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ABSTRACT Pseudomonas aeruginosa is an opportunistic pathogen that is inherently
resistant to many antibiotics and represents an increasing threat due to the emer-
gence of drug-resistant strains. There is a pressing need to develop innovative anti-
microbials against this pathogen. In this study, we identified the O-specific antigen
(OSA) of P. aeruginosa serotype O6 as a novel target for therapeutic intervention.
Binding of monoclonal antibodies and antigen-binding fragments therefrom to O6
OSA leads to rapid outer membrane destabilization and inhibition of cell growth.
The antimicrobial effect correlated directly with antibody affinity. Antibody binding
to the O antigen of a second lipopolysaccharide (LPS) type present in P. aeruginosa
or to the LPS core did not affect cell viability. Atomic force microscopy showed that
antibody binding to OSA resulted in early flagellum loss, formation of membrane
blebs, and eventually complete outer membrane loss. We hypothesize that antibody
binding to OSA disrupts a key interaction in the P. aeruginosa outer membrane.
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Pseudomonas aeruginosa can cause life-threatening infections in immunocompro-
mised individuals such as those suffering from AIDS, cancer, burn wounds, and

cystic fibrosis (CF) (1, 2). In addition, P. aeruginosa is a leading cause of nosocomial
infections, including pneumonia, urinary tract infections, surgical-site infections, blood-
stream infections, and gastrointestinal infections (3, 4). Strains found in hospitals are
becoming more difficult to treat as some are resistant to nearly all antibiotics, neces-
sitating the search for more treatment options including biologic drugs (5–8). One of
these biologics is a bispecific antibody targeting two virulence factors on the surface of
P. aeruginosa cells (7). Prophylaxis or treatment with the bispecific antibody was
protective in rabbit bloodstream and lung infection models (8).

A monoclonal antibody (MAb), S20, which is specific for the P. aeruginosa O6a, 6d
O-specific antigen (OSA), a polysaccharide component of the outer membrane (OM)
lipopolysaccharide (LPS), has an unusual antibacterial property that could open up new
antibody treatment options for P. aeruginosa infections. It exhibits phagocytosis-
independent and complement-independent antimicrobial activity against the O6a, 6d
P. aeruginosa serotype with little or no antibacterial activity against other serotypes or
other bacterial species and offers protection against infection in a leukopenic mouse
model (9). S20 is a human IgG2 raised by immunizing immunoglobulin-knockout
transgenic mice reconstituted with human immunoglobulin genes and has been shown
to be opsonic for the killing of P. aeruginosa in the presence of human polymorpho-
nuclear leukocytes (10). As for the direct antimicrobial activity of S20, propidium iodide
penetration of S20-treated cells pointed to membrane damage, and scanning electron
micrographs of S20-treated cells showed severe damage to the OM (9). The antimicro-
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bial activity of S20 resides in the variable domains as the single-chain variable-fragment
(scFv) exhibited antibacterial activity; however, it has not been confirmed that inhibi-
tory activity is mediated by antigen binding (9). Surprisingly, MAb S20 was reported to
exhibit antibacterial activity against P. aeruginosa PAO1, which is serotype 5 (9) and
possesses a radically different OSA structure from that of O6a, 6d (Fig. 1a).

The OSA of P. aeruginosa serotype O6 is composed of a four-sugar repeating unit
comprised of L-rhamnose (L-Rha), 2-acetamido-2-deoxy-D-galacturonamide (D-GalNAcAN),
2-deoxy-2-formamido-D-galacturonic acid (D-GalNFoA), and 2-acetamido-2,6-dideoxy-D-
glucose (D-QuiNAc) (11) (Fig. 1a). Subsets of this serotype, including O6a, 6d, differ in their
O-antigen structures by the degree of D-GalNAcA amidation, by the presence/absence of
3-O-acetylation of GalNAcAN (3OAc), and by the linkages within their repeating units (�
versus � and/or 1¡2 versus 1¡3) (12). The only unique structural difference between O6a,
6d and other O6 strains is the �-linkage between the D-QuiNAc and L-Rha residues of O6a,
6d (the other strains have an �-linkage) (12). Therefore, the exquisite specificity of the S20
antibody is likely in part due to interaction with this �-linkage.

In the present study we set out to further investigate the basis of the direct action
of S20 on cells. We used a growth inhibition assay in addition to the plate count assay
used previously (9) to verify the binding and antimicrobial activity of S20. The effect of
S20 valency on antimicrobial activity was investigated with scFv monomer and dimer,
and the effects of additional antibodies, with a range of specificities for P. aeruginosa
LPS, on growth and cell viability were examined (Table 1). The MAb MF23-1 (13),
specific for the OSAs of several Pseudomonas O6 strains, was tested for antibacterial
activity. MF23-1, an IgG3, is one of a panel of MAbs isolated against 13 O-antigen

FIG 1 Binding specificity and antibacterial activity of S20. (a) Structures of the OSAs of P. aeruginosa O5 (PAO1) and O6 (O6
IATS, PAK, O6a, 6d, and Fisher 1) strains. The unique �-linkage is shown in red. (b) Schematic showing representative P.
aeruginosa LPS structures of OSA and CPA and the various antibodies used in this study. The schematic is not to scale. (c) ELISA
results showing the high specificity of the S20 scFv to P. aeruginosa strain O6a, 6d compared with specificities of the other 20
IATS serotypes and PAO1. Data represent means of three replicates � standard errors of the means. (d) Representative growth
curve overlays of the IATS P. aeruginosa serotype O6a, 6d, PAO1, and O6 IATS in the absence (red lines) or presence (blue lines)
of 10 �M S20 scFv monomer. The binding results shown in panel c correspond with antibacterial activity shown in panel d (see
also Fig. S2 in the supplemental material) in that S20 exhibits antibacterial activity only toward the strain to which it binds.
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serogroups (13) and has not been studied with regard to antibacterial activity. MF23-1
has a strong, but perhaps slightly less restrictive, preference for the �-linkage between
the D-QuiNAc and L-Rha residues. We also examined the effects of MAb N1F10 (14),
specific for the O chain of a second Pseudomonas LPS type in which the O chain is the
Pseudomonas common polysaccharide antigen (CPA), and of MAb 7-4 (15), specific for
the LPS inner core, on antibacterial activity (Fig. 1b). Finally, using atomic force
microscopy (AFM), we examined the nature of outer membrane damage.

RESULTS
Binding and antibacterial specificity of S20. Binding and growth inhibition assays

were carried out using monomeric S20 scFv. Immobilized metal affinity chromatogra-
phy (IMAC)-purified S20 scFv was subjected to size exclusion chromatography (SEC),
which showed two prominent peaks representing S20 scFv dimer and S20 scFv
monomer. Following SEC, reducing SDS-PAGE showed that the S20 scFv monomer and
dimer were of high purity (see Fig. S1 in the supplemental material).

