, are displayed on the E. coli surface using outer membrane protein W (OmpW) as the anchoring motif. Since DOPA is an unnatural amino acid, tyrosine

was displayed first and converted to DOPA using tyrosinase.

binant DNA technology (39-43), but there are as yet no reports of
displaying mussel adhesive protein or adhesive mimetic motifs of
mussels on the surface to exploit its adhesive property. The major
component of the specialized mussel adhesive proteins, Mytilus
edulis foot protein 5 (Mefp-5), located at a distal side of adhesive
pads, was found to have extensive repeats of 3,4-dihydroxy-L-phe-
nylalanine (DOPA) and lysine (44). Also, when the amino acid
sequence of the Mefp-5 is carefully observed, repeats of DOPA and
histidine are present in the protein (Fig. 1). Based on this obser-
vation, the coexistence of catechol and cationic amine functional
group was hypothesized to be a key factor in achieving adhesion to
a wide spectrum of materials. Therefore, histidine and DOPA,
although they have not been tested for surface adhesion, are ex-
pected to exhibit adhesive property.

In the present study, we combined cell surface display tech-
niques and the mussel-inspired adhesive catecholamine moiety,
histidine and DOPA, to prepare sticky E. coli to achieve spontane-
ous adhesion onto various material surfaces. The engineered
sticky E. coli exhibited unprecedented adhesion to various mate-
rial surfaces, including silica and glass beads, titanium, and gold
substrates. Furthermore, the sticky E. coli even adhered to syn-
thetic substrates that are typically incompatible with immobiliza-
tion chemistry, such as polyethylene terephthalate (PET), polydi-
methylsiloxane (PDMS), and polyurethane (PU). Our findings
suggest that the display of catecholamine on living bacterial cells
can be a new approach for facile cell attachment, bypassing com-
plicated, harsh chemical processes.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli strain XL10-Gold Kan"
{Tet" A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl

TABLE 1 Primers used in PCR experiments

gyrA96 relAl lac Hte [F' proAB lacI"ZAM15 Tnl10 (Tet’) Tn5 (Kan")
Amy]} (Stratagene, United Kingdom) was used as a host strain for all
recombinant plasmid work in the present study. All recombinant strains
were cultivated in Luria-Bertani medium (10 g of Bacto tryptone/liter,5 g
of Bacto yeast extract/liter, and 10 g of NaCl/liter) supplemented with 50
g of ampicillin/ml. Control strains with no recombinant plasmids were
cultured in Luria-Bertani medium supplemented with 40 g of kanamycin/
ml. The recombinant cells were all cultivated at 30°C and induced at an
optical density at 600 nm (ODy,,) of 0.4 to 0.6 by addition of IPTG
(isopropyl-B-p-thiogalactopyranoside) to a final concentration of 0.2
mM. After induction, the cells were grown for an additional 4 h and
harvested for further experiments.

Plasmids and DNA manipulation. PCR was performed using the
primers from Table 1 with a PCR 5000 thermal cycler (Bio-Rad) using an
ExPrime Taq premix kit (GeNet Bio, Inc.). All DNA manipulation and
cloning procedures, including restriction enzyme digestion, ligation, and
agarose gel electrophoresis, were carried out according to standard pro-
cedures (45). The primers and plasmids used in the present study are listed
in Tables 1 and 2. Truncated E. coli OmpW was amplified from the
genomic DNA of the E. coli W3110 strain, and Pseudomonas aeruginosa
perhydrolase genes were amplified from the genomic DNA of P. aerugi-
nosa using a primer design based on the reported DNA sequences.

Construction of surface display system. Outer membrane protein W
(OmpW) was used as the protein platform, and perhydrolase from P.
aeruginosa (PerPA) was used as a spacer protein to display the mussel-
inspired sticky catecholamine moiety of histidine and DOPA. OmpW is
an outer membrane protein that belongs to a family of small outer mem-
brane beta-barrel proteins that are widespread in Gram-negative bacteria
(46, 47). The X-ray structure of OmpW showed that it forms an eight-
stranded beta-barrel with a hydrophobic channel (48), and this trans-
membrane structure made it possible for the OmpW to be used as a stable
anchoring motif for microbial cell surface display. To develop a strategy
for displaying PerPA with DOPA and histidine residues using OmpW as

Primer sequence (5'-3")"

Gene to be amplified

Template

GAATTCATGAAAAAGTTAACAGTGGCG
TCTAGAGCCATGATCGTTAAATCCATT
TCTAGATGCACCGCCCAGCTTATAAT
TCTAGAATGGGTTACGTGACAACGAAGG
AAGCTTTCAGCCGCGGATGAAGGCC
AAGCTTTTAATGGTGATGATGGTGATGGCCGCGGATGAAGGC
AAGCTTTTAATAATGGTGATGATGGTGATG
AAGCTTTTAATAATAATGGTGATGATGGTGATG

Truncated OmpW_forward
Truncated OmpW (aa 139)_reverse
Truncated OmpW (aa 191)_reverse
Perhydrolase_forward
Perhydrolase_reverse

