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The RtxA cytotoxin, a member of the RTX (Repeats in ToXin) family of pore-forming toxins, is the primary
virulence factor of the paediatric facultative pathogen Kingella kingae. Although structure-function studies of RTX
toxins have defined their characteristic domains and features, the exact membrane topology of RTX toxins re-
mains unknown. Here, we used labelling of cell-bound RtxA with a membrane-impermeable, lysine-reactive
reagent and subsequent detection of the labelled lysine residues by mass spectrometry, which revealed that most
of the membrane-bound toxin is localised extracellularly. A trypsin protection assay with cell-bound RtxA
demonstrated that five of seven transmembrane a-helices, predicted by various algorithms within the N-terminal
half of the molecule, are irreversibly embedded in the membrane. Structure-function analysis showed that these
o-helices, four of which are arranged as two pairs of back-to-back helices, are essential for the formation of an
ion-conducting membrane pore. In contrast, the C-terminal half of RtxA is required for the interaction with the
cell surface and for the irreversible insertion of the toxin into the membrane via acyl chains covalently linked to
the molecule. These findings advance our understanding of the structure-function relationships of RtxA and
enable us to propose a membrane topology model of the toxin.

1. Introduction

The Gram-negative coccobacillus Kingella kingae, which until
recently was thought to cause infections only rarely, is now considered
to be a significant paediatric pathogen [1-5]. It normally occurs as part
of the oropharyngeal microbiota of young children as a commensal
microorganism. However, when the bacteria cross the epithelial barrier
and spread throughout the body, they can cause serious infections such
as osteomyelitis, septic arthritis, occult bacteraemia, endocarditis or
pneumonia [2,3,6]. Children with the highest rate of oropharyngeal
K. kingae colonization and invasive infections are aged between 6 and
36 months, with the musculoskeletal system being the most commonly
affected part of the body [7-10]. K. kingae virulence factors include type
IV pili, a trimeric autotransporter adhesin Knh, a polysaccharide
capsule, a galactan exopolysaccharide and an RtxA cytotoxin, which
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belongs to the family of RTX (Repeats in ToXin) toxins secreted by
various Gram-negative pathogens [11-16].

Based on primary sequence homology with other RTX toxins [16-18]
and an AlphaFold model [19,20], several distinct regions can be pre-
dicted in the 956 residues-long polypeptide of RtxA (Fig. 1A and B): (i)
an N-terminal segment of unknown function; (ii) a hydrophobic domain
(residues 130 to 430) with several predicted transmembrane a-helical
segments, which are presumably responsible for the pore-forming ac-
tivity of the toxin; (iii) an acylated segment (residues 510 to 725) in
which activation of the proRtxA protoxin to the active RtxA toxin occurs
by the co-expressed acyltransferase RtxC, which catalyses the acylation
of two conserved lysine residues (K558 and K689) [21,22]; (iv) a typical
calcium-binding RTX domain (residues 725 to 815), which harbours the
conserved nonapeptide repeat sequences that form calcium-binding
sites; and (v) a C-proximal secretion signal that enables export of the
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toxin through the bacterial envelope via the type 1 secretion system.

After secretion, RtxA recognises negatively charged sialic acid resi-
dues on the surface of host cells that are covalently bound to various
glycosylated cell surface structures, such as glycoproteins and ganglio-
sides [23,24]. The interaction of RtxA with the host cell surface is further
enhanced by membrane cholesterol, which directly interacts with the
toxin [21]. Interestingly, unlike some other RTX toxins, RtxA does not
interact with leukocyte-restricted B, integrins as specific cell receptors
[23]. After binding, RtxA inserts into the cell membrane and forms
cation-selective pores that trigger cation fluxes across the cell mem-
brane, leading to disruption of normal cell physiology and ultimately
cell death [21,25]. Indeed, several studies have shown that RtxA is
cytotoxic to various eukaryotic cells, such as human laryngeal HlaC-78
squamous cells, hypopharyngeal FaDu epithelial cells, synovial SW
982 cells, bone osteosarcoma U-2 OS epithelial cells, monocyte/
macrophage RAW 264.7 cells and monocytic THP-1 cells [11,21,26]. As
genes for the production, activation and secretion of RtxA are present in
all clinical isolates causing invasive K. kingae diseases and intraperito-
neal infection of an infant rat with an RtxA-deficient mutant strain
resulted in less histopathological changes than infection with a wild-
type strain, it is believed that RtxA is the main virulence factor of
K. kingae [27-30]. Recently, it was also shown that a duplication of the
rtxA gene, encoding the RtxA toxin, is associated with invasive K. kingae
diseases and in vitro experiments with isogenic strains revealed that two
copies of the rtxA gene are associated with increased virulence of
K. kingae compared to a single copy [31].

Although K. kingae is recognised as an emerging paediatric pathogen
and RtxA is its key virulence factor, the structure-function relationships
and membrane topology of the toxin are unknown. In this study, we
employed a combination of bioinformatic prediction tools, biophysical
approaches and biochemical methods to elucidate the membrane to-
pology of RtxA, characterise the role of individual regions of the toxin in
its binding and cytolytic activity and identify the transmembrane seg-
ments involved in the formation of an ion-conducting membrane pore.
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2. Materials and methods
2.1. Bacterial strains

The Escherichia coli strain XL1-Blue (Stratagene, La Jolla, CA, USA),
used for DNA manipulations, was cultured in Luria-Bertani medium at
37 °C. The E. coli strain BL21 (Novagen, Madison, W1, USA), transformed
with the plasmid pMM100 (encoding LacI and tetracycline resistance),
was used for the expression of intact RtxA and its mutant variants.

2.2. Plasmids and plasmid construction

The plasmid pT7rtxA was used to produce unacylated proRtxA pro-
toxin, while the plasmid pT7rtxC-rtxA was used to produce RtxC-
acylated RtxA toxin [21]. Oligonucleotide-directed PCR mutagenesis
was used to construct plasmids derived from pT7rtxC-rtxA for the
expression of RtxC-acylated RtxA variants with specific deletions and
single amino acid substitutions. The presence of the desired deletions
and substitutions, as well as the absence of unintended mutations, were
verified by sequencing (Eurofins Genomics, Ebersberg, Germany). All
RtxA variants and proRtxA contain a C-terminal double-hexahistidine
tag for affinity purification on Ni-NTA beads [32].

2.3. Protein production and purification

Intact RtxA, unacylated proRtxA and RtxA mutants were produced in
E. coli BL21/pMM100 cells and purified under denaturing conditions in
urea by a combination of affinity chromatography on an Ni-NTA agarose
column (Qiagen, Germantown, MD, USA) and hydrophobic chroma-
tography on a Phenyl-Sepharose CL-4B column (Sigma-Aldrich, St.
Louis, MO, USA) as previously described [21].

2.4. Sheep erythrocytes

Sheep erythrocytes (LabMediaServis, Jaromer, Czech Republic) were
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Fig. 1. AlphaFold model and schematic representation of RtxA and its deletion variants. (A) AlphaFold structure prediction of RtxA (UniProt number:
A0A1X7QMHY) adapted from the AlphaFold Protein Structure Database [19,20]. (B) Schematic representation of RtxA showing the N-terminal segment (red), the
pore-forming domain (yellow) with seven predicted transmembrane a-helical segments, the acylated segment (orange) with two acylated lysine residues (K558 and
K689), the calcium-binding RTX domain (blue) and the C-terminal secretion signal (green). The colour coding corresponds to the AlphaFold model shown in panel

(A). (C) Deletion mutants of RtxA used in this study.
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supplied in Alsever’s Solution (Sigma-Aldrich, St. Louis, MO, USA).
Prior to each experiment, the erythrocytes were washed three times with
TNC buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl and 2 mM CaCly)
and then resuspended in a desired buffer to achieve the required cell
density.

