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Abstract

Adenylate cyclase toxin (ACT) is an important B. pertussis virulence factor that is not included in
current acellular pertussis vaccines. We previously demonstrated that immunization with the
repeat-in-toxin (RTX) domain of ACT elicits neutralizing antibodies in mice and discovered the
first two antibodies to neutralize ACT activities by occluding the receptor-binding site. Here, we
fully characterized these antibodies and their epitopes. Both antibodies bind ACT with low
nanomolar affinity and cross-react with ACT homologs produced by B. parapertussisand B.
bronchiseptica. Antibody M1H5 binds B. pertussis RT X751 ~100-fold tighter than RT X5, from
the other two species, while antibody M2B10 has similar affinity for all three variants. To initially
map the antibody epitopes, we generated a series of ACT chimeras and truncation variants, which
implicated the repeat blocks I1-111. To identify individual epitope residues, we displayed randomly
mutated RT X5, libraries on yeast and isolated clones with decreased antibody binding by flow
cytometry. Next-generation sequencing identified candidate epitope residues based on enrichment
of clones with mutations at specific positions. These epitopes form two adjacent surface patches
on a model of the RTX75, domain, one for each antibody. Notably, the cellular receptor also binds
within blocks 11-111 and shares at least one residue with the M1H5 epitope. A predicted structural
model of RTX75; supports the notion that the antibody and receptor epitopes overlap. These data
provide insight into mechanisms of ACT neutralization and guidance for engineering more stable
RTX variants that may be more appropriate vaccine antigens.
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Antibody binding to purified RTX C- and N- terminal truncations; Figure S4, Characterization of individual random mutation clones;
Figure S5, ELISA validation of select candidate epitope residues; Figure S6, SEC elution profiles for wild-type RTX751 and variants.
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Whooping cough is a highly contagious respiratory disease caused primarily by the gram-
negative bacteria Bordetella pertussis, whose incidence has been steadily increasing over the
past two decades. Accumulating evidence has implicated limitations in the current acellular
pertussis vaccine as one of the major contributors to pertussis recurrence. This appears due
to several factors, including the fact that vaccine-induced immune responses limit
manifestations of clinical disease but have less effect on infection or transmission rates.! As
there is no clear serological correlate of protection, these acellular vaccines include between
one and five different pertussis antigens. One proposal to improve vaccine efficacy is
inclusion of additional highly conserved protective antigens.2—

The adenylate cyclase toxin (ACT) is frequently cited as a leading candidate for inclusion in
next generation vaccines,® /~13 but is not included in any current acellular vaccines due to it
being unavailable at the time those vaccines were being developed and to poor
understanding of its role in protection. ACT is a large, multi-domain protein that targets
phagocytic leukocytes expressing the ayp- integrin (also known as CR3, Mac-1 and
CD11b/CD18) through its C-terminal repeat-in-toxin (RTX) domain.1* 15 After the initial
interaction with the cellular surface, the N-terminal cyclase domain translocates into the
target cell cytoplasm16, where it associates with calmodulin and rapidly generates
supraphysiological levels of cAMPL7. These activities are thought to protect bacteria from
innate immune responses during the early stages of infection by inhibiting bacterial
phagocytosis.18: 19

We and others have previously demonstrated that the C-terminal RTX domain can
recapitulate many of the responses resulting from immunization with ACT, while possessing
superior biochemical characteristics.2%: 21 Notably, intact ACT is poorly soluble and prone to
aggregation as well as proteolytic degradation, while the cyclase domain bears homology to
human adenylate cyclase. Antibodies induced by active vaccination with the Bordetella
enzyme could cross-react with the intracellular mammalian homolog,2? thereby inducing
undesirable auto-reactive responses. These points have suggested that an engineered variant
of RTX may be preferable as a vaccine antigen. The RTX domain is intrinsically disordered
in the absence of calcium and folds into -roll motifs upon calcium binding,23: 24 mediated
by ~40 calcium-binding, glycine- and aspartate-rich nonapeptide repeats. These repeats are
distributed in five blocks between residues 1006-160023 which are entropically stabilized by
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the flanking region at the C-terminus of block V.25 26 Receptor binding and subsequent
intracellular delivery of the catalytic domain is dependent upon post-translational acylation
(residues K983 when expressed in B. pertussis, residues K983 and K860 when expressed in
E. coli) by the co-expressed enzyme CyaC?2 28 as well as calcium ion-mediated structural
changes.2® Receptor binding has been suggested to directly involve RTX residues in the
region 1166-1287.1415.30 Recombinant RTX fragment spanning residues 7511706
(RTX751) include the acylation sites, exhibit calcium-dependent conformational changes and
retain the ability to bind purified receptor.2 This and related RTX fragments are potential
surrogates for ACT in future vaccines.

Structure-function analyses of neutralizing antibody-antigen interactions can identify
residues forming protective epitopes. This information is crucial to guide design of
immunogens with increased epitope accessibility that elicit stronger neutralizing antibody
responses than the native antigen. This approach has been employed to generate a single
meningococcal factor H binding protein that provides protection against the high sequence
variability observed among clinical Neisseria meningitidis B strains.3! It has also been used
to stabilize the pre-fusion conformation of the fusion F protein from respiratory syncytial
virus that presents all known neutralizing epitopes.32 Neutralizing epitopes can be mapped
via structural and biochemical methods.33: 34 Since structural approaches can present
technical challenges, especially for a large and poorly soluble protein such as ACT,
mutagenic approaches employing high throughput selection and sequencing schemes are
gaining popularity. In particular, fine epitope mapping using yeast surface display can
comprehensively identify epitope residues.35-38

We previously discovered two neutralizing antibodies, M2B10 and M1H5, which bind non-
overlapping epitopes within the RTX domain of ACT. Both antibodies neutralize toxin
activities by blocking the interaction between ACT and its a B, integrin cellular receptor
but do not competitively inhibit each other. These were the first antibodies reported to
neutralize ACT by binding the RTX domain or by inhibiting the ACT-receptor association
step. In this study, we determined the epitopes for these two antibodies using biochemical
approaches and a high-throughput yeast display approach coupled with fluorescence-
activated cell sorting and next-generation sequencing. These data provide insight into the
mechanisms of antibody-mediated ACT neutralization and will contribute to engineering an
RTX immunogen better able to elicit protective immunity.