Perhydrolase + 6-His_reverse
Perhydrolase + 6-His + 1Tyr_reverse
Perhydrolase + 6-His + 2Tyr_reverse

E. coli W3110 gDNA

E. coli W3110 gDNA

E. coli W3110 gDNA

P. aeruginosa PAO1 gDNA

P. aeruginosa PAO1 gDNA

P. aeruginosa PAO1 gDNA
Perhydrolase + 6-His PCR product
Perhydrolase + 6-His PCR product

“ Restriction enzyme sites are indicated in boldface.
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TABLE 2 Plasmids used in this study

Plasmid Relevant characteristics” Reference
pKK223-3 Amp resistant; tac promoter; 4.5 kb Brosius and
Holy (56)

pKK223-18MCS  pKK223 derivative; containing Hernan et al.
additional 18 multicloning site; 4.6 kb (57)

pKK223-pOW13F pKK223 derivative; containing 417-bp ~ This study
fragment of truncated OmpW at aa
139 of E. coli; 5.0 kb

pKK223-pOWI19F pKK223 derivative; containing 573-bp ~ This study
fragment of truncated OmpW at aa
191 of E. coli; 5.1 kb

pOWI3F-PerPAl  pKK223-pOW13F derivative; P. This study
aeruginosa perhydrolase; 5.8 kb

pOWI13E-PerPA2  pKK223-pOW13F derivative; P. This study
aeruginosa perhydrolase + 6-His;
5.8 kb

pOWI13EF-PerPA3  pKK223-pOW13F derivative; P. This study
aeruginosa perhydrolase + 6-His +
1Tyr; 5.8 kb

pOWI13EF-PerPA4  pKK223-pOW13F derivative; P. This study
aeruginosa perhydrolase + 6-His +
2Tyr; 5.8 kb

pOWI19E-PerPA1  pKK223-pOW19F derivative; P. This study
aeruginosa perhydrolase; 6.0 kb

pOWI9F-PerPA2  pKK223-pOW19F derivative; P. This study
aeruginosa perhydrolase + 6-His;
6.0 kb

pOWI9F-PerPA3  pKK223-pOW19F derivative; P. This study
aeruginosa perhydrolase + 6-His +
1Tyr; 6.0 kb

pOWI9F-PerPA4  pKK223-pOW19F derivative; P. This study

aeruginosa perhydrolase + 6-His +
2Tyr; 6.0 kb

“aa, amino acid.

an anchoring motif, we first searched for the potential fusion site in
OmpW. Based on the predicted secondary structure of OmpW, two sites
were chosen—at amino acids 139 and 191—to display the PerPA fusion
protein. The truncated OmpW genes encoding the amino acids 139 and
191 from the N terminus were amplified by PCR using the primer sets
shown in Table 1 and were cloned into the EcoRI and Xbal sites of
pKK223-18MCS to generate pPOW13F and pOW19F, respectively. A vari-
ety of PerPA gene-containing inserts, such as PerPA (PerPA1), PerPA+His
(PerPA2), PerPA+His+1-DOPA (PerPA3), and PerPA+His+2-DOPA
(PerPA4), were amplified and cloned into the Xbal and HindIII sites of pOW 13F
and pOW19F. Thus, the resulting construct designated pPOW13F-PerPAl is a
perhydrolase-OmpW fusion protein-encoding gene, and the fusion site is amino
acid 139 in OmpW. Similar constructs with different fusion proteins include
pOWI13F-PerPA2, pOW13F-PerPA3, and pOWI13F-PerPA4. Similarly, the
POWI19F-PerPA1 construct is a perhydrolase-OmpW fusion protein-en-
coding gene, and the fusion site is amino acid 191 in OmpW. Thus, we
constructed pPOW19F-PerPA2, pPOW19F-PerPA3, and pOW19F-PerPA4
(Table 2). Recombinant XL10-Gold cells harboring the recombinant
DNA were cultivated at 30°C and induced with IPTG.

SDS-PAGE and Western blot analysis. Proteins in the whole-cell ly-
sate and outer membrane fractions were analyzed by 12% (wt/vol) so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Outer membrane proteins were prepared as follows: cells were harvested
by centrifuging the cell broth (3 ml) at 6,000 rpm for 5 min at 4°C. The cell
pellet was washed with 1 ml of 10 mM Na,HPO, buffer (pH 7.2), centri-
fuged at 6,000 rpm for 5 min at 4°C, and resuspended in 0.2 ml of 10 mM
Na,HPO, buffer (pH 7.2). The resuspended cells underwent three cycles
of sonication (pulse on 5 s, pulse off 10 s at 20% of maximum output). The
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sonicated cells were then centrifuged at 10,000 rpm for 2 min at room
temperature to remove the partially disrupted cells, and the supernatant
was collected. The collected supernatant was centrifuged again at 10,000
rpm for 30 min at 18°C. After centrifugation, the cell pellet was resus-
pended in 0.5 ml of 10 mM Na,HPO, buffer (pH 7.2) containing 0.5%
(wt/vol) sarcosyl and incubated for 30 min in a water bath at 37°C. After
incubation, the membrane proteins were obtained by washing the insol-
uble pellet with 10 mM Na,HPO, buffer (pH 7.2), followed by resuspen-
sion in 40 pl of Tris-EDTA buffer (pH 8.0). The whole-cell lysate and
outer membrane protein samples were prepared by heating the protein
with protein sample buffer (5X; Elpis Biotech) for 10 min at 100°C. West-
ern blot analysis was carried out according to standard procedures (45).
Mouse monoclonal anti-6XHis tag antibody was used as the primary
antibody (Abcam), and goat anti-mouse IgG-alkaline phosphatase
conjugate (Sigma-Aldrich) was used as the secondary antibody for immu-
nodetection of the fusion protein. The enzyme-catalyzed chromogenic
reaction between nitroblue tetrazolium and BCIP (5-bromo-4-chloro-3-
indolylphosphate; Roche) was used for Western blotting signal detection.

