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SUMMARY

Community-acquired respiratory distress syndrome (CARDS) toxin from Mycoplasma
pneumoniae is a 591 amino acid virulence factor with ADP-ribosyltransferase (ADPRT) and
vacuolating activities. It is expressed at low levels during in vitro growth and at high levels during
colonization of the lung. Exposure of experimental animals to purified recombinant CARDS toxin
alone is sufficient to recapitulate the cytopathology and inflammatory responses associated with
M. pneumoniae infection in humans and animals. Here, by molecular modeling, serial truncations
and site-directed mutagenesis, we show that the N-terminal region is essential for ADP-
ribosylating activity. Also, by systematic truncation and limited proteolysis experiments we
identified a portion of the C-terminal region that mediates toxin binding to mammalian cell
surfaces and subsequent internalization. In addition, the C-terminal region alone induces
vacuolization in a manner similar to full-length toxin. Together, these data suggest that CARDS
toxin has a unique architecture with functionally separable N-terminal and C-terminal domains.
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INTRODUCTION

Mycoplasma pneumoniae is a bacterial pathogen that causes a broad range of human
respiratory illnesses, including pharyngitis, tracheobronchitis, wheezing and community-
acquired pneumonia (Atkinson et al., 2008, Waites & Talkington, 2004). Evidence linking
the organism to reactive airway diseases, such as asthma, is rapidly accumulating (Esposito
et al., 2000, Kraft, 2000, Biscardi et al., 2004, Nisar et al., 2007, Sutherland & Martin, 2007,
Peters et al., 2011). However, the airway is not the only target, as a spectrum of extra-
pulmonary complications is also associated with M. pneumoniae infection (Baseman et al.,
1996, Talkington DF et al., 2001, Berg et al., 2009). M. pneumoniae pathogenicity depends
on its attachment to, and colonization of the respiratory epithelium, and these processes are
mediated by specific mycoplasma adhesins and adherence-accessory proteins (Baseman,
1993, Baseman et al., 1996).

While evaluating the potential of various host proteins to serve as targets of mycoplasma
surface parasitism, a mycoplasma polypeptide designated as MPN372 was identified
through its ability to bind surfactant protein-A, the major component of pulmonary
surfactant (Kannan et al., 2005). After MPN372 was found to possess ADP-ribosylating and
vacuolating activities, it was designated Community-Acquired Respiratory Distress
Syndrome (CARDS) toxin (Kannan & Baseman, 2006). In addition, CARDS toxin induces a
robust inflammatory response with associated histopathology in baboon tracheal organ
cultures and mouse bronchiolar epithelium (Kannan & Baseman, 2006, Hardy et al., 2009).

This combination of biological activities suggests that CARDS toxin plays an important role
in M. pneumoniae pathogenesis (Kannan & Baseman, 2006, Hardy et al., 2009). In support
of this idea, CARDS toxin expression is dramatically limited during mycoplasma growth in
laboratory media, in contrast to its markedly up-regulated synthesis during M. pneumoniae
infection of the airway (Kannan et al., 2010). CARDS toxin also elicits a strong immune
response in convalescing humans and infected experimental animals and is readily
detectable in airway fluids (Kannan et al., 2010, Techasaensiri et al., 2010, Kannan et al.,
2011, Muir et al., 2011, Peters et al., 2011, Kannan et al., 2012). Furthermore, purified
recombinant CARDS toxin elicits multiple inflammatory and temporally changing
histopathological patterns in rodents and primates in a manner similar to those observed
during M. pneumoniae infection (Hardy et al., 2009).

Sequence analyses indicate that CARDS toxin possesses amino acid sequence similarities to
the catalytic subunit of the exotoxin from Bordetella pertussis (pertussis toxin; PT) (Kannan
et al., 2005, Kannan & Baseman, 2006) and the catalytic domain of the exotoxin from Vibrio
cholerae (cholera toxin; CT). Crystal structures and computer modeling studies of ADP-
ribosyltransferase (ADPRT) toxins indicate that the N-terminal regions of specific ADPRTSs,
like pertussis, diphtheria, cholera, and heat-labile enterotoxin contain a conserved NAD-
binding catalytic domain and a catalytic glutamate residue in their active sites, as does
CARDS toxin. Unlike the catalytic PT S1 subunit (PT-S1) and the CT ADPRT subunits,
which require additional subunits for binding and internalization (29), CARDS toxin, like
diphtheria toxin (DT), is translated as a single polypeptide chain which binds to and is
internalized by mammalian cells using clathrin-mediated pathways (Krishnan et al., 2013).
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Also, completely distinct from all other bacterial ADPRTs, CARDS toxin exhibits a striking
vacuolating phenotype (Kannan & Baseman, 2006, Johnson et al., 2011). Further, the C-
terminal region of CARDS toxin shares ho homology with any sequenced protein in the
global database.

Here, we use structure prediction and molecular modeling combined with sequential
deletion, site-directed mutagenesis and limited proteolysis to generate a series of soluble
recombinant CARDS toxin variants that serve as functional probes to identify the molecular
determinants of cell surface binding, vacuolating, and ADPRT activities. These data identify
the minimal N-terminal region along with the amino acids necessary for ADPRT activity
and the portion of the CARDS toxin molecule that enables host cell binding and
internalization. Additionally, we show that the C-terminal region is essential for
vacuolization.

Molecular Model of CARDS Toxin ADPRT Domain

The N-terminal region of CARDS toxin shares limited identity with the catalytic domain of
many ADPRT toxins (Kannan & Baseman, 2006). To detect protein scaffolds compatible
with the CARDS toxin amino acid sequence, we used the program HHPRED and the entire
CARDS toxin amino acid sequence as the query. Table 1 shows the statistics for the five
top-scoring hits of ADPRT domains of different toxins, which includes PT (Hazes et al.,
1996), typhoid toxin (Song et al., 2013), CT (O'Neal et al., 2005), LT (Sixma et al., 1993),
and mosquitocidal toxin (Reinert et al., 2006). Since HHPRED predicted PT as the top
structural template, we generated the molecular model of the CARDS toxin N-terminal
region (residues 1-239) based on the PT structure using the program MODELLER (Sanchez
& Sali, 1997, Sanchez & Sali, 2000) and subsequently superimposed the model on the
structures of PT (Fig. 1A) and CT (Fig. 1B) ADPRT domains. The residues of the R---
STS---E signature sequence expected to be involved in cofactor binding and catalysis are
shown, as are several additional residues conserved in the active sites of the three toxins,
including aspartic acid, arginine, and histidine residues (D12, R14, H36). The molecular
model thus generated was subsequently compared to the structure of the CT ADPRT domain
with NAD* bound [Fig. 1C; (O'Neal et al., 2005)]. Superposition of CARDS toxin ADPRT
domain on CT (Fig. 1D) reinforces their close similarities during their interactions with
NAD*.

