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Abstract

RTX leukotoxins are a diverse family of prokaryotic virulence factors that are secreted by
the type 1 secretion system (T1SS) and target leukocytes to subvert host defenses. T1SS
substrates all contain a C-terminal RTX domain that mediates recruitment to the T1SS and
drives secretion via a Brownian ratchet mechanism. Neutralizing antibodies against the Bor-
detella pertussis adenylate cyclase toxin, an RTX leukotoxin essential for B. pertussis colo-
nization, have been shown to target the RTX domain and prevent binding to the a2
integrin receptor. Knowledge of the mechanisms by which antibodies bind and neutralize
RTX leukotoxins is required to inform structure-based design of bacterial vaccines, how-
ever, no structural data are available for antibody binding to any T1SS substrate. Here, we
determine the crystal structure of an engineered RTX domain fragment containing the ayB2-
binding site bound to two neutralizing antibodies. Notably, the receptor-blocking antibodies
bind to the linker regions of RTX blocks I-lll, suggesting they are key neutralization-sensi-
tive sites within the RTX domain and are likely involved in binding the a3, receptor. As the
engineered RTX fragment contained these key epitopes, we assessed its immunogenicity in
mice and showed that it elicits similar neutralizing antibody titers to the full RTX domain. The
results from these studies will support the development of bacterial vaccines targeting RTX
leukotoxins, as well as next-generation B. pertussis vaccines.

Author summary

Diverse bacterial pathogens use the type 1 secretion system (T1SS) to secrete RTX leuko-
toxins, which target host leukocytes during infection. T1SS substrates all contain a repeti-
tive C-terminal ‘RTX’ domain that adopts a characteristic f-roll fold and is involved in
secretion. Notably, The RTX domain of Bordetella pertussis adenylate cyclase toxin (ACT)
mediates leukocyte targeting via binding to the o3, integrin receptor, and antibodies
that block receptor binding neutralize toxin activity. However, ACT also contains multiple
non-neutralizing epitopes, and precise knowledge of the sites targeted by neutralizing
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antibodies is desirable for vaccine design. Here we determine the crystal structure of an
ACT fragment in complex with two neutralizing antibodies and define the key neutraliza-
tion-sensitive sites within the RTX domain. This first structure of a heterotypic protein-
protein interaction formed by an RTX domain suggests the linker regions between B-roll
segments engage binding partners.

Introduction

Since the 1990s, outbreaks of pertussis have occurred in populations with significant vaccina-
tion coverage[1-7]. The observation of waning immunity post-vaccination[8-11], as well as
the discovery that the acellular vaccines do not prevent transmission in nonhuman primates
[12], suggest that current acellular vaccines may provide inadequate protection. In addition,
circulating pertussis strains show signs of adaptation to acellular vaccine antigens, such as the
widespread loss of the virulence factor pertactin[13-17], or promoter mutations that boost
pertussis toxin expression[18]. One strategy for the improvement of next-generation acellular
vaccines is to target the virulence factors most essential for B. pertussis colonization, as well as
to optimize the presentation of their most vulnerable epitopes on vaccine antigens. The ade-
nylate cyclase toxin (ACT) is a promising vaccine antigen as it has been shown to be essential
for lung colonization in mouse intranasal models[19,20], is a protective vaccine antigen in
mice, and polyclonal anti-ACT sera protect mice from B. pertussis challenge[21].

ACT belongs to the Repeats-in-ToXin (RTX) family of proteins, which are the substrates of
the bacterial type I secretion system (T1SS)[22,23]. T1SS substrates include secreted toxins, pro-
teases, lipases and adhesins[24-28]. The characteristic feature of RTX proteins is a C-terminal
RTX domain containing tandem repeats of a nine-residue motif, X(H) XGGXGXD
(H = hydrophobic), with the X(H)X forming a 3-residue B-strand and the GGXGXD forming a
6-residue Ca**-binding turn. The tandem repetition of these 9-residue units forms a B-roll
structure that is a sandwich of two parallel B-sheets, with most turns binding a Ca>* ion. In the
absence of Ca®*, the RTX domain exists in an intrinsically disordered state[29]. The primary
function of the RTX domain in proteins of this family is to drive secretion across a Ca®" gradi-
ent, with Ca**-driven folding on the extracellular side of the T1SS preventing re-entry into the
channel and therefore favoring directional transport out of the cell[30]. ACT has a large RTX
domain and contains 5 stretches of 9-11 repeats in tandem, known as RTX blocks, separated by
linker sequences that do not conform to the repeat consensus. In addition, all RTX proteins
contain a conserved C-terminal capping structure that harbors the secretion signal for T1SS
recruitment. Upon recruitment, the C-terminus is transported through the T1SS and secretion
proceeds from the C-terminus to the N-terminus. For ACT, it has been shown that this capping
structure is essential for folding of the entire RTX domain, as well as for toxin activity[31].
NMR spectroscopic analysis of a C-terminal ACT fragment consisting of RTX block V and the
C-terminal cap in the presence of increasing concentrations of Ca®" suggests that folding pro-
ceeds directionally from the C-terminus starting with the cap[30]. The cap is likely required to
nucleate folding of the B-roll by limiting the conformational entropy of the C-terminus[32].