2.5. Binding assay

Washed erythrocytes (2 x 108) in 200 pl of TNG buffer supplemented
with 100 mM polyethylene glycol (PEG) 1500 (TNC/PEG) were incu-
bated with various concentrations (0-38 nM) of RtxA, proRtxA or RtxA
mutants for 15 min at 22 °C. Unbound toxin molecules were removed by
washing with 100 mM sodium carbonate (pH 10.5) supplemented with
PEG 1500, followed by washing with TNC/PEG supplemented with 1 %
fetal calf serum (FCS). The toxin molecules bound to the erythrocytes
were then labelled for 15 min at 4 °C with a 6 x His Tag monoclonal
antibody conjugated to Alexa Fluor 488 (Thermo Fisher Scientific,
Waltham, MA, USA) diluted 1:500 in TNC/PEG supplemented with 1 %
FCS. After labelling, the erythrocytes were washed twice with TNC/PEG
and the amount of the cell-bound toxin molecules was quantified by flow
cytometry using a FACS LSR II instrument (BD Biosciences, San Jose, CA,
USA). Data were analysed using FlowJo software (Tree Star, Ashland,
OR, USA) and appropriate gating was used to exclude cell aggregates
and debris. Binding data were deduced from the median fluorescence
intensity (MFI) of the bound RtxA variants and expressed as the per-
centage of intact RtxA binding to erythrocytes at a concentration of 38
nM (taken as 100 %).

2.6. Haemoglobin release assay

Washed erythrocytes (5 x 108) in 1 ml of either TNC buffer or TNC
buffer supplemented with 100 mM osmoprotectant (saccharose,
maltose, or PEG with an average molecular weight of 400, 1000, 1500,
2000 or 3000 g/mol) were incubated with various concentrations of
RtxA, proRtxA or RtxA mutants. Haemolytic activity was measured in
time by photometric determination (As4;) of the haemoglobin release
[21].

2.7. Sulfo-biotinylation of RtxA bound to erythrocytes

Washed erythrocytes (5 x 10°) were resuspended in 10 ml of HNC
buffer (50 mM HEPES (pH 7.4), 150 mM NaCl and 2 mM CaCly) sup-
plemented with 100 mM PEG 1500 (HNC/PEG buffer), incubated with
purified RtxA (30 pg/ml) for 15 min at 37 °C and then thoroughly
washed with HNC/PEG buffer to remove the unbound RtxA molecules.
The washed erythrocytes were then incubated in 1 ml of HNC/PEG
buffer supplemented with 2 mM sulfo-NHS-LC-biotin (Thermo Fisher
Scientific, Waltham, MA, USA) on a mini-rotator for 45 min at 22 °C. To
quench and remove the unincorporated sulfo-biotin reagent, erythro-
cytes were washed with TNC/PEG buffer and the RtxA molecules only
loosely associated with the erythrocyte membrane were stripped off
with 100 mM alkaline sodium carbonate (pH 11.5). After washing with
TNC/PEG buffer, erythrocytes were resuspended in 1 ml of HNC buffer
containing protease inhibitors (cOmplete™, Mini, EDTA-free Protease
Inhibitor Cocktail; Roche, Basel, Switzerland). In the HNC buffer, lack-
ing PEG 1500 as an osmoprotectant, the RtxA molecules inserted into
the cell membranes immediately caused erythrocyte lysis. The eryth-
rocyte membranes were pelleted by centrifugation (16,000 g, 5 min,
4 °C) and solubilised with 1 ml of TNT buffer (50 mM Tris-HCI (pH 7.4),
150 mM NaCl, 1 % Triton X-100 and EDTA-free Protease Inhibitor
Cocktail) on a mini-rotator for 30 min at 4 °C. The sample was clarified
by centrifugation (16,000 g, 15 min, 4 °C) and the resulting supernatant
containing RtxA was mixed with 300 pl of Ni-NTA Sepharose beads,
which were previously washed with equilibration buffer (50 mM Tris-
HCl (pH 7.4), 300 mM NaCl). After 1 h of incubation on a mini-
rotator at 4 °C, the beads were thoroughly washed with washing
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buffer (50 mM Tris-HCI (pH 7.4), 300 mM NacCl, 30 mM imidazole) and
the biotinylated RtxA was eluted with 1 ml of elution buffer (50 mM
phosphate buffer (pH 7.4), 300 mM NaCl, 250 mM imidazole) and
analysed by mass spectrometry.

2.8. Preparation of cholesterol-containing liposomes

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, Avanti
Polar Lipids, Birmingham, AL, USA) and cholesterol (Sigma—Aldrich, St.
Louis, MO, USA) at a ratio of 3:1 (w/w) were vigorously resuspended in
chloroform, which was then evaporated with a slow stream of nitrogen.
A thin, uniform lipid film formed on the sides of a round-bottom test
tube was rehydrated in HNC buffer and liposomes were formed by
vigorous shaking. The liposomes were then extruded through a Nucle-
opore Track-Etched Polycarbonate filter with a pore size of 1 pm
(Whatman, 800281, GE Healthcare Bio-Sciences, Pittsburgh, PA, USA)
using an Avanti Mini Extruder (Avanti Polar Lipids, Alabaster, AL, USA)
with two 0.5 ml Hamilton syringes (Hamilton, Reno, NV, USA). The
prepared liposomes were counted by flow cytometry using a FACS LSR II
instrument (BD Biosciences, San Jose, CA, USA). Absolute liposome
counting was achieved using Invitrogen CountBright Absolute Counting
Beads (Thermo Fisher Scientific, Waltham, MA, USA), allowing precise
enumeration of liposomes per volume.

2.9. Digestion of RtxA bound to erythrocytes and liposomes

Washed erythrocytes (5 x 10%) were resuspended in 10 ml of HNC/
PEG buffer and incubated with purified RtxA (30 pg/ml) for 15 min at
37 °C. To remove the unbound RtxA molecules, the erythrocytes were
thoroughly washed with HNC/PEG buffer and then resuspended in HNE
buffer (50 mM HEPES, 150 mM NaCl, 5 mM EDTA (pH 7.4)) supple-
mented with mass spectrometry grade trypsin (33 pg/ml). After 1 h at
37 °C, the erythrocyte membranes with trypsin-protected RtxA segments
were gradually washed with HNE buffer, 100 mM sodium carbonate
(pH 11.5) and HNE buffer, and finally resuspended in 50 pl of TU buffer
(50 mM Tris-HCl (pH 7.4), 8 M urea).

Cholesterol-containing liposomes (1 x 10%/ml) were incubated with
purified RtxA (30 pg/ml) for 15 min at 37 °C, washed with HNC buffer
and then resuspended in HNE buffer supplemented with mass spec-
trometry grade trypsin (22 pg/ml). After 1 h at 37 °C, the liposome
membranes containing trypsin-protected RtxA segments were gradually
washed with HNE buffer, 100 mM sodium carbonate (pH 11.5) and HNE
buffer, and finally resuspended in 50 pl of TU buffer.

