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Abstract — The outer membrane of Gram-negative bacteria is the outermost layer of cellular environment in which
numerous biophysical and biochemical processes are in action sustaining viability. Advances in cell engineering enable
modification of bacterial genetic information that subsequently alters membrane physiology to adapt bacteria to specific
purposes. Surface display of a functional molecule on the outer membranes is one of strategies that directs host cells to
respond to a specific extracellular matter or stimulus. While intracellular expression of a functional peptide or protein
fused to a membrane-anchoring motif is commonly practiced for surface display, the method is not readily applicable to
exogenous or large proteins inexpressible in bacteria. Chemical conjugation at reactive groups naturally occurring on the
membrane might be an alternative, but often compromises fitness due to non-specific modification of essential components.
Herein, we demonstrated two distinct approaches that enable site-specific decoration of the outer membrane with a fluorescent
agent in Escherichia coli. An unnatural amino acid genetically incorporated in a surface-exposed peptide could act as a
chemoselective handle for bioorthogonal dye labeling. A surface-displayed a-helical domain originating from a part of a
selected heterodimeric coiled-coil complex could recruit and anchor a green fluorescent protein tagged with a complementary
a-helical domain to the membrane surface in a site- and hetero-specific manner. These methods hold a promise as on-
demand tools to confer new functionalities on the bacterial membranes.
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Fig. 1. Schematics of site-specific cell surface labeling. a) Surface presentation of a peptidyl motif containing an unnatural amino acid, p-
azido-L-phenylalanine (AzF), and its bioorthogonal conjugation with dibenzocyclooctyne (DBCO) or its derivatives. b) Surface pre-
sentation of an a-helical motif (Coil A) and its assembly with green fluorescent protein (GFP) tagged with a complementary a-helical

motif (Coil B).
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= wj7}A] 37°C, 200 rppm oA HI S 3 1 mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG)2 ©+¥1 2 ¥Hd-& {2313t} o] &
30 °CE 255 o] WAl veFslgint. B L wjok AEs =
Aoz TR vk AEE= HF ODGO()% =738kl 4,000 g,

4°C2] 71004 1083 LR85t Lpp-OmpA-coil A
A ] 2 ook 3 I BARA A 3= U Coil
B-GFPH &A= T A S flal 9] 5 Seldsd=
A7Vall A @EAIA Lysozyme (HE5E 1 mg/mL)< 400 pL 37}
TS 4°C 2104 307 wHIBISITE 0l Alss 2P oR
AR 310,000 g, 4 °CS] ZNA 2057 Al Bals) B4,

7HAE g o ® FeH A 7HEAEE 9] T2 Ni-NTA
Agarose resins 1.5 mL H7}8F & 4 °C2] 2714 1023 wHls)
SITE Ni-NTA Agarose resin?} 233 thilld & Za| w2 A4S
ol Eww Eelskoith AT 15 mLE 371l =ves
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AATE 3 GEekEN 500 uLE s Hrol H7isl A Faehs
iz g-olS 5221381 5 SDS-PAGER #4131t}

2-3. H|MQA0o [ Al AR

PET-Ipp-OmpA-WT-S 3 © & A}&-3l PCRe]| o]+ #-¢] 27
EARIo)E Faste] A2l UM TE(UAGYS =91kl <8
W 7 E0] =715 pET-Ipp-OmpA-AzF HE3F A &3t AAE F3f 7
AR} DL 815kt pET- lpp-OmpA -AZFE FAAZE E coli
DH50¢l CaCl,E A &]sto] AAMEE A2tsl 15% glycerobs 328
3= 0.1 M CaCl, §-el] Aldetst & °§ 3} 80 °cell BslSlet. A2k
A X ] chloramphenicol A5 7F4i= pEVOL-pAzZFS 4%
A o7 71407 J2H38E T chloramphenicol?} AmpicillinS:
EgHsl= LB aLAlsi#] o) 37°C2] 270l 12413F o) AlcheleF
sto] Tl FRUS A0 Aed oA A widks st
chloramphenicol®} Ampicilline ¥3$F31= 100 mL LB 4|8 %] °ﬂ
Zuf ek BAHIA] 1 mLe} p-Azido-L-phenylalanine (AzF, # &5 %
1 mM)2 Z718f 37 °C, 200 rpm?] 73014 F3(0Dgy)7} 0.60]
= w7k vl F3FA T 1pp-OmpA-AzF, AzF 5-°] %] tRNA/RNA
synthetase 2312 558171 918] 1 mM IPTG 2 0.1%(WA) L-(+)-
ArabinoseZ Hl| 5ol 78Tt 55 % 37°C, 200 pm2] Z71ofA]
12A17F o3 1 F 5 5,000 rpmellA] 1027 Aalie]s)] AlEass
gl al ATk Al EA P -S ol AkeE A 2] 2] 94 (PRS)E A X 3 &
50% glycerots X 3F5k= PBSOl AlAEs) AR-7k4] <33} 80 °Cell
LR P