ACT is related to the RTX leukotoxins, such as E. coli hemolysin A, which are secreted by
bacterial pathogens to subvert mammalian host defenses by targeting leukocytes. ACT con-
tains an N-terminal adenylate cyclase enzyme and a large internal hydrophobic region that
inserts into host cell membranes. Upon insertion, the adenylate cyclase enzyme is translocated
through the host membrane by a poorly understood mechanism, resulting in aberrantly high
cAMP levels that disrupt leukocyte functions and can result in cell death. ACT has been shown
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to use the oyf, integrin as a receptor, with this interaction being required for intoxication of
macrophage J774A.1 cells[33] as well as CHO cells recombinantly expressing of3,[34]. Inter-
estingly, ACT has adapted its RTX domain to serve a receptor-binding role, with the binding
site localized within residues 1166-1287 (spanning RTX blocks I-III)[33].

Previous characterization of isolated monoclonal antibodies obtained from mice immu-
nized with ACT showed that most antibodies bound the RTX domain, suggesting it is immu-
nodominant[35]. In this previous study, anti-RTX antibodies were divided into six
competition groups, with only two of those groups containing neutralizing antibodies. Nota-
bly, the antibodies from the two neutralizing competition groups block receptor binding, sup-
porting the feasibility of developing vaccine antigens that target the ACT/owf, interaction.
Consistent with the putative oy, binding site in blocks I-II1, the epitopes of M2B10 and
MI1HS5 have been mapped to blocks I and II, and blocks II and III, respectively[36]. However,
the structural basis for engagement of the RTX toxins by neutralizing antibodies is not known.

Here, we determine the crystal structure of the receptor-binding blocks I-III of the B. per-
tussis adenylate cyclase toxin in complex with neutralizing antibodies that prevent binding to
oipPo. To generate a receptor-binding domain construct amenable to crystallography, we engi-
neered a minimal variant of the RTX domain with blocks I-IIT of the RTX domain fused to the
block V capping structure required for RTX folding. As our designed RTX fragment contained
the two neutralization-sensitive epitopes, we assessed its ability to elicit neutralizing anti-ACT
antibodies. These findings define key neutralizing epitopes on the B. pertussis ACT in atomic
detail, providing critical tools for the structure-based design of immunogens targeting this vir-
ulence factor for next-generation whooping cough vaccines.

Results
Design of cap-stabilized RTX domain fragments containing blocks I-III

To define the neutralization-sensitive epitopes on the ACT RTX domain bound by antibodies
M2B10 and M1H5 at high resolution, we sought to crystallize complexes of the corresponding
antigen-binding fragments (Fabs) bound to the RTX domain. We attempted crystallization of
either one or both Fabs bound to RTX751 (ACT residues 751-1706) or RTX985 (ACT residues
985-1706)[35]. However, none of these combinations yielded well-diffracting crystals.

Given the difficulty in crystallizing the full RTX domain, a smaller RTX fragment contain-
ing only RTX blocks I-III was desired. Blocks I-III contain the putative o3, binding site and
the epitopes of M2B10 and M1H5(33,36]. However, the RTX domain does not tolerate C-ter-
minal truncations, as this removes the C-terminal capping structure required for folding[30].
We therefore sought to design a minimal RTX variant containing only blocks I-III fused at the
C-terminus to the block V capping structure to nucleate folding. We reasoned that fusing the
capping structure to an internal RTX block would be relatively straightforward provided that
the sequence of 3-strand B-sheets and 6-residue Ca**-binding turns would remain unper-
turbed. Using this rationale, different graft points were chosen to yield 5 fusion designs, each
with residues from the block V cap fragment fused in-frame with the block ITII RTX repeat (Fig
1A and S1 Table). Designs containing differing numbers of repeats from the C-terminus of
block V were chosen as it was not known whether the nucleation function of the cap depends
on interactions with the specific amino acids in the adjacent repeats being nucleated. Each
design was expressed in E. coli and subjected to size-exclusion chromatography (SEC) to assess
oligomeric state and monodispersity (Fig 1C). Although soluble protein was obtained for each
variant, F1 and F2 expressed only as a higher order oligomer. Variants F3, F4 and F5, which
exhibited SEC peaks at the expected elution volume of a monomer, each contained at least the
final two repeats from block V. By contrast, the aggregated F1 and F2 only contained the final
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Fig 1. Design and characterization of cap-stabilized RTX domain fragments containing blocks I-III. (A) Design
scheme of fusions between block IIT and block V cap fragment. RTX repeats from block IIT and V are represented in
terms of their B-strands, numbered by RTX repeat within each RTX block, and their connecting segments, which are
mostly Ca®"-binding turns but can contain loop insertions. For each variant, the strands and connecting segments
from block III are shown in teal, and those from block V are shown in magenta. (B) Schematic of the ACT gene
showing the catalytic domain (green), hydrophobic segment (brown), palmitoylation sites, RTX domain with RTX
blocks (teal) and C-terminal cap (magenta). The scheme is shown for fusing the C-terminal cap to a fragment
containing RTX blocks I-III, with block IIT and the C-terminal cap shown in 3D cartoon representation. (C) Size-
exclusion chromatography elution profiles for purified cap fusion variants, with colors corresponding to the boxes in
A. The dotted line represents the peak elution volume that is consistent with monomeric 123cap. (D) Differential
scanning fluorimetry melting profiles for F3, F4, and F5, with data shown as the negative first derivative of the
fluorescence intensity. Colors correspond to the boxes in A. (E) Surface plasmon resonance kinetic measurements of
M2B10 and M1H5 Fab binding to RTX751 and 123cap. Measured signal for each Fab concentration is shown as a
black line, and kinetic fits are shown as red lines. Fit kinetic parameters and equilibrium dissociation constants are
shown for each interaction under the corresponding concentration series.