CARDS Toxin C-terminal Truncation Variants with ADPRT and NADase Activity

To identify and confirm the minimal N-terminal region essential for ADPRT activity, we
constructed a series of C-terminal truncation variants of CARDS toxin by introducing stop
codons within the coding region of UGA-corrected full length (FL) CARDS toxin at amino
acid residues 186, 206, 228, 249, 307, 353, 391, 447, 507, 525 and 550 as indicated in Fig.
S1-A. The parallel gel image shown in Fig. S1-B reveals that all of the expressed proteins
migrate at their expected molecular masses. To cross-validate that the molecular
determinants of ADPRT activity were housed within the N-terminal region, residues of the
putative bacterial signature sequence were mutated to Ala. In addition to the conversion of
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the putative E132 catalytic residue to alanine (Glul32—Al2) (Kannan & Baseman, 2006) we
modified two other amino acid residues considered essential to ADPRT activity by
converting arginine at position 10 and histidine at position 36 to alanine (Argl0—Ala and
His36—Ala respectively) using overlap extension PCR (Fig. 2A).

To screen for ADPRT activity, we analyzed the C-terminal truncation variants (amino acids
1-206, 1-228, 1-249 and 1-550) and signature residue point mutants (Argl0—Ala,
His36—Ala and Glul32—Ala) for ADPRT activity (Fig. 2A). As indicated in Fig. 2B, all C-
terminal truncation constructs retaining the ADPRT motif predicted in Fig. 1 catalyzed the
ADP ribosylation of specific HeLa cell target proteins at ~50 kDa. C-terminal truncation
variants smaller than the predicted motif exhibited lesser degrees of ADPRT activity (i.e.,
compare band intensities of truncation 1-249 to smaller truncations). In contrast, the three
alanine-substituted purified CARDS toxin mutant proteins were individually tested for
ADPRT activity and, as expected, none was observed, confirming that these amino acids are
essential for ADP-ribosylation.

Since all ADP-ribosylating toxins also exhibit NAD glycohydrolase (NADase) activity in
the absence of their specific ADP-ribose acceptor, we further defined the minimal CARDS
toxin region with intact NADase activity using [carbonyl-14C]NAD as described (Weng et
al., 1999). Like FL, all C-terminal truncation variants (amino acids 1-206, 1-228, 1-249
and 1-550) of CARDS toxin demonstrated NADase activity but to varying degrees. For
example, using identical equimolar concentrations of FL and C-terminal truncations (140
pmoles), CARDS,4g exhibited NADase activity similar to FL toxin, whereas CARDS g,
CARDS3,,g and CARDSs5q demonstrated 55%, 60% and 84% activities, respectively,
relative to FL.

Binding and Internalization of CARDS Toxin Variants

To characterize the influence of modified ADPRT-related essential amino acids on binding
and internalization of CARDS toxin, we labeled CARDS toxin and its derivatives with
biotin. All three ADPRT CARDS toxin mutants (Argl0—Ala Hjs36—~Ala gnd Glyl32—~Ala; 10
pg/ml) exhibited comparable binding to FL CARDS toxin (data not shown). Furthermore,
we incubated HeLa cell monolayers for 1h at 37°C with biotinylated Argl0—Ala Hjs36—Ala
and Glul32—Ala mytant proteins and observed 96+5%, 97+7% and 93+6% internalization,
respectively, when compared to FL toxin. As detected by immunofluorescence (Fig. 3),
these mutant proteins exhibited similar internalization and distribution patterns in HeLa
cells, like FL CARDS toxin. Fig. S2-A shows a schematic of FL CARDS toxin and the
series of N-terminal CARDS toxin truncation variants tested for their cell surface receptor-
binding and internalization capacities (amino acids 118-591, 178-591, 287-591, 366-591,
434-591, 466-591, and 516-591). The Nu-PAGE gel electrophoresis image shown in Fig.
S2-B reveals that the expressed proteins migrate at their expected molecular masses. In this
group, only CARDS toxin variants 118-591 and 178-591 were soluble and could be
purified, while the remaining constructs were insoluble proteins.

FL CARDS toxin and truncation variants 1-249 (CARDS24g), 178-591(;78CARDS), and 1-
550 (CARDSs5() were biotinylated and tested for binding and internalization as described in
Experimental Procedures. The results of the binding assay are shown in Fig. 4 and reveal
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that truncation variants lacking the C-terminal region, including CARDSs5q which is
missing the last 41 amino acids, fail to bind or be internalized. In contrast, the N-terminal
truncation variant 17gCARDS exhibited binding to HelL a cells similar to FL CARDS toxin
[Fig. 4A; (Krishnan et al., 2013)] at 4°C. Upon shift to 37°C, the 173CARDS protein
demonstrated internalization dynamics, like FL toxin (Fig. 4B). Immunofluorescence
analysis confirmed the internalization of 17gCARDS protein but not CARDSsgq (Fig. 4B) by
Hela cells.