In addition to P. aeruginosa O6a, 6d, Xie et al. (9) reported that the S20 antibody
displayed nonspecific growth inhibition of PAO1 (serotype O5), albeit at lower levels. To
better understand the relationship between the binding and antibacterial specificities
of S20, S20 scFv was screened for binding (Fig. 1c) and growth-inhibitory activity (Fig.
1d and Fig. S2) against all 20 International Antigenic Typing Scheme (IATS) serotypes of
P. aeruginosa as well as PAO1 and O6a, 6d (Table S1). An enzyme-linked immunosor-
bent assay (ELISA) confirmed that the S20 antibody was highly specific for P. aeruginosa
strain O6a, 6d and showed negligible binding to any of the 20 IATS serotypes or PAO1.
A highly sensitive microtiter plate growth inhibition assay showed that S20 scFv
delayed O6a, 6d growth. Western blotting indicated that S20 did not bind to P.
aeruginosa O6a, 6d flagella (data not shown).

Binding and antibacterial specificity of MF23-1. Like S20, MAb MF23-1 binds to
P. aeruginosa O6a, 6d but also recognizes other O6 serotypes (13). Therefore, this MAb
represents an ideal tool for testing if the antibacterial activity of S20 is unique or if
antibody binding to OSA forms the basis of growth inhibition activity. Using agar
plate assays, MAb MF23-1 and its Fab fragment significantly decreased the viability
of all OSA positive (OSA�) O6 strains, including O6 IATS, Fisher 1, PAK, and O6a, 6d
(Fig. 2). No inhibitory activity of MF23-1 was observed against O6 strains deficient
in OSA (OSA�), including PAK wbpO (CPA�/OSA�) and PAK rmlC (CPA�/OSA�).
LPT3-1, a MAb specific for Neisseria meningitidis inner core LPS (16), did not affect
the growth of any of the P. aeruginosa strains tested. When strains were incubated
for 30 min with MF23-1 MAb or Fab, the viability (in CFU counts per milliliter) of
Fisher 1, O6 IATS, and PAK were all reduced more than 10-fold compared with a
control treatment (phosphate-buffered saline [PBS]). This level of antibacterial
activity was comparable to that observed for S20 and its fragments (Fab and scFv)

TABLE 1 Summary of antibodies used in this study

Antibodya Formatb Specificityc Expression system Reference or source

S20 scFv O6a, 6d OSA P. pastoris 9
scFv dimer O6a, 6d OSA P. pastoris This study

MF23-1 Murine IgG3 O6 OSA Hybridoma 13
Fab O6 OSA Papain digestion of MAb This study

N1F10 Murine IgM CPA Hybridoma 14
scFv CPA P. pastoris This study

7-4 Murine IgG2b Inner core LPS Hybridoma 15

LPT3-1 Murine IgG2a Inner core LPS (N. meningitidis) Hybridoma 16
aUnless specified, antibodies target the LPS of P. aeruginosa.
bscFv, single-chain variable fragment; Fab, antigen binding fragment.
cOSA, O-specific antigen; CPA, common polysaccharide antigen; LPS, lipopolysaccharide.
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against P. aeruginosa strain O6a, 6d. Although MF23-1 MAb and Fab reduced the
viability of O6a, 6d, they were considerably less active against this strain than the
other OSA� O6 strains tested. The variability in MF23-1 activity against different O6
strains was proportional to the affinities of MF23-1 for their OSAs, with higher
growth inhibition activity against strains displaying lower 50% effective concentra-
tions (EC50s) in ELISAs (Fig. S3). Western blotting indicated that MF23-1 did not bind
to P. aeruginosa O6a, 6d flagella (data not shown).

Binding kinetics and affinities of S20 and MF23-1. The affinities of S20 scFv
monomer and dimer for immobilized O6a, 6d LPS-containing liposomes were measured
by surface plasmon resonance (SPR). Rate and affinity constants (Table 2) were deter-
mined by fitting the data to a 1:1 interaction model (Fig. S4). The good fit of the dimer
data to the model indicated that the binding was homogeneous (i.e., all bivalent). These
analyses revealed that the equilibrium dissociation constant (KD) of the S20 scFv
monomer for O6a, 6d OSA was 560 nM, while the apparent affinity of the dimer was
approximately 30-fold higher (KD

app of 21 nM) due to avidity.

FIG 2 Antibacterial activity of S20 scFv, MF23-1 MAb, and MF23-1 Fab against various P. aeruginosa O6 strains. The antibacterial
activity was determined by counting CFU on agar plates following 30 min incubation of the bacteria (ca. 1 � 107 CFU ml�1) with
the antibodies at 37°C. Untreated bacteria (PBS) and bacteria treated with the N. meningitidis LPS inner core-specific LPT3-1 MAb
served as controls. Data represent means of three replicates � standard errors of the means.

TABLE 2 Summary of the equilibrium dissociation and rate constants of S20 and MF23-1
antibodiesa

Antibody KD (M)b kd (s�1) ka (M�1 s�1) Chi2

S20 scFv monomer
Immobilized LPS 5.6 � 10�7 2.9 � 10�3 5.2 � 103 2.53
2 repeating units 4.7 � 10�6 5.1 � 10�3 1.1 � 103 0.25
3 repeating units 1.1 � 10�6 4.7 � 10�3 4.4 � 103 0.60

S20 scFv dimer
Immobilized LPS 2.1 � 10�8c 1.2 � 10�4 5.9 � 103 2.04
2 repeating units ND ND ND ND
3 repeating units ND ND ND ND

MF23-1 MAb
Immobilized LPS ND ND ND ND
2 repeating units 8.8 � 10�5d 0.53
3 repeating units 1.8 � 10�5d 0.96

MF23-1 Fab
Immobilized LPS ND ND ND ND
2 repeating units ND ND ND ND
3 repeating units 2.7 � 10�5d 0.74

aAntibodies were flowed over captured O6a, 6d LPS-containing liposomes and O6a, 6d repeating unit
oligosaccharides (1, 2, or 3) were flowed over immobilized antibodies. No binding was detected for
1-repeating-unit oligosaccharides.

bKD, equilibrium dissociation constant (KD � kd/ka, where kd is the dissociation rate constant and ka is the
association rate constant). ND, not determined.

cApparent equilibrium dissociation constant, KD
app, due to avid binding.

dDetermined by steady-state affinity.
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The OSA from P. aeruginosa strain O6a, 6d LPS was hydrolyzed, yielding 1-, 2-, and
3-repeating-unit oligosaccharides. The affinities of these three O6a, 6d oligosaccharides
for immobilized S20 scFv monomer and MF23-1 MAb were measured by SPR (Fig. S5).
Neither antibody bound the 1-repeating-unit oligosaccharide; however, both antibod-
ies bound the 2- and 3-repeating-unit oligosaccharides. The data fit well to a 1:1
interaction model (Fig. S5). The affinity of S20 scFv was about 4-fold higher for the
3-repeating-unit oligosaccharide (KD of 1.1 �M) than that of the 2-repeating-unit oli-
gosaccharide (KD of 4.7 �M) (Table 2). The affinity of S20 for the 3-repeating-unit
oligosaccharide was slightly lower than that for intact LPS (KD of 560 nM), suggesting
that 3 or 4 repeating units are required to stabilize the S20 epitope. Like S20 scFv,
MF23-1 MAb had higher affinity for the 3-repeating-unit oligosaccharide (KD of 18 �M)
than for the 2-repeating-unit oligosaccharide (KD of 88 �M) (Table 2). However, MF23-1
had about 20-fold weaker affinity than S20 for the oligosaccharides. Rate constants
could not be determined due to fast off-rates, and affinities were determined by fitting
the data to a steady-state model (Fig. S5).