https://doi.org/10.1371/journal.ppat.1009920.g001

repeat. F5, the only variant containing the final 3 repeats from block V, had the highest yield of
monomeric protein. In addition, differential scanning fluorimetry showed that F5 had the
highest melting temperature of the monomeric variants (60°C) (Fig 1D). Thus, we selected F5
for structural studies, and renamed it ‘123cap’. The trend of increased stability and expression
with increasing amounts of the block V C-terminal RTX repeats suggests that the C-terminus
of block V may be required for the nucleation provided by the C-terminal cap.

To determine whether the folded conformation of 123cap accurately recapitulates the anti-
body-binding sites as presented by full RTX, we measured the binding kinetics and affinity of
the neutralizing antibodies M2B10 and M1HS5 for both RTX751 and 123cap using surface plas-
mon resonance. The affinities of M2B10 for RTX751 and 123cap were 0.75 nM and 0.60 nM
respectively. Similarly, the affinities of M1H5 for RTX751 and for 123cap were 0.8 nM and 0.7
nM respectively. The similar affinity of the neutralizing antibodies for the two antigens, in
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conjunction with similar monomeric SEC and thermal unfolding profiles, suggest that 123cap
retains a similar structure as the full RTX domain.

Crystal structure of 123cap bound to neutralizing antibodies

To define the neutralization-sensitive epitopes of M2B10 and M1HS5 at an atomic level, and to
characterize the overall structure of the ACT receptor-binding domain, we determined a 2.6 A
resolution crystal structure of 123cap in complex with both M2B10 and M1HS5 Fabs. The ter-
nary complex crystallized in space group P2,2,2; and contained 1 complex per asymmetric
unit. The structure was solved by molecular replacement and refined to an Ry i/ Riee Of
19.5%/21.8% (S2 Table), using the crystal structure of RTX block V and the C-terminal cap
(PDB ID: 5CVW) to generate search models for RTX blocks I-IIT and the cap, and using Fab
models for M2B10 and M1H5.

The structure revealed that blocks I-IIT of the RTX domain form an elongated B-roll with a
continuous hydrophobic core, as was observed for the recently determined structure of blocks
IV and V[37]. Notably, the capping structure of 123cap overlays well with the wild-type cap
from the structure of block V[30], showing that the cap can be successfully grafted onto inter-
nal RTX blocks to support their proper folding (Fig 2B). However, the sequence expected to be
the 8 repeat of block III, consisting of residues 1325-1333[31], was excluded from the B-roll
and is present as a loop between repeat 7 of block III and repeat 7 of block V (Fig 1A, F5). This
is likely an artefact of the graft between blocks III and V and suggests an improved 123cap
could be generated by removing repeat 7 or 8 of block III to remove the extra loop. In addition,
N-terminal residues 1007-1055 were unresolved in the structure (Fig 2C), which is consistent
with the N-terminal RTX domain also requiring entropic stabilization[32], but may also be
due to inherent flexibility of this region.