Immunofluorescence microscopy. Cells were harvested by centrifu-
gation at 6,000 rpm for 5 min at 4°C for analysis by using immunofluo-
rescence microscopy. The cells were then washed and resuspended in 3%
(wt/vol) bovine serum albumin (BSA; Sigma-Aldrich) in phosphate-buff-
ered saline (PBS). The cells were incubated with mouse monoclonal anti-
6 X His tag antibody (Abcam) diluted 1:1,000 in PBS buffer containing 3%
(wt/vol) BSA for 4 h at 4°C. After five washes with PBS bulffer, the cell-
antibody complex was incubated overnight at 4°C with goat polyclonal
secondary antibody to mouse IgG conjugated with fluorescein isothiocya-
nate (FITC) diluted 1:3,000 in PBS buffer containing 3% (wt/vol) BSA.
After overnight incubation, the cells were washed five times with PBS
buffer prior to microscopic observation to remove any unbound goat
anti-mouse IgG conjugated with FITC. The cells were mounted on micro-
scopic glass slides and examined by fluorescence microscopy. Photo-
graphs were taken with a Nikon fluorescence microscope.

Tyrosinase treatment of recombinant E. coli and gold reduction.
Tyrosinase from mushroom (Sigma-Aldrich) was used throughout the
experiment to convert tyrosine residues to DOPA. Tyrosinase was dis-
solved in distilled water to a concentration of 500 U/ml, where one unit
represents AA,g, of 0.001 per min at pH 6.5 at 25°C in a 3-ml reaction
mixture containing L-tyrosine. The recombinant E. coli used for the ty-
rosinase treatment experiment was resuspended in 10 mM phosphate
buffer (pH 7.0) to an ODy,, of 2. An equal amount of tyrosinase was
added to the solution, and the mixture was reacted at 25°C overnight. A
solution of 3 mM HAuCl, (Sigma-Aldrich) was incubated with tyrosinase
(500 U/ml) for the gold reduction experiment. Recombinant E. coli cells
were resuspended in 10 mM phosphate buffer (pH 7.0) to a cell OD, of
2 and then incubated with tyrosinase and gold solution for 1 h to confirm
the successful conversion of tyrosine to DOPA. After 1 h of incubation, the
cells were washed and resuspended in 10 mM phosphate buffer (pH 7.0).
Transmission electron microscopy (TEM) was used to analyze the surface
of the recombinant E. coli. The resuspended cells were placed on a TEM
grid, washed, and dried for TEM analysis.

Adhesion test of recombinant E. coli on various substrates. Recom-
binant E. coli cells were resuspended in 10 mM phosphate buffer (pH 7.0)
to an ODg, of 2 and incubated with tyrosinase (500 U/ml) and Silnos 290
silica beads (200 mg/liter; ABC Nanotech) or glass beads (200 mg/liter;
Polyscience, Inc.) overnight at 25°C with shaking in a Thermomixer (Ep-
pendorf) at 1,000 rpm. After incubation, the beads were dried on a silicon
wafer and washed three times with 10 mM phosphate buffer (pH 7.0).
Scanning electron microscopy (SEM) was used to analyze the surfaces of
the beads. A further cell adhesion experiment was performed using silica
(Si), titanium (Ti), and gold (Au) substrates as the metallic substrates and
PET, PU, and PDMS as the polymeric substrates. For the Si substrates, an
Si wafer was used, and the Tiand Au substrates were prepared by thermal
evaporation (BAK641; Evatec, Switzerland) onto an Si wafer (thickness =
100 nm). PET and PU films were purchased from Hanmi, Inc. (South
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Korea). PDMS substrates were prepared using a Sylgard 184 silicone elas-
tomer kit (Dow Corning, USA). Recombinant E. coli cells were resus-
pended in 10 mM phosphate buffer (pH 7.0) to an ODy, of 2 and then
incubated overnight with tyrosinase (500 U/ml) on various surfaces at
25°C with shaking (220 rpm) to examine the adhesive properties of the
sticky E. coli. As a control experiment, recombinant E. coli cells were not
treated with tyrosinase. After incubation of recombinant E. coli on metal-
lic surfaces, the surfaces were washed three times with 10 mM phosphate
buffer (pH 7.0) and dried. SEM was then used to analyze the surfaces.
After the recombinant E. coli was incubated on polymeric surfaces, the
surfaces were washed three times with 10 mM phosphate buffer (pH 7.0)
and dried. The surfaces were then dyed with acridine orange (Sigma-
Aldrich) for 10 min to stain the E. coli and washed again with 10 mM
phosphate buffer (pH 7.0). The surfaces were then analyzed by fluores-
cence microscopy.