EXPERIMENTAL PROCEDURES

Molecular cloning

To generate plasmids expressing the soluble RTX N-terminal truncations (RTX;;_y spanning
repeat blocks 11-V and residues 1132-1706, RTX|;,_y spanning residues 1244-1706,
RTXy_v spanning residues 1381-1706, and RTXy, spanning residues 1530-1706), DNA
fragments encoding these regions were amplified with forward primers 5”-

actatt GCTAGCaatatcgagaatctgcacggeteceg-37, 57-
actattGCTAGCtccgegetgggegtggactattac-3”, 57 -actatt GCTAGCgtcgacaagcetgggegagge-3,
5’-actattGCTAGCagcgcgcegtgatgacgtge-3”, and the common reverse primer 5”-

actattGGAT CCgcgccagttgacagcecaggga-3”. To generate plasmids expressing C-terminally
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truncated variants (RTX,_;; spanning residues 751-1242, RTX,_;; spanning residues 751—
1376, and RTX,_jy spanning residues 751-1529), the DNA fragments were amplified with
common forward primer 5’ -actattGCTAGCgccaattcggacggcctacgg-3~ and reverse primers
5’-actattGGAT CCcttgcgeacccattcectggac-3”, 5”-actatt GGAT CCcaggtcagecaggatgeccag-3”,
and 5’ -actattGGAT CCgcccacggcgttctcgatattge-3”. To generate plasmids expressing the

RT X751 domains of Bordetella parapertussis and Bordetella bronchiseptica, DNA fragments
encoding these regions were amplified from respective colonies using primers 5'-
actattGCTAGCgccaattcggacggectacgg-3” and 5’ -actattGGAT CCgcegecagttgacagecaggga-3°
with Q5 polymerase (NEB). The amplified fragments were gel purified, double digested
with AMAel and BamH| and ligated into similarly digested pET28a plasmid. Restriction sites
are in uppercase and underlined.

To generate plasmids for yeast display of the RTX751; domain, a DNA fragment encoding
residues 751-1706 of adenylate cyclase toxin was amplified with primers 5~
actattGCTAGCgccaattcggacggectacgg-3” and 5’ -actattGGAT CCgcegcecagtigacagecaggga-3”,
gel purified, double digested with AAel and BarmHI and ligated into similarly digested
pCTCON plasmid 3°.

The Q5 Site-Directed Mutagenesis Kit (NEB) was used to alter codons in the B. pertussis
RT X751 to those present in B. parapertussis. For the region 1140-1164 within Block I, a
total of 5 residue changes were introduced (R1140S, R1144S, Q1150R, H1157D and
R1164H) using primers 5’-
cgagctctggggegacgatggcaacgacacgatacacGGCCGGGGCGGCGACGAC-3” and 5 -
ttgtcceggtegtegecggegatgetgtegttcaggctGGAGCCGTGCAGATTCTCGATATTCTTGACAT
GGTC-3’. For the region 1237-1256 at the beginning of Block 111, a total of nine residue
changes were introduced (R1237E, E1238G, S1244A, A1245R, L1246R, V1248M,
D1249G, N1253S and N1256S) using primers 5’-
ggcatgggctactacgacagtgtccgcagtGTCGAAAACGTCATCGGTACG-3” and 5'-
gcgecgggecegccttgegeacccacccttcGGACAGGTCCGCCTCGAT-3'. For the region 1357-
1365 between Block 111 and 1V, a total of three residue changes were introduced (T1357A,
11363V and A1365T) using primers 5’-cggcgttgccacgGGTCGCATCGGGCTGGGC-3” and
5’-gcatgcgegeccgcCTGGCTGTAATCGACGGTATCCAC-3 . Primers were designed using
NEBaseChanger, in which uppercase nucleotides are identical or complementary to wild-
type sequence and lowercase nucleotides contain the desired mutations.

Protein expression and purification

The different versions of RTX domains or truncations were expressed in £. coli strain
BL21(DE3) and purified by immobilized metal affinity chromatography (IMAC) resin and
size exclusion chromatography as described previously.?! Single chain antibody fragments
(scAbs, comprised of the heavy and light chain variable regions joined by a flexible
polypeptide linker and appended with a human kappa constant domain) and full-length
chimeric 1gG antibodies (mouse variable regions appended with human 1gG1/x constant
regions) were expressed and purified as described previously.?!
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Antibody binding assessed by ELISA

To test the effect of calcium ions on antibody binding, ELISA plates were coated with 0.2
ug/mL of ACT diluted in PBS. After washing with HBST (50 mM Hepes, 150 mM NacCl,
0.05% Tween-20, pH 7.5), wells were blocked with HBST-1%BSA supplemented with 0,
0.2, 2, or 10 mM CaCl,. Then, M2B10 or M1H5 were serially diluted in respective blocking
solutions with different calcium concentrations. After incubation and washing, bound
antibodies were detected with anti-human Fc HRP antibody diluted in HBST-1%BSA. The
plates were developed with TMB substrate (Pierce), quenched with 1M HCI, and read at
450nm.

To determine whether the formation of calcium-dependent epitopes is reversible, calcium
was depleted in either the antigen coating or antibody incubation steps in ELISA. Purified
RT X751 contains 2mM CaCl, and was coated in HBS + 5mM EGTA to deplete calcium or in
HBS + 2 mM CacCl, to maintain calcium required for RTX folding. Full-length ACT,
purified in the presence of 8 M urea without added calcium as described 21, was coated in
HBS or HBS + 2 mM CaCl,. The wells were blocked with HBST-1% BSA =2 mM CaCl,
to maintain the calcium concentration in the coating buffer. Then, M2B10 and M1H5 diluted
to 10 nM in HBST-1%BSA = 2mM CaCl, were added to the wells. Washing buffer was
HBST for all samples. The diluents for the HRP-conjugated secondary antibodies were kept
the same as for the primary antibody in respective wells. The plates were developed and read
as above.

Measurement of antibody-RTX751 binding affinity and kinetics

Binding affinity experiments were performed on a KinExA 3000 (Sapidyne Instruments).
RT X751 was coated on polymethylmethacrylate beads in HBSC (50 mM Hepes, 150 mM
NaCl, 2 mM CacCly, pH 7.5) at 4°C overnight, then washed and blocked with running buffer
(50 mM Hepes, 150 mM NacCl, 0.05% Tween-20, 2 mM CaCl,, Img/mL BSA, 0.02%
sodium azide, pH 7.5). Signal Test and Range Find procedures were performed to determine
the fixed antibody concentration and the range of antigen concentration to be used in the
titration. RT X751 serially diluted in running buffer to concentrations between 50 and 0.2 nM
were incubated with 2 nM M1H5 or 3 nM M2B10 for 1 hour at room temperature before
flowing through RTX75;1-coated beads followed by fluorescent antibody detection. The
experiments were performed in duplicate, with non-specific binding signals subtracted. Data
was fit to a five parameter logistic equation described by Ohmura et a/40
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In vitro toxin neutralization assay

