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Background: The ability of autotransporter (AT) to translocate polypeptides with multiple disulfide bonds is controversial.
Results: Surface display of functional chymotrypsin (4 S-S) and M18 scFv (2 S-S) was quantitatively characterized.
Conclusion: Surface display of functional recombinant protein with multiple disulfide bonds can be achieved using AT system.
Significance: Displaying recombinant proteins with disulfide bonds enhances utility of ATs.

Autotransporters (ATs) are a family of bacterial proteins con-
taining a C-terminal -barrel-forming domain that facilitates
the translocation of N-terminal passenger domain whose func-
tions range from adhesion to proteolysis. Genetic replacement
of the native passenger domain with heterologous proteins is an
attractive strategy not only for applications such as biocatalysis,
live-cell vaccines, and protein engineering but also for gaining
mechanistic insights toward understanding AT translocation.
The ability of ATs to efficiently display functional recombinant
proteins containing multiple disulfides has remained largely
controversial. By employing high-throughput single-cell flow
cytometry, we have systematically investigated the ability of the
Escherichia coli AT Antigen 43 (Ag43) to display two different
recombinant reporter proteins, a single-chain antibody (M18
scFv) that contains two disulfides and chymotrypsin that con-
tains four disulfides, by varying the signal peptide and deleting
the different domains of the native protein. Our results indicate
that only the C-terminal 3-barrel and the threaded a-helix are
essential for efficient surface display of functional recombinant
proteins containing multiple disulfides. These results imply that
there are no inherent constraints for functional translocation
and display of disulfide bond-containing proteins mediated by
the AT system and should open new avenues for protein display
and engineering.

The display of recombinant proteins on the surface of micro-
organisms has attracted substantial interest from both an appli-
cation (biotechnological or clinical) and a basic microbiological
standpoint toward understanding mechanisms of protein
translocation. The utility of surface display of functional pep-
tides and proteins for biotechnological applications has been
demonstrated in several different contexts including: whole-
cell biocatalysis based on esterases (1), bioremediation using
recombinant display of organophosphorous hydrolases and
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metallothioneins (2, 3), glucose-responsive biosensors (4), and
protein engineering of displayed libraries (5, 6). In the context
of surface display of antigenic recombinant peptides/proteins
for delivery of live vaccines, besides the obvious safety advan-
tage of using surface display on nonpathogenic bacteria, there
are several other benefits such as the cost and ease of manufac-
turing, the ability of bacterial components such as lipopolysac-
charide (LPS) to function as adjuvants to stimulate the immune
system via Toll-like receptors leading to sustained immunity
(7), and the ability of the mammalian innate immune system to
recognize prokaryotic mRNA (present only in live cells) leading
to protective immunity (8).

In parallel, surface display of both recombinant and engi-
neered native proteins has been used to delineate the mecha-
nism of protein translocation. In Gram-negative bacteria such
as Escherichia coli in particular, display of proteins on the cell
surface requires that the protein that is translated in the cyto-
plasm traverse across two separate lipid bilayers, the inner and
outer membranes (9). Consequently, Gram-negative bacteria
have evolved a diverse array of protein transport machinery
(designated types I-VIII) dedicated to facilitating the translo-
cation and ultimately secretion or surface display of proteins
(10). Autotransporters (ATs,? type Va) are believed to be the
most abundant secretion pathway with >700 members that are
ubiquitous in bacterial genomes (11, 12).

ATs comprise an extended N-terminal leader sequence that
is cleaved at the inner membrane (13) followed by an N-termi-
nal passenger (20 —400 kDa) typically associated with virulence
functions (adhesion, proteolysis, pore formation, etc.) and
finally a conserved C-terminal ~30-kDa 3-barrel (14). ATs are
attractive candidates for the surface display of recombinant
proteins because they are displayed at high-copy numbers
(>100,000 protein copies) with minimal host toxicity (15). The
nomenclature of ATs was based on the assumption that the
primary sequence of the protein encodes all the information
necessary for accurate translocation and ultimately surface dis-

2 The abbreviations used are: AT, autotransporter; Ag43, Antigen 43; ChyB,
chymotrypsin; rChyB, recombinant chymotrypsin; PE, phycoerythrin; BME,
B-mercaptoethanol; OmpT, outer membrane protease T; aa, amino acid(s);
rPAD4, recombinant PAD4; Hbp, hemoglobin-binding protease.
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play or secretion of the passenger domain. Although it was ini-
tially hypothesized that the C-terminal 3-barrel formed a pore
through which the N-terminal passenger was translocated (16),
this model has subsequently been challenged, and an alterna-
tive model based on the aid of accessory proteins such as the
Bam complex has been developed (17, 18). Recent biochemical
and functional studies on the C-terminal domain indicated that
a conserved a-helix and the 3-barrel comprise the minimum
functional transport unit (19), but the role of the a-helix has
since been suggested to be required for cleavage rather than
actual secretion (20).