2.10. Liquid chromatography-tandem mass spectrometry analysis

The samples of sulfo-biotinylated RtxA were applied to a 30 kDa
cutoff membrane filter and processed according to a modified protocol
for filter-aided sample preparation [33]. Briefly, the samples were
washed twice with AB buffer (50 mM ammonium bicarbonate (pH 8.3))
and mass spectrometry grade trypsin in AB buffer was added to the filter
at a protein/enzyme ratio of 25:1. The samples were incubated over-
night on a shaker at 37 °C and 200 rpm. The resulting peptides were
eluted by three consecutive centrifugations with AB buffer at 14,000 g
for 20 min, desalted using ZipTip pipette tips filled with C18 extraction
disks (Thermo Fisher Scientific, Waltham, MA, USA) and vacuum dried.
Prior to liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis, the samples were resuspended in 2 % acetonitrile (ACN), 0.1 %
formic acid (FA).

The samples containing RtxA peptides were analysed using either a
Vanquish liquid chromatography system (Thermo Scientific, Waltham,
MA, USA) connected to the timsTOF SCP mass spectrometer (Bruker
Daltonics, Billerica, MA, USA) or an Agilent 1290 liquid chromatog-
raphy system (Agilent Technologies, Santa Clara, CA, USA) connected to
the timsTOF Pro PASEF mass spectrometer (Bruker Daltonics, Billerica,
MA, USA), both operating in a positive data-dependent mode. For



E. Ruzickova et al.

analysis with the timsTOF SCP system, 1 pl of the peptide mixture was
injected onto the C18 trap column (Pepmap Neo C18, 5 pm, 0.3 x 5 mm;
Thermo Scientific, Waltham, MA, USA) by an autosampler. After trap-
ping, the peptides were eluted and separated on a C18 column (Pepsep
C18, 150 x 0.15 mm, 1.5 pm; Bruker Daltonics, Billerica, MA, USA)
using a linear 35-min water—ACN gradient from 5 % (v/v) to 35 % (v/v)
ACN at a flow rate of 1.5 pl/min. For analysis with the timsTOF Pro
system, 5 pl of the peptide mixture was injected onto the C18 trap col-
umn (UHPLC Fully Porous Polar C18, 0.3 x 20 mm; Phenomenex,
Torrance, CA, USA) by an autosampler. After 5 min of trapping at a flow
rate of 20 pl/min, the peptides were eluted and separated on a C18
column (Luna Omega 3 pm Polar C18, 100 i\, 150 x 0.3 mm; Phe-
nomenex, Torrance, CA, USA) using a linear 35-min water—ACN
gradient from 5 % (v/v) to 100 % (v/v) ACN at a flow rate of 4 pul/min.
The mass spectrometers operated in data-dependent MS/MS mode using
the standard proteomics PASEF method. The target intensity per indi-
vidual PASEF precursor was set to 6000 and 20,000 for the timsTOF Pro
and SCP, respectively. The intensity threshold was set to 1500. The scan
range was set between 0.6 and 1.6 V-s/cm? with a ramp time of 100 ms
and the number of PASEF MS/MS scans was set to 10. Precursor ions in
the m/z range between 100 and 1700 with charge states >2+ and <6+
were selected for fragmentation. The active exclusion was enabled for
0.4 min.

The 50 pl samples of the trypsin-protected RtxA segments incorpo-
rated into the membranes of erythrocytes and liposomes were mixed
with 50 pl of acidifying buffer (1 M glycine-HCI (pH 2.3)) and manually
injected into the LC system using a PAL DHR autosampler (CTC Ana-
lytics AG, Zwingen, Switzerland) controlled by Chronos software
(AxelSemrau, Sprockhovel, Germany). The LC system consisted of a
temperature-controlled box and an Agilent Infinity II UPLC (Agilent
Technologies, Santa Clara, CA, USA) connected directly to the ESI source
of timsTOF Pro (Bruker Daltonics, Billerica, MA, USA). The injected
sample was added onto a custom-made protease column packed with
immobilised nepenthesin-2 and pepsin matrix (bed volume 66 pul) where
the tryptic peptides were digested at 22 °C. The peptides were then
loaded onto the trap column (SecurityGuard™ ULTRA Cartridge UHPLC
Fully Porous Polar C18, 2.1 mm ID; Phenomenex, Torrance, CA, USA)
under a flow of 0.4 % formic acid (FA) in water, driven by the 1260
Infinity II Quaternary pump at a flow rate of 200 pl/min. After 3 min, the
desalted peptides were eluted and separated on an analytical column
(Luna Omega Polar C18, 1.6 pm, 100 A, 1.0 x 100 mm; Phenomenex,
Torrance, CA, USA) under a water—ACN gradient (10 % (v/v) to 45 %
(v/v) in 6 min; solvent A: 0.1 % FA in water, solvent B: 0.1 % FA, 2 %
water in ACN). The water—ACN gradient was delivered by the 1290
Infinity IT LC pump (Agilent Technologies, Santa Clara, CA, USA) at a
flow rate of 50 pl/min.

The acquired LC-MS/MS data were searched against a customised
database containing the modified sequence of RtxA (Uniprot: A1YKW7)
using PeaksStudio 10.0 or 11.0 software (Bioinformatics Solutions Inc.,
Waterloo, Canada). The search parameters were set as follows: enzy-
me-trypsin (semi-specific)/nepenthesin-2 and pepsin matrix (non-spe-
cific), oxidation of methionine, precursor tolerance 15 ppm, fragment
ion tolerance 0.05 Da and FDR < 1 %.

2.11. Circular dichroism spectroscopy

To determine the secondary structure of RtxA after its refolding, the
circular dichroism (CD) spectra of RtxA proteins were acquired by CD
spectroscopy. The RtxA, RtxAA1-510 and RtxAA433-956 proteins were
concentrated by ultrafiltration to a final stock concentration of ~20 mg/
ml using ultrafiltration units with a 10 kDa cutoff membrane (Millipore,
Burlington, MA, USA). The concentrated, urea-unfolded RtxA variants
were then refolded to a concentration of 0.2 mg/ml by rapid dilution in
20 mM Tris-HCl (pH 8.0), 50 mM NacCl with or without 2 mM CaCl,. CD
spectra of the proteins were measured in the wavelength range of
200-260 nm using a Suprasil 110-QS quartz cell with 0.1 cm path length
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(Hellma, Miillheim, Germany) and a Chirascan CD spectrometer
(Applied Photophysics, Charlotte, NC, USA). Each protein was measured
in two independent experiments with three accumulations per experi-
ment to increase the signal/noise ratio. Ellipticities (mdeg) were con-
verted to mean residue ellipticities (deg x em? x dmol ™).

2.12. Planar lipid bilayers

Measurements of RtxA variants on planar lipid bilayers were per-
formed using Teflon cells separated by a diaphragm with a circular hole
(diameter 0.5 mm) bearing the lipid membrane, as previously described
[21,22,34]. Briefly, the membrane was formed by the painting method
using soybean lecithin dissolved in n-decane-butanol (9:1 (v/v)). The
RtxA variants were pre-diluted in TUC buffer (50 mM Tris-HCl (pH 8.0),
8 M urea and 2 mM CaCly) and added into the grounded cis compart-
ment with a positive potential. Both compartments contained 150 mM
KCl, 10 mM Tris-HCI (pH 7.4) and 2 mM CaCl,. The membrane current
was registered by Ag/AgCl electrodes with salt bridges at a voltage of 50
mV and a temperature of 22 °C. The signal was amplified by an LCA-200-
10G amplifier (Femto, Berlin, Germany) and digitised using a LabQuest
Mini A/D convertor (Vernier, Beaverton, OR, USA). All the signals were
analysed by the QuB software [35].