Half-maximal effective concentrations (EC50s) of S20 and MF23-1. Xie et al. (9)
did not purify the S20 scFv by SEC, instead performing their experiments using a
heterogeneous mixture of monomer, dimer, and higher-order aggregates. Therefore, it
was unclear if the growth inhibition by S20 observed in previous assays was attributed
to one or all of these scFv forms. We investigated these different formats to shed light
on the nature of the antibacterial activity of S20; for example, if the monomer did not
inhibit growth, this would suggest that cross-linking of surface LPS molecules is
required for antibacterial activity.

The growth inhibition assay revealed that both the monomeric and dimeric forms of
S20 scFv mediated direct antimicrobial activity against P. aeruginosa O6a, 6d (Fig. S6).
The dimer more potently inhibited growth of O6a, 6d than the monomer. The lowest
antibody concentrations that inhibited the growth of O6a, 6d over the entire growth
curve were 78 nM and 10 nM for the monomer and dimer, respectively. The efficacy
differences of the S20 scFv monomer and dimer were more clearly illustrated in
turbidity assays (Fig. 3a). Interpolation of these data revealed that the monomer and

FIG 3 EC50s for S20 and MF23-1 inhibiting growth of P. aeruginosa O6a, 6d. (a) The data from the O6a,
6d growth curves generated from the experiment shown in Fig. S6 in the supplemental material were
used to plot turbidity versus antibody concentration. The EC50 of cell turbidity was interpolated for each
antibody. (b) Relationship between the EC50s of the antibodies and their SPR-derived binding affinities
toward P. aeruginosa O6a, 6d. Growth inhibition was correlated with antibody affinity (R2 � 0.985).
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dimer had EC50s of 450 nM and 60 nM, respectively. Thus, the antibacterial potency of
the S20 scFv dimer was about 8-fold higher than that of the monomer (Fig. 3b).

As was observed for the S20 scFv monomer and dimer, the MF23-1 MAb showed
antibacterial activity against its target strains (O6 IATS, PAK, O6a, 6d, and Fisher 1) in a
concentration-dependent manner (Fig. S7). As revealed by turbidity assays (Fig. 4a),
MF23-1 exhibited various degrees of antibacterial activity against these strains. EC50s
were calculated as 40, 200, 230, and 2,500 nM for Fisher 1, PAK, O6 IATS, and O6a, 6d,
respectively. As noted above, antibacterial activity against different O6 strains directly
correlated with MF23-1 affinity for their OSAs (Fig. 4b and Fig. S3). The binding and
antibacterial activities of MF23-1 against O6 IATS and PAK, which have the same OSA
structures, were essentially identical.

Antibodies against the LPS inner core are not antibacterial. To ascertain if
antibodies targeting other regions of the LPS molecule inhibited growth and in the hope
of identifying an antibacterial epitope conserved among P. aeruginosa serotypes and
present in clinical strains, we assessed the antibacterial activity of a MAb specific for the LPS
inner core. MAb 7-4 (murine IgG2b), which was previously shown by Western blotting to
bind the LPS inner core region of all P. aeruginosa serotypes (15), was chosen for this
purpose. MAb 7-4 was screened for antibacterial activity against strains with smooth and
rough phenotypes (Table S1). The smooth-phenotype strains included CPA�/OSA� (O6a,
6d, PAK, and PAO1) and CPA�/OSA� (PAK wbpO) strains. The rough-phenotype strains
were CPA�/OSA� (PAK rmlC, PAO1 ΔalgC::tet, and AK1012). The rough-phenotype strains
were tested to exclude the possibility that long OSA chains could block access of MAb 7-4
to its target, preventing any antibacterial effect. As illustrated in Fig. 5a, MAb 7-4 had no
effect on the viability of any of the strains with smooth or rough phenotypes. The only
treatments that affected cell viability were the positive-control MAb MF23-1 against O6a, 6d
(33% viability) and O6 IATS (9% viability). Although the affinity of MAb 7-4 for its epitope
on the LPS inner core has not been determined, we assumed that it was unlikely to be
dramatically lower than that of MF23-1 for O6a, 6d OSA (KD � 20 �M). Thus, if MAb 7-4 had
antibacterial activity, we would expect to detect it at the tested concentration of 8 �M since
this concentration is considerably higher than any of the EC50 values determined for the
anti-OSA antibodies (Fig. 3 and 4).

FIG 4 EC50s for MF23-1 inhibiting growth of various P. aeruginosa O6 strains. (a) Data from the growth
curves generated from the experiment shown in Fig. S7 in the supplemental material were used to
prepare a plot of turbidity versus MAb MF23-1 concentration. (b) Relationship of interpolated growth
curve EC50 and ELISA-derived EC50 for each strain. Growth inhibition was correlated with antibody activity
in ELISA (R2 � 0.999).
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Antibodies against the CPA are not antibacterial. In addition to producing LPS
containing OSA, P. aeruginosa produces LPS containing CPA (11). We chose to target
the CPA with N1F10 IgM (14) and scFv to determine if anti-CPA antibodies were also
antibacterial. We screened N1F10 IgM and scFv against wild-type CPA�/OSA� and
CPA�/OSA� strains from serotypes O5 and O6 (Table S1). CPA�/OSA� strains were
tested to provide better accessibility to the target antigen; OSA extends almost twice
the length of CPA and could block antibody access to CPA (17, 18). Since N1F10 scFv
is much smaller than the parent IgM, it should have better access to CPA. Growth
inhibition assays demonstrated that N1F10 IgM and scFv had no effect on the viability
of CPA�/OSA� (PAK and PAO1) and CPA�/OSA� (PAK wbpO and AK1401) strains (Fig.
5b). Concentrations as high as 25 �M scFv were tested against PAK wbpO, and no
effects were observed (data not shown). The only treatment that affected cell viability
was the positive-control MAb MF23-1 against PAK.