There exists considerable controversy in the ability of ATs to
transport passengers, either native or recombinant, containing
folded elements, especially those containing disulfide bonds.
Since disulfide bond formation is catalyzed in the periplasm of
E. coli by the Dsb family of oxidoreductases, proteins contain-
ing thiols that form disulfide bonds are expected to be oxidized
in the periplasm (21). Using both native (EspP, IcsA) and
recombinant (single chains of antibodies) passengers, several
groups have independently reported the ability of the passenger
domain to fold in the periplasm in a proteolytically resistant
state and subsequently be transported across the outer mem-
brane (22-26). In contrast, studies utilizing native passengers
engineered to contain cysteine residues (Hbp, plasmid-en-
coded toxin (Pet)) have indicated that to a large extent, disulfide
bonds between cysteines that are not closely spaced stall pas-
senger transport (27-29).

An understanding of the variations in functional protein dis-
play at a single-cell level and quantifying the frequencies of cells
in a clonal population capable of expressing functional protein
can provide insight into constraints imposed by the folded state
of passenger on its transport. At the same time, quantifying the
ability of ATs to display recombinant antigenic proteins con-
taining multiple disulfide bonds would facilitate the adaptation
of ATs for live-cell vaccine applications. Similarly, biotechno-
logical applications that involve displaying libraries of protein
molecules require knowledge of the number of functional
recombinant protein molecules displayed on every single cell.
Although flow cytometry has been previously applied to study
of ATs, these have been predominantly restricted to quantify-
ing epitope tags that indicate surface protein display and not
functional protein display (7, 19, 30).

Here, we systematically investigate the ability of Antigen 43
(Ag43) to display two different recombinant reporter proteins
that are known to fold in the periplasm, a single-chain antibody
(scFv), which contains two disulfides, and recombinant chymo-
trypsin (rChyB), which contains four disulfides (31, 32). Using
flow cytometry to quantify surface display of functional protein
at the single-cell level, we demonstrate that despite the known
propensity of these passengers to fold in the periplasm, surface
display of these proteins is rather efficient and can be achieved
using only the C-terminal domain containing the «-helix and
the B-barrel. Our flow cytometric data are consistent with data
obtained by immunofluorescence microscopy and Western
blotting on whole-cell lysates. In contrast to previous studies
(33), no genetic manipulation such as the use of dsbA™ strains
or the use of reducing agents such as 3-mercaptoethanol (BME)
was necessary to accomplish efficient display. Our results indi-
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cate that display of recombinant proteins containing multiple
disulfides can be achieved by employing the Ag43 system and
that the vast majority of native ATs including the autochaper-
one domain are not indispensable for heterologous protein dis-
play. These results have important implications for under-
standing both the protein translocation by ATs and the
recombinant display of heterologous proteins for catalysis and
engineering.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Gene fragments coding for recombi-
nant passenger (M18 scFv and Rattus norvegicus chymotrypsin
(ChyB)) and signal peptides of Ag43, outer membrane protease
T (OmpT), and pectate lyase (PelB) were obtained by PCR using
oligonucleotides (Integrated DNA Technologies), as listed in
supplemental Table S1. Templates for PCR to obtain gene frag-
ments coding for M18 scFv and rChyB were kind gifts from the
laboratory of G. Georgiou (University of Texas, Austin, TX).
Genomic DNA of E. coli MC1061 was used as template to
obtain other gene fragments. E. coli MGB263 was a kind gift
from Dr. Marcia Goldberg (Harvard School of Public Health,
Boston, MA). The genes coding for fragments of Ag43 (138—
1039, 552-1039, and 700-1039 amino acids (aa)) were ampli-
fied by PCR with oligonucleotides designed to encode a
(GGGGS), linker (5') and His, tag, in addition to restriction
enzyme recognition sites (3') (supplemental Table S1). The
PCR product was subsequently digested with Kpnl and HindIII
at 37 °C for 3 h and was ligated using T4 DNA ligase at 25 °C for
4 h to pBAD33 cut using the same restriction enzymes. The
ligated plasmids were then transformed into competent E. coli
MC1061 via electroporation and verified by standard Sanger
sequencing. This family of vectors designated pBAD_138,
pBAD_552, and pBAD_700 containing the C-terminal frag-
ments from Ag43 was used for the easy cloning of different
passenger/leader combinations. The genetic fusion of signal
peptide to 5’ region of recombinant passenger gene was accom-
plished via the use of complementary oligonucleotides (supple-
mental Table S1) by overlap extension PCR, essentially as
described previously (34). Following overlap extension PCR,
the product was gel-purified, digested with Sacl and Kpnl at
37 °C for 3 h, and ligated into the appropriate plasmid con-
structs. Ligated plasmids were transformed in to E. coli
MC1061 cells (34) by electroporation and verified by standard
Sanger sequencing. All plasmids use a standardized nomencla-
ture (see Table 1) that indicates the leader, the passenger, and
the residues that originate from AT. For example, plasmid
pBAD_AM18_138 contains the gene encoding for a fusion pro-
tein that has signal peptide of Ag43, M18 scFv, and 138 -1039
aa of Ag43 AT.

