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Functional Cell Surface Display and Controlled Secretion of Diverse
Agarolytic Enzymes by Escherichia coli with a Novel Ligation-
Independent Cloning Vector Based on the Autotransporter YfaL
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Autotransporters have been employed as the anchoring scaffold for cell surface display by replacing their passenger domains
with heterologous proteins to be displayed. We adopted an autotransporter (YfaL) of Escherichia coli for the cell surface display
system. The critical regions in YfaL for surface display were identified for the construction of a ligation-independent cloning
(LIC)-based display system. The designed system showed no detrimental effect on either the growth of the host cell or overex-
pressing heterologous proteins on the cell surface. We functionally displayed monomeric red fluorescent protein (mRFP1) asa
reporter protein and diverse agarolytic enzymes from Saccharophagus degradans 2-40, including Aga86C and Aga86E, which
previously had failed to be functional expressed. The system could display different sizes of proteins ranging from 25.3 to 143
kDa. We also attempted controlled release of the displayed proteins by incorporating a tobacco etch virus protease cleavage site
into the C termini of the displayed proteins. The maximum level of the displayed protein was 6.1 X 10* molecules per a single
cell, which corresponds to 5.6% of the entire cell surface of actively growing E. coli.

Displaying heterologous peptides or proteins of interest (POI)
on the surface of bacterial cells has been developed for many
biotechnological applications (10). Although many proteins ex-
posed to the outside of cells can be potential templates for a sur-
face display system, only some genes, such as those for outer mem-
brane proteins, lipoproteins, subunits of surface appendages,
S-layer proteins, and autotransporters (ATs), have been used (29).

ATs have recently emerged as a popular target for bacterial
surface display in Gram-negative bacteria because they have sev-
eral advantages over other scaffold proteins (28). ATs are known
to transport passenger domains if various sizes, ranging from
short peptides to full-size proteins having over 3,000 residues (11),
whereas other scaffold proteins often have a size limitation for
surface display (28). ATs are capable of high-level functional ex-
pression of a target protein on the cell surfaces, avoiding toxic
effects of overexpression (28). In addition, a relatively large num-
ber of AT proteins (about 50,000 to 100,000 copies per cell) can be
presented on the cell surface (20, 28).

An AT is typically composed of three distinct functional re-
gions: (i) a signal peptide region, (ii) an N-terminal passenger
domain that is displayed outside the cell, and (iii) a C-terminal
translocator (B-barrel) domain that delivers the passenger do-
main across the outer membrane (11). The C-terminal transloca-
tor domain shares a common secondary and tertiary structure in
the AT family, but the passenger domain is sequentially or func-
tionally diverse (e.g., adhesins, enzymes, or cytotoxins) (11). Be-
cause of this diversity of the passenger domain, the region can be
substituted for various target proteins to be displayed.

In Escherichia coli, the yfaL gene was initially annotated as en-
coding a hypothetical protein, but later its product was predicted
tobean AT (in the AIDA-I family) by its domain organization and
asequence similarity (34). Even though the exact cellular function
of the yfaL gene is still unknown, a few studies on YfaL showed that
(1) its overexpression induced aggregation of cells without a det-
rimental effect (27) and (ii) the passenger domain was released by
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an unknown mechanism (23). Based on these observations, we
adopted Yfal as a potential scaffold protein for a novel E. coli
surface display system that can possibly overexpress and release a
displayed protein under appropriate conditions.

In this study, we present a surface display system using the
autotransporter YfaL of E. coli. In order to determine the optimal
regions in Yfal for displaying heterologous proteins, we per-
formed sequence and domain analysis because the correct recog-
nition of the passenger domain is critical for successful surface
display. A ligation-independent cloning (LIC)-based display sys-
tem was constructed for rapid and reliable cloning. We evaluated
the system for functionality of displayed proteins and enumerated
the total number of displayed proteins in a single cell. The con-
trolled release of displayed proteins was also attempted by incor-
porating the designed cleavage site into the scaffold protein.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. E. coli DH5« was
used as a general cloning host. E. coli BW25113 was used as a host strain for
the surface display system. The E. coli strains were grown aerobically in
Luria-Bertani (LB) broth (BD Difco) at 37°C. Saccharophagus degradans
2-40" (ATCC 43961) was grown in a sea salt minimal medium as de-
scribed by Ekborg et al. (13). The bacterial strains, plasmids, and primers
for PCR are listed in Table 1.