RESULTS

Construction of surface display system. In the present study,
outer membrane protein W was used as the anchoring motif and
perhydrolase from P. aeruginosa (PerPA) as a functional spacer
protein to display the mussel-inspired catecholamine moiety.
Perhydrolase was chosen as a spacer protein that can provide an
additional function to the sticky E. coli, based on the fact that it can
provide a valuable platform for developing a biocatalyst exploiting
its practical reactions such as epoxidation of carbon-carbon dou-
ble bonds of alkene or the reversible formation of peroxyacids
from carboxylic acid and peroxide. To develop a strategy for dis-
playing PerPA with 6-histidine and tyrosine residues using the
OmpW as an anchoring motif, we first searched for the potential
fusion sites in the OmpW. Based on the predicted secondary
structure of OmpW, two fusion sites were chosen—at amino acid
139 and amino acid 191—for displaying PerPA fusion protein.
The truncated OmpW genes encoding amino acids 139 and 191
from the N terminus were amplified by PCR using the primer
sets shown in Table S1 in the supplemental material and were
cloned into EcoRI and Xbal sites of pKK223-18MCS to make
pOWI13F and pOWI9F. The inserts containing PerPA genes—
PerPA (PerPAl), PerPA+6-His (PerPA2), PerPA+6-His+2Tyr
(PerPA3), PerPA+6His+1Tyr (PerPA4)—were amplified and
cloned into the Xbal and HindIII sites of pPOW13F and pOW19F
each to make pOWI13F-PerPAl, pOW13F-PerPA2, pOW13F-
PerPA3, pPOW13F-PerPA4, pPOWI19F-PerPA1l, pPOW19F-PerPA2,
pOWI19E-PerPA3, and pOW19F-PerPA4, which were used to dis-
play PerPA genes on the E. coli cell surface. Recombinant XL10-
Gold cells harboring the recombinant DNA were cultivated at
30°C and induced with IPTG.

Confirmation of OmpW-PerPA fusion protein display on
the E. coli cell surface. After transforming the E. coli XL10-Gold
with the recombinant plasmids, for the confirmation of the fusion
protein display on the cell surface, the whole-cell lysates and outer
membrane proteins of recombinant XL10-Gold cells were ana-
lyzed by SDS-PAGE. The fusion protein could hardly be detected
by the Coomassie blue staining due to the low expression level,
therefore, Western blot analysis was carried out using 6 XHis tag
antibody as the primary antibody (Abcam) and goat anti-mouse
IgG—alkaline phosphatase conjugate (Sigma) was used as the sec-
ondary antibody for the immunodetection of the fusion protein
(Fig. 2 and see Fig. S1 in the supplemental material). The outer
membrane protein of truncated OmpW at amino acid 139 and the
PerPA fusion protein have estimated sizes of ~45.3 kDa calculated
from the amino acid sequence. From the Western blot result, a
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FIG 2 SDS-PAGE analysis and immunoblotting analysis. SDS-PAGE analysis
(A) and Western blot analysis (B) of recombinant E. coli XL10-Gold cells
expressing OmpW-PerPA fusion proteins were performed. Lane 1, whole-cell
lysate of XL10-Gold harboring pOW19F-PerPAl; lane 2, outer membrane
fraction of XL10-Gold harboring pPOW19F-PerPA1; lane 3, whole-cell lysate of
XL10-Gold harboring pPOW19F-PerPA2; lane 4, outer membrane fraction of
XL10-Gold harboring pPOW19F-PerPA2; lane 5, whole-cell lysate of XL10-
Gold harboring pPOW19F-PerPA3; lane 6, outer membrane fraction of XL10-
Gold harboring pOW19F-PerPA3; lane 7, whole-cell lysate of XL10-Gold har-
boring pOW19F-PerPA4; lane 8, outer membrane fraction of XL10-Gold
harboring pPOW19F-PerPA4; lane M, molecular mass standards.