2-4. |2 L RIRMZEA} SHZHEAM AlS

H]H dobn] 1Ak AzF 9} AF 405 Dibenzocyclooctyne (DBCO) 2]
a8t 3t ul yra o thS3) o] WaE Q). st 80 °Ce] K.

=] 9 Ipp-OmpA-AzF, Ipp-OmpA-WT, DH50, Al 2 2l-&
13,000 rpmel|l A 2323t 425t PBSE Al sl Al skelt.
AF 405 DBCOFHE5 S 100 pM)= d7}akaL e uxjo] 114
3 3 A Lol 2A17HEQE wHFEEL 13,000 rpmollA] 287 AR
g3 ASAS AAS 5 PBSE 23] A|Z|3ISItt. 13,000 rpmellA 2
7F QAR 3 5 UVE AF 405 DBCO 2P A31E <1319
th 5 A7 FAG el o5k Al el e v o] X E )
o} £ ulloF 3 Ipp-OmpA-coil A A|EE PBSE A ES| A2kl

13,000 rppmel| A 243+ 472 3 $- 0.5 mg/mL coil B-GFPE 1

HE

ok wHESFATH. 13,000 rpmollA] 2871
El3 i BSE Aﬂ?d 32 13,000 rpmol|A] 523 QA28
F UVE &3 A0,

2-5. SNIEZEMAS

E. coli WT2} Ipp-OmpA-coil A& &%—(OD@O- 1; ~10° cellymL) =
13,000 rpmol| A 287+ G E-2]5lo] 4= oh PBSE A A&k &
3x107 cells/mL7} ¥ =5 3] 2413} th 1 5 10 uM coil B-GFPE
3ESER= 1 mL PBSE A ekl ZE A wAje] a17dsto] 307k
RS 13,000 rpmoflA] 2327t A E-2)8lod A5 olS Al A}
I PBSE 23] A& & 2% H3)7} 1 mLo] == PBSef| AjHE
STk, 2 Aol thash 30,000702) AlE7) 4 5]

3-1. HIEQ{oIn|Ale| &2
s A

pET-Ipp-OmpA-WT= S A R] [pp-OmpA2] Cdtell 4
A0l =2 JlEto| =t AR 3 T o] At BEs Ao
k= HEjo]t) v Ao AR AZFE AlaEkawe] AAEE ] ¢
3 geeb A o] A} F &= 235 A $1 %] of] A 5= (amber,
TAG)S 4% 3 pET-Ipp-OmpA-AzFE %331 ThFig. 2(a)). B A
otm] At p-azido-L-phenylalanine (AzF)= 912] 8= amber suppressor
tRNA/RNA synthetase pair®] 2F& ¥l E] pEVOL-pAzF[28]3} pET-
Ipp-OmpA-AZFE E. coliz 35383510 AzF A 7Fssh i
T2 Ipp-OmpA-AZFE 753+ ¥, 3l g2 2 /‘ﬂjjtﬂ L]y
A 2 AzFE] 912 HolA Al f=3k3ith DBCO 155 Ald
=22 AzF 9} strain-promoted azide-alkyne cycloaddition(SPAAC)
HH-S-& 53l ERjolE(triazole) 11215 FAdstthal 24 h(Fig.
2(b))[29].