Sequence analysis and domain recognition. The protein sequences
having similarity to YfaL of E. coli (Uniprot no. P45508) were retrieved
from the NCBI GenBank using BLASTP (1). The multiple-sequence
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TABLE 1 Bacterial strains, plasmids, and oligonucleotide primers used in this study

Source or
Strain, plasmid, or primer Relevant characteristic(s), description, or sequence” reference’
Strains
E. coli DH5« F~ endAl glnV44 thi-1 recAl relAl gyrA96 deoR nupG $80dlacZAM15 A(lacZYA-argF)U169 hsdR17 Invitrogen
(g mg") A~
E. coli BW25113 F~ A(araD-araB)567 AlacZ4787(::rrnB-3) A~ rph-1 A(rhaD-rhaB)568 hsdR514 CGSC
S. degradans 2-40 Source of agarase genes and NABH ATCC
Plasmids
pBAD vector araBAD promoter (Py,p); Ap'; pBR322 origin; araC; C-terminal polyhistidine tag; rrnB transcription 21
termination region
pBAD-yfal pBAD carrying yfaL gene from E. coli K-12 This study
pBAD-agal6B pBAD carrying agal6B gene from S. degradans This study
pBAD-mRFP1 pBAD carrying mRFP1; expression in the cytoplasm This study
PATLIC vector Derivative of pPBAD-yfaL; deletion of the passenger domain sequence of yfaL and addition of TEV This study
protease recognition site
PATLIC,,. vector Derivative of pATLIC vector; addition of predicted cleavage site of YfaL This study
pATLIC-NABH pATLIC carrying NABH gene from S. degradans This study
pATLIC-NABH pPATLIC,,, carrying NABH gene from S. degradans This study
pATLIC*-mRFP1 PATLIC carrying mRFP1 gene; lacking the translocator domain and expression in the periplasm This study
pATLIC-mRFPI1 pATLIC carrying mRFPI gene This study
PATLIC-aga50A PATLIC carrying aga50A gene from S. degradans This study
pATLIC-agal6B PATLIC carrying agal6B gene from S. degradans This study
PATLIC-aga86C PATLIC carrying aga86C gene from S. degradans This study
pATLIC-aga50D PATLIC carrying aga50D gene from S. degradans This study
PATLIC-aga86E PATLIC carrying aga86E gene from S. degradans This study
PATLIC ;159 945-mRFP1 PATLIC carrying mRFPI gene; deletion of 29-948 region of YfaL This study
PATLIC ,,,59.785)-mRFP1 PATLIC carrying mRFPI gene; deletion of 29-785 region of YfaL This study
PATLIC ;59 ¢99-mRFP1 PATLIC carrying mRFPI gene; deletion of 29-699 region of YfaL This study
PATLIC ;159 692)-mRFP1 PATLIC carrying mRFPI gene; deletion of 29-695 region of YfaL This study
Primers
yfal_F 5'-GAAGGAGATATAAGGATGCGGATTATCTTTCTACGCAAG-3’ This study
yfaL_R 5'-ATGATGGTGATGGTGCCATTTCACCGTCATCGACAAA-3’ This study
agal6B_F 5'-GAAGGAGATATAAGGATGGATTGGGACGGAATTCCTGTC-3’ This study
agal6B_R 5'-ATGATGGTGATGGTGACTGCCACCATTACCTGGGG-3' This study
mRFP1_F 5'-GAAGGAGATATAAGGATGGCTTCCTCCGAAGACGTTATC-3' This study
mRFP1_R 5'-ATGATGGTGATGGTGAGCACCGGTGGAGTGACG-3' This study
pATLICy,4 F 5'-CCCGGGCCAACGACCGAAAACCTTTACTTCCAGGCTTACCAGCCGGTGTTGAATGC-3’ This study
pATLIC 45 F 5'-CCCGGGCCAACGACCGAAAACCTTTACTTCCAGCTTTCCAACGTGACGGTTAATGGC-3’ This study
PATLICo, F 5'-GGCGGCGGGGGTGGGTCGTCACTGTGGGTTGGTGATGG-3’ This study
pATLIC45 F 5'-CACCACCACCATCATCACGGTGATGTTGCTGATATCCTTCCTTAT-3’ This study
pATLIC,, R 5'-GTTGGCCCGGGCGCGACACCGTTAGCAGAGAAAA-3' This study
mRFP1,, F 5'-CGGTGTCGCGCCCGCTTCCTCCGAAGACGTTATC-3’ This study
mRFP1y,s R 5'-CGGTCGTTGGCCCAGCACCGGTGGAGTGACG-3' This study
mRFP1, R 5'-CGGTCGTTGGCCCAGCACCGGTGGAGTGACG-3' This study
mRFP1g0e R 5'-CCCGCCGCCCCCAGCACCGGTGGAGTGACG-3' This study
mRFP14, R 5'-GTGGTGGTGCCCAGCACCGGTGGAGTGACG-3' This study
mRFP1(stop)_R 5'-CGGTCGTTGGCCCTTAAGCACCGGTGGAGTGAC-3’ This study
NABH,,-_F 5'-CGGTGTCGCGCCCAGCGATTCAAAAGTAAATAAAAAATTG-3' This study
NABH, g5 er) R 5'-CGGTCGTTGGCCCTACTGCTCCGGAATCGCCTG-3' This study
NAHBgs5 () R 5'-GTGGTGGTGCCCTACTGCTCCGGAATCGCCTG-3’ This study
aga50A,, F 5'-CGGTGTCGCGCCCGATAAAGACGAGCCGCAAGC-3’ This study
aga50A,gs R 5'-CGGTCGTTGGCCCCTCGCCAAAACGTCGACTATAT-3’ This study
agal6B,, F 5'-CGGTGTCGCGCCCGATTGGGACGGAATTCCTGTC-3' This study
agal6B,gs R 5'-CGGTCGTTGGCCCGTTGCTAAGCGTGAACTTATCTAG-3’ This study
aga86C,y F 5'-CGGTGTCGCGCCCGGGGGCGGTAAATCCTCCAC-3’ This study
aga86C,45 R 5'-CGGTCGTTGGCCCCTGCATAGGACGAGTAATTGAG-3’ This study
aga50D,, F 5'-CGGTGTCGCGCCCGGTGCAATTGGAGGTCTCGT-3' This study
aga50D,g5 R 5"-CGGTCGTTGGCCCTTTGCTGCCTAGCCTTTCGG-3’ This study
aga86E,, F 5'-CGGTGTCGCGCCCGCCGATTATGTAATCGAAGCGG-3' This study
aga86E,4s R 5'-CGGTCGTTGGCCCTCTATTTGGCTCAGAAGTAAATTCC-3' This study