protein band around that size was not detected on the Western
blot results; instead, a protein band of ~30 kDa was observed (see
Fig. S1 in the supplemental material). The band with a size of 30
kDa seems to correspond to the PerPA, which is 30.44 kDa; there-
fore, we can infer that the OmpW truncated at amino acid 139 was
eliminated or excised as the recombinant DNA was translated and
expressed. The fact that a band at ~30 kDa was observed in the
whole-cell lysate and in the soluble fractions of recombinant E. coli
XL10-Gold harboring pOW13F-PerPA2, pPOW13F-PerPA3, and
pOW13E-PerPA4 and not in the outer membrane fraction sup-
ports our theory. The fact that a protein band of ~45.4 kDa was
not detected shows that the Omp W-PerPA fusion protein was not
successfully displayed on the surface of E. coli. The outer mem-
brane protein size of truncated OmpW at amino acid 191 and the
PerPA fusion protein have estimated sizes of ca. 51.0 kDa calcu-
lated from the amino acid sequence. The bands corresponding to
the 51.0-kDa fusion protein were detected in whole-cell lysates
and the outer membrane fraction of the recombinant XL10-Gold
harboring pOW19F-PerPA2, pOW19F-PerPA3, and pOW19F-
PerPA4, suggesting a successful display of fusion proteins on the
cell surface (Fig. 2). Therefore, recombinant XL10-Gold harbor-
ing pPOW19F-PerPA1, pOW19F-PerPA2, pPOWI19F-PerPA3, and
pOWI19E-PerPA4 were used in further studies. As another
method to confirm the successful display of the OmpW-PerPA
fusion protein on the surface of the E. coli cell surface, immuno-
fluorescence microscopy was used. As shown in Fig. 3, recombi-
nant E. coli harboring pOW19F-PerPA3 and pOWI19F-PerPA4
became fluorescent due to the binding of the anti-6XHis anti-
body, followed by binding of FITC-conjugated secondary anti-
body, indicating that the OmpW-PerPA fusion protein was suc-
cessfully displayed on the surface of the E. coli. On the other hand,
control E. coli XL10-Gold cells did not exhibit any fluorescence.
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FIG 3 Immunofluorescence analysis using differential interference micrographs (upper row) and immunofluorescence micrographs (lower row) of XL10-Gold
cells (A) and XL10-Gold cells harboring pPOW19F-PerPA3 (B) or pPOW19F-PerPA4 (C). Cells were incubated with mouse anti-His probe antibody, followed by

probing with goat anti-mouse IgG-FITC conjugate. Scale bars, 5 pm.

Tyrosinase treatment and confirmation of tyrosine conver-
sion to DOPA. After we confirmed the successful display, the re-
combinant E. coli cells were treated with tyrosinase to convert the
tyrosine reside on the surface to DOPA since DOPA is an unnat-
ural amino acid and thus requires postmodification. XL10-Gold
and recombinant E. coli XL10-Gold harboring pOW19F-PerPA1,
POWI19F-PerPA2, pPOW19F-PerPA3, and pOW19F-PerPA4 were
treated with tyrosinase (500 U/ml). After the recombinant cells
were treated with tyrosinase, cell aggregation occurred only
with the recombinant E. coli harboring pOW19F-PerPA3 and
pPOW19F-PerPA4 (Fig. 4A) that have tyrosine residue on the sur-
face, which indirectly confirms the conversion of the tyrosine res-
idue to DOPA since molecules with a DOPA moiety tend to ag-
gregate due to their specific cohesive interactions. In the other
recombinant E. coli strains, cells that did not have tyrosine on the
surface did not show any aggregation after tyrosinase treatment
(Fig. 4A). As another method to confirm the successful conversion
of tyrosine residue on the surface of recombinant E. coli XL10-
Gold harboring plasmid pPOW19F-PerPA3 and pOW19F-PerPA4
to DOPA, recombinant E. coli cells were incubated with tyrosinase
with 10 mM HAuCl, solution. It is well known that the DOPA
moiety has a metal-reducing ability that reduces Au’* to Au®".
Therefore, we hypothesize that gold nanoparticles will be reduced
on the surface of E. coli where the DOPA moiety is present. E. coli
XL10-Gold and recombinant E. coli XL10-Gold harboring
pOWI19E-PerPAl, pOWI19EF-PerPA2, pOWI19F-PerPA3, and
pOW19E-PerPA4 were incubated with tyrosinase and HAuCl, for
1 hat 25°C with mild agitation. After the incubation, the cells were
observed for the gold nanoparticle formation on the surfaces of
the recombinant E. coli cells using TEM. In the controls, XL10-
Gold, and recombinant E. coli strains harboring pPOW 19F-PerPA1
and pOW19F-PerPA2, no gold nanoparticle formation was ob-
served on the surface (Fig. 4B to D). Also, when the gold nanopar-
ticle formation experiments were performed with the recombi-
nant E. coli harboring pOW19-PerPA3 and pOW19-PerPA4
without the tyrosinase treatment, no gold nanoparticle formation
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was observed (see Fig. S2 in the supplemental material). Gold
nanoparticles with sizes ranging from 50 to 120 nm were only
observed on the surfaces of the tyrosinase-treated recombinant E.
coli XL10-Gold harboring pOW19F-PerPA3 and pOWI19F-
PerPA4, which had tyrosine residues on the surface before the
tyrosinase treatment (Fig. 4E and F). The gold nanoparticle was
confirmed by the energy dispersive X-ray spectrum taken by TEM
(see Fig. S3 in the supplemental material). The gold nanoparticle
formation therefore can be used to confirm the successful conver-
sion of tyrosine residue on the cell surface to DOPA residue in the
recombinant E. coli XL10-Gold harboring pPOW19F-PerPA3 and
pOWI19E-PerPA4. Tyrosinase could not be responsible for the
gold nanoparticle formation since all of the controls were also
treated with tyrosinase. Hereafter, tyrosinase-treated recombi-
nant E. coli XL10-Gold harboring pOWI19F-PerPA3 and
POWI19F-PerPA4 will be referred to as recombinant E. coli
PerPA3-DOPA and PerPA4-DOPA, respectively.