Expression and Labeling of M18 scFv—A standard 3-ml cul-
ture of cells harboring plasmids to surface display M18 scFv (e.g.
pBAD_M18_138) was grown in LB medium (BD Diagnostics)
in the presence of 30 ug/ml chloramphenicol (Thermo Fisher
Scientific) to an optical density (4,,) of 0.6 at 25 °C. Cells were
then induced via the addition of 0.2% L-arabinose (Sigma) to
express M18 scFv for 12 h at 25 °C. The presence of M18 scFv
on the surface of E. coli was characterized by the ability of intact
cells to bind antigens (PA,; and PAD4) using flow cytometry.
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PAD4 containing FLAG epitope tag (rPAD4) was recombi-
nantly expressed in E. coli and purified as described previously
(35), and PA .;-FITC was obtained from List Biological Labora-
tories, Inc. 100 ul of cells expressing M18 scFv from the appro-
priate construct normalized to A,,, of 2 units were washed
twice in PBS and incubated with 200 nm rPAD4 for 1 h at 25 °C.
Cells were then washed, resuspended in 20 ul of PBS, and incu-
bated with 40 nm anti-FLAG-phycoerythrin (PE) (ProZyme,
Inc.) at 25 °C for 45 min in the dark. For labeling using PA, 25
wl of cells at Agoq = 2 were washed twice in PBS and incubated
with 300 nm PA;-FITC at 25°C for 1 h in the dark. A 5-ul
aliquot of cells labeled with fluorophore was diluted with 0.5 ml
of PBS and analyzed by flow cytometry.

Expression and Labeling of rChyB—Cells harboring pBA-
D_AChy_700 (Table 1) were grown in 3 ml of LB medium sup-
plemented with 30 ug/ml chloramphenicol to Agy, = 0.6 at
37 °C. Protein expression was induced at 37 °C for 2 h using
0.2% L-arabinose. To characterize the proteolytic activity of
chymotrypsin, a peptide substrate (Chy-BQ7) was obtained by
conjugating the synthetic peptide (Ac-CAAPYGSKGRGR-
CONH,) (GenScript) to a fluorophore (BODIPY) (Invitrogen)
and a nonfluorescent quencher (QSY7) (Invitrogen) as
described previously (36) (supplemental Fig. S6). 1 ml of cells at
Agoo = 0.1 were washed twice in 1% sucrose (Sigma) solution
and incubated for 1 h with 20 nm Chy-BQ7 at 25 °C in the dark.
Surface display of chymotrypsin was independently verified by
incubating whole cells with an antibody that can bind to chain C
of rChyB (Santa Cruz Biotechnology, Inc.). 20 ul of cells
expressing chymotrypsin at Ay, = 2 were washed twice in PBS
and incubated with 50 pg/ml biotin-conjugated anti-chyB anti-
body for 1 h. Cells were subsequently washed with PBS and
incubated with 5 ug/ml streptavidin-conjugated PE (Jackson
ImmunoResearch) for 30 min at 25 °C in the dark. A 5-pul ali-
quot of cells labeled with fluorophore was diluted with 0.5 ml of
PBS or 1% sucrose and analyzed by flow cytometry.

Flow Cytometry—Cells labeled with fluorophore were ana-
lyzed using the BD FACSJazz cell sorter (BD Biosciences) at
~8000 events/second and offset of 1. For all samples, a mini-
mum of 10,000 events was recorded, and the events were trig-
gered using side scatter. Fluorophores were excited using a
488-nm laser, and emission was measured using 530/40
(BODIPY and FITC) and 580/30 (PE) filters.