“ The LIC sequences are underlined. Ap", ampicillin resistance.
b CGSC, E. coli Genetic Stock Center; ATCC, American Type Culture Collection.
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alignment was carried out with the ClustalW program (32), and the do-
main organization of Yfal was determined with the Pfam database and the
Conserved Domain Database (CDD) (15, 24). The signal sequence anal-
ysis was performed with the SignalP 3.0 server (4).

Cloning, expression, and purification of the YfaL translocator do-
main. We cloned the yfaL gene of E. coli DH5a into a modified pBAD
vector (pBAD-yfaL) having a six-histidine tag at the carboxy terminus for
affinity chromatography purification (21). E. coli BW25113 harboring
pBAD-yfaL was grown in 1 liter of LB medium with ampicillin (100 g/
ml) and induced with 0.2% (wt/vol) 1-(+)-arabinose (Sigma) at an opti-
cal density at 600 nm (ODy,) of 0.6 for 12 h at 37°C. The cells were
harvested by centrifugation (3,000 X g for 30 min at 4°C), resuspended in
0.1 M Tris-HCl buffer (pH 8.0), and disrupted by sonication for 15 min at
4°C. The crude cell extract was centrifuged at 10,000 X g for 50 min and
4°C to remove the supernatant. The resulting pellet was resuspended in 8
M urea in 20 mM Tris-HCI (pH 8.0) containing 1% (vol/vol) Triton
X-100 and centrifuged at 10,000 X g for 50 min at 4°C. The resulting
supernatant was then placed on a histidine affinity column (HiTrap HP;
GE Healthcare) equilibrated with 20 mM Tris-HCI buffer (pH 8.0) con-
taining 1% (vol/vol) Triton X-100 in an LP system (Bio-Rad). The rate of
sample loading and column elution was maintained at 3.0 ml/min by the
LP system. The translocator domain of YfaL was eluted by a linear gradi-
ent of imidazole (0 to 1 M) included in the same buffer. The amino-
terminal sequencing of the purified translocator domain was performed
at the Korea Basic Science Institute.

Construction of the LIC vector. We designed the surface display sys-
tem by adopting a ligation-independent cloning (LIC) strategy for rapid
and reliable cloning (2, 30). Using pBAD-yfaL as a backbone vector, we
included a Smal restriction site at the LIC site, while the predicted passen-
ger domain region of Yfal. was removed by PCR with primers listed in
Table 1. The constructed LIC vector was designated pATLIC. For con-
trolled release of the displayed protein, the tobacco etch virus (TEV)
cleavage site (ENLYFQ) was also added in the cloning site prior to the
carboxy terminus of the displayed protein by PCR with primers which
have overhangs containing the TEV coding sequence (30). The LIC-ready
PATLIC vector was prepared by Smal (New England BioLabs) digestion
(at37°Cfor 2 h) followed by T4 DNA polymerase (New England BioLabs)
reaction with dATP (Promega) for 30 min at 37°C. The linear LIC-ready
vectors were stored at —20°C for further experimentation.