Adhesion property of mussel-inspired catecholamine-dis-
played engineered E. coli. After we confirmed the successful dis-
play of the fusion protein on the surface and the successful con-
version of tyrosine to DOPA, we explored the adhesive property of
the engineered E. coli. In order to observe the adhesive property of
our mussel-inspired catecholamine surface-displayed recombi-
nant E. coli, cells were incubated with a variety of substrates and
surfaces. First, microparticles were chosen as a substrate for re-
combinant E. coli attachment. Silnos 290, a silica microparticle
with an average size of 9 wm, and glass beads with sizes between 30
and 50 pm were used. Recombinant E. coli cells were incubated
with tyrosinase and the beads overnight. After incubation of
XL10-Gold and recombinant E. coli XL10-Gold harboring
pOWI19F-PerPAl, pOWI19F-PerPA2, pOWI9F-PerPA3, and
pOWI19F-PerPA4 with tyrosinase and beads, the incubated beads
were observed by SEM to examine the degree of adhesion to the
beads. In the case of adhesion test to the Silnos 290 silica bead,
tyrosinase-treated recombinant E. coli harboring pOWI19F-
PerPA3 and pOWI19F-PerPA4 showed significant adhesion to
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the Silnos 290 silica beads (Fig. 5B and D). As shown in Fig. 5,
recombinant E. coli XL-Gold harboring pOW19F-PerPA3 and
pOWI19E-PerPA4 without tyrosinase treatment (Fig. 5A and C)
did not exhibit immobilization to the microparticle, confirming
the adhesive property of the catecholamine-displayed recombi-
nant E. coli PerPA3-DOPA and PerPA4-DOPA. In the other con-
trol experiments, where tyrosinase was treated to XL10-Gold, re-
combinant E. coli XL10-Gold harboring pOW19F-PerPA1 and
pOWI19E-PerPA2, no or only a few E. coli cells adhered to the
surfaces of the Silnos 290 silica beads (see Fig. S4 in the supple-
mental material). Based on this observation, it is reasonable to
conclude that the catecholamine-displayed recombinant E. coli
has an adhesive property. As a different microparticle with differ-
ent size for the adhesion test, glass bead of size of 30 to 50 pm was
used. In the case of the adhesion test to the glass bead, recombi-
nant E. coli PerPA3-DOPA and PerPA4-DOPA showed significant
adhesion to the glass beads (Fig. 5F and H). As can be seen in Fig.
5, control recombinant E. coli harboring pOW19F-PerPA3 and
pOWI19E-PerPA4 without tyrosinase treatment showed little or
no cell adhesion to the microparticles. In the other control exper-
iments, in which tyrosinase was treated with XL10-Gold and re-
combinant E. coli harboring pOW19F-PerPAl and pOW19F-
PerPA2, some cells adhered to the surfaces of the glass beads, but
the degree of adhesion was still significantly low compared to re-
combinant E. coli PerPA3-DOPA and PerPA4-DOPA (see Fig. S4
in the supplemental material). These results also confirm the ad-
hesive property of mussel-inspired catecholamine-displayed re-
combinant E. coli. The engineered E. coli cells that adhered to
various microparticles were counted (cells per surface area of the
microparticles), as shown in Fig. 5. When the adhesion levels of
PerPA3-DOPA and PerPA4-DOPA were compared using the
quantified data, no significant differences were observed. Because
of this, we used recombinant E. coli PerPA4-DOPA throughout
this study.

Two different types of surface substrates, metallic and poly-
meric, were used for the further adhesion test of the engineered
recombinant E. coli. Au, Ti, and Si surfaces were chosen as the
metallic surfaces for the cell adhesion experiment. These metallic
surfaces were incubated with the recombinant E. coli XL10-Gold
harboring pPOW19E-PerPA4 with or without tyrosinase. In the
control group without tyrosinase-treated recombinant E. coli,
equal amounts of 10 mM phosphate buffer (pH 7.0) were added in
order to counteract the addition of tyrosinase. After the recombi-
nant E. coli XL10-Gold harboring pOW19F-PerPA4 with or with-
out tyrosinase was incubated on various metallic surfaces over-
night, SEM was used to observe the adhesion of recombinant E.
coli on the surfaces. SEM images of surfaces incubated with tyrosi-
nase-treated and untreated recombinant E. coli cells harboring
pOW19E-PerPA4 were compared (Fig. 6A, C, and E). As shown in
Fig. 6, recombinant E. coli PerPA4-DOPA, significantly adhered
more to the metallic surfaces, which demonstrates the adhesive
property of the engineered E. coli that has mussel-inspired cate-
cholamine on the surface. To test the adhesion of catecholamine-