Immunofluorescence Microscopy—Cells expressing chymo-
trypsin were labeled using biotinylated antibody against chain
C of chymotrypsin (Santa Cruz Biotechnology) and PE conju-
gated to streptavidin as described above. After washing with
PBS to remove excess fluorophore, cells were resuspended to an
Agoo = 1. Slide preparation was performed as described previ-
ously (53). Briefly, 2 ul of cell suspension was pipetted on a glass
slide, and a small piece of agarose pad was placed on top of it to
prevent cell movement. Microscopy was performed using an
inverted epifluorescence microscope (Eclipse Ti, Nikon) with a
100X objective (Plan Fluor, NA 1.4, oil immersion) and Cy3
filter cube (Nikon). Images were captured in a cooled 1024 X
1024 EMCCD camera (Cascade II 1024, Photometrics) at a gain
of 2000 and an exposure time of 100 ms using Nikon Elements
software (Nikon).
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Western Blotting—A standard 3-ml culture of cells displaying
recombinant protein (M18 scFv or rChyB) was obtained as
described above. A whole-cell pellet obtained by centrifugation
at 16,000 X g for 2 min was resuspended in 2X sample buffer
(Bio-Rad) diluted with equal volume of 50 mm Tris (Sigma) and
boiled at 100 °C for 5 min. SDS-PAGE of samples (107 cells/
lane) was performed at 120 V for 90 min in a 4-12% polyacryl-
amide gel (Lonza) using a Mini-PROTEAN gel electrophoresis
system (Bio-Rad). After electrophoresis, protein molecules
were transferred to a PVDF membrane (Bio-Rad) at 100 V for
60 min using a wet electroblotting system (Bio-Rad). Proce-
dures for SDS-PAGE and blotting were adapted from Ref. 37.
To reduce nonspecific binding, the membrane was blocked by
overnight treatment with Tris-buffered saline containing 5%
milk and 0.1% Tween 20 (Bio-Rad). Membrane was labeled
using rabbit anti-His antibody (300 ng/ml, GenScript), goat
anti-rabbit antibody conjugated to HRP (40 ng/ml, Jackson
ImmunoResearch), and chemiluminescent HRP substrate
(SuperSignal West Pico, Thermo Scientific). Protein marker
(15-225 kDa, EMD Millipore) was used as reference in estimat-
ing the size of bands. Chemiluminescent imaging of developed
blot was performed using a CCD camera in an imaging cabinet
(Alpha Innotech Fluorchem SP).

RESULTS

Surface Display of Functional Single-chain Antibody via
Fusion to Ag43 Revealed by Flow Cytometry—Ag43, a native
E. coli AT, mediates bacterial autoaggregation via self-recogni-
tion of the passenger domains (38). It is synthesized as a
1039-aa polypeptide containing the following domains: a
leader peptide (aa 1-52); an N-terminal unstructured
domain of unknown function (aa 53—138); a passenger with a
B-helical core (aa 138-552) containing a proteolytic site
(551-552) and a putative autochaperone domain (aa 600 —
707); and an a-helix (aa 710-730) that is threaded via the
C-terminal B-barrel pore (aa 731-1039) (Fig. 1A). The
domains were identified by homology modeling of Ag43
using PHYRE server (39). To investigate the ability of the AT
to mediate display of recombinant proteins containing dis-
ulfides, we synthesized a genetic construct coding for the
native Ag43 leader, single-chain antibody (scFv) M18, and aa
138-1039 from Ag43 via standard overlap extension PCR in
a two-step cloning strategy.

The M18 scFv contains two disulfides, one in each of the
variable regions, and is an ~25-kDa globular protein. It was
previously isolated using bacterial display as a high-affinity
(K, = 35 pm) binder to anthrax toxin protective antigen (31).
The functional status of M18 scFv when displayed as a fusion to
Ag43 was investigated using flow cytometry. Protein expression
was induced from pBAD_AM18_138 using L-arabinose for
12 h, and the cells were incubated with FITC-labeled heptam-
eric PA,,. Flow cytometry revealed that cells expressing M18
scFv were bimodal (Table S2, Fig. 24, 30% positive, mean = 83),
whereas cells surface displaying an irrelevant protein or unin-
duced cultures were uniformly negative (Fig. 24, mean = 3). To
ensure that our single-cell functional assay only detects folded
disulfide bond-containing proteins, a cysteine-free M18 scFv
variant (AM18_C/A_700) was synthesized by standard overlap
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FIGURE 1. AT mediated display of recombinant proteins. A, schematic
describing the transport of AT to the outer membrane. AT polypeptides syn-
thesized in the cytoplasm are targeted by its leader peptide to the Sec com-
plex, which is responsible for translocation of proteins across the inner mem-
brane (IM). During the transport across the inner membrane, the leader
peptide is cleaved from rest of the AT polypeptide by proteolysis. Formation
of disulfide bonds catalyzed by dsbA can occur in the periplasm. B-Barrel
assembly machinery (BAM) complex interacts with the barrel domain of AT to
facilitate its translocation across the outer membrane (OM). After transloca-
tion, functional passenger domain can remain surface-bound or be secreted
into the extracellular environment. B, schematic of Ag43 and fusion proteins
containing recombinant passenger (red), Ag43 passenger (green), and Ag43
barrel domain (blue) used in this study. Positions (aa numbering based on
Ag43) of various domains identified by homology modeling of Ag43 are
shown.