Cloning and expression of various proteins in the pATLIC system.
To examine the size variability and functionality of displayed proteins, we
cloned the monomeric red fluorescent protein (mRFP1) (25.3 kDa) (7)
and the B-agarases (Aga) and neoagarobiose hydrolase (NABH) of S.
degradans 2-40" (Aga50A, 84.8 kDa; Agal6B, 62.3 kDa; Aga86C, 83.7 kDa;
Aga50D, 88.3 kDa; Aga86E, 143 kDa; and NABH, 41.5 kDa) (13, 16, 18).
We removed the predicted signal sequences in the N termini of Aga50A
(positions 1 to 23), Agal6B (1 to 19), Aga86C (1 to 33), Aga50D (1 to 46),
and Aga86E (1 to 29) for cloning of those genes into pATLIC. Target genes
were amplified using LA-Taq polymerase (TaKaRa) by PCR with primers
having overhangs overlapping with the LIC cloning region (the Smal site)
(sequences of primers are given in Table 1). The PCR products were
treated with T4 DNA polymerase and dTTP (Promega) for 30 min at
37°C. The linear LIC-ready vector was prepared by Smal restriction of
PATLIC. The vector and insert were mixed at a 1:2 molar ratio and incu-
bated for 30 min at room temperature before direct transformation into
E. coli DH5a competent cells prepared by the TSS method (9). All recom-
binant clones were confirmed by DNA sequencing. Recombinant cells
harboring pATLIC of various genes were induced with a final concentra-
tion of 0.0002 to 0.2% (wt/vol) L-(+)-arabinose at an ODy, of 0.6. The
optimum inducer concentration for the maximum display was deter-
mined by the activity of displayed Agal6B. The activity of Agal6B was
determined by the amount of reducing sugars released from agarose using
the dinitrosalicylic acid (DNS) method (36). Cells were cultured for 24 h
at 16°C after induction and harvested by centrifugation (3,000 X g for 10
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min at 4°C). The cell pellet was washed with ice-cold 10 mM NaCl and
stored at —20°C for a functional analysis.

Functional analysis of the displayed agarases. Functional activities of
five different types of displayed agarases (Aga50A, Agal6B, Aga86C,
Aga50D, and Aga86E) were examined on LB agar plates containing 0.2%
L-(+)-arabinose as an inducer. After incubation for 24 h at 25°C, the
activity of agarases was detected as the hollow zone around colonies after
staining with 5% iodine solution. Whole-cell catalysis by the displayed
proteins was carried out as follows. The cells displaying agarases were
collected after induction at 16°C for 24 h and concentrated 50-fold into
the reaction mixture (20 mM Tris-HCI, pH 8.0) with 1.0% agarose for
24 h at 25°C. The activity of NABH was measured with 0.1% neoagaro-
biose (NB) as a substrate in the same way. After reaction at 25°C for 12 h,
the reaction products were analyzed with thin-layer chromatography
(TLC) in the solvent system of n-butanol-ethanol-water (3:2:2, vol/vol)
and visualized with 10% (vol/vol) H,SO, and 0.2% naphthoresorcinol in
ethanol by heating (12).

Differential cell fractionation for detection of cell surface display.
Differential cell fractionation was performed according to the method
described by Li et al. (22). The cells displaying proteins were collected,
diluted to approximately 10° CFU/ml, washed in 10 mM NaCl, and resus-
pended in phosphate-buffered saline (PBS) containing 1 mM EDTA and
lysozyme (20-pg/ml final concentration). After 2 h of incubation, the cell
suspension was lysed by sonication (approximately 30 to 40% of full
power for 2 s) on ice. The whole-cell lysate was centrifuged at 10,000 X g
for 10 min at 4°C to remove unbroken cells and large debris. The clarified
cell lysate was centrifuged at 100,000 X g for 1 h using an ultracentrifuge
(Optima L-90K; Beckman). The resulting supernatant contains the total
soluble (cytoplasmic and periplasmic) fraction. The pellet (total mem-
brane fraction) was resuspended in PBS containing 0.01 mM MgCl, and
2% (vol/vol) Triton X-100 and incubated at room temperature for 20
min. Equal volumes of each fractionated sample were prepared for mea-
suring red fluorescence intensity.

Protease accessibility test for the surface-displayed protein. To
demonstrate the surface display, we used the protease accessibility test for
the displayed protein (37). We collected the cells displaying Agal6B and
concentrated them 50-fold into PBS buffer. Trypsin stock solution (1
mg/ml trypsin) was added to the suspension to yield a final concentration
of 50 pg/ml. The cells were incubated in the reaction mixture for 1 h at
37°C, and the reaction was stopped by washing the cells three times with
PBS. Using untreated cells as a control, the trypsin-treated cells were in-
cubated in the reaction mixture (20 mM Tris-HCI, pH 8.0) containing
1.0% agarose for 3 h at 25°C and analyzed by TLC as described above.

Controlled release of the displayed proteins. A 50-ml portion of cell
culture displaying NABH was collected after induction at 16°C for 24 h
and resuspended in 1 ml reaction mixture (25 mM Tris-HCI, pH 8.0)
containing 50 U of TEV protease (TurboTEV; Eton Bioscience). The re-
action mixture was incubated at 4°C for 16 h. The cell-free supernatants
were obtained by centrifugation at 10,000 X g for 15 min (4°C), and the
activity of the released NABH in the supernatants was examined.