To compare the neutralizing activity of M2B10 and M1H5 against ACT produced by B.
pertussisand B. bronchiseptica in the context of the whole bacteria, B. pertussis Tohama |
and B. bronchiseptica were grown on Bordet-Gengou agar plate supplemented with 15%
defibrinated sheep blood (BD) and inoculated into modified synthetic Stainer-Scholte
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medium (SSM). The optimal concentrations of each Bordetella species to cause CAMP
elevation in J774A.1 cells roughly equivalent to 125 ng/mL B. pertussis ACT were
determined empirically. Then, serially diluted M2B10 and M1H5 were pre-incubated with
the bacteria before being added to J774A.1 cells. The intracellular cAMP levels of J774A.1
cells were measured and calculated as described.2

Western blot of whole cell lysates

To roughly determine the epitope locations of M2B10 and M1H5, 900 pL E£. coli cultures
expressing different RT X751 truncation variants were pelleted, resuspended in 50 pL 2x
SDS-PAGE loading dye, and boiled for 10 min before loading 5 pL or a dilution thereof to
each lane. Since the different RTX variants expressed at different levels and were recognized
by the three antibodies with varying sensitivity, the culture volume resulting in a detectable
band was empirically determined and was not the same for each lane/blot. Three identical
gels were run and transferred to PVDF membranes, which were probed by 1:2500 anti His-
tag HRP antibody or 5 nM M2B10 and 5 nM M1H5 followed by anti-human Fc HRP
(1:4000), respectively. Membranes were developed using SuperSignal West Pico
Chemiluminescent Substrate (Pierce) followed by X-ray film exposure.

Yeast culture and transformation

Saccharomyces cerevisiae EBY 100 strain was used for yeast display. EBY 100 cells were
streaked on YPD agar plate supplemented with 1X penicillin/streptomycin (Life

Technologies), and incubated at 28-30 °C for 2—3 days until colonies appear. Yeast cells
carrying pCTCON vector were selected on YNB-CAA-glucose agar plates (0.67% yeast
nitrogen base, 0.5% casamino acid, 2% glucose, 1.5% agar, 1X penicillin/streptomycin).

Heat shock competent cells were prepared using Frozen-EZ Yeast Transformation I1 kit
(Zymo Research) to transform individual pCTCON vectors. Electrocompetent cells were
prepared as described by Benatuil et a/. 41 except without calcium in electroporation buffer,
and were used to construct random mutagenesis libraries through homologous
recombination. For surface display, yeast colonies harboring the pCTCON plasmids were
inoculate into YNB-CAA-glucose liquid medium, grown at 30°C overnight until ODgqq of
2.0-5.0, pelleted, resuspended in YNB-CAA-galactose (2%) medium to an ODgq of
0.75~1.0 and grown at room temperature for another 20-50 hrs, to induce the expression and
display of Aga2-RTX fusion protein.

Random mutagenesis library construction

The RTX gene was cloned between unique NVhel and BamHI sites in the pPCTCON yeast
display vector.3? A unique Sp/l site lies within the RTX gene, corresponding to ACT codons
1359-1361. The 1968 bp region between AMel and Sphl sites was randomly mutated during
amplification with primers 5’-ccatacgacgttccagactacgctctgcag-3” and 5”-
ggcagcagcgcectacgatac-3” using Mutazyme 11 (Agilent). After gel purification, the product
was re-amplified with nested primers 5’-tggtggttctggtggtggtgg-3” and 5”-
caggtcagccaggatgece-3” using Q5 Polymerase (NEB), resulting in a 40 bp overhang
upstream of Ahel and a 46bp overhang downstream of Spfl. After gel purification, the DNA
was precipitated with isopropanol, resuspended in water, and quantified by NanoDrop. To
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prepare the linearized vector, the pPCTCON plasmid was digested with Ahel and Sp#l, gel
purified, isopropanol precipitated and resuspended in water.

To construct the library, 5 ug of insert DNA and 3 ug of linearized vector backbone were
added into 300 pL freshly prepared yeast electrocompetent cells and electroporated in 2 mm
cuvettes as described above. Three separate electroporations were performed and pooled.
For control, linearized vector without insert DNA was electroporated. Aliquots of the library
and control electroporations were serially diluted and plated on selection plates to determine
the total number of yeast transformants. The pooled transformants were grown in liquid
selection medium at 30 °C and passaged twice to minimize the chance of carrying more than
one type of plasmid per cell.4!

To sequence individual library clones, plasmid DNA was extracted from 0.1-0.2 OD of
yeast cells using the Zymoprep Yeast Plasmid MiniPrep Il kit (Zymo Research). Due to the
low quantity and purity of DNA extracted from yeast cells, it was transformed into £. coli
XL1-Blue competent cells for miniprep and sequencing. In order to cover the entire
mutagenized region, three sequencing primers were used for each sample: 5'-
CGATTGAAGGTAGATACCCATAC-3’, 5'-CAAGGTGGTGTCGCAACTGGTC-3’, and
5'-GCACGGCTCCCGCCTGAA-3’.

Yeast staining and flow cytometry

To stain the yeast cells for flow cytometric analysis, 0.1 OD of cells were stained with 100
uL of 67 nM M2B10 or M1H5 and 1H6 in HBSC-1% BSA, followed by detection with
1:200 dilution of the secondary antibodies (Alexa647 anti-human Fc and Alexa488 anti-
mouse Fc). To determine whether the antibody binding was dependent on the RTX
conformation, yeast cells were either stained in the absence of CaCl, or heated at 85°C on a
thermal cycler for 30 min before staining. Flow cytometric analysis was performed on a LSR
Fortessa Il (BD). All flow data were analyzed with Flowjo software.

For sorting, 5 OD of cells were stained with 5mL of 13.4 nM M2B10 or M1H5 and 1H6; 0.1
OD of positive and negative control were stained with 100 uL of antibodies at the same
concentrations, followed by detection with 1:200 secondary antibodies (Alexa647 anti-
human Fc and Alexa488 anti-mouse Fc), and sorted on a FACSAria (BD). Gates were drawn
around populations with diminished binding (P4) and normal binding (P7) to respective
antibodies. Another gate (P5) in between was drawn to circumvent the population with
reduced binding. Sorted cells were collected in tubes containing YNB-CAA-glucose
medium and grown at 30°C until ODggqg >2.0.