2.13. Statistical analysis

Results are expressed as the arithmetic mean + standard deviation
(SD). Statistical analysis was performed using one-way or two-way
ANOVA, followed by Dunnett’s post-test, with GraphPad Prism 10.2.2
(GraphPad Software, La Jolla, CA, USA).

3. Results
3.1. Most of the cell-bound RtxA molecule is localised extracellularly

To detect extracellular parts of the cell-bound RtxA toxin, we have
developed a new approach based on the labelling of the toxin with a
membrane-impermeable, lysine-reactive reagent and the subsequent
detection of the labelled lysine residues by LC-MS/MS. As model cells,
we used sheep erythrocytes, which are sensitive to the pore-forming
(haemolytic) activity of RtxA [21] and are commonly used as model
cells for testing the pore-forming activity of RTX toxins [17].

First, it was necessary to identify an osmoprotectant that could block
the membrane pores formed by RtxA and thus prevent osmotic lysis of
erythrocytes, even at the relatively high amounts of the cell-bound RtxA
molecules required for LC-MS/MS analysis. As osmoprotectants, we
tested maltose, saccharose, and PEG molecules with average molecular
weights of 400, 1000, 1500, 2000 and 3000 g/mol. As shown in Fig. 2A,
the lysis of erythrocytes (5 x 10% cells/ml) by RtxA (1 pg/ml) was only
partially reduced by maltose, saccharose and PEG 400, but completely
blocked by PEG compounds with average molecular weights of 1000 g/
mol and higher. Subsequent experiments with the PEG osmoprotectants
showed that PEG 1500 and PEG 2000 completely blocked the lysis of
erythrocytes incubated with RtxA even at concentrations of up to 30 pg/
ml (Fig. 2B). When the PEG-supplemented buffer was exchanged for a
buffer without PEG, erythrocytes were immediately lysed, indicating
correct insertion of the RtxA molecules into the membrane and forma-
tion of functional toxin pores in the presence of the PEG molecules.

In the next step, the purified His-tagged RtxA toxin (30 pg/ml) was
incubated with erythrocytes (5 x 108 cells/ml) in the presence of PEG
1500 and extracellular parts of the cell-bound RtxA molecules were
labelled with the membrane-impermeable, lysine-reactive sulfo-NHS-
LC-biotin (sulfo-biotin) reagent. After quenching of the unreacted re-
agent, the erythrocytes were washed with alkaline carbonate to remove
loosely bound RtxA molecules and then transferred to a buffer without
PEG 1500, resulting in immediate lysis of the erythrocytes. The labelled
RtxA molecules were then purified from the solubilised membranes
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and then lysed by transfer to a buffer without PEG 1500. The labelled RtxA molecules were purified from the solubilised membranes using Ni-NTA agarose beads,
digested with trypsin and the resulting peptides were analysed by LC-MS/MS. The percentage of sulfo-biotinylation at each lysine residue (A) was calculated as the
ratio of the number of peptides sulfo-biotinylated at that lysine residue to the total number of corresponding peptides (B) detected in nine independent experiments.
Peptides containing residues K324 and K409 were not identified by LC-MS/MS in any of the experiments. The acylated residues K558 and K689 are not shown.
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430) of RtxA included 12 out of 19 lysine residues, namely K137, K140,
K215, K223, K262, K263, K326, K336, K339, K340, K423 and K429,
which were extracellularly labelled with sulfo-biotin. The residues
K166, K177, K232, K256 and K280 remained unlabelled, indicating that
these residues are located intracellularly or tightly associated with the
cytoplasmic membrane, making them inaccessible to sulfo-biotinylation
(Fig. 3A). The peptides with the remaining two lysine residues (K324
and K409) were not identified at all (Fig. 3B). These results indicate that
the sulfo-biotinylated and sulfo-unbiotinylated lysine residues may
delineate the extramembranous loops connecting the predicted trans-
membrane a-helices of the pore-forming domain of RtxA. The region
comprising residues 431 to 510 contains 7 lysine residues, all of which
were sulfo-biotinylated (Fig. 3A). Similarly, most of the 13 lysine resi-
dues in the acylated segment (residues 511 to 725) were labelled with
sulfo-biotin, except for the K532 residue, which is adjacent to the sulfo-
biotinylated K533 residue (Fig. 3A). The calcium-binding RTX domain
(residues 726 to 815) of RtxA contains 5 lysine residues, all of which
were sulfo-biotinylated (Fig. 3A). Finally, almost all 11 lysine residues,
except for the last one (K945), located in the C-terminus of RtxA (resi-
dues 816 to 956), were extracellularly labelled (Fig. 3A). All these re-
sults demonstrate that 63 out of 72 lysine residues (87.5 %), evenly
distributed along the entire RtxA molecule, were extracellularly labelled
with sulfo-biotin, indicating that most of the toxin molecule is located
outside the cell.

3.2. Five of the predicted transmembrane a-helices in the pore-forming
domain of RtxA are irreversibly embedded in the membrane

Various algorithms were used to predict the transmembrane a-heli-
ces in the pore-forming domain of RtxA (Table 1). Almost all algorithms
identified three transmembrane a-helices in the C-terminal region of the
pore-forming domain, spanning residues 291 to 420 (Table 1). Some of
the algorithms also predicted the presence of one to four additional
transmembrane o-helices in the N-terminal part of the pore-forming
domain, between residues 130 to 295 (Table 1).

To experimentally determine which of the seven predicted trans-
membrane o-helices of RtxA are irreversibly embedded in the mem-
brane, purified RtxA (30 pg/ml) was incubated with erythrocytes (5 x
108 cells/ml) in the presence of PEG 1500. The unbound toxin molecules
were then washed out and the erythrocytes were transferred to a buffer
without PEG 1500 but containing trypsin (10 pg/ml). This led to im-
mediate lysis of the erythrocytes and cleavage of the extramembranous
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segments of RtxA. The RtxA digests loosely associated with the mem-
brane were removed with alkaline carbonate and the toxin segments
irreversibly inserted into the membrane were isolated, digested and
analysed by LC-MS/MS. As shown in Fig. 4A and Fig. S1A, most of the
peptides isolated from the erythrocyte membranes covered the RtxA
sequence spanning residues ~264-406, including the last four predicted
transmembrane o-helices (Table 1). Within this region, either no or only
low peptide coverage was observed in a segment comprising residues
~325-363 (Fig. 4A), indicating that this segment may form a long
extramembranous loop connecting a-helixogy 319 and o-helix3g1_380
(Table 1). Since the residues K326, K336, K339 and K340 within this
loop were sulfo-biotinylated (Fig. 3A), the loop is localised extracellu-
larly. Some of the membrane-isolated peptides also covered the third
predicted transmembrane a-helixass 254 (Table 1) but not the adjacent
segment delineated by residues K256 and K263 (Fig. 4A). This indicates
that the segment may form an extramembranous loop connecting
a-helixass_os4 and a-helixogq_og9. The residues K262 and K263 within
this loop were labelled with sulfo-biotin (Fig. 3A), which indicates its
extracellular localization. Importantly, no peptides, or only trace
amounts of peptides, were detected in the N- and C-terminal parts of
RtxA, encompassing residues M1 to ~K232 and ~K409 to V956,
respectively (Fig. S1A). This observation is consistent with the data
presented above, which show that most of the lysine residues in these
two regions of the membrane-bound RtxA were sulfo-biotinylated
(Fig. 3A) and thus located outside the cell.