Enumeration of the number of displayed proteins. The total number
of displayed and released proteins was measured by fluorescence of
mRFP1. The cell-associated fluorescence was measured by using a Victor3
spectrophotometer (Perkin-Elmer) with excitation at 590 nm (20-nm
bandwidth) and emission at 616 nm (8.5-nm bandwidth) in a 96-well
plate containing 1 ml of cells displaying mRFP1 (approximately 10° CFU/
ml). The background fluorescence of cells was subtracted to obtain the
relative fluorescence units (RFU).

RESULTS AND DISCUSSION

Designing a surface display system based on YfaL of E. coli.
Identification of the passenger or translocator domain boundary
in YfaL is critical for designing a surface display system because the
passenger domain region can be replaced with heterologous pro-
teins. According to the multiple-sequence alignment of YfaL with
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FIG 1 Schematic diagrams for the domain organization of autotransporter (A) and the display system designed in this study (B). (A) Domain organizations of
AIDA-Iand YfaL of E. coli. The annotated domain names from the Pfam and CDD databases are shown in a separate box. The predicted cleavage sites of passenger
domains are indicated by asterisks (between Ser846 and Ala847 for AIDA-I and between Asp696 and I1e697 for YfaL). (B) The designed surface display system,
including a TEV cleavage site (pATLIC) (top) or a predicted cleavage site (pATLIC,..) (bottom).

other autotransporters and domain organization analysis with the
Pfam database (Pfam no. PF03797) and the Conserved Domain
Database (CDD no. cl02365 and c¢d01344), we deduced the puta-
tive passenger, linker, and translocator domains of YfaL. The sig-
nal peptide was predicted as the amino-terminal 28 residues by the
SignalP 3.0 sever (4). We designated the region from position 29 to
785 (78 kDa) in YfaL as a passenger domain to be replaced with
any protein of interest. The pertactin-like linker domain (CDD
no. c¢d01344) matched the region from position 789 to 916 in
YfaL. By these observations, we assigned the region from position
789 to 916 in YfaL as the putative linker between the passenger
domain (positions 29 to 785) and translocation -barrel domain
(positions 917 to 1250) (Fig. 1A). Almost all AIDA-I type ATs are
known to have conserved regions (e.g., the pertactin-like domain
region) including repetitive sequence motifs between the passen-
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ger and translocator B-barrel domains (14, 34). The conserved
linker region between the passenger and translocator 3-barrel do-
mains of BrkA is known to play a crucial role in the translocation
or secretion of the passenger domain (11, 26). However, a recent
study showed that just a B-barrel domain containing an N-termi-
nally hydrophilic a-helix of ATs is sufficient for cell surface dis-
playin E. coli (25). We assumed that a pertactin-like region in YfaL
may have a similar function as a linker region in BrkA. We tested
the functionality of the predicted linker region (positions 789 to
916) for translocation by the linker region deletion mutants in
terms of functional display of a reporter protein (mRFP1). The
deletion mutant (missing the region from position 24 to 948)
displayed only 33% of the fluorescence of the other mutants hav-
ing a predicted linker region (see Fig. S1 in the supplemental ma-
terial). Although the functionality of the linker region was not
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FIG 2 Demonstration of the surface display system by agarase activity and
protease accessibility test. (A) Functional activity analysis of the displayed
Agal6B. Top, E. coli BW25113 harboring pBAD-yfaL (lane 1), pATLIC void
vector (lane 2), pBAD-agal6B for cytosolic expression (lane 3), or pATLIC-
agal6B (lane 4) was patched on an agar plate. The pitting of agar by the func-
tionally displayed Agal6B was detected by iodine staining of the plate. pBAD-
agal6B was used as a control to exclude false positives caused by the leakage of
B-agarase from cell lysis. (B) Protease accessibility test. The agarase (Agal6B)
activity of trypsin-treated cells was analyzed by whole-cell catalysis as de-
scribed in Materials and Methods. Lane 1, pBAD-yfaL; lane 2, pATLIC void
vector; lane 3, pBAD-agal6B; lane 4, pATLIC-agal6B. The agar hydrolysis
products (DP4, neoagarotetraose; DP6, neoagarohexaose) of Agal6B ap-
peared only in untreated of pATLIC-agal6B cells.

obvious, we kept the linker region for facilitating translocation of
the passenger domain.