Limited Proteolysis and Identification of Minimal Domain of CARDS Toxin Essential for
Binding and Internalization

Since most of the N-terminal deletions yielded insoluble proteins, we used limited
proteolysis to define the minimal region essential for binding and internalization. Limited
protease digestion of FL CARDS toxin with trypsin or chymotrypsin yielded two distinct
fragments of ~33 kDa and ~35 kDa, corresponding to cleavage on the C-terminal side of
Lys305 and Lys307 (Pakhomova et al., 2010). This process resulted in non-covalently
associated domains defined by amino acid residues 1-305 and 308-591 (Fig. 5A). Attempts
to purify the ~33 kDa protein (308-591) from the trypsin-digested FL. CARDS toxin were
unsuccessful due to an apparent strong association with the ~35 kDa N-terminal fragment.
Furthermore, like most of the N-terminal truncated proteins, 3pgCARDS was unstable, even
when using different E. coli vectors. Unlike FL CARDS toxin, chymotrypsin proteolysis of
the 178CARDS protein yielded a soluble ~38 kDa fragment (Fig. 5A). However, at higher
chymotrypsin concentrations (Fig. 5A), the ~38 kDa fragment was further digested to a ~33
kDa fragment, corresponding to 30gCARDS. N-terminal sequencing of the ~38 kDa and ~33
kDa products indicated that they consist of residues 264-591 and 308-591, respectively
(Fig. 5A).

Like FL CARDS toxin and 173CARDS, 24CARDS could be expressed in soluble form, and
the purity and size of the protein were confirmed by SDS-PAGE (Fig. 5B). Comparison of
biotin-labeled ,4CARDS binding and internalization with FL CARDS toxin revealed that
equimolar amounts of ,54CARDS protein exhibited ~93+6% binding and 89+4%
internalization relative to FL CARDS toxin. Immunofluorescence demonstrated

that ,64CARDS protein is internalized and distributed throughout the cytoplasm within 1 h
(Fig. 5C) similar to FL (Fig. 3).

Dependence of Vacuolization on C-terminal Region of CARDS Toxin

All FL ADPRT signature sequence mutants of CARDS toxin were assayed for vacuolating
activity. Under optimized buffer conditions, Argl0—Ala Hjs36—Ala gnd Glul32—Ala mytant
proteins induced vacuolization, similar to FL CARDS toxin (data not shown). In addition,
FL CARDS toxin exposed to limited trypsin proteolysis retained vacuolization activity (Fig.
6, see Discussion). When 17g6CARDS or 564CARDS proteins were incubated with HelLa
cells, these truncation variants also induced vacuole formation, confirming the association
between vacuolization and the C-terminal region (Fig. 6A). Interestingly, 17sCARDS
exhibited a diminished vacuolating phenotype compared to FL and other toxin derivatives
(Fig 6B). Limited trypsin digestion of 173CARDS resulted in a C-terminal fragment (~33
kDa) corresponding to region 308-591 (Fig. 5A, 178CARDS panel, lane 2).
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Like 2,64CARDS, the protease-cleaved 30gCARDS also induced vacuole formation in HelLa
cells (Fig. 6A-C). FL toxin (140 pmol) induced vacuole formation in all cells (100% within
12h), whereas cells treated with C-terminal derivatives (using the same molar concentrations
as FL) exhibited varying degrees of vacuolization during the same 12h period. However,
upon longer incubation (24-60h) all cells developed vacuoles, although the number and size
of individual vacuoles varied (Fig. 6C).

DISCUSSION

Bacterial toxins modify targets in the cell cytosol or inner leaflet of the cytoplasmic
membrane. ADP-ribosylating toxins damage or kill cells as a result of altered cell functions
(Krueger & Barbieri, 1995, Locht & Antoine, 1995, Holbourn et al., 2006, Kannan &
Baseman, 2006, Deng & Barbieri, 2008). For this purpose, the classical ADP-ribosylating
toxins typically retain at least three functional capabilities: 1) cell-surface receptor binding;
2) ability to translocate the ADPRT domain into the cytosol; and 3) ability to modify cellular
protein targets by covalently attaching ADP-ribose to particular amino acids. These
functions are often found in distinct domains of a single polypeptide chain (e.g., DT or
Pseudomonas exotoxin A [PAETA]), or several protein chains (e.g., PT or CT). Based on
their conserved ‘S-X-S’ or “Y-(X)10-Y’ motif, ADP-ribosylating toxins are divided into two
enzymatic groups: cholera toxin (CT)-like or diphtheria toxin (DT)-like, respectively
(Domenighini & Rappuoli, 1996).

Identification of Minimal Soluble Domain Necessary for ADPRT Activity

As described earlier, analysis of the CARDS toxin amino acid sequence demonstrated the
relationship between the N-terminal region of CARDS toxin (residues 1-239) and the
catalytic subunit of the exotoxin from B. pertussis (Kannan et al., 2005). In contrast,
residues 240-591 of CARDS toxin exhibited no detectable sequence similarity to any other
protein in the non-redundant sequence database. We searched for possible structural
homologs of CARDS toxin using pair-wise comparison of profile HMMs as implemented in
the program HHPRED (Soding, 2005, Soding et al., 2005) (see Experimental Procedures).
CARDS toxin and PT residues are accounted for in both proteins using PT as the template
(residues 3—230 of CARDS toxin are predicted to match residues 2-201 of PT, see Table 1).
The high degree of structural similarity between the molecular model of the CARDS toxin
ADPRT domain with those of PT and CT in the protein data bank [pdb codes 1bcp (Hazes et
al., 1996) and 1s5d (O'Neal et al., 2004), respectively] is evident in Figs. 1A and 1B. All
three proteins have the signature sequence R---STS---E and histidine with the modeled CT
possessing the only difference - an Asp instead of a Glu in the position identified as a key
acidic residue necessary for catalysis. Comparison of the CARDS toxin active site model
with the structure of the CT active site shown in Fig. 1C and 1D reveals that the two proteins
possess essentially identical residues poised to interact with NAD™, with Arg14, Asp12, and
Argl10 in CARDS toxin analogous to Argll, Asp9, and Arg 7 of CT. The slight differences
in position of the various side chains arise because CARDS toxin side chains are not
constrained by contact with cofactor during the satisfaction of spatial restraints calculation
in MODELLER (Sanchez & Sali, 1997, Sanchez & Sali, 2000). In addition to the
conversion of the putative E132 catalytic residue to alanine (Glul32—Al3) reported earlier
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(Kannan & Baseman, 2006), converting arginine at position 10 and histidine at position 36
to alanine (Argl0—Ala and His36—Ala) aholished the ADPRT activity, confirming that these
amino acids are essential for ADP-ribosylation.