Next-generation sequencing

Cells equivalent to 0.2 OD yeast cells from the sorted P5 and P7 populations as well as the
starting library were pelleted for plasmid extraction, from which the mutagenized region
(~1.9 kb) was amplified using Q5 polymerase and primers 5’-tggtggttctggtggtggtgg-3”~ and
5’-caggtcagccaggatgecc-3”. After gel purification, the samples were processed by Genomic
Sequencing and Analysis Facility at UT-Austin according to the protocol 4. In order to
cover the 1.9 kb region, the samples were fragmented by sonication to an average size of
250bp and sequenced on an Illumina Hiseq 2500 in 2 x 125 bp (paired-end) mode. The
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minimal number of reads for P5 and P7 were set to 4 x 10° for P5 and P7 and 3.6 x 107 for
the starting library. A PCR fragment of the wild-type sequence was included as a control for
the sequencing error rate, with minimal reads of 10%. The number of reads was sufficient to
cover all sequences at a theoretical eight-fold excess, accounting for the length and diversity
of each sample. About 40% of the read pairs contained only one nucleotide mutation as
compared to the reference wild-type sequence, and these sequences were used to calculate
the enrichment ratio of mutational rate at each position. Enrichment values for each mutation
were calculated using the Enrich software package.*3 Custom scripts (available on GitHub at
https://github.com/jstapleton/Wang_et_al and https://github.com/JKlesmith/
Deep_Sequencing_Analysis) converted the shotgun reads into a standardized format
compatible with Enrich and processed the Enrich output. Epitope residues were identified by
manual examination of enrichment values at each position.

RaptorX model generation

Results

Neutralizing

A computational model of the wild-type RT X751 domain was generated by RaptorX web
server based on homologous RTX structures (pseudomonas alkaline protease PDB 1KAP
and RTX block V PDB 5CVW and 5CXL structures).*4

antibodies recognize RTX epitopes with high affinity

We previously observed that the M1H5 and M2B10 antibodies bind non-overlapping
epitopes within the RTX domain and neutralize ACT activities by blocking the ACT-aumpB2
receptor interaction. We wanted to better understand the biochemical basis of this interaction
and, in particular, understand how antibody-RTX binding differs from receptor-RTX
binding. For instance only calcium-complexed forms of RTX, including RTX751, bind the
amP2 receptor while acylated forms of RTX have a higher apparent affinity for purified
amP> receptor and can more effectively intoxicate ayB, —bearing cells.14 152128 Both
antibodies bind unacylated RT X751 while the M2B10 antibody also binds the truncated,
unacylated RTXggs variant comprising residues 985-1706 with no apparent loss in affinity.2!

Prior ELISA data suggested that both antibodies bind ACT and RT X757 with similar high
affinities and ~100-fold more sensitively than the toxin variants bind soluble receptor.2! To
gain a more quantitative measurement of the antibody binding affinities to guide our epitope
mapping experiments, we turned to KinExA analysis, a method that measures equilibrium
binding affinities of unmodified molecules in the solution phase. Purified RTX75; was
immobilized on polymethylmethacrylate beads, after which the antibodies alone or
antibodies incubated with varying concentrations of soluble RTX751 were flowed over the
beads. Under these conditions, the solution affinity of M1H5 was measured as 1.6 £ 1.2 nM
and M2B10 as 1.3 £ 0.7 nM (Figure 1). To measure the binding Kinetics, we performed a
similar set of experiments using SPR in which purified antibody was immobilized and
RTX751 injected across the surface in concentrations from 0.1 to 50 nM. This yielded similar
on-rates of ~2x10° M~1sec! for the two antibodies and off-rates of 3x10~* and 1.5x1073
sec™1, for M1H5 and M2B10, respectively. This yielded an equilibrium affinity for M1H5 of
1.3 nM, comparable to that measured by KinExA. The M2B10 measurements were
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compromised by reduced binding after regeneration, resulting in a faster off-rate and a
calculated affinity of 9 nM (Table 1, Figure S1).

antibodies recognize calcium-sensitive RTX epitopes

Next, we aimed to better define the RTX conformations compatible with antibody binding.
Since RTX undergoes a dramatic conformational change from disordered random coils to
beta-roll structures upon calcium binding which is required for receptor binding,4 26 we
wanted to determine the effect of calcium ions on antibody binding. We performed ELISAs
with immobilized ACT or RTX75; and varying amounts of CaCls, in the buffers. While no
binding was observed when CaCl, concentrations were <0.2 mM, full binding was observed
when CaCl, concentrations were =2mM (Figure 2A, B). The presence of calcium during the
antibody incubation step was sufficient to support binding, even if the ACT or RTX75;
molecules had been previously exposed to EGTA sufficient to chelate available calcium ions
(Figure 2C, D). In contrast, when calcium was not included during the antibody incubation
step, no binding was observed even for antigens previously incubated with calcium. These
data suggest that both antibodies bind the beta-roll form of RTX and that calcium-induced
folding of RTX751 and ACT is a readily reversible process. This is distinct from a previously
described panel of anti-ACT antibodies that do not require calcium for ELISA binding.4°

Neutralizing RTX epitopes are conserved across Bordetella species

While whooping cough is caused primarily by the gram-negative bacteria Bordetella
pertussis, its close relatives B. bronchisepticaand B. parapertussis can also cause human
disease, albeit less commonly.#8 ACT is highly conserved among these species, with an
amino acid sequence identity of ~97.7%. Most sequence variation occurs in the C-terminal
RTX region (Figure S2). To determine whether M1H5 and M2B10 recognize conserved
epitopes, the RTX7s, regions from B. parapertussis and B. bronchiseptica were produced
and purified as predominantly monomeric proteins (Figure 3A). Antibody M1H5 showed
preferential binding to B. pertussis RT X751, with ~100-fold lower sensitivity for RTX751
from other species in an ELISA (Figure 3B). In contrast, M2B10 bound all three RT X751
versions with identical sensitivity (Figure 3C). Supporting this data, an /7 vitro toxin
neutralization assay using live B. bronchiseptica bacteria and human J774A.1 cells showed
that M2B10 was able to better suppress cAMP elevation than M1H5 (Figure 3D).

Hypothesizing that the residues varying among species might help to define the epitope, we
generated three chimeras in which the B. parapertussis mismatch region was substituted for
the corresponding region in B. pertussis RTXzs1. B. bronchisepticaand B. parapertussis
ACT sequences vary from each other by just three residues, one in the hydrophobic region
and two within the RT X751 region (567A/V, 1249D/G and 1441D/E), and both share 36
additional amino acid differences from the B. pertussis ACT sequence (Figure S2). Closer
inspection revealed three regions of greatest variation: residues 1139-1164 in RTX block I1
contains five mismatches; residues 1236-1256 at the beginning of block 111 contains nine
mismatches; and residues 1357-1365 before block IV contains three mismatches.

Each of these regions was individually introduced into the B. pertussis RT X751 by site-
directed mutagenesis and the resulting protein purified for use in ELISA (Figure 4). Notably,
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the block Il chimera abolished binding to M1H5 but not to M2B10, suggesting some of
these residues are involved, directly or indirectly, in the M1H5 epitope. For instance, non-
homologous B. parapertussis residues outside block 111 may be required to form the M1H5
epitope in this ACT variant and thus contribute to species-specificity.