Construction of a ligation-independent cloning vector for
cell surface display. We designed a surface display LIC vector
having a truncated YfaL missing the passenger domain region
(positions 29 to 785) under the control of arabinose-inducible
promoter (araBAD promoter). Because the LIC can be applicable
to a high-throughput method without restriction and ligation re-
action in cloning procedures, the resultant LIC system might be
adopted for a library construction for screening engineered pro-
teins by surface display (19). The constructed LIC vector carried a
truncated YfaL that is composed of a predicted signal peptide
(residues 1 to 28), a putative linker (residues 786 to 916), and a
translocator domain (residues 917 to 1250) without the passenger
domain. The cloning site exists between the signal peptide and the
putative linker (Fig. 1B, top). We also incorporated the TEV pro-
tease cleavage site (ENLYFQ) that is fused with the carboxy termi-
nus of the displayed protein for releasing the protein into the
medium by TEV cleavage (30). We designated the LIC vector
PATLIC. According to the typical LIC procedure (2), we used a 1:2
molar ratio of insert and vector in a total of 30 ng of DNA for
transformation of competent cells (transformation efficiency of
~10” CFU/ug plasmid DNA) and obtained about 120 colonies
(the number of colonies of the vector-only sample was 8). The
success rate for cloning was about 90% (18 of 20 colonies). This
efficiency of the pATLIC system was comparable to those of

May 2012 Volume 78 Number 9

YfaL-Based Cell Surface Display System

known LIC systems (5, 6), showing potential for rapid and reliable
cloning. An overview of the construction of the pATLIC vector
and the typical cloning procedure is shown in Fig. S2 in the sup-
plemental material.

Demonstration of surface display by enzymatic activity, pro-
tease accessibility test, and probing localization. We confirmed
the cell surface display by (i) the functionality of the agarase en-
zyme, (ii) a protease accessibility test of enzymatic activity, and
(iii) probing localization by differential cell fractionation of
mRFP1. Because agar is a polymer unable to be diffused across
membranes of E. coli, B-agarases have been suggested as reporter
genes for identification of secretion signal sequences (38). Since
only displayed or secreted agarases can show the enzymatic activ-
ity and since the aga16B gene coding the B-agarase (Agal6B) from
S. degradans is known to secrete into medium (type II protein
secretion signal) (13), we cloned Agal6B without its genuine sig-
nal peptide into the pATLIC vector (pATLIC-agal6B) and tested
the functionality of agarase. To exclude false positives caused by
the leakage of enzymes from cell lysis, we used a strain overex-
pressing active Agal6B in the cytoplasm (pBAD-agal6B) as a neg-
ative control. When we patched colonies of E. coli cells harboring
PATLIC-agal6B and pBAD-agal6B on LB agar [containing 0.2%
L-(+)-arabinose for induction of cloned genes], only cells harbor-
ing pATLIC-agal6B showed extracellular agarase activity in the
plate (Fig. 2A).

We further verified the surface display by the protease accessi-
bility test (37) by treating the displayed agarase with trypsin. After
whole cells were treated with trypsin, the displayed 3-agarase ac-
tivity of the cells disappeared (Fig. 2B). To validate the protease
accessibility test by checking whether periplasmic proteins can be
accessed by trypsin treatment, we used mRFP1 cloned in pATLIC
missing the translocator domain (pATLIC-mRFP1 with AT dele-
tion) as a control and found that trypsin cannot access periplasmic
proteins (see Fig. S3 in the supplemental material).

To probe the cellular location of proteins expressed by the
PATLIC system, we carried out differential fractionation of cells
displaying mRFP1 combined with the protease accessibility test.
As shown in Fig. 3, the majority of the whole-cell fluorescence was
distributed in the total membrane fraction of cells displaying
mRFP1 (pATLIC-mRFP1), while no fluorescence was detected in
the membrane fraction of cells expressing cytosolic mRFP1
(pBAD-mRFP1). When cells displaying mRFP1 were treated with
trypsin, the fluorescence of the total membrane faction disap-
peared (data not shown). These results confirm that the protein is
not only integrated in the outer membrane but presented to the
surface of E. coli.

Functional display and characterization of various agarases.
We cloned four other 3-agarases (Aga50A, Aga86C, Aga50D, and
Aga86E) from S. degradans into the pATLIC vector (pATLIC-
aga50A, -aga86C, -aga50D, and -aga86E, respectively). These aga-
rases belong to glycoside hydrolase (GH) families 50 and 86
(GH50 and -86). We determined the optimal expression condi-
tion, changing the inducer [L-(+)-arabinose] concentration from
0% to 0.2% and the growth temperature. Greater amounts of
overexpressed proteins were obtained at higher inducer concen-
trations, but the maximum functional display reached approxi-
mately 0.02% of L-(+)-arabinose (see Fig. S4 in the supplemental
material). During the expression of various proteins in the surface
of E. coli, the pATLIC system had no influence on host cell viability
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FIG 3 Differential cell fractionation of E. coli BW25113 harboring pBAD-
mRFP1 (cytosolic mRFP1) or pATLIC-mRFP1 (displayed mRFP1). The
relative percentages of red fluorescence intensities for the whole cell (WC),
cytoplasm (CP), and total membrane (TM) are shown for cytosolic (pBAD-
mRFP1) and displayed (pATLIC-mRFP1) mRFP1.

even at the late stationary phase (Fig. 4; see Fig. $4 in the supple-
mental material).