The catalytic glutamic acid residue at position 132 in CARDS toxin [analogous to Glu148 of
DT Glu553 of PAETA, Glul12 of CT and LT, Glul129 of PT, and Glu214 of Clostridium
botulinum C3 exoenzyme] is similar to the well characterized Glu/GIn-X-Glu motif
characteristic of the CT group. The other conserved amino acids considered important in
catalysis are CARDS toxin Arg 10 [equivalent to Arg 9 of PT (Burnette et al., 1988) and
Arg 7 of CT or LT (Burnette et al., 1991, Lobet et al., 1991)] and His36 [equivalent to
His35 of PT (Xu et al., 1994), His 44 of LT (Kato et al., 1997) and CT (Jobling & Holmes,
2001)]. CARDS toxin Glu132 likely stabilizes a chemical intermediate of NAD* by forming
a hydrogen bond with the O hydroxyl group of the nicotinamide ribose (Han et al., 1999).
Except for pertussis and cholera toxins, the predicted a-f structure of CARDS toxin has
minimal amino acid sequence identity to other ADP-ribosylating toxins. However, it retains
the consensus STS, which is predicted to reside in a -strand 3 that serves as the "floor" of
the cavity in most of the enzymes of the CT group in which NAD™* binds (Domenighini &
Rappuoli, 1996). Because of the observed ADPRT activities of FL and truncated toxins (Fig
2B), we compared these proteins for NADase activities using equimolar concentrations of
FL and C-terminal truncation variants. Like ADPRT levels, we detected similar patterns of
enzymatic activities, suggesting that amino acid residues between 228 and 249 are critical to
maintain both ADPRT and NADase activities and/or proper conformation of the active site.

Receptor Binding and Vacuolating Activities of CARDS Toxin

Although the M. pneumoniae CARDS toxin ADPRT domain is structurally similar to the
PT-S1 and CT catalytic subunits, CARDS toxin does not possess the pentameric
arrangement of peptide chains that act in receptor binding and internalization in those toxins.
Instead, the single peptide organization of CARDS toxin is more similar to the DT group of
toxins, like DT and PAETA. Deletion of the C-terminal region of CARDS toxin completely
abrogated its binding and internalization, suggesting that the C-terminus performs a role
analogous to the pentameric assembly of PT-S1 and CT (Fig 4A—-C). Removal of the last 41
amino acids from the C-terminal end of CARDS toxin (residues 551-591) abolishes binding,
indicating that this region directly mediates binding to host cell membrane receptor(s) or that
deletion of this region alters the local conformation of CARDS toxin, thereby preventing
toxin-receptor interactions.

Although most of the N-terminal truncation variant constructs of CARDS toxin resulted in
insoluble recombinant proteins, 178CARDS and 264CARDS truncations and protease-
released 30gCARDS peptide yielded soluble proteins (Figs. S2 and Fig. 5). Their availability
as reagents enabled us to demonstrate that the C-terminal region is responsible for binding
and internalization. In addition, the vacuolating properties of CARDS toxin were directly
associated with the C-terminal domain, demonstrating that the CARDS toxin C-terminus
possesses functions beyond cell-surface binding and internalization (Fig. 6). Further,
decreased vacuolization was detected with all N-terminal truncations, when compared to FL,
suggesting a possible role of the N-terminal region in maintaining conformational integrity
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of the C-terminal region. The vacuolization induced by bacterial toxins has been examined
in the case of cytotoxin VacA from Helicobacter pylori (Cover & Blaser, 1992) and AB5
subtilase cytotoxin (SubAB) of Shiga-toxigenic E. coli (Paton et al., 2004). Similar to the
CARDS toxin C-terminal binding region, the B domain of SubAB toxin causes vacuolation
(Morinaga et al., 2007). However, no sequence similarity between CARDS toxin and the
functional vacuolating domains of VacA and SubAB has been identified, which could
explain differences observed in the vacuole phenotype generated by CARDS toxin versus
VacA (Johnson et al., 2011, Papini et al., 1994).

Parallels between CARDS toxin and DT via Intramolecular "Nicking"

Because CARDS toxin and DT are both translated as single polypeptide chains, comparisons
between them are of special interest. When DT is cleaved by trypsin, the A-fragment
remains linked by a disulfide bond to the B-fragment (Pappenheimer, 1977). In previous
work (Pakhomova et al., 2010), we observed that limited proteolysis of FL CARDS toxin
with trypsin or chymotrypsin resulted in cleavage on the C-terminal side of Lys305 and/or
Lys307 to yield two distinct fragments of ~33 kDa and ~35 kDa. Since both protease-
released fragments remained strongly associated with each other, even after digestion,
purification of the ~33 kDa fragment (308-591) from the trypsin-digested CARDS toxin
was unsuccessful. This ‘nicked” CARDS protein, upon addition to mammalian cells,
exhibited binding and internalization similar to FL CARDS toxin (Fig. 7A and B).
Expression of the 308-591 fragment as a recombinant protein in E. coli did not yield a
soluble protein. However, the limited trypsin digestion of 17§CARDS resulted in a C-
terminal fragment corresponding to amino acid sequence 308-591 (Fig. 5, 178CARDS panel
lane 2). This 303CARDS fragment, when purified by size exclusion column chromatography,
remained soluble at pH 8.0 and, like 173CARDS and ,54CARDS, induced vacuolization. As
expected, CARDS»49 Which possessed the key ADP-ribosylating N-terminal region, but
lacked the C-terminal region, failed to induce vacuolization. These data clearly establish the
C-terminus of CARDS toxin as the mediator of vacuolization (Fig. 8).

Altogether, our results strongly suggest that the ADPRT domain of CARDS toxin is similar
to other CT group toxins. However, the C-terminal region is unique, consisting of a cell
binding and internalization domain with vacuolating activity. This latter region may also
play a decisive role in the translocation of the A-fragment to the cytosol and to specific
organelles. Additional studies to identify transcytosis and trafficking pathways will help to
clarify the mechanisms of toxin action at the cellular and molecular levels and assist in
expanding the role of CARDS toxin as a bona fide virulence determinant and therapeutic
target of M. pneumoniae.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Mammalian Cell Culture Conditions

Escherichia coli TOP10 (Invitrogen) and E. coli BL21(DE3) (Stratagene) were grown in
Luria-Bertani (LB) broth. HeLa cells (CCL-2) were obtained from the American Type
Culture Collection (ATCC) and grown in minimal essential medium (MEM) supplemented
with 10% fetal bovine serum (FBS) (Atlas Biologicals). All cell cultures were grown under
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air-5% CO, at 37°C and routinely certified to be free of mycoplasma contamination
(MycoProbe Mycoplasma detection kit [R&D Systems]).