Similar results were obtained when the experiment was performed
on liposomes, which were previously shown to be an excellent model for
binding studies of RtxA [21]. As shown in Fig. 4B and Fig. S1B, most of
the peptides isolated from the liposome membranes covered a sequence
encompassing the last five predicted transmembrane a-helices (Table 1),
while no peptides, or only trace amounts of peptides, were detected in
the N- and C-terminal parts of RtxA.

Taken together, five out of the seven transmembrane a-helices pre-
dicted in the pore-forming domain of RtxA (Table 1) were experimen-
tally shown to be irreversibly embedded in the membranes of both
erythrocytes and liposomes, indicating that at least some of these helices
could be part of an ion-conducting membrane pore.

3.3. Structure-function analysis of RtxA

Based on the predictions and experimental results, we constructed,
produced and purified a set of deletion mutants of His-tagged RtxA

Table 1

Transmembrane o-helices (TMHs) of RtxA predicted by different algorithms.
Algorithm TMH-1 TMH-2 TMH-3 TMH-4 TMH-5 TMH-6 TMH-7 Reference

(Amino acid residues in RtxA)

Membrain 2.0 130-157 173-200 231-253 258-293 296-321 347-420 [53]
MEMSAT-SMV 274-289 302-317 369-399 [54]
OCTOPUS 235-255 301-321 363-383 385-405 [55]
Philius 292-318 371-405 [56]
POLYPHOBIUS 235-254 291-305, 307-321 366-382 384-405 [571
PRO 233-253 274-294 299-319 362-382 385-405 [58]
PRODIV 141-161 233-253 274-294 299-319 362-382 385-405 [58]
RHYTHM 276-295 300-319 363-382 387-405 [59]
SPLIT Server 236-252 295-320 362-382 386-406 [60]
SPOCTOPUS 298-318 362-382 384-404 [60]
SCAMPI-msa 235-255 301-321 363-383 385-405 [61]
SCAMPI-seq 144-164 235-255 299-319 385-405 [61]
TMSEG 299-313 384-402 [62]
TMPred 143-159 235-254 301-319 382-405 [63]
TOPCONS 144-164 233-253 274-294 299-319 362-382 385-405 [64]
Prediction frequency” 33 % 7 % 67 % 40 % 100 % 80 % 100 %
Deletions” 143-159 177-201 235-254 264-289 297-319 361-380 386-406

# The percentage of the algorithms that predicted the given a-helix to be transmembrane.
b Seven RtxA variants lacking the predicted a-helixj43 159, a-helixy77 201, o-helixass_os4, a-helixags 289, a-helixagy_ 319, a-helixzg;_3g0 Or a-helixagg 406 Were con-

structed, produced, purified and characterised.
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Fig. 4. Five of the seven predicted transmembrane a-helices of RtxA are irreversibly inserted into the membrane of erythrocytes and liposomes. Purified RtxA was
incubated with erythrocytes (A) or cholesterol-containing liposomes (B), as described in Materials and methods. After washing, both erythrocytes and liposomes were
resuspended in a buffer containing mass spectrometry grade trypsin, which cleaved the extramembranous segments of RtxA. Toxin segments loosely associated with
the membrane were removed with alkaline carbonate, while membrane-inserted segments were isolated, digested and analysed by LC-MS/MS. The peptide coverage
of the RtxA sequence from two (blue and red) (A) or three (blue, red and green) independent experiments (B) is shown. The five predicted a-helices (Table 1) are

shown as yellow cylinders above the RtxA sequence.

(Fig. 1C) and used them for structure-function analysis of the toxin.
First, we utilised CD spectroscopy to analyse the secondary structure
of the RtxA molecule, which should mainly consist of a-helices, p-sheets
and turns, as indicated by the AlphaFold model (Fig. 1A). Additionally,
we investigated whether RtxA undergoes folding upon binding of cal-
cium ions to the conserved nonapeptide repeat sequences within the
RXT domain, as has been demonstrated for other RTX toxins [16-18]. As
shown in Fig. 5A, when the urea-denatured RtxA toxin was refolded in
the absence of calcium ions, the CD spectrum indicated a protein

molecule with a mix of a-helices and p-sheets, alongside some unstruc-
tured regions. Upon the addition of a buffer containing a physiological
concentration of calcium ions (2 mM), the RtxA molecule underwent
significant conformational changes. This was evidenced by an increase
in the negative intensity of the peak at ~220 nm and an increase in the
signal at 200 nm, indicating a reduction in the unfolded regions and an
increase in the content of fB-sheets due to calcium-dependent folding
(Fig. 5A). The presence of a shoulder as a remnant of the peak at 208 nm
further confirmed that the final folded structure of RtxA contains a

A — RxA, -Ca** B — RixAA1-510,-Ca®* C — RtxAA433-956, -Ca®*
T — RtxA,+Ca*’ < — RtxAAI-510,+Ca** —~ — RtxAA433-956, +Ca’"
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Fig. 5. The RtxA molecule undergoes significant conformational changes upon the binding of calcium ions. Urea-unfolded intact RtxA (A) and its deletion variants
RtxAA1-510 (B) and RtxAA433-956 (C) were refolded in a buffer without or with calcium ions and CD spectra of the proteins were acquired in the far ultraviolet
range from 200 to 260 nm. Each protein was measured in two independent experiments, with three accumulations per experiment.
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mixture of a-helices and p-sheets (Fig. 5A). The calcium-dependent
folding was even more pronounced in the RtxAA1-510 variant, which
lacks the N-terminal half of the toxin (Fig. 5B). In contrast, the truncated
RtxAA433-956 protein, comprising the N-terminal segment and the
pore-forming domain, did not undergo calcium-dependent conforma-
tional changes, as evidenced by the nearly identical spectra of the pro-
tein in a buffer without or with calcium ions (Fig. 5C). The CD spectra
indicate a mixture of a-helices and fB-sheet structures, with a-helices
being the predominant structure. The negative bands around 222 nm
and 208 nm, along with a positive band near 200 nm, are characteristic
of an a-helix-rich structure. However, the typical spectra of proteins that
are exclusively or predominantly a-helical show similar ellipticity values
at 208 and 222 nm, whereas the CD spectrum of the folded
RtxAA433-956 protein shows a weaker negative band at 208 compared
to that at 222 nm (Fig. 5C). This difference indicates the presence of
some f-sheets within the protein, further supporting the AlphaFold
model shown in Fig. 1A.