Although Aga86C and Aga86E from S. degradans previously
failed to be functionally expressed in E. coli (13), we could func-
tionally display Aga86C and Aga86E in this study. The reaction
products of these two agarases were characterized by whole-cell
catalysis using the displayed cells. The displayed enzymes
(pATLIC-aga86C and -aga86E) completely liquefied solid agarose
after 24 h at 25°C. By analysis of the reaction products by TLC (Fig.
5A), we showed that these agarases have different activity profiles
on substrates having various degrees of polymerization (DP). As
shown in Fig. 5B, all proteins in the pATLIC system showed over-
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FIG 4 The growth of host cells (E. coli BW25113) displaying various proteins

was measured by ODy. E. coli BW25113 harboring pBAD void vector (4 ),

PATLIC void vector (M), pATLIC-agarases (A), pATLIC-NABH (@), or

PATLIC-mRFP1 (X) was grown for 24 h at 16°C. An asterisk indicates the time

point of induction with L-(+)-arabinose.
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FIG 5 Functional analysis of the surface-displayed B-agarases from Sacchar-
ophagus degradans 2-40. (A) TLC chromatogram of the reaction products on
agaro-oligosaccharides (pATLIC-aga50A) or agarose (other displayed aga-
rases). Lane S1, DP2 (neoagarobiose); lane S2, DP4 (neoagarotetraose) and
DP6 (neoagarohexaose); lane 1, reaction products of pATLIC void vector; lane
2, pATLIC-aga50A; lane 3, pATLIC-agal6B; lane 4, pATLIC-aga86C; lane 5,
PATLIC-aga50D; lane 6, pATLIC-aga86E. (B) The arrowheads in the SDS-
PAGE indicate the overexpressed B-agarases fused to the translocator domain
in the crude extract (lane M, molecular mass marker; other lane numbers are
the same as for panel A).

expression in SDS-PAGE, but the enzymatic activity was not pro-
portional to the amount of overexpressed protein (see Fig. S4 in
the supplemental material). While pATLIC-aga50D displayed
B-agarase activity as previously reported (18), pATLIC-aga50A
initially showed no activity on agarose. After changing the sub-
strate from agarose to agaro-oligosaccharides for Aga50A, we
found that pATLIC-aga50A had activity on neoagarotetraose
(DP4) and neoagarohexaose (DP6), converting them into neoaga-
robiose (DP2). Consequently, we could display all five agarases of
S. degradans in active forms and showed for the first time the
activity profiles of three agarases (Aga50A, Aga86C, and Aga86E)
that had failed to be actively expressed in E. coli.

Effect of the size and structural variability of displayed pro-
teins on the pATLIC system. It is known that the size of the dis-
played protein is a critical factor for an efficient surface display,
and there are often harmful effects on host cells in surface display
systems other than the AT system (28). Because the size of the
deduced passenger domain in YfaL of E. coli was around 75 kDa,
we assumed that the pATLIC system would have be able to display
variable sizes of heterologous proteins. We successfully displayed
mRFP1 (25.3 kDa) (7), NABH (41.5 kDa), and five agarases (62.3
to 143 kDa). The size of pATLIC is great enough to hold a heter-
ologous protein 1/3-fold (25.3 kDa) to 2-fold (143 kDa) the size of
the native passenger domain. The structural folds of the displayed
proteins were somewhat variable, but all were globular. mRFP1 is
a -barrel fold (7). The agarases are hydrolase folds representing
B-jellyroll (GH16; Agal6B) (http://www.cazy.org/) (8), (B/a)s
barrel (GH50; Aag50A and Aga50D) (http://www.cazy.org/) (8),
TIM-(a/B) barrel (GH86; Aga86C and Aga86E) (http://supfam
.org/) (35), and five-bladed B-propeller (GH117; NABH) folds.
The size and structural versatility of the displayed proteins imply
that the pATLIC system can adopt various passenger proteins.
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FIG 6 Controlled release of the displayed proteins by TEV protease. (A) Released Agal6B from the cells displaying Agal6B by TEV digestion. The relative activity
of the amount of reducing sugars produced in whole-cell activity of untreated cells (UC), treated cells (TC), and the supernatant isolated from the cells displaying
Agal6B after the TEV treatment (SU) is shown. (B) TLC analysis of the reaction mixtures for NABH-displaying cells and the released NABH. Lane 1,
3,6-anhydro-L-galactose (L-AHG); lane 2, D-galactose (D-Gal); lane 3, neoagarobiose (DP2); lane 4, reaction products of cells displaying pATLIC-NABH (no TEV
protease treatment); lane 5, reaction products of cells displaying pATLIC-NABH (treated with TEV protease); lane 6, reaction products of the supernatant
isolated from the cells displaying pATLIC-NABH after TEV protease pretreatment.