Cloning, Site-directed Mutagenesis, Expression, and Purification of CARDS Toxin Variants

Plasmid DNA containing the TGA-corrected FL CARDS toxin gene sequence was purified
using the QIAprep spin protocol according to the manufacturer's instructions (Qiagen). Gene
fragments were amplified by PCR using TGA-corrected CARDS toxin DNA as a template.
Site-directed mutagenesis of amino acids in the N-terminal ADP ribosyltransferase domain
was achieved by overlap extension PCR as described previously using the primers indicated
in Table 1 (Ho et al., 1989). Varying lengths of the C-terminal coding region were deleted
by introducing stop codons within the open reading frame. PCR products of variable lengths
of the C-terminal coding region were generated and cloned into pCR2.1, which were
subsequently digested with Ndel and BamHI and ligated into pET19b or pKA8H. The latter
is an expression vector with a tobacco etch virus (TEV) protease cleavable site between the
His tag and the N-terminus of CARDS toxin derivatives. These plasmids were transformed
into competent E. coli BL21(DE3), and recombinant colonies were screened for resistance
to ampicillin and expression of variable CARDS toxin proteins. Verification of each
construct was achieved by complete DNA sequencing of individual plasmids (Department of
Microbiology and Immunology Nucleic Acids Core Facility, University of Texas Health
Science Center at San Antonio). Induction of recombinant protein synthesis in E. coli was
achieved by the addition of 40-100 uM isopropyl-p-d-thiogalactopyranoside (IPTG; Sigma-
Aldrich) and bacteria were incubated for 4 h at 37°C under aeration at 210 rpm or overnight
at varying temperatures ranging between 25°C to 18°C. Fusion proteins were purified by
nickel affinity chromatography under native conditions or under denatured conditions
(Qiagen). All recombinant proteins were desalted in 50 mM Tris-HCI buffer (pH 8.0) plus
5% glycerol using PD-10 columns, and protein purity was assessed by SDS-PAGE.
Recombinant proteins produced in E. coli as inclusion bodies were purified and renatured
using dialysis and gel filtration in a Sepharose CL-6B column (GE Healthcare).

Structure Prediction and Molecular Modeling

To identify the sequence elements of CARDS toxin that correspond to ADPRT and
vacuolating activities, we searched the protein data bank (PDB) for structural homologs
using the program HHPRED (Soding, 2005, Soding et al., 2005). HHPRED detects remote
protein homology and predicts protein structure using pairwise comparisons of profile
hidden Markov models (HMMs). Briefly, a multiple sequence alignment was constructed for
the CARDS toxin sequence through multiple iterations of PSI-BLAST against the non-
redundant sequence database from NCBI. Second, a single CARDS toxin profile HMM was
generated from this multiple sequence alignment, which contains a statistical description of
the alignment, including secondary structural information. For each column in the multiple
sequence alignment that has a residue in the query sequence, an HMM column was created
that contains the probabilities of each of the 20 amino acids plus four probabilities that
describe how often amino acids were inserted and deleted at this position (insert open and
extend and delete open and extend). These insert/delete probabilities were translated into
position-specific gap penalties when an HMM is aligned to a sequence or to another HMM
(Soding, 2005, Soding et al., 2005). These same procedures were pre-calculated for each
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sequence corresponding to a known structure in the PDB in order to generate a library of
profile HMMs to which the query profile HMM can be rapidly compared. Third, the query
profile HMM was compared to each profile HMM in the structural database and scored
(Soding, 2005, Soding et al., 2005). The HHPRED output, which consists of an alignment of
a sequence to be modeled with known related structures, was used as input for the program
MODELLER, which automatically calculates a model of the query sequence containing all
non-hydrogen atoms by satisfaction of spatial restraints (Sanchez & Sali, 1997, Sanchez &
Sali, 2000). All images depicting protein structures and molecular models were created in
the program PyMol (The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrédinger,
LLC.)

Protease Digestion and Purification of CARDS Toxin C-terminal Region

Purified FL CARDS toxin and N-terminal truncation 173CARDS protein were digested with
trypsin and chymotrypsin (Pakhomova et al., 2010). Briefly, purified proteins in storage
buffer at 1 mg mL~1 were incubated with different concentrations of trypsin or
chymotrypsin (100, 50, 25, 20, 10 or 1 pg) for 30 min at room temperature. Proteolysis was
terminated by adding PMSF (100 pM; Fluka). Resultant preparations were filtered through
0.2 um syringe filters and loaded onto Sephacryl S-100 HR 16/60 or Superdex 75 10/300
GL columns (GE Healthcare) equilibrated with 50mM Tris—HCI pH 8.0. Proteins were
eluted with the same buffer at a flow rate of 0.5mL/min.

N-terminal Sequencing

PVDF membrane (Immobilion P; Millipore) blots of SDS-polyacrylamide gels containing
protease-digested FL. CARDS toxin or 175CARDS protein bands were excised from blots
and subjected to Edman degradation sequencing by the N-terminal protein sequencing
facility at Midwest Analytical Inc. (St. Louis, MO).

Quantification of Proteins and Nucleic Acids

Protein concentrations were estimated by the bicinchoninic acid method (Pierce, Rockford,
IL) with bovine serum albumin (BSA) as a standard. DNA, RNA, and purified plasmid
sample concentrations were assayed at 260 nm using a NanoDrop ND-1000
spectrophotometer (Thermo Scientific).