Sticky E. coli for Spontaneous Cell Attachment

displayed recombinant E. coli on different surfaces, PET, PU, and
PDMS surfaces were selected as the polymeric surfaces for the cell
adhesion experiment. After recombinant E. coli XL10-Gold har-
boring pOW19F-PerPA4 with or without tyrosinase was incu-
bated on PET, PU, and PDMS surfaces, the surfaces were stained
with acridine orange dye, and fluorescence microscopy was used
to observe the adhesion of E. coli on the surfaces. Fluorescence
images of surfaces incubated with tyrosinase-treated and un-
treated recombinant E. coli harboring pOW19F-PerPA4 were
compared (Fig. 6B, D, and F). As shown in Fig. 6, recombinant E.
coli PerPA4-DOPA adhered significantly more often to the PET,
PU, and PDMS surfaces, which demonstrates the adhesive prop-
erty of the catecholamine cell surface-displayed recombinant E.
coli. The E. coli cells that adhered to various substrates were quan-
tified per unit area (Fig. 6G). The number of cells that adhered to
metallic surfaces can be directly counted from the SEM images.
For the polymeric surfaces, we obtained a linear relationship be-
tween the fluorescence intensity and the cell number using many
sampling areas, which was subsequently utilized to convert the
fluorescence intensity into the number of cells. The quantification
result showed a greater degree of adhesion to metallic surfaces
than to polymeric surfaces. The numbers of attached E. coli cells
per mm? area were as follows: Ti (48,812 * 24,232) > Au (30,541 =
2,203) > Si (21,583 = 7,042) > PET (17,490 =+ 7,696) > PDMS
(14,793 * 3,363) > PU (7,457 = 2,398), i.e., in descending order.

DISCUSSION

Cell attachment through microbial cell surface display is a fairly
new method, and a few studies have been reported for the attach-
ment of a limited range of material substrates such as cellulose,
chitin, or gold (10, 36—38). Such limitation in surface adhesion is
largely due to adhesion peptide identification by a screening pro-
cess for a given material. In order to expand the type of materials
to which the engineered E. coli is able to bind without labor-inten-
sive, time-consuming screening processes, we turned our atten-
tion to interesting adhesive features of the mussel adhesive pro-
teins. It is well known that the catecholamine group in MAPs plays
a crucial role in the adhesion of mussels. For example, Mefp-5,
which is responsible for robust, material-independent adhesion,
shows extensive repeats of lysine and DOPA (44). Furthermore,
synthetic versions of catecholamine polymers, such as poly(dop-
amine) (49), poly(norepinephrine) (50), poly(ethylenimine)-
catechol (51), and chitosan-catechol (52, 53), have demon-
strated material-independent adhesion in aqueous conditions. In
the present study, the histidine-DOPA moiety was chosen for the
preparation of sticky E. coli for the following two reasons: (i) the
histidine-DOPA moiety is found in Mefp-5, which is expected to
exhibit adhesive property similar to the catecholamines men-
tioned earlier, and (ii) the histidine-DOPA moiety was chosen for
the ease of purification and detection of the surface-displayed
peptide, since polyhistidine has been widely used for the affinity
purification of genetically modified proteins. The catecholamine
moiety exhibits various unique properties; it can form stable com-

FIG 4 Confirmation of tyrosine-to-DOPA conversion. (A) Tyrosinase was added to E. coli XL10-Gold and recombinant E. coli cells harboring pOW19F-PerPA1,
pOWI9F-PerPA2, pPOW19F-PerPA3, and pPOW19F-PerPA4. Aggregation was observed only for tyrosinase-treated recombinant E. coli harboring pOW19F-
PerPA3(PerPA3-1DOPA) and pOW19F-PerPA4 (PerPA4-2DOPA). *, tyrosinase treatment. (B to F) TEM analysis of XL10-Gold cells (B) and XL10-Gold cells
harboring pOW19-PerPAl (C), pPOW19F-PerPA2 (D), pOW19F-PerpA3 (E), and pOW19F-PerPA4 (F) after incubation with tyrosinase and gold solution
(HAuCl,). Gold nanoparticle formation was only observed in the PerPA3-DOPA and PerPA4-DOPA E. coli cells.
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FIG 5 Cell adhesion test. A cell adhesion test was performed on silica micro-
particles (A, B, C, and D) and glass microparticles (E, F, G, and H). SEM
analysis was used to observe the surfaces of the microparticles. The SEM
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plexes with metal ions and undergo redox reactions to form cova-
lent catechol-catechol/-amine/-thiol cross-links. One of the im-
portant properties of catechol moieties is the oxidative chemical
conversion to quinone, and the quinone is highly reactive with
amine and thiol compounds via Michael-type addition or Schiff
base formation (49). This mechanism is able to achieve robust
irreversible adhesion on organic substrates (54). Thus, the display
of histidine-DOPA on the surface of E. coli can convert nonadhe-
sive E. coli into adhesive bacteria that can adhere to the surfaces of
virtually all types of materials. The aforementioned covalent-
bond-forming mechanism can explain the result of E. coli aggre-
gation shown in Fig. 4. The DOPA displayed on the cell surface can
undergo catechol-catechol cross-linking with other displayed
DOPA molecules and catechol-amine cross-linking between the
displayed DOPA and other amine groups that might be present in
intrinsic proteins on the E. coli surface. Another way to confirm
the display of the sticky catecholamine moiety was to exploit the
redox activity of catechol. As the catechol moiety is oxidized to
catechol-quinone, electrons are released from the catechol, and
gold and silver ions are spontaneously reduced by the released
electrons, as shown in the scheme of Fig. 4E. Therefore, gold re-
duction occurred on the surface of the sticky E. coli can be ex-
pected. Successfully, gold nanoparticle formation was observed
on the surface only when the catecholamine, histidine-DOPA, was
displayed (PerPA3-DOPA and PerPA4-DOPA).