PCR. As expected, cells expressing AM18_C/A_700 showed
poor labeling with PA63-FITC (supplemental Fig. S1, 2% posi-
tive, mean = 28). Similarly, to establish the requirement of the
AT for surface display, cells expressing the soluble form of M18
(PM18) were labeled and shown to be negative (supplemental
Fig. S1).
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In parallel, Western blotting experiments were performed
with whole-cell lysates to confirm the presence of the fusion
construct. Recombinant fusion protein expressed from
pBAD_AM18_138 was immunoblotted using a rabbit anti-His
antibody (Fig. 2B). In addition to the full-length protein (135
kDa), additional bands corresponding to degraded protein were
observed (35 kDa), consistent with the prolonged induction.

C-terminal Domains Comprising the B-Barrel and the a-He-
lix Are Sufficient to Achieve Efficient Surface Display—Because
initial studies utilizing cells harboring pBAD_AM18_138 indi-
cated that functional surface display of M18 scFv could be
achieved, we next sought to systematically investigate the con-
tribution of the different domains of Ag43 to the surface display
of M18 scFv. Accordingly, two separate plasmids designated
pBAD_AM18_552 and pBAD_AM18_ 700 (Fig. 1B) were con-
structed using site-overlap extension. pBAD_AM18_552
encodes a truncated N-terminal passenger but an intact
autochaperone domain, whereas pPBAD_AM18_ 700 does not
encode the autochaperone domain (Fig. 1B and Table 1).

Protein expression was induced by the addition of r-arabi-
nose for 12 h, and the cells were labeled using PA,;-FITC
and analyzed on the flow cytometer. Cells expressing
pBAD_AM18_552 were reproducibly less efficient (Fig. 24, 9%
positive, mean = 40) at functional M18 scFv display when com-
pared with pBAD_AM18_138. In contrast, greater than half of
all cells harboring pBAD_AM18_ 700 showed expression of
M18 scFv on the surface (Fig. 24, 56% positive, mean = 75),
demonstrating that at least for recombinant expression of M18
scFv, the C-terminal domains containing the «-helix and
B-barrel are sufficient.

Binding of Bulky Antigens Is Not Sterically Hindered—The
ability of the carbohydrate chains of lipopolysaccharide (LPS)
to interfere with protein labeling on the cell surface is well doc-
umented (41). Because our labeling strategy utilized the large
heptameric antigen PA; to probe the functional status of M18
scFv, we tested whether steric hindrance from LPS could
explain the heterogeneity of the population in the efficiency of
surface display. The epitope of M18 scFv has been mapped to
domain 4 within protective antigen (PAD4), and the construc-
tion, expression, and purification of recombinant PAD4
(rPAD4) with an N-terminal FLAG epitope tag (DYKDDDDK)
have been reported previously (42). Cells expressing
pBAD_AM18_700 were incubated first with rPAD4 (200 nm)
and then with anti-FLAG-PE (40 nm) and interrogated on the
flow cytometer. Based on comparison of frequency of cell pop-
ulation that can bind to rPAD4 (46% positive) and PA,-FITC
(51% positive), we can infer that binding of M18 scFv to its
antigen does not appear to be sterically hindered with this
expression system (Fig. 3).

The Extended Signal Peptide Region Is Not Indispensable for
Functional Surface Display—Signal peptides are responsible
for translocation of AT across the inner membrane. In contrast
to other periplasmic proteins or even other outer membrane
proteins, the signal peptides of AT have an extended N-termi-
nal region, and it has been previously hypothesized that the
extended N-terminal region prevents the passenger domain
from acquiring a conformation incompetent for translocation
(13). To quantitatively determine the significance of the
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FIGURE 2. Surface expression of functional M18 scFv as a function of native passenger length. A, flow cytometric quantification of AT-mediated
display by fusion of M18 scFv to: (i) 138-1039 aa of Ag43 containing a majority of the native passenger, (ii) 552-1039 aa containing N-terminally truncated
native passenger but an intact autochaperone domain, and (iii) 700-1039 aa containing the a-helix and B-barrel. E. coli MC1061 cells expressing M18
scFv were labeled using PAg;-FITC. Uninduced cells containing pBAD_AM18_700 were used as negative control. AFU, arbitrary fluorescence units.
B, Western blot showing the presence of AM18_138 (expected size in the absence of autoproteolysis
pBAD_AM18_138 was used as negative control. Blot was developed using rabbit anti-His antibody (300 ng/ml), goat anti-rabbit antibody conjugated to

100 *

HRP (40 ng/ml), and chemiluminescent HRP substrate.