Binding and Internalization of CARDS Toxin and its Derivatives

Binding and internalization of CARDS toxin and its derivatives were analyzed as we earlier
reported (Krishnan et al., 2013). In brief, HeLa cells (5x10% cells/well) were cultured in
Eagle’s MEM medium with 10% fetal calf serum in 96-well plates overnight at 37°C.
Biotin-labeled CARDS toxin and its derivatives were prepared according to the
manufacturer's instructions, using EZ-Link sulfo-N-hydroxylsulfosuccinimide-biotin (sulfo-
NHS-SS-biotin) (Pierce USA). For binding studies, monolayers of HeLa cells were treated
with biotin-labeled FL CARDS toxin or its derivatives (140 pmol) in HBSS-BSA at 4°C for
60 min, and the bound proteins were analyzed using horseradish peroxidase (HRP)-
conjugated streptavidin (Pierce, USA). Color intensity was measured at 450 hm using
ELISA reader (MRX Dynatech Lab., USA) as previously described (Krishnan et al., 2013).
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For internalization studies, biotin-labeled FL CARDS toxin or its derivatives were added to
monolayers at 4°C for 1h. The temperature was shifted to 37°C, and incubation was
continued for 60 min. Cells were subjected to 2-mercaptoethanesulfonic acid (0.5M) to
remove cell surface-bound biotin. Then, cells were permeabilized, and internalized biotin-
labeled proteins were estimated using HRP-conjugated streptavidin (Krishnan et al., 2013).

ADPRT Assay

ADPRT activity of CARDS toxin and its derivatives was performed as previously described
(Kannan & Baseman, 2006). Briefly, HeLa cells were grown to 80% confluence, washed,
harvested, and sonicated in 50 mM Tris (pH 7.4). HelLa cell lysates were incubated with FL
CARDS toxin and its derivatives in a 50-pl reaction mixture volume of 10 mM thymidine
(Sigma), 10 mM dithiothreitol (Sigma), 2.5 mM MgCl, (Sigma), 50 mM Tris (pH 7.4), and
0.2 uM [32P]NAD (800 Ci/mmol; Perkin-Elmer). Fifty-microliter reaction mixture volumes
were incubated at 30°C for 30 min, trichloroacetic acid (Sigma) precipitated, and spun at
16,000 x g for 10 min. Cell pellets were dissolved in NUPAGE sample buffer (Invitrogen)
and run on NUPAGE 4 to 12% Bis-Tris gradient gels (Invitrogen) for 60 min at 200 V. Gels
were transferred onto 0.2-pum nitrocellulose membranes (Protran BA83; Schleicher &
Schuell) for 1 h at 15 V and Ponceau (Sigma) stained to determine efficient protein transfer.
Membranes were exposed to autoradiographic films (Kodak) for 1 day to 1 week at -80°C
and developed.

NADase Assay

NADase activity of CARDS toxin and its variants was analyzed as previously described by
Weng et.al., with a slight modification (Weng et al., 1999). In brief, 300 ul of reaction
mixture containing 50 mM potassium phosphate (pH 7.5), equimolar concentrations of FL
and N-terminal variants of CARDS toxin (140 or 700 pmol), 100 mM dithiothreitol, Img/ml
BSA, 0.1 mM [carbonyl-1*C]NAD (0.05 uCi, PerkinElmer) were incubated at 30°C for 2—-6
h. After incubation, samples (100 pl) were applied to columns (0.8 X 4 cm) of AG1-X2
(Bio-Rad), equilibrated, and eluted with 5 X 1 mL of water, and radioactivity was quantified
(Beckman LS 6500 liquid scintillation counter). Pertussis toxin A promoter (List Biologicals
Laboratories, Inc.) was used as a positive control to establish validity of the NADase assay.

Vacuolization Assessment

Monolayers of HeLa cells were grown to 50 to 60% confluence in 25-cm? flasks in MEM
(ATCC) supplemented with 10% FBS (Atlas Biologicals) at 37°C and air-5% CO».

Depleted culture medium was replaced by fresh MEM without serum, and FL CARDS toxin
and its variants (140, 350 and 700 pmoles) were added. After 1 h at 37°C, HeLa cells were
incubated in the presence or absence of 10% FBS and analyzed for vacuolization for up to
60 h. HeLa cells with carrier buffer solution served as negative controls. The number of
vacuoles per cell and the number of vacuolated cells per field were recorded at different time
points. All experiments were repeated in triplicate, and 10 fields of 20-25 cells per sample
were examined to determine the vacuolization patterns. Statistical analysis was performed
using Microsoft Excel.
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Immunofluorescence Microscopy Analysis

HeLa cells were seeded at 1x10° cells/well in 24-well plates (Corning) on glass coverslips
(1.5 um; Fisher Scientific) at 37°C in air-5% CO,, for 24 h before intoxication. Cells were
treated with 10 pg mL~1 of FL CARDS toxin or its engineered variants and incubated for 1
h at 37°C in air-5% CO,. Cells were washed in PHEM buffer (60 mM PIPES, 25 mM
HEPES, 2 mM EGTA and 10 mM MgCl, pH7.2), fixed in 2% paraformaldehyde (Electron
Microscopy Sciences) for 20 min, permeabilized with 0.1% Triton X-100 for 10 min and
blocked with 5% normal goat serum (NGS) in PHEM buffer. Then, cells were incubated
with rabbit polyclonal anti-CARDS toxin antibody (1:1000) for 1 h in PBS-0.2% NGS,
washed, and incubated with goat anti-rabbit Alexa Fluor 633 antibody (Invitrogen) in
PBS-0.2% NGS for 1 h. Individual coverslips were washed in PBS and mounted with
Vectashield-1500 with DAPI (4/,6’-diamidino-2-phenylindole dihydrochloride). Cells
without CARDS toxin were processed similarly to serve as negative controls. Coverslips
were sealed with clear nail polish to prevent drying and movement under the microscope.
All samples were examined using an Olympus XI-81 confocal laser scanning microscope
with Flow view 1000 imaging software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Molecular model of CARDStoxin ADPRT domain reveals spatial conservation of the
bacterial ADPRT signature motif and suggests a conser ved mode of NAD™ binding