Next, we analysed the capacity of the RtxA deletion mutants to bind
and lyse erythrocytes. To analyse binding, erythrocytes (1 x 10 cells/
ml) were incubated with varying concentrations of the purified RtxA
mutants (0-38 nM). Unbound RtxA molecules were removed with
alkaline carbonate and the cell-bound toxin molecules were stained with
a fluorescently labelled anti-His antibody and detected by flow cytom-
etry. All procedures were carried out in buffers supplemented with PEG
1500 to prevent erythrocyte lysis. As shown in Fig. 6A, all RtxA mutants
with deletions in the N-terminal half of the molecule (RtxAA1-130,
RtxAA1-231, RtxAA1-255, RtxAA1-430 and RtxAA1-510) but with an
intact C-terminal half (residues 511-956) bound erythrocytes with
similar efficiency as intact RtxA. As the mutants could not be removed
with alkaline carbonate, the C-terminal half of RtxA is most likely suf-
ficient for both the interaction of the toxin with glycosylated cell surface
structures [23,24] and the irreversible insertion of the toxin into the
membrane. This insertion primarily occurred via the acyl chains cova-
lently bound to the residues K558 and K689 [21,22], rather than
through the transmembrane o-helices of the pore-forming domain,
which were completely deleted in the RtxAA1-430 and RtxAA1-510
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mutants. Furthermore, nonacylated proRtxA did not insert into the
membrane at all (Fig. 6A). Correspondingly, only trace amounts of the
RtxAA433-956 mutant bound to the surface of erythrocytes (Fig. 6A),
confirming that the C-terminal half of the toxin is essential for its full
binding and insertion into the membrane. Similarly, only residual
binding was observed with the RtxAA624-956 mutant (Fig. 6A), which
consists of the N-terminal half of the toxin and the first acylation site,
where the K558 residue is only partially acylated [21,22]. Interestingly,
cell-binding of the RtxAA725-956 mutant, which in addition contains
the second acylation site with the fully acylated K689 residue [21,22],
was 40 % (calculated from binding values at all concentrations) of that
of intact RtxA (Fig. 6A). This indicates that the acyl chains covalently
linked to the K689 residue enable at least partial, irreversible binding of
the RtxAA725-956 mutant to the cell membrane.

To analyse haemolytic activity, erythrocytes (5 x 108 cells/ml) were
incubated with the RtxA deletion mutants at a final concentration of 3.8
nM for various time points (0-30 min). As shown in Fig. 6B, the
RtxAA1-130 mutant lysed the cells with an approximately 4-fold lower
efficiency than the intact toxin (calculated from haemolytic activity
values at 5, 10 and 15 min), indicating that the first 130 extracellular
residues significantly modulate the pore-forming activity of the toxin.
The RtxA mutants with deletions of the first two (RtxAA1-231), three
(RtxAA1-255) or all (RtxA1-430 and RtxA1-510) predicted trans-
membrane a-helices (Fig. 1C and Table 1) showed residual or no hae-
molytic activity (Fig. 6B). When the concentration of these mutants was
increased to 19 nM, the RtxAA1-231 mutant, but not the RtxAA1-255,
RtxA1-430 and RtxA1-510 mutants, exhibited low but significantly
higher haemolytic activity than proRtxA (Fig. S2). This indicates that the
first two predicted transmembrane o-helices, a-helixj43 159 and
a-helixjy7 201 (Table 1), which, however, were not experimentally
confirmed to be embedded in the membrane (Fig. S1), are likely not part
of the ion-conducting membrane pore but significantly influence its
formation. Additionally, the RtxAA441-484 mutant, which has a partial
deletion in the segment linking the pore-forming domain and the acyl-
ated segment, bound to erythrocytes similarly to the intact RtxA
(Fig. 6A), but completely lost its haemolytic activity (Fig. 6B). This
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Fig. 6. All parts of RtxA are required for its full lytic activity. (A) Sheep erythrocytes (5 x 10° cells/ml) were incubated with various concentrations of the RtxA
variants (0 to 38 nM) for 15 min at 22 °C. After washing, the cell-bound RtxA molecules were stained with a fluorescently labelled antibody and detected by flow
cytometry. Binding data were derived from the MFI values and expressed as the percentage of intact RtxA binding to erythrocytes at a concentration of 38 nM (taken
as 100 %). Each point represents the mean value with SD of at least six independent determinations performed in duplicate. The binding of proRtxA (p < 0.0001),
RtxAA433-956 (p < 0.0001), RtxAA624-956 (p < 0.0001) and RtxAA725-956 (p < 0.05-p < 0.0001) to erythrocytes was significantly lower than that of intact RtxA
at all measured concentrations. (B) Erythrocytes (5 x 108 cells/ml) were incubated with purified RtxA variants (3.8 nM) and cell lysis was measured at various time
points as the amount of released haemoglobin by photometric determination. Complete lysis of erythrocytes was reported as 100 %. Each point represents the mean
value with SD of three independent determinations performed in duplicate. All RtxA mutants lysed erythrocytes with significantly lower efficiency than intact RtxA

(p < 0.0001 at all tested time points > 0).
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indicates that the linking segment of the bound RtxA is crucial for the
correct positioning of the pore-forming domain relative to the mem-
brane and/or its subsequent correct insertion. Finally, the
RtxAA725-956 mutant, despite its lower binding capacity (Fig. 6A), still
exhibited detectable haemolytic activity (Fig. 6B), indicating that the
RtxA molecule lacking the C-terminal RTX domain and secretion signal
can, at least partially, form functional membrane pores. All these results
indicate that the precise interplay of all regions of RtxA is essential for its
full pore-forming activity.

3.4. All five a-helices in the pore-forming domain of RtxA are crucial for
its pore-forming activity

To analyse which of the five predicted and experimentally confirmed
membrane-embedded a-helices might be part of the ion-conducting
membrane pore of RtxA, we constructed five toxin variants, each lack-
ing one of the following a-helices: a-helixpss o54, a-helixg4-289,
a-helixz97,319, O(-heliX361,3g() or (X-heliX3g6,406 (Table 1). Additionally,
we constructed RtxA variants with deletions of the a-helixj43_159 or
a-helix;77 201, which were predicted by some of the algorithms
(Table 1), but not experimentally confirmed (Fig. S1), to be trans-
membrane. As shown in Fig. 7A, most of the RtxA mutants bound to
erythrocytes with a similar capacity as intact RtxA. Only the
RtxAA386-406 mutant exhibited a reduced binding capacity compared
to intact RtxA (on average by 48 %) (Fig. 7A), indicating that the
deletion of the a-helixsgg 406 may induce conformational changes in the
toxin molecule that negatively affect its binding to the cell surface and/
or irreversible insertion into the membrane.

As shown in Fig. 7B, both RtxAA143-159 and RtxAA177-201
exhibited haemolytic activity, although significantly reduced compared
to intact RtxA (on average by 75 % and 93 %, respectively), but still
significantly higher compared to proRtxA. This further supports our
observations indicating that the a-helix;43 159 and a-helixj77 201 are not
part of the ion-conducting membrane pore but play an important role in
its formation. Among the RtxA mutants lacking the experimentally
confirmed membrane-associated a-helices (Fig. 4), only RtxAA297-319
exhibited residual haemolytic activity, but this was not significantly
higher than that of proRtxA (Fig. 7B). The other four RtxA mutants
(RtxAA235-254, RtxAA264-289, RtxAA361-380 and RtxAA386-406)
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were unable to lyse erythrocytes at all (Fig. 7B).

To corroborate our observations on erythrocytes, we analysed the
RtxA mutants using artificial lipid bilayers composed of 3 % asolectin.
Consistent with the residual haemolytic activity observed on erythro-
cytes, the RtxAA297-319 mutant also exhibited very low overall
membrane activity on lipid bilayers when compared to intact RtxA
(Fig. 8A). In addition, the few single pores formed by RtxAA297-319
were not well-defined and exhibited substantially lower currents than
the pores formed by intact RtxA (Fig. 8B and Fig. S3). This indicates that
the a-helixogy_319 directly affects the toxin pore and could serve as its
structural element. The RtxA mutants lacking the o-helixass 254,
a-helixags 289, a-helixsei_sgo or a-helixsgs 406 Were completely inactive
on lipid bilayers (Fig. 8), as they were on erythrocytes (Fig. 7B), indi-
cating that at least some of these a-helices could be integral parts of the
ion-conducting pore.