RTX truncations reveal linear components of the epitopes

We next aimed to localize the antibody epitopes by generating a series of truncated RT X751
variants. Variants were constructed by dividing the protein into five Gly-Asp blocks as
described by Osicka et al. *7 and serially deleting blocks from the N- or C-terminus (Figure
5A). We used Western blot analysis to rapidly screen the resulting seven variants for
antibody binding. Whole E. coli expressing the variants were lysed by boiling, and the
resulting blots probed with an anti-hexahistidine control antibody and either the M1H5 or
M2B10 antibody. The control antibody demonstrated the presence and approximate
calculated molecular weight of each RTX variant. RTX constructs have previously been
noted to run larger than expected, likely due to the large number of positive aspartic acid
residues. The recognition patterns were similar for both M1H5 and M2B10 (Figure 5B). Of
the four N-terminal truncations, both RTX;,_yy and RTX,;,_y Were recognized, while all three
C-terminal truncations, RTX,_;, RTX,_;; and RTX,_;y were recognized by both antibodies.
Since the antibodies recognized RTX on a Western blot, the epitopes appear to include
discontinuous linear components. The recognition patterns suggest that blocks 11 and 111
include residues important for both antibodies.

To provide more quantitative binding information, we purified all truncated variants for use
in ELISA. Variants with N-terminal truncations were produced in reasonable yields, except
that Block 11-V was heavily degraded. All variants with C-terminal truncations were poorly
expressed and required TCA precipitation for visualization on a protein gel (Figure 5C).
This is consistent with the previous report that Block V and its C-terminal flanking region
up to residue 1681 are important for the proper folding of the RTX domain.23 Since the C-
terminally truncated variants were detected by anti-hexahistidine antibody in whole cell
lysates but not purified from the soluble fraction, it is likely that they formed aggregates or
inclusion bodies.

The N-terminal truncations were further purified by size exclusion chromatography and the
monomeric fractions assessed for antibody binding by ELISA. All variants bound rabbit
polyclonal anti-ACT antibody strongly, but none showed significant binding to M1H5 or
M2B10. (Figure S3). The discrepancy between western blot and ELISA result may be due to
differences in the assay sensitivity.

RTX751 displayed on the yeast surface presents conformational epitopes

The relatively low-throughput nature of these approaches and large size of RT X751 (955
residues) led us to pursue high-throughput approaches to identify specific epitope residues.
Yeast display with FACS-based selection and next-generation sequencing is emerging as a
versatile tool for this effort.37: 38. 48 However, RT X751 is ~100 kDa while previous proteins
used in yeast display have been <60kDa in size.*® Moreover, most proteins, including the
Aga2 fusion proteins used in yeast display, include a secretion signal at the N-terminus, yet
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ACT is normally exported via a secretion signal at its C-terminus. We therefore needed to
determine whether RTX could be displayed on yeast in a properly folded form.

Since all RTX truncations generated above compromised antibody binding measured by
ELISA, the entire RT X751 gene (codons 751-1706) was cloned into the pPCTCON yeast
display vector as a C-terminal fusion to the yeast Aga2 protein.3® Yeast cells harboring the
plasmid were induced and incubated with antibodies in the presence of 2 mM CaCl, prior to
flow cytometry analysis. Murine antibody 1H6, which binds a calcium-independent, linear
epitope between residues 1589-1631 in the C-terminal RTX secretion sequence,* was used
to monitor display of full-length RTX on the yeast surface, while either M1H5 or M2B10
was used to monitor folding of the epitope of interest (Figure 6A). When the yeast cells
displaying RT X757 were co-stained with 1H6 and M1H5 or M2B10, a double-positive
population in the Q2 quadrant indicated a strong correlation between RT X757 display level
and integrity of the M1H5 and M2B10 epitopes, while yeast with empty vector showed a
tight double-negative population in Q4 (Figure 6B).

We next aimed to determine whether the antibodies bound yeast-displayed RTX75; in a
similar manner as soluble RTX751. To determine whether binding is calcium dependent,
yeast displaying RT X751 were incubated with antibodies in the absence of calcium. Under
this condition, neither M1H5 nor M2B10 bound the yeast but the calcium-independent 1H6
antibody retained binding, resulting in a cell population in quadrant Q3. To further assess the
specificity of antibody binding, RTX751-displaying yeast were heated at 85°C for 30 min
prior to antibody staining. In this case, no RTX-specific antibody binding was observed
(Figure 6B). Taken together, these data suggest that yeast display is a feasible strategy to
select variants of RT X751 with altered affinity for the M1H5 and M2B10 antibodies.

Selection of RTX75; variants with reduced antibody affinity by yeast display

For fine epitope mapping, our strategy was to generate a library in which the yeast displayed
antigen was randomly mutated, followed by FACS to isolate variants with altered antibody
binding properties.3 37. 48 Since RT X751 is a large protein, encoded by ~2900 bp DNA, we
used our biochemical data to focus on smaller RTX regions likely to include the entire
epitope. The ACT species selectivity and truncation data suggested a role for RTX blocks 11—
I11, while earlier work suggested that the receptor-binding region lies between RTX residues
1166-1287 that span blocks 11-111.1% 30 We amplified codons 751-1358 (about two-thirds of
RTX751) under error-prone conditions. A library with 2.1 x 107 clones was constructed

using homologous recombination of NAel/Sphl linearized vector backbone and error prone
PCR product with overhangs on both ends.

To identify populations for sorting, the library and two control yeast populations, one
expressing wild-type RTX751 and another with empty pCTCON vector, were induced prior
to antibody staining. For the initial analysis, we used 67 nM M1H5/M2B10 for staining.
This is much higher than the measured antibody affinities to ensure detection of RT X751
variants with modestly but not severely reduced binding. The library showed three
populations: a double positive population similar to that observed for wild-type RTX751
(termed population P7), a population with lower Alexa647 fluorescence indicating reduced
M2B10 binding (population P5), and a population with severely reduced M2B10 binding
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(population P4; Figure 7). The library stained with M1H5 and 1H6 showed similar
populations (data not shown).

All three populations (P4, P5 and P7) were isolated by FACS after incubation with either the
M1H5 or M2B10 antibody. Since the initial screen showed a strong P7 population after
incubation with 67 nM antibody, we reduced this to 13.4 nM to better detect clones with
modestly reduced affinity. Sequencing of 12 random clones from each population showed
that all P5 and P7 clones contained full length RTX751 gene with mutations. The P4 clones
contained truncated RT X751 genes that lost internal portions of the randomized region and
thus lost binding to M2B10 or M1H5 but not 1H6. This is likely a result of incorrect
recombination events due to the highly similar repeats in RTX. To further characterize the
isolated clones, four P5 clones were grown individually and stained with 1H6 and M2B10
(Figure S4). Compared to yeast displaying wild-type RT X751, all four clones showed a
moderate to severe reduction of M2B10 binding, while the binding to 1H6 was not
significantly affected, indicating isolation of the desired population. A total of ~50,000 cells
were collected for the P5 and P7 populations after staining with each antibody.