AFM. AFM images showed that untreated O6a, 6d cells had good structural integ-
rity, with a well-defined periphery, a single flagellum at one pole, and a rough surface
topography (Fig. 6a and b, top panels). The rough surface is believed to reflect the
various lengths of O polysaccharides and corroborates other AFM studies of Gram-
negative bacteria (11, 19). Natural outer membrane vesicles (nOMVs), which are known
to be naturally released from the surfaces of virtually all Gram-negative bacteria,
including P. aeruginosa (20, 21), were observed in the process of shedding and
surrounding some untreated O6a, 6d cells (Fig. 6c). These nOMVs were very similar in
morphology to those observed by Beveridge (20) in an electron micrograph of an
unidentified Gram-negative bacterium.

To capture early membranolytic effects, O6a, 6d cells were treated with 1 �M
MF23-1 MAb, representing 0.4� EC50. Following treatment, cells were surrounded by
large amounts of irregularly shaped micelles (Fig. 6d), which were morphologically
distinct from nOMVs released from untreated cells (Fig. 6c). The surfaces of treated cells
had microroughnesses comparable to those of untreated O6a, 6d cells although some
had patchy areas with 15- to 30-nm-deep pits (Fig. 6d). Immediate and complete loss

FIG 5 Effect of inner core- and CPA-specific MAbs on P. aeruginosa viability. (a) MAb 7-4, an anti-inner core LPS
antibody, does not show antibacterial activity toward various smooth and rough strains of P. aeruginosa serotypes
O5 and O6 when tested at 8 �M. (b) MAb N1F10 (IgM), an anti-CPA antibody, and its scFv do not show antibacterial
activity toward various strains of P. aeruginosa. Both MAbs were tested with the agar plate method. Untreated
bacteria (PBS) and bacteria treated with the N. meningitidis LPS inner core-specific LPT3-1 antibody served as
controls. MF23-1 MAb served as a positive control for serotype O6. Data represent means of three replicates �
standard errors of the means.
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of motility was observed by phase-contrast microscopy following exposure to S20 or
MF23-1 and suggested that flagellum loss was an early effect of antibody treatment.

When O6a, 6d cells were treated with a higher concentration of MF23-1 MAb
(10 �M; 4� EC50), only a few micelle-like structures were observed, but shedding of
quite large sections of OM was clearly apparent (Fig. 6a, middle). Topographical images
showed that this treatment induced corrugated surfaces in cells (Fig. 6b, middle) rather
than the microrough surfaces observed on untreated cells (Fig. 6b, top). Phase-contrast
imaging detected two surface materials with different properties. Phase-contrast im-
aging uses a softness/hardness scale in which soft (elastic) surfaces are depicted as
bright/white regions, and hard (stiff or rigid) surfaces are depicted as darker regions. We

FIG 6 AFM images showing damage to P. aeruginosa O6a, 6d cells induced by treatment with various concentrations of MF23-1 MAb and S20 scFv at 37°C for
30 min. (a) AFM height (H), topographic (T), and phase-contrast (P) images of untreated O6a, 6d cells, of O6a, 6d cells treated with 10 �M MF23-1 MAb (4�
EC50), and of O6a, 6d cells treated with 10 �M S20 scFv monomer (22� EC50), as indicated. (b) Enlargement of three-dimensional surface patches
(400 by 400 nm) of untreated O6a, 6d cells, of O6a, 6d cells treated with 10 �M MF23-1 MAb, and of O6a, 6d cells treated with 10 �M S20 scFv monomer, as
indicated. (c) Untreated O6a, 6d cell releasing natural OMVs (nOMVs) from the OM. (d) Topographic AFM images of O6a, 6d treated with 1 �M MF23-1 MAb
(0.4� EC50) highlighting the release of irregularly shaped micelles and membrane components (top). Their release led to the appearance of pits 15 to 35 nm
deep in the membrane (middle and bottom). Height (middle left) and derived three-dimensional (middle right) images, which were obtained by zooming into
the smaller, red-boxed area (top), illustrate an area that was particularly affected by the appearance of pits. Cross-section (bottom) of the area indicated by the
black line (middle left) shows pits measuring up to 35 nm in depth.
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observed a lighter-colored layer being released from the cell surface, thereby revealing
an underlying darker rigid layer, particularly at one end of the cell where the flagellum
was possibly attached (Fig. 6a, middle). The softer layer is thought to represent the OM,
and the underlying, more rigid layer represents peptidoglycan.

The surfaces of O6a, 6d cells treated with 22� EC50 (10 �M) S20 scFv monomer were
smooth (Fig. 6a, bottom) and displayed none of the roughness observed on untreated
cells. Phase-contrast images of cells treated with S20 scFv monomer (Fig. 6b, bottom)
showed that their surfaces were almost completely devoid of the soft, light-colored
material thought to correspond to OM (Fig. 6b, top).

Structural basis of S20 and MF23-1 OSA recognition and antibacterial activity.
To understand the molecular basis of S20 and MF23-1 OSA recognition, we determined
and analyzed their variable region sequences. The S20 (XenoMouse-produced) heavy-
chain variable (VH) region was rearranged from human IGHV3-33/IGHJ4 genes and had
a 12-residue complementarity-determining region 3 (CDR-H3) loop (Table 3 and Fig.
S8). Only a single residue of the VH region in proximity to CDR-H2 was mutated from
the germ line (V55A). In contrast, the S20 light-chain variable (VL) region was rearranged
from IGKV2D-29/IGKJ1 genes, and five residues were mutated from the germ line, four
of which were within or flanked the CDR-L1 loop. The MF23-1 VH domain was rear-
ranged from murine IGHV6-66/IGHJ3 genes and had a seven-residue CDR-H3 loop.
Similar to the mutations in S20, only a single VH residue in CDR-H2 was mutated from
the germ line (N48S). Unlike the VL region of S20, however, the MF23-1 VL domain,
rearranged from IGKV9-124/IGKJ5 genes, was fully germ line. The VH domains of the
anti-inner core and anti-CPA MAbs 7-4 and N1F10 were both significantly more
divergent from the germ line (5 and 10 substitutions, respectively).

Homology models of the MAb S20 and MF23-1 paratopes were generated using
RosettaAntibody3 (https://rosie.graylab.jhu.edu/antibody) (Fig. 7). Similar results were
obtained using the Prediction of ImmunoGlobulin Structure (PIGS) server. Both MAbs
had noticeably grooved paratopes suggestive of OSA-binding sites. Five of six replace-
ment mutations in the S20 VH-VL domains lined or flanked the putative OSA-binding
groove, as did the single MF23-1 VH replacement mutation. These models, in conjunc-
tion with the requirement of multiple oligosaccharide units for both MAbs to achieve
full binding (Table 2 and Fig. S5), suggested that S20 and MF23-1 may have been
selected to recognize the �- and �-linkages between the D-QuiNAc and L-Rha residues
of O6a, 6d and O6 OSA, respectively. In the case of MAb S20, specificity for the O6a, 6d
�-linkage may have arisen through somatic mutation and affinity maturation, while the
MAb MF23-1 preference for the more common O6 �-linkage [especially the �-D-
QuiNAc-(1¡2)-�-L-Rha linkage of Fisher 1 strain OSA] appears to be germ line encoded.