E. coli Ipp-OmpA-AzF "}3EH el AA ¥ AzF2} DBCO-Dye®] &
o]# 3}slH ghe gl3l7] 8|l E coli Ipp-OmpA-AzF £} DBCO-
DyeZ 233t 3 A4 A7 9 AlHatAT}. 75 Aol thsk uv
ZAF A7) Dyeoll 9)gk @go] 2= ¢l m DBCO-Dyes H7}s}
A &2 E. coli Ipp-OmpA-AzFol A= &go] #E= =] eoITth(Fig.
3(a). FFA| 2] Zgt nj 5o A Aaxut F& e BE5 Al A
o] FHAT el Qg g 7Fs S BAs] S8 tixa ]l E
coli Ipp-OmpA-WT, E. coli WTS DBCO-DyeZ & a7 *] 2] 3k
T UVE 2ARSH A9 7tz 25 3go] 3= ¢t o]
§F A¥K= DBCO-Dye7} AlEu} 3ol el fJefo] =of] 914 5
o];_ﬂ oilec?:]ﬂ AZFQ]_/\JFJJZ% SPAA ]'%E’_E _ﬂﬂﬂoﬁ HLJJ—
Ra= vl Etk(Fig. 3(b)). ©]2] g 6§ T A o] F A A
ol whe|gjote] 34 o]y HA 0w {83k AREE 4 Al
91| SolA vl Aol A AHY] 9 SPAACTE T A el £
Aol M2 75 28 Faehs 52 f-83tA AF-E ] %

Ak A Az, Tl okEe) W] JiAdE 913 PEG,
174 B o A9 sl FE ARl RH30-32]. AlEEtel| AZFE
SF A3Z EESE SPAACE B3l vl 75 EAE wEE 9l

Hdoln]Ake] 27191 oFdl (amine), A0 ]2 (thiol)2] WH-A S

SR 7120 Al 7] s sk W SR A o] A 91
E0]X)
=

9 S0IM =R_HISS 0l M=

I=t|

™

fLdo O

N

=
B

.JTW

HHB T
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Fig. 2. Site-specific decoration of the cell surface by unnatural amino acid incorporation and bioorthogonal chemistry. a) Schematics of the
gene construct of Ipp-OmpA-peptide fusion protein (upper) and the reaction of surface-expressed AzF with DBCO-Dye (lower). Num-
bers indicate the size of each domain in amino acids. The site of AzF incorporation is denoted UAG. b) Strain-promoted azide-alkyne
cycloaddition of AzF and DBCO-Dye.

Fig. 3. Images of UV-irradiated fluorescence analyses to confirm the site-specific reaction between AzF and DBCO-Dye. a) lpp-OmpA-AzF
mixed with DBCO-Dye (left) and Ipp-OmpA-AzF without DBCO-Dye (right). b) Ipp-OmpA-WT mixed with DBCO-Dye (left) and E.
coli WT mixed with DBCO-Dye (right).

= AR A gt Ao Hee] 9] 9 AT s Aojg 4= 9l OmpA-coil A HE](Fig. /)2 234 Ipp-OmpA-coil A 5}
ov R AE IS FAISPEA Maate] glRdlE o] 71ssie coil BE green fluorescent protein (GFP)oll 1A A1Z] pET-coil B-
GFP WE] 2 8- A3 Coil B-GFP 755 T-%313lth A2 %9

3-2. FU-FYU APIHES 0|23 M=E EM ST M FAEA] Hi= coil B-GFPE C-Ztol] 1= His tage] F470]&
AVAEHE: = coil AS} coil BE A|E T &FFA =12 AL o] sMdE o] &3 XA AxrETHIZ FA = AT FA
£317] SlalA coil AS A FHol 8= AAE pET-Ipp- T SDS-Z ol dolnto] = 2 %7] %5 H(SDS-PAGE) 2. coil
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Fig. 4. Schematics of the gene constructs of Ipp-OmpA-coil A fusion protein and coil B-GFP (upper) and self-assembly of coil B-GFP and sur-
face-expressed coil A (lower). Numbers indicate the size of each domain in amino acids.

B-GFP2| &3} =25 ERI8HI th(Fig. 5(a). ©719 52 ¥ 35
kDa®] Ato]z wiA offel] Y X|eh= MEF e = gllom o] &
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Fig. 5. a) SDS-PAGE result of purified coil B-GFP. b) Results of UV-irradiated fluorescence analysis to confirm cell surface labeling by coil-
coil interaction for Ipp-OmpA-coil A (left) and E. coli WT (right). ¢) Flow cytometric analyses of surface labeling for Ipp-OmpA-coil A

(red) and E. coli WT (black).

Table 1. Parameters obtained from flow cytometric analyses

Name Events FSC-Mean SSC-Mean GFP-Mean
E coliWT 29,391 22,073 21,740 48
Ipp-OmpA-coil A 29,271 22,056 21,715 39,942
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