Finally, we substituted single residues at the beginning, middle or
end of each membrane-embedded a-helix with a helix-breaking proline
residue. As shown in Fig. S4, the RtxA mutants with point substitutions
within the a-helixsgg_406 exhibited an almost complete loss of haemo-
lytic activity on erythrocytes. Most of the point substitutions introduced
into the other four o-helices reduced the haemolytic activity of the
mutants by 13-87 % of that of intact RtxA. These results further confirm
that all identified membrane-associated a-helices are crucial for the lytic
activity of RtxA, with the a-helixsgg 406 being the most critical. These
findings also indicate that these a-helices, particularly the a-helixsgg 406,
may serve as structural elements of the ion-conducting membrane pore
of RtxA.

4. Discussion

Dozens of studies have demonstrated that RTX toxins bind to various
eukaryotic cells, insert into the membrane and cause cell lysis through
the formation of membrane pores [16-18]. However, despite extensive
research, the precise membrane topology of RTX toxins remains un-
known, largely due to experimental challenges such as the tendency of
RTX toxins to aggregate in solution, the limited number of toxin mole-
cules inserted into the cell membrane and the rapid lysis of affected cells.
To address these issues, we developed a novel approach that involves
incorporating high amounts of the RtxA toxin into the cell membrane in
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Fig. 7. Deletion of the a-helixogs 254, d-helixogs 280, -helixsg 350 or a-helixsge 406 leads to a complete loss of lytic activity of RtxA. The binding (A) and haemolytic
(B) activities of the RtxA variants were measured as described in the legend to Fig. 6. (A) Each point represents the mean value with SD of at least four independent
determinations performed in duplicate. The binding of proRtxA and RtxAA386-406 to erythrocytes was significantly lower than that of intact RtxA (p < 0.01-p <
0.0001) at all measured concentrations for proRtxA and at concentrations >10 nM for RtxAA386-406. (B) Each point represents the mean value with SD of three
independent determinations performed in duplicate. All RtxA mutants lysed erythrocytes with significantly lower efficiency than intact RtxA (p < 0.0001 at all tested

time points > 0).
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Fig. 8. RtxA variants lacking the o-helixozs 254, a-helixogs 289, 0-helixszgr_3g0 Or o-helixsgg 406 are unable to form ion-conducting membrane pores. (A) Overall
membrane activities of the RtxA variants on asolectin/decane:butanol (9:1) membranes in the presence of 250 pM purified proteins. The aqueous phase contained
150 mM KCl, 10 mM Tris-HCI (pH 7.4), 2 mM CaCl,. The temperature was maintained at 22 °C; a voltage of 50 mV was applied, and the recordings were filtered at
10 Hz. (B) Single-pore recordings of asolectin membranes in the presence of 10 pM RtxA variants under otherwise identical conditions as in (A).

the presence of an osmoprotectant, followed by either labelling of cell-
bound toxin molecules with a sulfo-biotinylation reagent or cleaving
them with trypsin. These strategies enabled us to identify the extracel-
lular parts as well as membrane-inserted segments of RtxA by highly
sensitive MS. In combination with other biophysical, bioinformatic,
molecular biological and biochemical methods, this approach allowed
us to propose a membrane topology model of RtxA, as depicted in Fig. 9.

In this model, the N-terminal segment of RtxA, which includes the
first 231 residues, is located extracellularly (Fig. 9A), as it contains 21 of
the 23 lysine residues labelled with the membrane-impermeable sulfo-
biotin reagent. The remaining two unlabelled residues, K166 and K177,
are located between the a-helix;43_159 and a-helix;77_201, both of which
some algorithms predicted as transmembrane (Table 1). However, our
experiments identifying the transmembrane segments of RtxA in the
membranes of erythrocytes and liposomes indicate that these two
a-helices are located extracellularly rather than within the membrane.
Therefore, it seems more likely that the segment containing the unla-
belled residues K166 and K177 is oriented from the extracellular side
towards the membrane, making these two lysine residues inaccessible
for the sulfo-biotin reagent. Functional analysis of RtxA mutants with
the deletions A1-130 and A1-231 showed that while the N-terminal
segment does not participate in the binding of RtxA, it significantly re-
duces the haemolytic activity of the toxin. These findings indicate that
the N-terminal segment modulates the pore-forming activity of RtxA but
is not part of the ion-conducting membrane pore. Similarly, it was
previously hypothesised that the N-terminal segment of a-haemolysin

10

(HlyA), an RTX toxin secreted by E. coli, is not part of the membrane
pore but may function as its regulator [36]. This hypothesis was based
on the observation that HlyA mutants with N-terminal deletions A10-19
and A9-37 exhibited haemolytic activity that was 1.5- and 2.5-fold
higher, respectively, than that of intact HlyA [36]. Additionally, the
haemolytic activity of the RTX adenylate cyclase toxin (CyaA) of Bor-
detella pertussis was significantly enhanced upon the deletion of its N-
terminal part (A6-489), which includes the enzymatic adenylate cyclase
(AC) domain and an adjacent membrane-interacting segment preceding
the pore-forming domain of the toxin [37,38]. Furthermore, sub-
stitutions of negatively charged residues in the segment linking the AC
domain to the pore-forming domain of CyaA also markedly increased
haemolytic activity of the toxin [39]. The results from RtxA, HlyA and
CyaA thus show that the N-terminal segment can modulate the lytic
activity of these toxins in both directions, depending on the type of the
introduced deletions and substitutions.

The N-terminal segment of RtxA is followed by five a-helices
(Fig. 9A). Of these, two (a-helixpg7_319 and a-helixsgg_406) Were pre-
dicted to be transmembrane by all algorithms, while the remaining three
(o-helixass 254, a-helixags 289 and a-helixse;_3gp) were predicted to be
transmembrane by only some of them (Table 1). Our experiments
demonstrated that all these five predicted a-helices in membrane-bound
RtxA were protected from trypsin cleavage, indicating that they are
inserted in the membrane.