DISCUSSION

By investigating the effects of a panel of MAbs targeting P. aeruginosa LPS on cell
viability and employing additional analytical tools and approaches, we have gained
further insight into the antimicrobial properties of antibodies such as S20. Xie et al. (9)
showed that the antimicrobial effect of S20 MAb and fragments therefrom was accom-
panied by membrane damage. This was established by a dye penetration assay, with
EDTA and tobramycin serving as positive controls and with buffer and an anticancer

TABLE 3 Characteristics of anti-P. aeruginosa LPS MAb variable region sequences

Antibody Isotype IGHV and IGHJ genes IGKV and IGKJ genes

Replacement mutation(s) by regionb

VH VL

S20 IgG2(�)a IGHV3-33, IGHJ4 IGKV2D-29, IGKJ1 V55A K24R, K36M, L39F, Y40S, S107N
MF23-1 IgG3(�) IGHV6-6, IGHJ3 IGKV9-124, IGKJ5 N58S
7-4 IgG2b(�) IGHV14-3, IGHJ3 IGKV4-74, IGKJ1 N29K, M39I, N64H, S83F, T99I Y103S
N1F10 IgM(�) IGHV1-9, IGHJ2 IGKV15-103, IGKJ5 L21I, G27D, T35S, G36S, S62I, G63Q,

G74V, K75R, T96S, I101V
N48K

aProduced in XenoMouse.
bIMGT numbering.
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MAb serving as negative controls. Scanning electron microscopy showed extensive
outer membrane damage, as evidenced by blebbing, after treatment with 6.7 �M S20
scFv for 6 h at 37°C; control cells remained fully intact with no visible malformations.
Our observation of an antibacterial effect of MF23-1, a MAb specific for all O6 serotypes,
points to antibody binding to OSA being the critical event leading to growth inhibition
of serogroup O6 cells. Significantly, the antibacterial activities of MF23-1 against two P.
aeruginosa strains, O6 IATS and PAK, with identical OSA structures were essentially the
same, and MAbs specific for the LPS core and CPA did not exhibit antibacterial activity.
We have clearly established that antibody binding to OSA leads to OM disintegration
and that antibacterial potency correlates with antibody affinity. We used three antibody
concentrations with increasing EC50s and 30-min treatments to capture by AFM the fine
detail of the various stages of OM damage. AFM showed that antibody binding leads
to OM destabilization and shedding of the OM, exposing the underlying peptidoglycan.

It is highly improbable that antibody binding to other cell surface structures is
responsible for the antibacterial effect observed here. Flagellin glycosylation on P.
aeruginosa PAK (serogroup O6) requires one OSA biosynthesis enzyme, but two other
enzymes in the biosynthetic pathway are dispensable, indicating that a complete OSA
repeating unit is not needed for flagellin glycosylation (22). P. aeruginosa 1244 (sero-
group O7) pilin is glycosylated with a single OSA repeating unit (23). Since S20 scFv and
MF23-1 MAb require a minimum of two repeating units for binding (Table 2), they
would not be expected to recognize these truncated OSA structures. Western blotting
corroborated this hypothesis for O6a, 6d flagella.

The P. aeruginosa OM is unusual in several aspects. It is about 100-fold less
permeable to small hydrophobic molecules (antibiotics and detergents) than the
Escherichia coli OM (24). The lipidome of P. aeruginosa differs from that other enteric
bacteria in that it contains phosphatidylcholine (25). The OM contains two types of LPS,
one capped with OSA and a second capped with CPA; the latter is a neutrally charged,
weakly immunogenic homopolymer of D-Rha (11). Biologically rare acidic and/or amino
sugars, seldom found in other Gram-negative bacteria, are found in most OSAs (26).
Pseudomonas spp. express a unique outer membrane protein (OprH) for which there is
no homolog in E. coli; OprH interacts with negatively charged lipid A and LPS,
contributing to the integrity of the OM (27, 28).

As demonstrated here and in earlier work (9, 10), P. aeruginosa OSA is potentially an
alternative target for antimicrobial treatments. In support of this hypothesis is the
observation that OSA, which is highly immunogenic, is reduced in amount or com-

FIG 7 Homology models of the variable domains of MAb S20 (a) and MF23-1 (b). The Fv of each MAb is shown both as a ribbon
diagram (left panels) and as a space-filling model (right panels). The side view (top rows) and top view (bottom rows) are shown. The
VH and VL domains are shown in green and cyan, respectively. All CDRs are shown in white, and amino acid substitutions from the
germ line are shown in red with side chains.
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pletely lost as a result of chronic selective pressure in clinical isolates, especially those
from CF patients (29, 30). In this study, we have shown that anti-P. aeruginosa OSA
MAbs and fragments therefrom only inhibited the growth of cells presenting their
cognate antigens. In contrast, antibodies specific for P. aeruginosa CPA and for the LPS
inner core were not antibacterial. Thus, antibodies targeting the OSA, but not the CPA,
affect the viability of P. aeruginosa. These two types of LPS have several structural
differences. Their O polysaccharides differ in their charges (OSA, negatively charged;
CPA, neutral), their sugar compositions (OSA, rich in acidic and amino sugars and low
in Rha; CPA, an Rha homopolymer), and, in many cases, their chain lengths (CPA
chains of �23 sugars; OSA chains of �50 repeating units). Presumably, one or more of
the unique features of OSA contribute to OM stability.

Only a few MAbs have been shown to exert antibacterial effects by obstructing the
biological functions of outer membrane targets (9, 31–35). In addition to S20 and
MF23-1, MAbs against four outer surface proteins of Borrelia burgdorferi, the cause of Lyme
disease, and Borrelia hermsii, the cause of relapsing fever, exhibit concentration-dependent
inhibitory and antimicrobial activity against their respective organisms (31–35). Some
relevant observations with these MAbs include the following: (i) with one antigen, MAbs
with complement-dependent and complement-independent antibacterial activity have
been reported (36); (ii) the appearance of OM blebs is an early sign of cell damage (31–33,
35, 37); (iii) a MAb against one target induced destruction of the OM by formation of
openings with diameters of 2.8 to 4.4 nm leading to osmotic lysis; (iv) expression of one
target in the OM of E. coli did not confer susceptibility to its cognate MAb (37); (v) the
antibacterial properties of anti-Borrelia MAbs reside in the variable domain as demonstrated
by direct scFv growth inhibition (38); and (vi) the antimicrobial activity of one MAb required
the presence of cholesterol and cholesterol glycolipids (39), which are, atypically for
bacteria, present in Borrelia spp. (40). It may be that the common feature of antibacterial
Borrelia MAbs is disruption of interactions between their protein antigens and cholesterol
glycolipids.