Notably, the linker regions between blocks I and II (L1) and between blocks II and III (L2)
both connect their adjacent RTX blocks using the same topological motif as L4, which con-
nects blocks IV and V (Fig 2D)[37]. In the RTX blocks, where the repeats conform to the RTX
consensus, there are an equal number of B-strands on each face of the B-roll. The linker motif,
in contrast, introduces an additional antiparallel strand onto one face of the -roll, and there-
fore introduces a kink into the RTX domain between the two connected blocks (Fig 1A and
1B). It was previously noted that the L4 topological motif was also present within the C-termi-
nal cap[37]. However, structural alignment of L4 and the cap motif shows that they have differ-
ing conformations. By contrast, the core B-sheets of the L1, L2 and L4 linkers have nearly
identical mainchain conformations (Fig 3B). Previously, RTX repeats were annotated based on
the extent to which they conform to the RTX consensus, and the linkers were defined as the
stretches between blocks of RTX repeats that did not recognizably conform[31]. However,
when defined by the conserved fold, the boundaries of the linkers differ from this sequence-
based annotation. Sequence alignment of the regions defined by the conserved structural
motif reveals sequence homology between L1, L2 and L4 (Fig 3A). The alignment also shows
that L3, whose structure is not known, contains the same motif, and that L1, L2 and L3 are
more similar to each other than they are to L4 (Fig 3A). This suggests that the long RTX
domain of ACT may have evolved via duplication of modules composed of one RTX block
and one linker. Notably, each linker contains a conserved tyrosine/phenylalanine (Tyr1089 in
L1, Tyr1212 in L2, Tyr1354 in L3, Phel486 in L4, Fig 3D) at the N-terminus that packs into
the hydrophobic core against the core-facing residue of the antiparallel f-strand, which is a
valine in L1, L2 and L3. In addition, the linkers all contain a conserved (I/V)EN near the C-ter-
minus, whereby the glutamate (Glu1134 in L1, Glu1258 in L2, Glul525 in L4) coordinates the
Ca’" ion from the RTX block N-terminal to the linker in place of a canonical Ca**-binding
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Fig 2. Crystal structure of 123cap bound to the receptor-blocking antibodies M2B10 and M1H5. (A) Overall structure of
123cap in complex with M2B10 and M1H5 Fabs. Ca®" ions are shown as yellow spheres. (B) Structural alignment of the
capping structure of 123cap with the WT capping structure from the crystal structure of block V (PDB ID: 5CVW), with the
WT cap shown in magenta and the fused cap shown in teal. (C) Topology diagram of blocks I-III from 123cap, including the
topology of linker 1 and linker 2. (D) Structure of L1, L2, L4 and the region from the capping structure with the same
topological motif. Each is colored as an N to C rainbow (blue to red) to show the path of the mainchain.

https://doi.org/10.1371/journal.ppat.1009920.9g002
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alignment denote the subsequent panels that highlight the specified residue. (B) Structural alignment of L1, L2 and L4 (L4 from PDB ID:
6SUS). (C) Conserved Ca”*-binding glutamate at the C-termini of L1, L2, and L4. (D) Conserved core tyrosine/phenylalanine at the N-
termini of L1, L2, and L4. (E) Partially conserved buried lysine residue in L1 and L2.

https://doi.org/10.1371/journal.ppat.1009920.9003

turn (Fig 3C). Interestingly, a lysine that is conserved in the L1, L2 and L3 sequences is seen to
be buried in the structures of L1 and L2 (Lys1118 and Lys1242, respectively), with its terminal
£-amino group occupying the position between two Ca**-binding turns that would typically
be occupied by a Ca** ion (Fig 3E). Overall, these conserved features delineate the inter-block
linkers as distinct modules.

M2B10 engages L1 of the RTX domain using both its heavy and light chains, with the light
chain contacting the short o-helix in the first loop of L1 (Fig 4). Specifically, His92 and Arg93
of the CDRL3 form salt bridges with the sidechain of Glu1100 of the L1 helix (Fig 4, top). In
addition, Tyr32 of the CDRLLI as well as Trp100D of the CDRH3 form nt-cation interactions
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colored yellow. Calcium is represented as yellow spheres.

https://doi.org/10.1371/journal.ppat.1009920.9004

with Argl1101 of the L1 helix. The interaction of the light chain with the L1 helix is also stabi-
lized by hydrogen bonds between the CDRL3 His92 backbone and the sidechain of Argl1101,
as well as between the CDRL1 Tyr32 and Glu1097. Additionally, the sidechains of GIn100B
and Trp100D in the CDRH3 form hydrogen bonds with the loop in L1 that follows the anti-
parallel B-strand. (Fig 4, top). This loop also contains Phe1125, which inserts into a hydropho-
bic pocket formed by Leu96 and Tyr98 in the CDRH3, as well as Leu32 of the CDRH1. The
Asn56 sidechain in the CDRH2 also hydrogen bonds with the Leul124 backbone in this same
loop in L1. Notably, Tyr98 in the CDRH3 stacks against Trp1074 of RTX block I, and also
forms a hydrogen bond with the mainchain nitrogen of Ser1075 using its sidechain hydroxyl.
The contacts formed by Tyr98 with Trp1074 and Ser1075 are the only ones formed by M2B10
with the repeat region of the RTX domain (Fig 4, bottom).