TABLE 1

List of plasmids used in this study

pBAD33 was used as the cloning vector and contains chloramphenicol resistance marker.

= 135 kDa). Uninduced cells harboring

Plasmid Leader Recombinant passenger aa from Ag43 AT
pBAD_AM18_138 Agid3 M18 scFv 138-1039 aa
pBAD_AM18_552 Agd3 M18 scFv 552-1039 aa
pBAD_AM18_700 Agid3 M18 scFv 700-1039 aa
pBAD_OM18_700 OmpT M18 scFv 700-1039 aa
pBAD_PM18_700 PelB M18 scFv 700-1039 aa
pBAD_AChy_700 Agd3 34-263 aa of rat chymotrypsin 700-1039 aa
pBAD_AM18_C/A_700 Agd3 M18 scFv with C28A, C93A, C155A, 700-1039 aa
and C229A mutations
pBAD_PM18 PelB M18 scFv Soluble expression, no fusion to Ag43
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FIGURE 3. Surface expression of functional M18 as a function of N-terminal leader sequence. Flow cytometric quantification of AT-mediated display using
leader sequences of PelB, a periplasmic protein, and OmpT, an outer membrane protein, was performed. E. coliMC1061 cells expressing M18 scFv were labeled
with rPAD4 and anti-FLAG-PE and analyzed using flow cytometry. Functional M18 expressed on the surface can also bind to bulky antigen. Cells displaying M18
expressed from pBAD_AM18_700 were labeled with PA,;-FITC (heptamer) and analyzed using flow cytometry. AFU, arbitrary fluorescence units.

extended native signal peptide at the single-cell level, two addi-
tional fusion constructs were synthesized by PCR and cloned
into pBAD33. Because our data indicated that efficient surface
display is accomplished via fusion to the C-terminal domains of
Ag43(700-1039 aa) (Fig. 2A), these were used as optimal fusion
partners. pBAD_PM18_700 encodes for a tripartite fusion
between the leader sequence of pectate lyase B (PelB), a
periplasmic protein, M18 scFv and Ag43 (residues 700-1039),
and pBAD_OM18_700 for an identical tripartite fusion with
the leader sequence of OmpT, an outer membrane protein
(Table 1). Flow cytometric analysis of M18 scFv using rPAD4
immunofluorescent sandwiches (Fig. 3) demonstrated that the
frequency of cells harboring pPBAD_AM18_700 (native leader,
46% positive) was not largely different from those harboring
pBAD_PM18_700 (PelB leader, 52% positive). However, popu-
lations of cells expressing pBAD_OM18_700 (OmpT leader,
22% positive) were not as efficient in the functional display of
M18 scEv. These results indicate that although the native Ag43
leader is not a requirement for AT-mediated surface display,
substituting the leader sequence from other outer membrane
proteins such as OmpT leads to suboptimal display of func-
tional protein molecules on the surface (Fig. 3).

Surface Display of Functional M18 scFv Is Not Improved by
the Addition of Reducing Agents or the Use of Protease-deficient
Strains—Prior work has demonstrated that the surface display
of disulfide bond-containing passengers using the AT system is

SN
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hampered by the formation of disulfide bonds in the periplasm
and that the yield of surface displayed protein can be improved
either by the use of genetically engineered E.coli strains
(dsbA™) or by the addition of reducing agents such as BME
during cell growth and protein expression (26, 43, 44). To test
this hypothesis in the current context, cells expressing
pBAD_AM18_700 were grown to mid-log phase, and expres-
sion of M18 scFv was induced for 12 h in LB medium containing
10 mm BME. Subsequently, the cells were transferred to media
devoid of BME for 1 h to facilitate refolding prior to analysis. An
aliquot of cells was incubated with rPAD4 and anti-FLAG-PE,
and the populations were analyzed on the flow cytometer.
Growth and induction in the presence of BME had a negative
effect on functional M18 scFv display (10% positive, mean = 13)
when compared with an identical culture grown without BME
(36% positive, mean = 38) (supplemental Fig. S2). Secondly, to
test whether the use of OmpT knock-out strains would improve
the frequency of cells expressing functional M18 scFv, we used
the isogenic E. coli MGB263 as the host for surface display. Flow
cytometric analysis of cells expressing pBAD_AM18_700
revealed that both the frequency and the mean of cells express-
ing functional M18 scFv were identical in both strains (supple-
mental Fig. S3), indicating that OmpT-mediated proteolysis
had no discernible effect on functional protein display in our
current system.
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FIGURE 4. Functional chymotrypsin displayed on the surface of E. coli via fusion to Ag43. A, flow cytometry analysis of cells expressing rChyB labeled with
biotin-conjugated anti-ChyB antibody (chain C-specific) and streptavidin-PE. B, immunofluorescence microscopy showing surface display of chymotrypsin.
Cells harboring pBAD_AChy_700 were induced with 0.2% L-arabinose and labeled with biotin-conjugated anti-ChyB antibody (chain C-specific) and strepta-
vidin-PE. An enlarged image of a cell is shown in the inset. A corresponding image obtained in phase contrast mode is also shown. C, flow cytometry analysis
of cells expressing rChyB labeled with Chy-BQ7 FRET substrate containing a chymotrypsin-sensitive linker. AFU, arbitrary fluorescence units.