There is evidence that, analogous to the cholesterol glycolipid-OM protein interac-
tions in Borrelia spp., at least one of the P. aeruginosa OM proteins, OprH, interacts with
LPS, albeit with the lipid A and core, not the OSA, as noted above (27, 28). However, the
observation that OSA is reduced or completely lost in clinical isolates from CF patients
(29, 30) suggests that it is unlikely that OSA interactions with OM proteins are required
for membrane stability. Another more plausible hypothesis is that OSA interaction with
divalent cations may play a role in P. aeruginosa OM stability. Divalent cations are
known to neutralize and stabilize LPS in the OM through interactions with phosphate
groups in the lipid A and core regions. Using supported lipid bilayer assemblies as
model membranes, Adams et al. (41) showed that net-negative LPS-Na� results in
membrane destabilization through electrostatic repulsion between adjacent LPS mol-
ecules, which induces membrane curvature and leads to pore formation. Presumably,
divalent cations also neutralize and stabilize OSA. Partial OSA neutralization by anti-
body binding could lead to OM destabilization in a manner analogous to that reported
by Adams et al. (41). It should be noted that in this work we conducted our assays in
tryptic soy broth (TSB), but use of a medium with a different cation concentration, such
as cation-adjusted Mueller-Hinton broth, could have yielded differing results.

In summary, we demonstrated that binding of two MAbs to P. aeruginosa serotype
O6 OSA, but not binding of MAbs to the LPS core or to CPA, was responsible for the
antibacterial activity via OM destabilization. Antibacterial activity correlated directly
with MAb specificity and affinity for the OSAs of different strains. Serotype O6 is the
most prevalent serotype in nosocomial pneumonia, accounting for approximately 30%
of the isolates, followed by O11 at about 25%, with numerous other serotypes and not
typeable strains comprising the remainder (42). Most likely, the OSAs of other P.
aeruginosa serotypes also represent targets for intervention in P. aeruginosa infections
as all serotypes have the unusual OM features described above.

Anti-P. aeruginosa OSA Antibodies Inhibit Cell Growth Antimicrobial Agents and Chemotherapy

April 2020 Volume 64 Issue 4 e02168-19 aac.asm.org 11

https://aac.asm.org


MATERIALS AND METHODS
Bacterial strains and culture. Bacterial strains used in this study are listed in Table S1 in the

supplemental material. P. aeruginosa O6a, 6d was provided by J. R. Schreiber, Tufts University. The
complete set of International Antigenic Typing Scheme (IATS) P. aeruginosa strains, serotypes O1 to O20,
was obtained from the American Type Culture Collection (ATCC). Fisher 1 (ATCC 27312, serotype O6,
CPA�/OSA�), PAK (serotype O6, CPA�/OSA�), PAK wbpO (serotype O6, CPA�/OSA�, gentamicin resistant
[Gmr, 200 �g ml�1]), PAK rmlC (serotype O6, CPA�/OSA�, Gmr [300 �g ml�1]), and PAO1 (serotype O5,
CPA�/OSA�) were obtained from J. S. Lam, University of Guelph. PAO1 ΔalgC::tet (serotype O5, CPA�/
OSA�, deficient in alginate exopolysaccharide; tetracycline resistant [100 �g ml�1]) was kindly provided
by S. Müller-Loennies, Research Center Borstel, Germany. AK1012 (PAO1 derived, serotype O5, CPA�/
OSA�) and AK1401 (PAO1 derived, serotype O5, CPA�/OSA�) were obtained from P. Fleming, National
Research Council Canada.

All strains were cultured in TSB (Difco, Detroit, MI). Gentamicin sulfate (Sigma-Aldrich, Oakville, ON,
Canada) and tetracycline (Sigma-Aldrich) were added for the growth of resistant strains. Bacteria from a
single colony were picked from an agar plate and grown overnight (O/N) at 37°C and 220 rpm.
Subcultures were inoculated with a 1:50 dilution from the O/N culture into 5 ml of broth and grown as
described above until the optical density at 600 nm (OD600) reached 0.5 to 0.7. Bacteria were harvested
by centrifugation (1,750 � g, 5 min, room temperature), washed three times with 5 ml of PBS, and then
diluted to obtain the desired OD600 or number of CFU per milliliter. For ELISA, bacteria were heat killed
at 60°C for 1 h and stored at –20°C.

Antibody production and purification. Antibodies used in this study are listed in Table 1. Hybridomas
MF23-1, 7-4, and N1F10 were provided by J. S. Lam, University of Guelph. MAb LPT3-1 was provided by
Andrew Cox, National Research Council Canada. Hybridomas were grown in Dulbecco’s modified Eagle
medium (Sigma-Aldrich) supplemented with 10% (vol/vol) Gibco fetal bovine serum (FBS) (ultralow IgG,
�5 �g ml�1, U.S. origin; Invitrogen, Burlington, ON, Canada), 1% (vol/vol) antibiotic-antimycotic (Invitrogen),
and 20 mM L-glutamine (Invitrogen). Immediately following partial thawing of one vial of a hybridoma clone
in a 37°C water bath with swirling, the contents were transferred to 5 ml of culture medium and gently
centrifuged at 20 � g for 3 min to remove dimethyl sulfoxide. The pelleted cells were gently resuspended in
5 ml of culture medium, transferred in a T25 tissue culture flask, and incubated at 37°C in a CO2 incubator. The
hybridoma lines were split to obtain 106 cells ml�1 (1:4; every 2 to 3 days) and transferred to an appropriate
tissue culture flask. Culture supernatants were collected, filtered through a 0.22-�m-pore-size Stericup filter
unit (Millipore, Nepean, ON, Canada), and stored at 4°C until purification.

MF23-1 and LPT3-1 MAbs were purified from culture supernatants by standard protein G affinity
chromatography, followed by buffer exchange to PBS (pH 7.4) using a HiPrep Desalting 26/10 column (GE
Healthcare, Mississauga, ON, Canada). Purification of the 7-4 MAb required addition of 0.15 M NaCl to the
elution buffer (0.1 M sodium citrate, 0.15 M NaCl, pH 3.6) and binding buffer (20 mM sodium phosphate,
0.15 M NaCl, pH 7.4) to prevent precipitation upon acidic elution from protein A/G columns; the MAb was
purified using a 5-ml protein A column (GE Healthcare) and buffer exchanged to PBS (pH 7.4), as
described above. N1F10 MAb was purified using a 1-ml HiTrap IgM Purification HP column (GE
Healthcare) according to the manufacturer’s instructions and further purified by SEC using a HiLoad S200
16/60 column (GE Healthcare).