Identification of RTX residues implicated in antibody epitopes

High-throughput sequencing of the isolated cell populations was used to identify individual
residues affecting antibody binding. After sorting, the yeast clones were grown in selective
medium, plasmids extracted and the mutagenized region amplified for sequencing with an
Illumina Hiseq 2500. Every position was altered to at least four different residues. About
40% of the read pairs contained a single nucleotide mutation as compared to the wild-type
B. pertussis sequence, and these reads were counted to determine the enrichment or
depletion of each mutation at each position by the selective sort. Enrichment values for each
mutation were calculated using the Enrich software package.#3 Custom scripts (available on
GitHub, see materials & methods) converted the shotgun reads into a standardized format
compatible with Enrich and processed the Enrich output. Epitope residues were identified by
manual examination of enrichment values at each position.

This analysis identified 20 residues implicated in M1H5 binding and 16 in M2B10 binding
(Figure 8A). Most of these residues are not continuous in the primary sequence, suggesting
they may be conformational. There is only one shared residue between the two sets (D1199),
consistent with our prior observation that the two antibodies do not compete with each other.
Interestingly, all the identified residues fall within the Gly-Asp rich blocks 1l to I11 for
M1HS5 and I-111 for M2B10, despite similar mutational rates across codons 751-1358. A
number of the identified residues are aspartic acids (seven for M1H5; two for M2B10).
Given the known role of aspartic acid in calcium binding, these may play structural roles as
opposed to antibody-antigen interactions.

Structural analysis and validation of epitope residues

To validate the library results, six residues predicted to be involved in each epitope were
randomly chosen for further analysis. Soluble RTX75; variants containing a single residue
change, from the wild-type residue to the residue most frequently observed in the reduced
antibody binding P5 populations, were expressed and purified. Binding of antibodies M1H5
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and M2B10 to the wild-type and variant RTX75; were compared by ELISA. Among the six
M1HS5 epitopic mutants, H1225D and F1229M showed significantly reduced binding to
M1HS5 but not to M2B10. The other four variants, D1161V, R1166P, D1179H and D1199H,
demonstrated severely altered binding to both M1H5 and M2B10. Among the six variants
encompassing the putative M2B10 epitope, W1074S, E1117D, K1118N, and P1120S
showed significantly reduced binding to M2B10, but only minimally affected binding to
M1HS5 (Figure 8B). All variants bound 1H6 or a rabbit polyclonal anti-ACT antibody
equally well (Figure S5), suggesting the difference in apparent affinity to M1H5 and M2B10
is not due to different coating densities on the ELISA surface.

To better understand the structural orientation of these putative epitope, we generated a
computational model of the wild-type RT X751 domain with the RaptorX web server, based
on homologous RTX structures (RTX block V PBD files 5CVW and 5CXL). The model
shows beta roll domains with buried aspartic acid residues. The C-terminal secretion signal
was predicted as an extended tail structure; since this does not seem reliable and this region
is not predicted to be involved in antibody binding, all residues after D1680 were deleted.
Blocks I-1V were modeled from a single experimental structure of block V, connected by
linker regions. Since there is no experimental data supporting the interactions between the
domains, the model may not accurately represent the quaternary RTX structure.
Nevertheless, this model assumes the ratchet shape described by Bumba et a/. 28

The majority of the identified residues formed two adjacent patches on the RTX model
(Figure 8C). This further supports the idea that the antibodies do not compete with each
other for ACT binding. While many of the epitope residues are predicted to be solvent
exposed, several predicted residues are predicted as buried. In particular, residue G1262 is
buried in the structure, and residue D1294 is located distal to the major epitope patch. For
both variants we noticed significantly reduced expression level, supporting the idea that they
affect RTX structure or stability. Aspartic acid residues in particular may mediate calcium
binding and support beta roll formation as opposed to direct antibody interactions.
Supporting this notion, expression level of the three variants analyzed (D1161V, D1179H
and D1199H) was reduced to ~10% of wild-type RTX751 and size exclusion
chromatography indicated that a large fraction of the protein eluted as higher molecular
weight species (Figure S6). The candidate epitope residues identified by yeast display are
consistent with our previous biochemical data.

Discussion

We previously discovered the first antibodies that neutralize ACT activities by binding the
RTX domain of ACT and competitively inhibiting the RTX-receptor binding interaction.2
For other infectious diseases in which toxins play a prominent role, receptor blockade is a
proven strategy for active and passive immunization: vaccination with tetanus toxoid
primarily induces receptor-blocking antibodies;®® and antibodies using this mechanism are
approved therapeutics to treat anthrax.>! These anti-RTX antibodies are broadly neutralizing
and recognize conserved epitopes, as both bind RTX from the three major Bordetella strains,
one with identical affinity. These epitopes are thus likely to be important for protection.
Complementary epitope mapping approaches localized the antibody epitopes to the same
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vicinity as the receptor-binding site and suggest that at least one residue is shared by the
M1HS5 antibody and the receptor-binding site.3% These results shed light on mechanisms of
antibody versus receptor binding to RTX as well as mechanisms of ACT neutralization and
the potential for escape variants.

The M1H5 and M2B10 antibodies both recognize primarily conformational epitopes on
RTX with low nanomolar affinity (Figure 1). No antibody binding was observed to the intact
ACT or RTX7s57 in the absence of calcium, but the subsequent addition of 2 mM CaCl,
restored full binding (Figure 2). This indicates that the epitopes require the calcium-
mediated beta roll conformation of RTX. Both antibodies detect RT X751 on a Western blot
(Figure 5B), which likely reflects the very sensitive nature of the assay and the fact that
conformational epitopes often include several short linear elements. Several lines of
evidence localized the epitopes to repeat blocks I1-111 within RTX75;. Of the three RTX
chimeras we generated containing regions of sequence variation present in other Bordetella
species, only the chimera with an altered block 11 lost affinity for the M1H5 antibody
(Figure 4). Similarly, only RTX truncation variants retaining repeat blocks Il or 111 retained
antibody binding (Figure 5B).

Even this simple observation provides insight into the mechanism of antibody neutralization.
ACT is known to fold upon encountering extracellular calcium ions while being secreted
across the bacterial outer membrane.26 This results in locally high concentrations of ACT
that can bind and intoxicate eukaryotic cells in close proximity to the bacteria.>?
Considering that the antibodies primarily bind the folded RTX conformation and can
neutralize ACT when produced by bacteria /n vitro (Figure 3D), the antibodies may bind
ACT as it is being secreted from the bacteria or shortly thereafter, and likely need to co-
localize with the bacteria in order to effectively neutralize secreted ACT.