M1HS5 contacts L2 almost exclusively using its heavy chain, with buried surface areas of 816
A% and 146 A for the heavy and light chain interfaces, respectively. Tyr100B of the CDRH3
forms a hydrogen bond with Asp1234, a residue that has been implicated in oy, binding[34].
Argl237 in L2 is a key residue in the M1H5 interface. The Argl237 guanidinium group is
sandwiched on either side by Tyr100B in the CDRH3 and Tyr58 in the CDRH2, forming -
cation interactions. Argl237 also forms a salt bridge with Glu95 in the CDRH3, and hydrogen
bonds to Tyr96 in the CDRL3. Arg1288 and Asp1272, both in RTX block III, form hydrogen
bonds with Asn92 of the CDRL3 and Tyr56 of the CDRH2, respectively, which are the only
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interactions formed by M1H5 with the RTX repeat region (Fig 5, bottom right). Arg98 of the
CDRH3 forms a salt bridge with Asp1249 of L2 and simultaneously forms a n-cation interac-
tion with Tyr1227. CDRH3 Met97 inserts its sidechain into a hydrophobic pocket in L2
formed by Trp1239, Val1268, Asp1234, Ile1270, and Glu1232, and the backbone carbonyl of
Met97 forms a hydrogen bond with the sidechain of Arg1241 (Fig 5, bottom left). In addition,
CDRHI1 Tyr32 forms a n-m stacking interaction with Tyr1251 in L2. Lastly, Glu1238 forms
hydrogen bonds with CDRH2 Gly53 and Thr55 and Asn1253 forms hydrogen bonds with
CDRHI Ser30 and Ser31 (Fig 5, top right).

These data suggest that L1 and L2 are used by ACT to engage the o3, receptor, as binding
of either antibody prevents this interaction[35]. In addition, they also suggest that the linker
regions may be particularly immunogenic, with L1 and L2 likely representing the most critical
epitopes to include in an RTX-based vaccine antigen.

Immunogenicity of 123cap and RTX751 in mice

As 123cap contains both the M2B10 and M1HS5 epitopes, it could potentially serve as an
immunogen that focuses responses to L1 and L2 while avoiding elicitation of non-neutralizing
antibodies. Therefore, we performed mouse immunization experiments to characterize the
immunogenicity of 123cap in comparison to full-length ACT and RTX751. Five-week-old
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Fig 6. RTX751 and 123cap elicit similar neutralizing antibody responses. (A) Mouse serum titers against RTX751, 123cap and
ACT after immunizing and boosting with either RTX751 or 123cap and Freund’s adjuvant. Each data point represents one
mouse, with titers measured by ELISA using the murine M1HS5 antibody as a standard. The x-axis tick labels define the antigen of
reactivity. (B) Toxin neutralization assay with 0.5 ug/mL ACT added to J774A.1 cells in the presence of a 30-fold molar excess of a
neutralizing anti-ACT antibody (M1H5), non-neutralizing anti-ACT antibody (M1F5) or immune sera against 123cap or
RTX751 (1:250 dilution, previously determined to be in the dose-response range; individual mice labeled #1, #2, #3). Each bar
represents the mean of 2 independent assays, with error bars representing the standard error of the mean, and with each assay
containing 3 technical replicates. The mean cell lysis value for sera resulting from RTX751 and 123cap immunization are shown
as dashed red lines.

https://doi.org/10.1371/journal.ppat.1009920.9006

Balb/c mice were immunized with ACT, RTX751 or 123cap and Freund’s complete adjuvant,
boosted four weeks later with the same antigen dosage and Freund’s incomplete adjuvant, with
serum harvested two weeks after boosting. Binding of total serum IgG to RTX variants was
measured, with binding titers against ACT, RTX751 and 123cap being similar upon immuni-
zation with either RTX751 or 123cap (Fig 6A). Assessment of the ability of vaccine-induced
sera to neutralize ACT in a cell-lysis assay showed that sera resulting from immunization with
both RTX751 and 123cap afforded similar decreases in cell lysis (Fig 6B). These results suggest
that 123cap retains the relevant neutralization-sensitive epitopes from the full RTX domain.

Discussion

ACT is an attractive target for next-generation vaccines given its essential role in establishing
initial B. pertussis colonization in mouse intranasal challenge models[19,20]. Previous mouse
immunization experiments showed that the RTX domain of ACT is immunodominant and
elicits neutralizing antibodies[35], suggesting it should be a focus of vaccine design efforts. The
data presented here suggest that the linker regions between RTX blocks may be the immuno-
dominant sites within the RTX domain, although the sites bound by the four non-neutralizing
RTX competition groups are not yet known. However, it is intuitive that the RTX domain
would engage in protein-protein interactions using its inter-block linkers, as the -roll struc-
ture that results from tandem repeats of the consensus is extremely flat and does not have an
optimal surface for the formation of an extensive binding interface. The deviation from the flat
B-roll and presence of longer loops allow the linker regions to engage antibodies, and likely the
o, receptor. Specifically, the structure of 123cap bound to the neutralizing antibodies
M2B10 and M1H5—representing the two neutralizing competition groups of RTX domain
antibodies—shows that the two corresponding neutralizing sites are L1 and L2. Therefore, a
focus of vaccine design could be the optimal presentation of L1 and L2, with the goal of elicit-
ing M1H5-like and M2B10-like antibodies.
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In addition, the ability of M2B10 and M1HS5 to inhibit oy, binding[35] suggests that L1
and L2 are involved in engaging o3,. Notably, L1 and L2 reside within the previously identi-
fied putative receptor-binding site spanning ACT residues 1166-1287[33]. The double mutant
D1232A/D1234A and the triple mutant D1193A/D1194A/E1195A evaluated in that study are
both deficient in binding cells expressing onf, as well as in af,-dependent cell intoxication
[34]. Asp1232 and Asp1234 are exposed in L2 and are part of the M1H5 binding interface (Fig
5), which suggests L2 contains at least part of the receptor-binding surface. Asp1193, Asp1194,
and Asp1195 are not within L2 but rather the repeat immediately preceding L2, however they
are only partially surface-exposed and are involved in internal hydrogen-bonding networks
and Ca®" coordination. Thus, it is likely that mutation of these three residues to alanine results
in a local destabilization of L2, still pointing to the importance of this region in o, binding.
No mutations specifically localized to L1 have been identified that prevent onf, binding,
therefore it is unclear whether the M2B10 binding site additionally represents a significant
portion of the receptor-binding interface or M2B10 merely clashes sterically with the receptor.
The 0B, ectodomain is ~110 A in its longest dimension and could accommodate an interface
spanning L1 and L2, which are ~35 A apart.