S20 scFv, which was previously cloned into the pPICZ�-A vector (Invitrogen) (9), was expressed in
Pichia pastoris strain X-33 essentially as described in the EasySelect Pichia expression kit manual (catalog
no. K1740-01; Invitrogen) (43). S20 scFv, which has a C-terminal His6 tag, was purified by IMAC using a
5-ml HisTrap HP nickel affinity column (GE Healthcare) on an ÄKTAxpress system (GE Healthcare).

The VL (GenBank accession number U25104.1) and VH (GenBank accession number U25107.1)
sequences of N1F10 were joined by a (Gly4Ser)3 linker and terminated with C-terminal tags (VL-linker-
VH-c-Myc-His6). The coding sequence of the scFv was commercially synthesized, optimizing for P. pastoris
codon utilization, and cloned into the P. pastoris expression vector, pD912-AKS, by DNA2.0 (Newark, CA).
N1F10 scFv was expressed and purified as described for the S20 scFv. MF23-1 MAb was digested to
release the Fab fragment using a protocol similar to that described by Parker et al. (44). The optimal
digestion conditions were 0.02 mg ml�1 papain, 2 mg ml�1 MF23-1, and 4 h at 37°C. Antibody purity was
assessed by SDS-PAGE under reducing conditions on precast 12% Mini-Protean TGX stain-free precast
gels (Bio-Rad).

LPS and oligosaccharide preparation. For LPS preparation, 24-liter P. aeruginosa strain O6a, 6d
cultures were grown in Difco brain heart infusion broth in a 30-liter fermentor (newMBR, Zurich,
Switzerland) at 37°C with dissolved oxygen controlled at 15% saturation. Cells were killed by the
addition of phenol (2% final concentration), harvested, and lyophilized. Cells were washed with
organic solvents to remove lipids and other lipophilic components (45). LPS was extracted from the
air-dried cellular material using the hot-phenol/water method (46) essentially as previously outlined
by St. Michael et al. (47).

For oligosaccharide preparation, O6a, 6d LPS (400 g) was heated with 1% acetic acid (100 ml, 100°C, 2 h).
The lipid precipitate was removed by centrifugation, and the corresponding O polysaccharide (100 mg) as
well as oligosaccharide fractions was isolated from the supernatants by Sephadex G-50 (GE Healthcare) SEC.
The O6a, 6d O polysaccharide (100 mg) was treated with 10 ml of anhydrous hydrogen fluoride (HF; 10 ml) for
30 min at 0°C and then poured into a plastic petri dish for evaporation in a strongly ventilated hood. HF
evaporated instantly, and the residue was dissolved in water and separated on a Biogel P6 (Bio-Rad) column
in pyridine-acetic acid buffer, pH 4.5 (4 ml of pyridine and 10 ml of acetic acid [AcOH] in 1 liter of water),
monitored with a refractive index detector. The main product was repeating-unit tetrasaccharide (30 mg);
dimer (8 mg) and trimer (3 mg) of the repeating unit were also obtained. The products were analyzed by
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electrospray ionization-mass spectrometry (ESI-MS). The expected mass for 1 repeating unit was 811.7
(observed 812.7 m/z), and for 2 repeating units, it was 1,605.5 (observed 1607.7 m/z).

SPR. Liposomes were prepared for analysis of antibody binding to LPS. Ten milligrams of lyophilized
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC; Sigma-Aldrich) was dissolved in 1 ml of chloroform.
The lipids were placed on a heating block at low-medium heat and dried under a nitrogen stream,
followed by 1 h under vacuum. One milliliter of purified LPS (from a 2 mg ml�1 solution in Milli-Q water)
or PBS (for LPS-free negative-control liposomes) was added to the dried DMPC and incubated for 2 h at
37°C with shaking. The DMPC-LPS mixtures were then sonicated two to three times in a water bath for
30 s at 37°C. Liposomes were left for at least 16 h and as long as 48 h at 4°C, washed twice with 5 ml of
SPR HBS-E running buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA) (GE Healthcare), and
collected by ultracentrifugation for 1 h at 160,000 � g. The final liposome pellets were resuspended in
0.5 ml of HBS-E buffer and stored at 4°C until SPR analysis. Negative-control liposomes with incorporated
LPS from Shigella flexneri serotype Y were prepared using the same protocol.

Immediately prior to analysis on a Biacore 3000 biosensor instrument (GE Healthcare), monomeric and
dimeric S20 scFvs were separated by SEC. Control liposomes and liposomes containing O6a, 6d LPS were
captured on L1 sensor chips (GE Healthcare) prepared as suggested by the manufacturer. Approximately
3,000 resonance units (RU) were captured at a flow rate of 5 �l min�1. Thereafter, the surfaces were stabilized
by flowing HBS-E running buffer for 30 min at a flow rate of 100 �l min�1, followed by two injections of 5 �l
of 10 mM NaOH at a flow rate of 50 �l min�1. Surfaces were blocked by injecting 10 �l of 0.1 mg ml�1 bovine
serum albumin, followed by 5 �l of 10 mM NaOH. Analyses were performed in HBS-E running buffer at 25°C
at a flow rate of 20 �l min�1. Surfaces were not regenerated between S20 scFv monomer injections in the
same experiment; new surfaces were prepared between experiments or after each S20 scFv dimer injection.
Prior to preparation of fresh surfaces, immobilized liposomes were stripped from the sensor chip by injecting
three short pulses of 0.5% SDS and three short pulses of 50 mM NaOH-isopropanol (2:3, vol/vol) at a flow rate
of 100 �l min�1. Rate and affinity constants were determined by locally fitting the data sets to a 1:1 interaction
model using BIAevaluation, version 4.1, software (GE Healthcare).

The affinities of the S20 and MF23-1 antibodies for O6a, 6d repeating units were measured with a
Biacore T200 instrument (GE Healthcare). S20 scFv (3,139 RU) and MF23-1 MAb (7,218 RU) were
immobilized by amine coupling to a CM5 sensor chip (GE Healthcare) in 10 mM sodium acetate buffer
(GE Healthcare) at pH 5.0 for S20 scFv and at pH 4.0 for MF23-1 MAb. The running buffer was HBS-EP�
(10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% [vol/vol] surfactant P-20) (GE Healthcare).
Repeating units were diluted in HBS-EP� running buffer and flowed over the chip. All experiments were
conducted at 25°C at a flow rate of 40 �l min�1, and the surfaces were not regenerated. The rate and
affinity constants of the S20 scFv for the O6a, 6d oligosaccharides were determined by global fitting of
the data set to a 1:1 interaction model. Since the rate constants of MF23-1 MAb were too fast for kinetic
analysis, KD values were determined by fitting equilibrium data to a steady-state affinity model (Fig. S5).
All analyses were performed using Biacore T200 evaluation software, version 1.0 (GE Healthcare).