A strategy combining yeast display, cell sorting and high-throughput sequencing identified
individual residues involved in the antibody epitopes. Despite the large size of RTX75;
(~100 kDa) and the fact that it is normally secreted via a C-terminal secretion sequence, the
full-length protein was presented on the yeast surface and recognized by our antibodies in a
calcium-dependent manner (Figure 6). Interestingly, although our libraries retained the C-
terminal secretion signal, removing this had no effect on RTX75; display or antibody
binding (data not shown).

Since there is not yet a complete structure of RTX, we targeted random mutagenesis to the
blocks 1I-111 implicated by our biochemical analyses. To allow use of naturally occurring
restriction sites, the mutated region spanned blocks I-111. Deep sequencing indicated that
every residue in this region was altered to at least four different amino acids. Since cell
populations with highly reduced M1H5/M2B10 binding were dominated by variants with
internal deletions, we isolated and sequenced clones with modestly reduced antibody
binding. This identified 20 residues in blocks 11-I11 and 16 residues in blocks I-I11 that
contribute to the M1H5 and M2B10 epitopes, respectively (Figure 8).

The residues identified by yeast display are largely consistent with our biochemical data.
These residues form two adjacent regions on our homology model of RT X751 (Figure 8C),
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consistent with our observations that binding of one antibody does not inhibit binding of the
other 21, Notably, only one residue (D1199) is shared between the two putative epitopes and
we are unable to exclude a structural calcium-binding role for this or the other identified
aspartic acid residues. Only one residue (R1164) was identified that falls within the variable
regions used to generate RTX chimeras. A number of predicted epitope residues are present
in the conserved regions directly adjacent to the block Il and block 11 variable regions;
variable residues could influence the orientation of these epitope residues, thus explaining
the species specificity we observed for M1H5. The fact that both antibodies bind RTX75;
from different species and that only one epitope residue varies among the three RT X751
alleles tested is evidence that the epitopes are highly conserved and that there is a low risk
for escape variants.

There are a few caveats in our study. First, we mutated only 1.9 kb of the ~3 kb RTXv5;
gene. This region was implicated by our biochemical data and includes the putative receptor-
binding site. However, there may be residues outside of this region that help to stabilize the
epitope structure or are more directly involved in antibody binding. Second, we analyzed
pairs of short (125 bp) sequence reads containing a single mutation, but we cannot exclude
the possibility that additional mutations were present outside of the sequenced region.
However, if a certain residue is enriched in the sorted library, this residue is unlikely to be a
neutral mutation due to the large number of reads from different clones. Third, most of the
residues we validated showed a modest decrease in antibody binding. By selecting the P5
population with modestly reduced antibody binding, we may have missed some of the hot
spot residues critical for binding. Residues resulting in severely reduced antibody binding
fell into the P4 gate which we did not deep sequence since most of these clones had large
internal deletions due to aberrant homologous recombination events. Finally, RTX is a large
protein that has been largely recalcitrant to crystallization and has little homology to other
proteins with known structures. The X-ray structure of the block V repeat was recently
reported and was used here to model the other blocks but the lack of an experimental RTX
structure limits our ability to unambiguously distinguish between epitopic versus structural
residues.

A Kkey question is to what extent these antibodies mimic the receptor-RTX binding
interaction. The receptor binding epitope was initially mapped by insertion of an octapeptide
into convenient restriction sites to residues 1166-1287, spanning repeat blocks I1-111.15 This
region includes the block I11 variable region, with two additional species-specific residues
(Figure S2). Our results show that the M1H5 epitope also spans blocks 1111, while the
M2B10 epitope appears broader, with residues distributed over blocks I-111. M1H5 includes
three epitope residues within and five more just upstream of 1166-1287, while M2B10
includes one. Regardless, the similar binding locales explain why both antibodies
competitively inhibit receptor binding.

A recent study aiming to understand ACT-CR3 receptor interactions identified several ACT
residues that impact receptor binding.3? Computational modeling suggested negatively
charged residues within the 1166-1287 ACT region interact with positively charged residues
between 614-682 on the CD11b chain of CR3. Two ACT variants were generated and
observed to have strongly reduced cellular binding by flow cytometry and cellular
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penetration, as monitored by cAMP production. One variant included two (E1232A
+D1234A) residue changes while the other included three changes (D1193A+D1194A
+E1195A) within the putative receptor binding region. All five residues are conserved
among the major Bordetella strains (Figure S2). The E1232A/D1234A residues are right
before the block 111 variable region, suggesting they may have been preserved by a selective
pressure. The triple-mutation variant includes D1194 that was also identified as an M1H5
epitope residue.

A striking difference is that neither these antibodies nor previously described anti-ACT
monoclonal antibodies require palmitoylation for binding,18 while receptor binding and
cellular are greatly enhanced by this post-translational modification.21: 27: 28 palmitoylation
has been suggested to stabilize the ACT-receptor interaction by interacting with the
membrane. Considering the similarities in the antibody and receptor epitopes, the lipid may
also directly interact with the receptor. There is precedence for such an interaction: the
palmitoyl group on the Xenopus \Wnt8 extends into a deep groove on its Frizzled receptor
protein, contributing to the binding interface and stabilizing the interaction.>3 It would be
interesting to map receptor epitope on RTX domain using the approach used here, however
co-expression of the acylating enzyme CyaC reduced RTX7s; yeast-display levels and

RT X751 on the surface did not bind to soluble receptor. The CyaC enzyme may not be
compatible with the yeast palmitoyl-CoA:acyl carrier protein complex, or the C16 substrate
may not be available in sufficient quantities.>*

ACT, especially its RTX domain, is an attractive target for development as a vaccine antigen
as it is an essential virulence factor that is also highly conserved.>® The M1H5 and M2B10
antibodies are broadly neutralizing and thus their epitopes are targets for protective
immunity. The M1H5 epitope appears to more closely overlap with the receptor epitope,
while M2B10 appears to less closely mimic the receptor epitope and may act by sterically
inhibiting receptor binding as opposed to direct competition. As for other antigens, this
detailed mapping of conserved neutralizing epitopes sets the stage for design of vaccine
antigens that induce antibodies directed toward these epitopes. While yeast display is
unlikely to facilitate a similar study to map the receptor binding epitope on RT X754, it could
be used to engineer RT X751 variants, for instance smaller variants comprising blocks 11-V or
I1-111-V, for increased solubility while retaining these neutralizing epitopes.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Antibody-RTX751 binding affinity measured by KinExA analysis
Purified anti-RTX antibody (2 nM M1H5 or 3 nM M2B10) was incubated with soluble

RT X757 at varying concentrations, then flowed over beads with immobilized RTX75;. Free
antibody was captured by the beads and subsequently detected with fluorescent anti-human-
Fc antibody. A, antibody M1H5 had a measured affinity of 1.6 + 1.2 nM; B, antibody
M2B10 had a measured affinity of 1.3 + 0.7 nM. Data was analyzed using KinExA Pro
software based on equations described by Ohmura et a/. 40
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Figure 2. Calcium is required for RTX751-neutralizing antibody binding
Binding of ACT to A, M1H5 and B, M2B10 in the presence of varying amounts of CaCl,.