Releasing displayed proteins in the pATLIC system. The pas-
senger domain in ATs is often cleaved and released from the trans-
locator domain (11). Although the mechanism is not clearly un-
derstood, it has been proposed that endo- or exogenous
proteolytic activity is involved in the release of the passenger do-
main from ATs (11). YfaL is also known to process and release the
passenger domain, as described by Marani et al. (23), but the exact
cleavage site has been unknown. We predicted the cleavage site
(between Asp696 and I1e697) in YfaL by sequence comparison to
the known cleavage site of the AIDA-I type (31) and confirmed it
by amino-terminal amino acid sequencing of the purified trun-
cated 55-kDa translocator domain. To test this cleavage site in
YfaL, we constructed a new LIC vector (pATLICg;) including the
putative cleavage site (Fig. 1B). We tested the functionality (cleav-
age of the displayed protein) of the pATLICgg with the above
agarases. Despite prolonged expression of the pATLICgg-aga-
rases in E. coli under various conditions, we could not detect the
released agarases in the medium in terms of their activity. This
observation implies that the release of the passenger domain of
YfaL may require the original passenger domain itself or unknown
exogenous factors.

We added a TEV cleavage site in front of the linker region in
PATLIC that is fused with the carboxy terminus of a displayed
protein. We attempted the controlled release of the displayed pro-
teins from the cells using Agal6B from S. degradans. Under the
optimal display conditions, 50 ml of cells harboring pATLIC-
agal6B (1 X 10° CFU/ml) was treated with TEV protease. By
comparison of the enzymatic activity of released Agal6B to the
whole-cell activity, we found that 96% of the activity of the ini-
tially displayed Agal6B was released from the cells by TEV treat-
ment (Fig. 6A).

In contrast to Agal6B, the displayed neoagarobiose hydrolase
(NABH) showed no activity, because NABH is known to function
asadimer (16). Because the enzymatic activity would be recovered
by TEV cleavage if the displayed protein could be released from
the cells and conform to a dimer, we used NABH as another dem-
onstration of controlled release. After treating the cells displaying
NABH with the TEV protease, the NABH activity was detected
only in the cell-free supernatant (Fig. 6B), while the culture super-
natant of NABH-displaying cells prior to TEV digestion or cells
after digestion showed no activity of NABH (see Fig. S5 in the
supplemental material). This observation coincided with our as-
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sumption that NABH would recover its activity as a dimer in so-
lution after successful release from the cells.

Enumerating the number of displayed proteins on the sur-
face of E. coli. It might be interesting to know how many proteins
can be displayed on the surface of a cell. To investigate the maxi-
mum number of displayed proteins on the cell surface of E. coli, we
used a reporter protein, monomeric red fluorescent protein
(mRFP1).

One milliliter of cells harboring pATLIC-mRFP1 (1 X 10°
CFU) was determined to display approximately 2.6 ug of mRFP1
by the RFU curve of mRFP1 (see Fig. S6 in the supplemental ma-
terial). We calculated that 2.6 X 107> g of mRFP1 was displayed
in a single cell, which corresponds to 6.1 X 10* copies of mRFP1
per cell based on the equation [(0.0023 X RF,, + 0.2505) X N,]/
(MW, rep1 X Cioral)> Where RE | is the measured red fluorescence
intensity, N, is Avogadro’s number, MW, rpp; is the molecular
weight of mRFP1, and C,,, is the total cell number.

Considering the surface area of a single E. coli cell (4.42 um?)
and the diameters of the B-barrels of ATs with ellipsoid shape
described by major and minor axes of approximately 27 A and 19
A (3), these numbers of displayed molecules indicated that ap-
proximately 5.6% of the surface of a E. coli cell is occupied with the
displayed proteins.

Conclusion. We describe a cell surface display built in the LIC
vector system (pATLIC) using a new scaffold protein, Yfal of E.
coli. The YfaL system based on AT has the following unique fea-
tures: (i) heterologous proteins having versatile sizes and struc-
tures can be functionally displayed, (ii) functional cell surface dis-
play shows no detrimental effect on cell growth, and (iii) the
displayed protein can be released from the cell by TEV treatment
under appropriate conditions.

The controlled release of protein can be utilized for recovery of
recombinant proteins that have problematic expression in the cy-
toplasm. For instance, if all displayed proteins were cleaved by the
TEV treatment, we can release about 2.6 ug/ml of the recombi-
nant mRFP1 in the medium. Once we fused an affinity tag (e.g., a
six-histidine tag) to the recombinant protein during the cloning,
the displayed protein could be easily recovered from the medium
after the controlled release.

Based on these properties and the LIC strategy, the system will
be useful for many biotechnological applications requiring high-
throughput cloning and library construction, such as screening of
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functionally improved activity of evolved enzymes in protein en-
gineering. The display system is now under the control of an ara-
binose-inducible promoter, but we will improve the system to
control the number of displayed cells by using fine-tunable pro-
moters. We also will consider the aid of accessory factors such as
periplasmic chaperones like Skp (33) and the outer membrane
B-barrel assembly machinery (Bam complex) (17) to increase the
number of functionally displayed proteins over the levels of pro-
tein expression.
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