Binding and growth inhibition assays. ELISAs were performed on heat-killed cells as described by
Xie et al. (9). Flagella purified from P. aeruginosa O6a, 6d grown overnight in L broth as previously
described (48) were probed for antibody binding by Western blotting. Following SDS-PAGE and transfer
to polyvinylidene difluoride membranes, membranes were blocked with 4% skim milk in PBS and
incubated O/N with 10 �g of the desired MAb in 15 ml of PBS containing 0.1% Tween 20 (PBST) and 4%
skim milk. The membranes were washed three times with PBST and probed with a rabbit anti-human
IgG-alkaline phosphatase conjugate (Thermo Fisher, Waltham, MA) for the S20 IgG or with a goat
anti-mouse F(ab=)2-alkaline phosphatase conjugate (Jackson ImmunoResearch, West Grove, PA) for
MF23-1, both diluted 1:2,000.

Generally, antibodies were first screened for antibacterial activity using a microtiter plate method. For
the microtiter plate method, antibodies in 50 �l of PBS at the desired concentrations were added to the
wells of a 96-well flat-bottomed polystyrene plate (Corning, Corning, NY) containing 50 �l of the bacterial
culture (OD600 of 0.024; ca. 5 � 107 CFU ml�1). The negative control contained sterile PBS instead of
antibody. An N. meningitidis LPS inner core-specific MAb LPT3-1 was tested at the same time. Medium
(50 �l) diluted with PBS (50 �l) served as a control for background subtraction. Three wells (triplicates)
were used for each treatment. Microtiter plates were sealed with an adhesive film and incubated at 37°C
and 50 rpm, using an automated Infinite 200 Pro microplate reader (Tecan, Mannedorf, Switzerland).
Bacterial growth was evaluated by measuring the OD every 10 min for 16 h. The growth curves presented
represent the average of three replicates. The second antibacterial assay using an agar plate method was
performed as previously described by Xie et al. (9). Briefly, after 30 min of incubation with antibody at
37°C, mixtures were plated on growth medium, followed by colony enumeration after 18 h at 37°C.

EC50 determinations. EC50s were determined using the microtiter plate method. Antibodies (S20
scFv monomer, S20 scFv dimer, and MAb MF23-1) were serially diluted 2-fold, starting at 20 �M for the
S20 scFv monomer and 10 �M for the S20 scFv dimer and MAb MF23-1. The prepared antibody dilutions
were added, in triplicate, to wells containing 50 �l of P. aeruginosa cells. The microtiter plates were
incubated as described above. Midpoint growth curve data were used to prepare a plot of the percent
turbidity (turbidity of antibody-treated cells/turbidity of the control cells � 100) versus antibody con-
centration (in nanomolar). The EC50 represents the interpolated antibody concentration that caused a
50% reduction in the turbidity relative to the level of the control.

AFM. Purified MF23-1 MAb and S20 scFv monomer were diluted to the desired concentrations in
0.1 mM sodium phosphate buffer, pH 7.4, just before AFM experiments. O6a, 6d cells were treated with
1 �M MF23-1 MAb (0.4� EC50), 10 �M MF23-1 MAb (4� EC50), and 10 �M S20 scFv monomer (22� EC50).
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A single colony of P. aeruginosa O6a, 6d from a TSB agar plate was used to inoculate 5 ml of TSB broth
and grown for 16 h at 37°C and 220 rpm. To obtain healthy cells, a subculture was prepared by inoculating
50 ml of fresh TSB with 200 �l of the starter culture and grown as previously described until cells reached log
phase (OD600 of 0.3 to 0.4). Cultures were centrifuged at 800 � g for 5 min, and pelleted cells were washed
(four times with 25 ml) with decreasing concentrations of sodium phosphate buffer (5, 1, 0.5, and 0.1 mM
sodium phosphate buffer, pH 7.4) to prevent osmolytic shock. The cell density was adjusted to an OD600 of
0.4 (ca. 6.4 � 108 CFU/ml) in 0.1 mM sodium phosphate buffer, pH 7.4. Cells (50 �l) were treated with antibody
(50 �l; at concentrations listed above in 0.1 mM sodium phosphate buffer, pH 7.4) or 0.1 mM sodium
phosphate buffer (50 �l; negative control) in a microcentrifuge tube for 30 min at 37°C with shaking at
220 rpm. After incubation, antibody-treated and untreated bacterial suspensions (25 �l) were spread onto
poly-L-lysine-coated glass slides (Sigma) and allowed to immobilize for 5 to 10 min. Nonadherent bacteria
were removed by rinsing the slides with 3 ml of 0.1 mM sodium phosphate buffer. Slides were air dried in a
desiccator without vacuum for 16 h before AFM imaging.

AFM images were recorded using a JPK NanoWizard II BioAFM instrument (JPK Instruments, Berlin,
Germany). Bacteria were mechanically probed with a NSC15/AlBS cantilever (spring constant [k] of 40 N/m; tip
radius ca. of 10 nm [MikroMasch, Watsonville, CA]) in intermittent contact mode (tapping mode or AC mode),
in air, using a resonance frequency of ca. 350 kHz and a scan rate of 0.3 to 0.4 Hz. After a large area (generally
500 by 500 �m) was scanned, six individual cells per treatment were randomly selected and scanned
(�5 by 5 �m) to obtain higher-resolution images. Height and phase images were simultaneously collected.
Height images were used to generate high-resolution topography/three-dimensional images. Images were
processed with JPK Data Processing Software (JPK Instruments, Berlin, Germany).

Antibody sequence analyses and homology modeling. The variable-region sequences of MAb S20
were determined by sequencing of the scFv coding regions in the vector pPICZ�-A. The variable region
coding sequences of MAbs MF23-1, 7-4, and N1F10 were PCR amplified from total hybridoma RNA using
degenerate primers, cloned, and sequenced using Sanger’s method. The sequences of MAbs S20 and
MF23-1 were compared with those previously published (10, 49). Antibody variable-region sequences
were analyzed using IMGT V-QUEST (50). Homology modeling of the S20 and MF23-1 Fv fragments was
conducted using either RosettaAntibody3 via the ROSIE server, as described below, or using the
Prediction of ImmunoGlobulin Structure (PIGS) server (51) with default parameters.

For homology modeling of Fvs using Rosetta (52), templates were selected from the Protein Data
Bank (PDB) database using BLAST independently for VH and VL framework regions and for CDR-H1,
CDR-H2, CDR-L1, CDR-L2, and CDR-L3. Framework region sequences were threaded through the corre-
sponding template matches (Table S2); CDR structures were grafted to build VH and VL domains, and the
VH-VL orientation was modeled by multitemplate grafting. The structure of the CDR-H3 loop was
modeled de novo using a Monte Carlo energy minimization algorithm. Following refinement, the
lowest-energy structure was presented.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.4 MB.
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