A) Model of CARDS toxin residues 3—230 (light blue, see Experimental Procedures)
superimposed on the structure of the PT-S1 subunit residues 2-201 [orange, pdb code 1bcp
(Hazes et al., 1996)]. Residues of the R---STS---E signature motif found in bacterial ADP-
ribosylating toxins are shown as green sticks. Conserved residues in the active site that
participate in NAD+ binding and/or catalysis are shown as cyan sticks. Nitrogen atoms are
color coded as blue and oxygen as red. B) Model of CARDS toxin residues 1-230 (light
blue) superimposed on the structure of the CT ADPRT domain in complex with NAD™*
[pink, pdb code 2a5f (O'Neal et al., 2005)]. Color coding of the side chains of the signature
sequence and accessory residues is the same as in the previous panel. The catalytic glutamic
acid in CT was converted to an aspartic acid in this structure to prevent auto-hydrolysis of
the NAD™-co-factor (O'Neal et al., 2005). C) Structure of the CT ADPRT domain in
complex with NAD*. Orientation and color coding are the same as in the previous panels.
Hydrogen bonds are shown as gray dashes and NAD™ as yellow. D9 and R11 of CT form an
ion-paired salt link that in turn positions the guanidinium moiety of R11 to engage in 7-
stacking interactions with the aromatic ring of NAD™. D9 simultaneously accepts an H-bond
from the epsilon nitrogen of R7 permitting the two guanidinium nitrogen atoms to donate
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hydrogen bonds to each of the phosphate moieties of the co-factor. An imidazole nitrogen of
H44 donates a hydrogen bond to the side chain oxygen of D112 positioning it for catalysis.
D) Superposition of CARDS toxin molecular model with CT structure shown in panel C.
The interactions between CARDS toxin and NAD™ appear analogous to those of CT (and,
by extension, PT). These results are consistent with the notion that CARDS toxin is a
member of the CT group of bacterial ADP-ribosylating toxins.
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ﬁSDM Truncations

Fig. 2. N-terminal region of CARDS toxin houses ADPRT activity
A) Schematic representation of the ART activity of CARDS toxin and its derivatives. As

indicated in Experimental Procedures, FL CARDS toxin, its N-terminal derivatives
(truncations) and APDRT-conserved amino acid site-directed mutagenized (SDM) proteins
(Argl0—Ala Hijs36—Ala gng Glyl32—Ala) were analyzed for ADPRT activity, and the results
are depicted. PT-S1 indicates pertussis toxin S1 catalytic subunit; FL indicates full length
CARDS toxin; B) Comparison of ADP-ribosylating activity of FL and different carboxy
region-deleted derivatives of CARDS toxin. Purified FL CARDS toxin and its carboxy
region-truncated derivatives were individually incubated with HeL a cell lysate in the
presence of 32P NAD as indicated in Experimental Procedures, and the radiolabeled ADP-
ribosylated proteins were detected. Each number indicates the truncated proteins depicted in
Fig. 2A; CB represents carrier buffer. The two solid black arrows (~50 kDa) indicate the
target ADP-ribosylated proteins of CARDS toxin, and the dotted arrow indicates the
inherent ADP-ribosylated protein of mammalian cells.
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Fig. 3. Binding and internalization of CARDS toxin ADPRT mutants
HeLa cell monolayers were treated with 10 pg (=140 pmol) of FL CARDS toxin or ADPRT

mutants (Argl0—Ala Hjs36—Ala gng Glul32—Ala) gt 37°C for 1h. Cells were fixed,
permeabilized with 0.1% Triton X-100 and incubated with anti-CARDS toxin rabbit primary
antibodies. Subsequently, cells were treated with AlexaFluor-633 conjugated goat
(polyclonal) anti-rabbit secondary antibodies to detect the cellular binding and trafficking of
CARDS toxin by confocal laser scanning microscopy. Cell nuclei were stained with DAPI
(4',6-diamidino-2-phenylindole dihydrochloride).
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Fig. 4. Carboxy region of CARDS toxin mediates binding and inter nalization
A) Comparison of binding and internalization of FL, selected C-terminal truncated CARDS

toxin derivatives and 178 CARDS toxin. FL toxin and its derivatives were purified as
indicated in Experimental Procedures and biotin labeled. Binding: Proteins were incubated
with HeLa cells for 1 h at 4°C. Subsequently, cells were washed and bound proteins were
quantified as indicated in Experimental Procedures. Internalization: After 1 h incubation at
4°C, bound proteins (FL, selected C-terminal truncated CARDS toxin derivatives

and 17gCARDS toxin) were removed by washing, and cells were shifted to 37°C for 1 h with
fresh medium. Then, cells were treated with MESNA to remove surface-bound, biotin-
labeled CARDS toxin and its derivatives, and internalized proteins were quantified after
permeabilizing cells as indicated in Experimental Procedures. Binding and internalization
results of FL and variants of CARDS toxin are shown by closed and open symbols
respectively. FL - square, 178CARDS - circle, CARDS»4g - triangle and CARDSsgs5 -
diamond. B) Endocytosis of 17gCARDS toxin and CARDSs5q toxin. Hela cells were treated
with 140 pmol of 17§CARDS toxin or CARDS55 toxin for 30 min at 4°C, washed to
remove unbound toxins and shifted to 37°C for 1 h. Cell preparations were fixed and
permeabilized with 0.1% Triton X-100, followed by incubation with anti-CARDS toxin
rabbit primary antibodies. Cells were treated with AlexaFluor-633 conjugated anti-rabbit
goat (polyclonal) secondary antibodies to detect cellular binding of CARDS toxin
derivatives by confocal laser scanning microscopy. Cell nuclei were stained with DAPI.
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Fig. 5. Protease digestion pattern of FL and 178CARDS toxin and char acterization of 5g4CARDS

protein
A) Protease digestion patterns of FL and 173 CARDS toxin. FL and 17gCARDS toxin were

treated with trypsin (T) and chymotrypsin (Ch) for 30 min at room temperature. Protease
digestion of the reaction mixture was arrested by adding PMSF and boiling in SDS-PAGE
sample lysis buffer. Undigested (UD), T-digested and Ch-digested products of FL

and 17gCARDS toxin proteins were resolved on 4-12% Nu-PAGE gel and stained with
Coomassie Brilliant blue. Different concentrations of Ch (ratio indicates dilution of Ch to
CARDS toxin protein) used for the digestion of 17gCARDS are indicated above