The B-roll structure formed by tandem RTX repeats contains mostly local interactions. As
has been noted for repeat proteins in general, this simplifies the relationship between sequence
and structure and therefore allows fusion of disparate regions into rigid units by keeping them
“in-frame” with respect to the consensus sequence[38]. Here we show that the proper folding
of an RTX domain fragment containing blocks I-III can be achieved by fusing it to the C-ter-
minal cap of block V, demonstrating that this can be a successful strategy for expressing inter-
nal RTX blocks. During preparation of this manuscript, a publication from Espinosa-Vinals
et al.[39] similarly showed that ACT and RTX variants truncated at residue 1294 (in block III)
could be expressed and were functional when fused to residues 1562-1706, containing half of
block V and the capping structure.

The homology between the linkers of the ACT RTX domain suggests that they may share a
common ancestor, with the evolutionary history of ACT or one of its ancestors potentially
involving repeat expansion of a single linker. The conserved features of the inter-block linkers
suggest they should be relatively straightforward to incorporate into generic RTX scaffolds.
This could allow for the rational design of antigens that optimally present L1 and L2 to
immune cells, such as synthetic RTX proteins containing arrays of L1 and L2. In such arrays,
the distance between linkers could be tuned by the number of repeats in the intervening RTX
blocks and the direction of the kinks in the -roll would depend on which face of the B-roll
enters the linker motif. Linker arrays could also be used to expand the breadth of coverage by
presenting linkers with polymorphisms present in different B. pertussis strains or other Borde-
tella species. In addition, it may be possible to optimize expression and stability of a generic
RTX scaffold that is not evolutionarily constrained by the function of the overall toxin. Previ-
ously, an ankyrin repeat protein was designed by having the repeat regions conform strictly to
the consensus, and it was found that this protein was more stable than naturally occurring
ankyrin repeats[40]. Similar results were obtained by designing a consensus tetracopeptide
repeat protein, with it similarly exhibiting greater stability than its natural counterpart[41].
Thus, an analogous strategy could be employed to design a stable RTX repeat scaffold to pres-
ent RTX linkers.

Lastly, we show that 123cap can elicit similar levels of neutralizing antibodies to the wild-
type variant RTX751, which contains the entire RTX domain. This suggests that 123cap con-
tains most or all the neutralization-sensitive epitopes of the RTX domain, meaning 123cap or a
similar immunogen could be used to focus the immune response onto L1 and L2, with the
goal of eliciting neutralizing antibodies that target oy, binding. In the recent publication
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from Espinosa-Vinals et al.[39], an RTX variant containing only L2 and not L1 was unable to
out-compete WT ACT for cell-binding, whereas all N-terminally extended variants that con-
tained L1 were able to block ACT binding to cells. In addition, immune sera elicited by the var-
iants containing L1 exhibited significantly greater inhibition of cell binding by ACT. The
improved ability of variants containing L1 to elicit receptor-blocking antibodies is consistent
with L1 being a key epitope that elicits M2B10-like antibodies.

Despite ACT being essential[20], its potential role as a protective antigen has been harder
to define. Prior reports evaluated this in mouse models using ACT immunization, either alone
or in combination with acellular vaccines [42-44]. While some of these reports observed sig-
nificant reductions in bacterial lung colonization attributable to ACT, others did not. We
hypothesize that these experiments have been complicated by heterogeneous ACT protein
preparations that present neutralizing epitopes in various conformations as well as the pres-
ence of non-neutralizing epitopes that can limit protective responses. The 123cap immunogen
described here will help to elucidate these issues in future work.

Materials and methods
Ethics statement

All animal procedures were performed in a facility accredited by the Association for Assess-
ment and Accreditation of Laboratory Animal Care International in accordance with proto-
cols approved by University of Texas, Austin (2018-00092) Animal Care and Use Committees
and the principles outlined in the Guide for the Care and Use of Laboratory Animals.