Surface Display of Chymotrypsin—R. norvegicus chymotryp-
sin B (chyB) is a prototypical serine protease that cleaves imme-
diately after amino acids with aromatic side chains such as tyro-
sine. ChyB has three chains (A, B, and C) held together by
disulfide bonds, and mature rChyB containing only chains B
and C (aa 34—-263) contains the peptidase unit and is catalyti-
cally active. rChyB contains four disulfide linkages (aa 60-76,
154-219, 186 -200, and 209 —238, chymotrypsinogen number-
ing) and folds into a globular structure that is very different
from the standard B-solenoid-like folds of AT passengers.

To investigate the ability of Ag43 to display rChyB on the cell
surface, a genetic fusion with both ag43 leader and the gene
coding for C-terminal domains (aa 700-1039) of Ag43 was
constructed using PCR and cloned into pBAD33 to yield pBA-
D_AChy_700 (Table 1). Because chymotrypsin nonspecifically
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degrades cellular proteins, we rationalized that lower protein
expression would preserve cell viability. Secondly, because chy-
motrypsin is an enzyme, we reasoned that we could detect
lower levels of expressed protein using a catalytic assay in com-
parison with the antibody-based stoichiometric assay. Cells
containing pBAD_AChy_700 were therefore induced at 37 °C
for only 2 h. Cells were subsequently labeled with biotin-
conjugated anti-ChyB antibody (chain C-specific) and
streptavidin-PE and analyzed on the flow cytometer. Cells
expressing pPBAD_AChy_700 (mean = 11) were uniformly
labeled and could be reproducibly detected (Fig. 44) when
compared with either uninduced or M18 scFv-expressing
cells (mean = 4), confirming the surface display of rChyB
using the AT system. Expression levels were lower, as antic-
ipated by the brief period of protein expression. The pres-
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ence of full-length fusion protein was also independently
confirmed by immunoblotting employing an anti-His anti-
body (supplemental Fig. S4).

Next, we evaluated the surface localization of the recombi-
nant chymotrypsin molecules using immunofluorescent
microscopy. E. coli cells expressing rChyB were detected using
abiotinylated antibody specific for chain C. Consistent with our
flow cytometry data, pBAD_AChy 700 displayed uniform
expression on both the polar and the lateral surfaces (Fig. 4B).
No fluorescence was observed when either uninduced cells or
cells expressing pPBAD_AM18_138 were labeled under identi-
cal conditions (supplemental Fig. S5).

Examination of the morphology of cells expressing
AChy_700 indicated that the cells were coccoid. We confirmed
that the coccoid nature was an experimental artifact due to the
extended time required for labeling and subsequent imaging
(~3 h) of live cells and not due to protein expression (supple-
mental Fig. S5).

rChyB Displayed on the Surface Is Enzymatically Active—
The enzymatic activity of surface-displayed rChyB was investi-
gated using a Forster resonance energy transfer (FRET)-based
peptide assay on the flow cytometer, essentially as described
previously (36). Briefly, cells displaying the protease are incu-
bated with a positively charged peptide substrate that contains
a protease-sensitive linker sandwiched between a FRET pair.
Cleavage of the peptide linker leads to loss of FRET, and the
product molecules are captured locally on the same cells using
electrostatic interactions (supplemental Fig. S6). Cells express-
ing pBAD_AChy_700 were incubated with 20 nm of the Chy-
BQ7 FRET substrate containing a chymotrypsin-sensitive
linker for 1 h in 1% sucrose. Subsequent flow cytometric anal-
ysis (Fig. 4C) revealed that the cells expressing pBA-
D_AChy_700 (79% positive, mean = 251) were uniformly
labeled when compared with pBAD_AM18_700 that expressed
M18 scFv, which was uniformly negative (mean = 7). Further-
more, proteolytic activity of rChyB expressed from pBA-
D_AChy_700 could be inhibited by preincubation with 10 um
soybean trypsin/chymotrypsin inhibitor (supplemental Fig.
S7).