the 173CARDS-Ch panel. N-terminal sequencing of 38 and 33 kDa proteins indicates the
possible cleavage at tyrosine263 and lysine305 and 307 as represented in the schematic. B)
Expression and purification of ,54CARDS toxin. ,64CARDS toxin was prepared as
described in Experimental Procedures. Analyses of both purified peaks (small-lane 1 and
large-lane 2) are shown in the Coomassie Brilliant blue stained 12% SDS-PAGE gel
electrophoresis. C) Binding and internalization of ,54CARDS. As indicated in Fig. 4,
binding and internalization of ,5,CARDS were analyzed using immunofluorescence
microscopy.
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Fig. 6. Induction of vacuolization in Hel a cells by car boxy region of CARDS toxin
A) Equimolar (~140, 350 and 700 pmol) concentrations of FL, trypsin cleaved (TC),

carboxy and amino terminal region truncated (CARDS249, 178CARDS, 264CARDS

and 30gCARDS) proteins were added to 60% confluent monolayer cultures of HeLa cells as
indicated in Experimental Procedures and observed at 12 h to 60h. Representative images of
vacuoles generated by 140 pmol concentration of proteins at 24 h are shown. VVacuoles were
generated in HeLa cells by FL. CARDS toxin, TC-CARDS toxin and carboxy region
retaining CARDS toxin derivatives and not by CARDS,4g. B) Quantification of numbers of
CARDS toxin-induced vacuoles in HeLa cells incubated with FL and carboxy region
variants of CARDS toxin (173CARDS, 264CARDS and 303CARDS) at 24 h. As indicated in
section A, cells were incubated with CARDS toxin and its derivatives and vacuoles per cell
were counted and compared as described in Experimental Procedures. C) Quantification of
percentage of HelL a cells with CARDS-toxin induced vacuoles. As indicated in panel A,
cells were incubated 12-60 h with CARDS toxin and its derivatives (140 pmol) and the
number of vacuolated cells in random fields was calculated as described in Experimental
Procedures.
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Fig. 7. Binding and internalization of trypsin-cleaved CARDStoxin
A) Comparison of binding and internalization of FL and trypsin-cleaved (TC) CARDS

toxins. FL CARDS toxin was trypsin digested and purified as indicated in Experimental
Procedures. FL and TC-CARDS toxins were labeled with biotin and compared for their
binding and internalization properties as indicated in Fig. 6. The percentage of binding and
internalization of FL and TC CARDS toxins are shown. B) Binding and internalization of
TC-CARDS toxin. As indicated in Experimental Procedures, purified TC CARDS toxin was
incubated with HeLa cells for 1 h at 37°C, and internalization was analyzed using
immunofluorescence microscopy as indicated in Fig. 4.
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Fig. 8. Schematic diagram of CARDStoxin protein depicting the position of the ADPRT, cellular
binding, and vacuolization regions
Carboxy- and N-terminal truncated CARDS toxin derivatives and their association with

cellular binding, vacuolization regions are shown in dark gray. As illustrated in Fig. 2A, the
identified ADPRT domain is shown in gray along with the essential amino acids.
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Table 2

Primers used for generating CARDS toxin variants

ADPRT specific primers:

R10AF- GTTAGATTTGTTTACGCTGTTGATTTGAG
R10AR- CTCAAATCAACAGCGTAAACAAATCTAAC
H36AF- CTTTGAAGCCATTCTCTCCACTAATTTTGG
H36AR- CCAAAATTAGTGGAGAGAATGGCTTCAAAG
E132AF- GCGTATCAACGTGCATGGTTTACCGAT
E132AR- ATCGGTAAACCATGCACGTTGATACGC

N-terminal region primers:
187F-CCCTCATTATCAAGAGCTGTAAACCCAAGCC
187R-GGCTTGGGTTTACAGCTCTTGATAATGAGGG
207F-GCTACTCCTGTACATTAATCAATTCCCCAAGCA
207R-TGCTTGGGGAATTGATTAATGTACAGGAGTAGC
218F-CCAAGCAGCTTCCGTTGCTGATTAGTCGGAAGGTACTTCC
218R-GGAAGTACCTTCCGACTAATCAGCAACGGAAGCTGCTTGG
229F-GCTTCGCTATCGTTTTAGTGCCCTGATTGGAGTCC
229R-GGACTCCAATCAGGGCACTAAAACGATAGCGAAGC
354F-GCGCGGTTAATTAGGTGAACCAAAAGTGG
354R-CCACTTTTGGTTCACCTAATTAACCGCGC
392F-GGCTTGTTCTAGAATACCAAGAGTGGTGG
392R-CCACCACTCTTGGTATTCTAGAACAAGCC
448F-GTTCAGCTAGGCTAGTATTGGAGGGGT
448R-ACCCCTCCAATACTAGCCTAGCTGAAC
508F-ACTGGTTACAGCTGGGATTAGGTAGAATGGC
508R-GCCATTCTACCTAATCCCAGCTGTAACCAGT
526F-CGAAAACTTTAAATAGTACTTTTCGCGTG
526R-CACGCGAAAAGTACTATTTAAAGTTTTCG
551F-CACATTCGCTGTTTAGCTGACAACCAGCAG
551R-CTGCTGGTTGTCAGCTAAACAGCGAATGTG

Specific N-terminal region amplified primers:
001F-CATATGCCAAATCCTGTTAGATTTGTTTACCGT
249R-GGATCCATCTTTTACGCAATGCATTTGTCTAGCGG
307R-GGATCCCTCTACTTTTGTTTGGGGTTTACTTC

C-terminal region primers:
118F-CATATGGGAATTAGAGCTTTACGCACTTC
178F-CATATGCACAACCCTCATTATCAAGAGCTG
264F-CATATGGCTAGCAGTGTAAAGGAACTGGAAG
287F-CATATGTTACAAGCAGATCCGCAAAATAAC
366F-CATATGACACCGCAAGACATTGCAATAACTC

308F-CATATGTCCAGCTTTCCCCAAACCATC
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434F-CATATGCGTGCAGCTAGCACCTTCTTTGTTG
466F-CATATGAAAACACCAGATGGACAGATATTCTATG
516F-CATATGAATGAGGACAAAGACGAAAACTTTAAATG
591R-CGTTAAAGGATCCTCGCTAAAAGCGATC

Italics indicate changes from residues R or H or E to A.
Bold indicates introduced stop codon.
Underline indicates introduced Ndel and BamHI sites to clone the specific N- and C-terminal regions. F: Forward primers; R: Reverse primers
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