Protein expression and purification

To clone the RTX cap fusion variants, N-terminal and C-terminal fragments were PCR-ampli-
fied and fused by overlap PCR, before being cloned into the pET22b bacterial expression vec-
tor downstream of an N-terminal 8xHis tag and human rhinovirus (HRV) 3C protease
cleavage site. RTX751 (ACT residues 751-1706) was also cloned downstream of an N-terminal
8xHis and HRV 3C protease site. RTX variants were transformed into E. coli BL21 DE3 for
IPTG-inducible overexpression. Transformed cells were grown to ODgg = 0.6, after which 1
mM IPTG was added and cells were grown for 16 h at 16°C. Cells were then resuspended in 50
mM Tris-HCl pH 8, 200 mM NaCl, 10 mM imidazole, 2 mM CaCl, and lysed via two passages
through a Microfluidics LM 10 Microfluidizer at 18,000 psi. Lysate was then centrifuged for 1 h
at 30,000xg to clarify soluble fraction. Equilibrated HisPur Ni-NTA Resin (Thermo Fisher)
was stirred with clarified lysate for 30 min., after which the flow-through was collected and the
resin was washed with 50 mM Tris-HCl pH 8, 200 mM NaCl, 40 mM imidazole, 2 mM CaCl,.
The protein was eluted with 50 mM Tris-HCl pH 8, 200 mM NaCl, 150 mM imidazole, 2 mM
CaCl,, concentrated, and further purified by size-exclusion chromatography using a HiLoad
16/600 Superdex 200 pg column (Cytiva) and a running buffer of 20 mM Tris-HCl pH 7.5, 150
mM NaCl, 2 mM CaCl,. Protein used for crystallization was purified in the same fashion, but
with 10 mM SrCl, in the lysis, wash, and Ni-NTA elution buffers. After size-exclusion chroma-
tography, protein was concentrated down to 1-3 mg/mL, flash-frozen using liquid N,, and
stored at -80°C.

To allow for efficient generation of Fabs, the VH from M2B10 and M1H5 were cloned into
a heavy chain expression vector containing an HRV 3C protease site between the CH1 and
CH2 domains. To express M2B10 and M1H5 IgG, the heavy and light chain vectors were tran-
siently co-transfected into FreeStyle 293-F cells (Invitrogen). After 6 days, supernatant was
harvested and passed through a 0.22 uM filter. IgG was then purified from the supernatant
using Protein A Agarose (ThermoFisher). Fab was produced by incubating IgG with 1:20 wt/
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wt HRV 3C protease for 1 h at room temperature, depleting the Fc by passing the reaction
over Protein A Agarose (ThermoFisher), and subsequently separating the Fab from the HRV
3C protease by size-exclusion chromatography using a HiLoad 16/600 Superdex 200 pg col-
umn (Cytiva) and a running buffer of 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM CaCl,.
Protein was then concentrated down to 5-10 mg/mL, flash-frozen using liquid N,, and stored
at-80°C.

Immunoprecipitation with M2B10 and M1H5 was used to purify the 123cap+M2B10 Fab
+M1HS5 Fab complex used for crystallography. 2-fold molar excess of each IgG was added to
123cap and incubated for 10 min. at room temperature. The binding reaction was then passed
over Protein A Agarose (ThermoFisher), the resin was washed, and the ternary complex was
released by rotating the resin in buffer containing 1:20 wt/wt HRV 3C protease relative to the
mass of IgG overnight at 4°C. The ternary complex was then concentrated and further purified
by size-exclusion chromatography using a Superdex 200 Increase 10/300 GL column (Cytiva)
and a running buffer of 20 mM Tris-HCI pH 7.5, 150 mM NaCl, 2 mM CaCl,. After size-exclu-
sion chromatography, the ternary complex was concentrated down to 3.5 mg/mL, flash-frozen
using liquid nitrogen, and stored at -80°C.

Differential scanning fluorimetry

RTX cap fusion variants F3, F4 and F5 were diluted to 0.25 mg/mL with buffer containing 20
mM Tris-HCI pH 7.5, 150 mM NaCl, 2 mM CaCl, and a final concentration of 5X SYPRO
Orange dye (diluted from a 2000X stock) in triplicate in a 96-well plate. Melting profiles were
obtained using a Roche LightCycler 480 II by taking continuous fluorescence (Aex = 465 nm,
Aem = 580 nm) with measurements at 480 nm, with a temperature range of 22°C to 95°C and
a ramp rate of 4.4°C/min.

Surface plasmon resonance

To measure the kinetics of M2B10 Fab and M1H5 Fab binding, RTX751 and 123cap with N-
terminal 8xHis tags were immobilized onto an NTA sensor chip (Cytiva) in a Biacore X100
(Cytiva) using a running buffer of 10 mM HEPES pH 8.0, 150 mM NaCl, 2 mM CaCl,, 0.05%
Tween-20. Following immobilization of ~200 RU RTX751 or ~100 RU 123cap, Fab solution
(0.1 nM, 1 nM, 2 nM, 5 nM, 10 nM, and 25 nM for M1H5; 0.4 nM, 0.8 nM, 1.6 nM, 3.1 nM,
6.3 nM, 12.5 nM, 25 nM, 50 nM for M2B10) was flowed in and association was measured for
120s, with buffer being subsequently flowed in for 600s to measure dissociation. Regeneration
and re-functionalization of the NTA was performed after each association and dissociation,
cycle using 0.35 M ethylenediaminetetraacetic acid (EDTA) followed by 0.5 mM NiCl,. Global
association and dissociation constants were obtained by fitting the data to a 1:1 binding
model.