DISCUSSION

ATs comprise a large superfamily of extracellular virulence
proteins secreted by Gram-negative bacteria (45). Despite the
fact that the naturally occurring passengers of ATs exhibit
diversity in sequence, function, and size, most of them do not
contain widely spaced cysteines. This conserved feature has
been reported to have resulted from structural constraints
required for translocation across the outer membrane medi-
ated by the C-terminal B-barrel. Since disulfide bonds are oxi-
dized in the periplasm prior to translocation across the outer
membrane, the export of native passenger variants containing
widely spaced disulfides is severely restricted due to the afore-
mentioned structural constraint (27). The inconsistencies in
literature regarding the ability of AT's to export disulfide bond-
containing passengers is further complicated by the fact that
different studies use different ATs with different replacement
points for the native or heterologous passengers. In this study,
with the aid of quantitative flow cytometry, we have studied at
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the single-cell level the ability of an E. coli AT Ag43 to export
functional recombinant passenger molecules containing multi-
ple disulfides by (a) varying the length of the native passenger
by including/deleting the different domains comprising (i) the
B-helical core, (ii) the autoproteolysis site, and (iii) the
autochaperone domain containing the C-terminal B-hairpin
and (b) varying the leader sequence that facilitates inner mem-
brane translocation. As reported here, the efficient display of
globular proteins such as the single-chain antibody fragment
(two disulfides) against anthrax toxin or the serine protease
chymotrypsin (four disulfides) can be accomplished in the
absence of both the B-helical core (predicted aa 138-600 of
Ag43) and the autochaperone domain (predicted aa 600 —707 of
Ag43). Based on our results, an intact 3-barrel with the invari-
ant a-helix is sufficient for the extracellular display of globular
recombinant protein in a functional state. This is somewhat
surprising given that slow folding of C-terminal region of pas-
senger that folds into a B-helix has been implicated to be a
crucial element for translocation/export (45, 46). Although it is
likely that the globular structure of chymotrypsin is compatible
with extracellular export via ATs given that the IgA protease
(IgAP)/Hbp ATs contain a chymotrypsin/trypsin-like protease
at their N terminus, two important distinctions need to be
made (47, 48). First, the native IgAP/Hbp proteolytic compo-
nents are located at the N terminus of the conserved B-helical
core that is believed to facilitate their translocation whereas our
recombinant construct, pPBAD_AChy_700, displaying chymo-
trypsin is devoid of the B-helical passenger or the autochaper-
one domain. Second, the native passengers of IgAP/Hbp do not
contain disulfide bonds, whereas rChyB is expected to contain
four disulfide bonds, with one of the disulfide bonds bridging
>50 aa (154 -219, chymotrypsinogen numbering). These data
suggest that our recombinant constructs might be similar in
structure to Pseudomonas aeruginosa AT, EstA. The recently
solved crystal structure of EstA indicated that unlike classical
ATs, the esterase passenger of EstA adopts a globular structure
dominated by a-helices and loops (49). Our results are consist-
ent with the hypothesis that the requirement of the autochap-
erone domain is tied to the nature of the N-terminal passenger
but is not a universal requirement. Similarly, the ability of Ag43
to translocate disulfide bond-containing proteins suggests that
regardless of the spacing of the cysteines within the primary
sequence, the overall globular structure of the passenger might
dictate translocation efficiency, at least when heterologous pro-
teins are being displayed. It remains to be tested whether other
recombinant passengers that adopt a similar fold to single chain
antibodies or chymotrypsin can be efficiently displayed using
Ag43. The use of protease-deficient strains or reducing agents
during protein expression did not have a positive effect on the
surface display of recombinant proteins using the Ag43 system.
In parallel, our data investigating the effect of the Sec-depen-
dent extended N-terminal leader sequence indicated that
genetic replacement with leader sequences of either outer
membrane proteins or periplasmic proteins yielded display of
functional passenger. In this regard, our data are consistent
with a recent study indicating that the native signal peptide was
not essential for either secretion or function of the plasmid-
encoded toxin (Pet) AT (50).
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It remains to be seen whether the modular architecture of
Ag43 for heterologous display as demonstrated here is also
applicable to other ATs. Our work also opens avenues for the
engineering of recombinantly displayed proteins mediated by
the Ag43 system comprising only the a-helix and the B-barrel
by employing high-throughput flow cytometry (51, 52). A spe-
cial feature of the AT extracellular transport system is that by
including the autoproteolysis domain, switching between sur-
face display and secretion of recombinant protein is rather
straightforward (40).
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