After the preparation of sticky E. coli, the spontaneous attach-
ment of the cells was studied using various types of material sur-
faces. Since cell aggregation was already observed for the sticky E.
coli displaying histidine-DOPA, E. coli is expected to have en-
hanced ability attaching spontaneously onto surfaces. In fact, mi-
crobials with a certain tendency of aggregation have been shown
to attach to surfaces, although the adhesive force might not be as
strong as the one used by mussel adhesive molecules (55). The
mussel-inspired sticky E. coli exhibited significant adhesion to un-
precedented various substrates, including silica, glass micropar-
ticles, and Au, Ti, Si, PET, PU, and PDMS surfaces compared to
the control microbes. This observation is significant because a new
type of a catecholamine amino acid moiety, DOPA-His, was
shown to exhibit wet-resistant adhesive properties that can poten-
tially be applied to any living organisms when adhesive properties
are needed. Also, it is noteworthy that the sticky E. coli was at-
tached to various substrates without applying any surface chem-
istry (e.g., chemical agents for coupling). In particular, glass and
PDMA are challenging materials for adhesion. Catecholamine
moieties adhere to virtually any substrates via coordination
bonds, -1 stacking, electrostatics, and/or hydrogen bonding (49,
54). For surfaces such as Si and Ti wafers, their oxide forms, SiO,
and TiO,, are presented, onto which catechol forms a coordina-
tion bond with the —OH groups, and electrostatic interactions
can be established by the interactions between amine groups along

images on the left are the control XL10-Gold harboring pPOW19F-PerPA3 (A
and E) and pOW19F-PerPA4 (C and G) without tyrosinase treatment. The
SEM images on the right are tyrosinase-treated recombinant E. coli PerPA3-
DOPA (B and F) and PerPA4-DOPA (D and H). Only catecholamine-dis-
played E. coli exhibited adhesive properties. (I) The cells adhered onto the
microparticles were quantified and expressed as cells per area in the bar graph.
19-3 and 19-4 denote recombinant E. coli strains harboring pPOW19F-PerPA3
and pOW 19F-PerPA4, respectively. Tyrosinase-treated cells are labeled with a
“(T)”.
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FIG 6 Celladhesion test on various substrates. A cell adhesion test was performed on the metallic surfaces Au (A), Ti (C), and Si (E) and on the polymeric surfaces
PET (B), PU (D), and PDMS (F) using PerPA4-DOPA recombinant cells. Inset images show the control XL10-Gold harboring pOW19F-PerP4. (G) The adhered
cells were quantified and expressed in cells per area in the bar graph. 19-4 denotes recombinant E. coli harboring pOW19F-PerPA4. Tyrosinase-treated cells are
labeled with “(T)”. The scale bar for the inlet controls are the same as for the main images.

the catecholamine and the hydroxyl ions from the substrates. Cat-
echolamine is stacked onto the gold substrates via the interactions
between pi () electrons in catechol and the electrons in the con-
duction bands of the Au surfaces. PET and PU are composed of
chains that contain phenyl rings that enable the displayed cate-
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cholamine moiety to interact with those substrates by - inter-
actions. The adhesion of recombinant E. coli onto the PDMS can
be attributed to the electrostatic interactions between the hy-
droxylions present on the surfaces of PDMS and the amine groups
of catecholamine. Also, it has been suggested that the catechol also
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contributes to the surface adhesion, but this remains unclear.
Thus, our results indicate that the sticky E. coli is likely to attach to
a wide range of material surfaces. In contrast, previous experi-
ments regarding cell immobilization achieved by surface-engi-
neered peptide display showed that the engineered E. coli adhered
only to limited types of materials that have binding affinity with
the displayed peptide. Regarding the robustness of the sticky E.
coli, our experimental condition was typically under agitation
(1,000 rpm for microparticles and 220 rpm for other substrates),
and washing steps were performed in which the cells remained
attached, demonstrating the robustness of the sticky chemistry
indirectly. These findings suggest that E. coli displaying mussel-
inspired catecholamine can be used as a new method for cell im-
mobilization on a broader range of substrates.
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