ELISA plates were coated with 0.2 ug/mL of ACT diluted in PBS. After washing with
HBST, wells were blocked with HBST-1%BSA supplemented with 0 mM CacCl, (open
circles), 0.2 mM CacCls, (squares), 2 mM CaCl, (triangle), or 10 mM CaCl,, (inverted
triangle). Then, M1H5 or M2B10 was serially diluted in blocking solution with the same
amount of CaCl,. Bound antibodies were detected with anti-human Fc HRP antibody diluted
in HBST-1%BSA without calcium. The presence of CaCl, during the antibody incubation
step is necessary and sufficient for binding of C, ACT and D, RTXy5; to the M1H5 and
M2B10 antibodies. ACT and RT X751 were coated with or without calcium ions and then
incubated with antibodies diluted in buffer with or without calcium ions prior to ELISA
analysis. C, Purified ACT does not contain calcium and was coated in HBS + 2 mM CaCl,
(black bars) or just HBS (gray bars). D, RTX751 was purified with 2mM CaCl, and thus
coated in HBS + 2 mM CaCl, to maintain calcium concentrations (black bars) or HBS

+ 5mM EGTA to deplete calcium (white bars). Subsequent steps used HBST-1% BSA
+2mM CaCl, or HBST-1% BSA to match the calcium concentration in the coating buffer.
Control wells (“no Ab”) omitted only the primary M1H5/M2B10 antibodies.
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Figure 3. Antibody M2B10 but not M1H5 recognizes a highly conserved epitope
A, The RT X751 domains of B. bronchiseptica (Bbr) and B. parapertussis (Bpp) were cloned,

expressed, and purified by IMAC and size exclusion chromatography. Purity was assessed
by SDS-PAGE (inset). Purified RTX751 from the three species were coated on ELISA plates
and compared for binding to the B, M2B10 and C, M1H5 antibodies by ELISA. Shown is
the average of duplicates with error bars representing the data range; the assay was repeated
twice. D, M2B10 and M1H5 1gG were tested for protection of J774A.1 cells from cAMP
intoxication by live B. bronchiseptica. M1F11 and 7C7 are two non-neutralizing monoclonal
antibodies, binding the catalytic and RTX domains, respectively. The % relative [CAMP] is
calculated from the total CAMP concentration in the cellular lysate as determined by cAMP
ELISA, divided by the protein concentration of the lysate normalized to control cells treated
only with ACT. Error bars indicate range of duplicate assays; shown is the average + range
for duplicates. The assay was repeated twice.
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Figure 4. RT X751 block Il chimera loses affinity for M1H5
Several RT X751 chimeras were generated, in which regions of low homology were grafted

from B. parapertussisinto the B. pertussis RT X751 gene. A, Expression and purification of
the three chimeras. Shown is a size exclusion chromatogram on an S200 column. /nset,
SDS-PAGE gel with molecular weight markers indicated. B, Binding interactions between
the chimeras and antibody M1H5, as measured by ELISA. The chimeras were used to coat
the plate, followed by blocking and serial dilution of the antibody. Bound antibody was
detected with anti-human-Fc-HRP. C, Binding between the chimeras and M2B10 antibody,
evaluated as in panel B.
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Figure 5. Repeat blocks 11 and 111 both contribute to antibody binding
A, The RT X757 domain was serially truncated from the N- and C-termini to remove

individual RTX repeats. Shaded blocks with numbers indicate the five blocks of repeats,
“Mod” indicates the region prone to post-translational modification by the acylating enzyme
CyaC. B, Western blot of whole cell lysates of the truncations, probed with M2B10, M1H5,
and anti-His tag antibodies, respectively, in the presence of calcium. The amount of lysate
loaded was empirically adjusted n order to clearly visualize the resulting bands on the blot.
The M1HS5 antibody appears to cross-react with an endogenous £. coli protein at ~50 kDa
(marked with an arrow). C, SDS-PAGE of the purified preparations of the truncated RTX
variants. Variants lacking block V were TCA precipitated due to very low yields.
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Figure 6. Yeast display intact RT X751 with conformational epitopes
A, Diagramatic depiction of RTX75; yeast display and staining by two antibodies

simultaneously. B, Yeast cells were grown and induced, then stained with antibodies 1H6
and either M1H5 or M2B10 in the presence of 2mM CaCly, followed by AlexaFluor-488
anti-mouse 1gG Fc-specific to detect 1H6 and AlexaFluor-647 anti-human IgG Fc-specific to
detect M1H5 or M2B10 using a Fortessa flow cytometer. Controls included yeast cells
grown and induced in the same manner but stained without CaCl, or yeast cells that were
heated at 85 °C for 30 min before staining in the presence of 2mM CaCl,. Control yeast
harbored an empty pCTCON vector lacking the RT X751 gene.
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Figure 7. Antibody-binding populations isolated by flow cytometry
The RT X751 library was induced and stained with antibodies 1H6 and M2B10 or M1HS5,

followed by sorting on a FACS Avria cell sorter. DNA sequencing revealed that the P4
population, with severely reduced antibody binding, was dominated by clones with internal
deletions. The P5 population, with moderately reduced antibody binding, contained full
length RT X757, with random mutations.
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Figure 8. Antibody epitope residues on RTX75; identified by next-generation sequencing
A, The RTX region subjected to random mutagenesis is shown. Bold and red letters indicate

candidate M1H5 epitope residues, while bold and blue letters identify potential M2B10
epitope residues. The sole shared residue is indicated by bold and purple. Bold, underlined
and italized residues indicate those implicated in receptor binding 3. The boxes indicate the
first three Gly-Asp rich repeat blocks. B, Six residues identified as potentially participating
in each antibody epitope were individually altered to the most common enriched amino acid
residues observed after sequencing of sorted libraries. Each variant, with a single residue
change, was expressed and purified as soluble RTX7s51 protein. Binding affinity of M1H5
and M2B10 monovalent scAbs for each of the RT X5, variants was assessed by ELISA.
Data is represented as relative affinity (ECso wilg-type/ECs0,variant), SO that a lower value
indicates reduced binding. C, A predicted structure of RT X751 was generated using the
RaptorX web server** and the experimental structure of domain V (PDB 5CVW or 5CXL).
Residues 1015-1679 encompassing the five repeat blocks are shown, with the individual
block locations indicated. The putative epitope residues are highlighted in red for M1H5 and
in blue for M2B10, the block Il variable region is shown in green, the putative receptor
binding site is shown in magenta and the block 1=V region in yellow.
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