X-ray crystallography

Ternary complex of M2B10 Fab+M1H5 Fab+123cap at 3 mg/mL was mixed with mother
liquor (0.1 ul + 0.1 ul) containing 0.1M sodium potassium phosphate pH 6.2, 10% PEG8000,
0.2 M NaCl, 3% sucrose using an NT8 (Formulatrix), which subsequently spotted the 0.2 ul
drop into an MRC2 sitting-drop crystallization tray to allow for vapor diffusion, with the
well containing 60 ul of the mother liquor. A 2.6A diffraction dataset was obtained using a
crystal that was rapidly soaked in 0.1 M sodium potassium phosphate pH 6.2, 10%
PEG8000, 0.2 M NaCl, 3% sucrose, 30% ethylene glycol, before being flash-frozen in liquid
nitrogen. Diffraction data were collected at the SBC beamline 19ID (Advanced Photon
Source, Argonne National Laboratory). Indexing and integration of the diffraction data
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were performed in iMOSFLM[45], before being subsequently scaled to 2.6A and merged
using AIMLESS[46]. Molecular replacement was performed with Phaser[47]. Iterative
rounds of model building and refinement in Coot[48], Phenix[49], and ISOLDE[50] were
then performed to arrive at a final model. Data collection and refinement statistics can be
found in S2 Table.

Mouse immunization

Five-week-old Balb/c mice were subcutaneously immunized with 10 pg of RTX751 or 123cap,
or 15 ug of ACT, and Complete Freund’s Adjuvant (Sigma). Four weeks later, mice were
boosted with the same amount of protein and Incomplete Freund’s Adjuvant (Sigma). Two
weeks after boosting, mice were sacrificed by cardiac puncture for serum collection.

Measurement of anti-RTX IgG titers

For serological analyses, plates were coated with 0.5-1 pg/mL antigen in HBSC (HBS + 2 mM
CaCl,) in high protein binding 96-well plates (Corning) overnight at 4°C. Plates were blocked
with 5% milk in PBS+0.1% Tween-20 (PBS-T) for one hour prior to the addition of duplicate
control mouse antibody M2B10 or sera, starting at 2 mg/mL or a 1:200 dilution, respectively,
and serially diluted 5-fold. Controls included the same antibody dilutions on uncoated wells
and coated wells with no primary antibody. After a one-hour incubation at room temperature,
plates were washed three times with PBS-T and 1:2000 anti-mouse Ig-HRP secondary (Southern
Biotech) with PBS-T + 5% milk as diluent. Binding was assessed with the addition of freshly pre-
pared 1:1 TMB (Pierce) and quenched with an equal volume of 1 N HCI. Absorbance values at
450 nm were measured using a SpectraMax M5 plate reader and analyzed with GraphPad
Prism 9. The control antibody data was fit to a four-parameter curve and the relative sera con-
centration calculated by fitting the corresponding absorbance to these parameters.

Serum neutralization assays

Murine macrophage-like J774A.1 cells (ATCC) were cultured at 37°C and 5% CO, in DMEM
with 1 mM sodium pyruvate, 10% FBS, and pen/strep and scraped with a rubber spatula collect
cells for subculture or assay preparation. Cytotoxicity assays were performed as described[35].
Briefly, J774A.1 cells were seeded in 96-well plates at 1x10° cells per 100 uL media. The next
day, sera (1:250 dilution), murine M1H5 antibody (20 pg/mL) diluted in media, or a media-
only control, were pre-incubated with 0.5 ug/mL refolded ACT in unsupplemented DMEM
for 30 minutes at room temperature. Cells were washed three times with PBS before adding
110pL antibody-toxin media or 100uL media for lysis control wells. The plate was incubated at
37°C, 5% CO, for 2 hours, with the addition of 10pL lysis reagent (Promega CytoTox96) to
control wells after 75 minutes. The plate was centrifuged at 250xg for 5 minutes and the lactate
dehydrogenase released measured by transferring 40 mL of supernatant to a fresh low binding
96-well plate (Corning) and adding an equal volume of CytoTox96 reagent. The reaction was
incubated in the dark for 30 min before quenching with 40 mL 1 M acetic acid. The absor-
bance at 490 nm was measured and the % lysis for each well determined as follows: 100%*
[A4q0 (sample well)—A 490 (untreated cell control)]/[A 490 (lysis control)—A g0 (untreated cell
control)].

Supporting information

S1 Table. Cap fusion designs.
(DOCX)
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(DOCX)
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