The membrane-inserted a-helixogq_2g89 and a-helixogy_319 form a first
pair of back-to-back a-helices connected by a very short loop of 7 amino



E. Ruzickova et al.

A

>
°

International Journal of Biological Macromolecules 283 (2024) 137604

=
<
>
>
b1

2 WaVWa¥al¥Wla 2 WaVWalaWNa¥ay
® & ® © ® & © & @& ® 06 © © © 66 © © © ¢ 09O ® @ a
W ® O © Q@ ® © ® © y ® ® O ® ©O H O © © ©8 Y W @
® © © © ® © © © & © nuu@vgnvu@ns@ w » ©
@ © 6 ® 6 ® ® 6 6 @ ® ® ® v © RRERBERIL: ® 0 &
8888828888 8 EERERIEEEERER] S 8 &
@ © © 0 &® & & & & & © W W D ® QW W © Y Y VO W oW ®
© ® © © ® © © ® & @ BEEREEEIEEERERRE: W oW o
® & 6 6 6 © © ® & ¢ ® © © O © 066 & © 6 © €O b ®
O @ © © ® © © © & & ® ® @ ® ® BO © W O © ©© S © &
» ® ® ®» @ 4 ©® © O @ E ®R T e ® PO © ® ® © D © 6
© ® & H ® ® © ® ® @ T EEEREEIREEERERRE:L S ® ®
BEEREEEREERRE) BEREEEEIEEEEREL © & ©
® ¥ © ® © © ® B Y © P ® © B ® PD O ® D ® ©E ® & ¢
$$338383383 ISEERRIRVERYET S 8 &
£ 328388838 8 ¢ s 8 2 283 % %0 8%
BEEEEREEEREERERE OBk S ® ® o ® PO T G » ® ® & & ~coon
® ® * ® 0 ® & O & ® v ® ® ® & © 0O " & b © @
wi ® & a v e L @ © © x o BEBR © ® ® & W ® O
R0 00 €0 06 0O & F < » Wb @ T W v & bW
LA YU 1o os e ® e o N ®c oe ® ® D © Qa6 )
v ° s A T ©® ®®
@ ] : ¢ 2 8 $ &
Ext > 2 . : 83 83
xtra ® . > ? 3 8 $ 83
& AsTE ® Q A 'L v ©
¢ _"','.,’N;Q@_‘_R o oo Gt
@, T E G 56 5,0 TIA = 5SAL,.EV Y- ,sc:: ‘c‘.sn.
G'vaqm LAs"M "'LAAY :ler
S'A'AS" ¢ Boitie All"
PALLAVAYIRA ALV IS\ VG o PV
R s AvgsY
Intra
Two pairs of back
-to-back helices
Extra

Intra

Fig. 9. Model of the membrane topology of RtxA. (A) Graphical representation of the membrane topology of RtxA based on experimental data and generated with
the Protter Server [52]. Lysine residues labelled with sulfo-biotin are highlighted in green, while unlabelled lysine residues are shown in red. Peptides containing
residues K324 and K409 (coloured in brown) were not identified by LC-MS/MS. The two pairs of back-to-back helices span the membrane bilayer. The acyl chains
covalently linked to the conserved residues K558 and K689 anchor the toxin in the membrane. (B) Detail of the two pairs of back-to-back a-helices of RtxA extracted
from the AlphaFold structure of the toxin and fitted into the membrane. The colour coding of the lysine residues (shown as sticks) is described in (A). The positively
charged residues K262, K263, K324, K326, R354 (coloured in blue) and K409 located near the membrane might serve as membrane interfacial anchors in the

proposed structure of RtxA.

acid residues (Fig. 9A and B). While the RtxAA297-319 mutant, which
lacks the o-helixaogy 319, exhibited residual haemolytic activity on
erythrocytes and correspondingly low overall membrane activity on
planar lipid membranes, the RtxAA264-289 mutant, which lacks the
a-helixoe4 289, showed no lytic activity on erythrocytes and no pore-
forming activity on planar lipid membranes. However, the residual
haemolytic activity of RtxAA297-319 was not significantly higher than
that of proRtxA and the few single pores formed by this mutant in planar
lipid membranes were not well-defined and exhibited a significantly
lower current than the pores formed by intact RtxA. This indicates that
both the a-helixags 289 and the a-helixag7_319 could be part of the ion-
conducting membrane pore formed by RtxA. Therefore, we propose
that these two hydrophobic a-helices could span the membrane bilayer,
with the short loop connecting them inside the cell cytosol. The posi-
tively charged lysine residues K262 and K263 at the N-terminus of the
a-helixogq_289 could anchor this helix to the extracellular side of the
membrane bilayer, similarly to how the lysine residues K324 and K326
could anchor the a-helixag7_319 (Fig. 9A and B). This is supported by our
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data showing that the lysine residues K262, K263 and K326 were
labelled extracellularly with the membrane-impermeable, lysine-reac-
tive sulfo-biotin reagent (no peptide containing K324 was detected by
LC-MS/MS). Indeed, it has been previously shown that lysine residues,
along with arginine, tryptophane and tyrosine residues, are involved in
anchoring membrane spanning a-helices to the membrane bilayer sur-
face [40].

The membrane-inserted o-helixsgi_3g0 and o-helixsgg_416 form a
second pair of back-to-back a-helices connected by a very short loop of 5
amino acid residues (Fig. 9A and B). The RtxAA361-380 and
RtxAA386-406 mutants, which lacks these a-helices, exhibited no lytic
activity on erythrocytes and correspondingly no overall membrane ac-
tivity on planar lipid membranes. This indicates that the highly hydro-
phobic o-helixsg; 330 and o-helixzgg 406 could span the membrane
bilayer and be part of the ion-conducting membrane pore. The short loop
connecting both helices could be located intracellularly and the residues
R354 and K409 could anchor these two a-helices to the extracellular side
of the membrane bilayer (Fig. 9A and B). The two pairs of back-to-back
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a-helices are connected by a long extracellular segment that links the
a-helixpgy_319 with the a-helixsg;_3g0 and contains five lysine residues,
four of which were labelled extracellularly with the membrane-
impermeable sulfo-biotin (Fig. 9A and B). As shown in Fig. 9B, the
transmembrane a-helixagy 319, o-helixzgi_3g9 and a-helixsgg 406 are
predicted by the AlphaFold algorithm as extended a-helical structures
that partially protrude from the membrane into the extracellular space.

In our previous study, we demonstrated that cholesterol facilitates
the interaction of RtxA with artificial and cell membranes. Analysis of
the primary sequence of RtxA revealed five putative cholesterol recog-
nition/interaction amino acid consensus motifs located within or adja-
cent to the pore-forming domain, suggesting that at least some of them
could mediate the interaction between RtxA and membrane cholesterol.
The substitutions Y343F and Y352F in two of these five cholesterol-
binding motifs indeed reduced the lytic capacity of the RtxA variants
in erythrocytes to ~50 % of that of intact RtxA. Based on this result, we
speculated that the two cholesterol-binding motifs, located between
residues 340-354 of RtxA, might be involved in the interaction of the
toxin with membrane cholesterol [21]. However, the data reported here
indicate that these two cholesterol-binding motifs are localised in an
extramembranous segment comprising residues ~325-363 (Fig. 9) and
are not embedded in the membrane, where they could interact with
membrane cholesterol. Therefore, other regions of RtxA are most likely
responsible for interacting with membrane cholesterol, and the Y343F
and Y352F substitutions introduced into the extramembranous segment
might affect the spatial arrangement of adjacent transmembrane a-he-
lical segments, leading to the partially reduced lytic activity of the toxin.

Finally, the last membrane-associated o-helixa3s 254 of RtxA is
localised between the long extracellular N-terminal part (residues
1-231) and the membrane-spanning o-helixogs 289 (Fig. 9A). The
a-helixoss 954 is connected to the a-helixag4 289 by a very short extra-
cellular loop containing two lysine residues (K262 and K263), which
were labelled extracellularly with the membrane-impermeable sulfo-
biotin reagent (Fig. 9A). Since the a-helixpss 054 is surrounded by
extracellular segments and is too short to span the membrane bilayer
from the extracellular to the intracellular side and back, it is more likely
inserted only into the outer leaflet of the membrane (Fig. 9A).
Furthermore, the RtxAA235-254 mutant, which lacks the a-helixsss 254,
exhibited no lytic activity on erythrocytes and correspondingly showed
no overall membrane activity on planar lipid membranes. All these re-
sults show that the a-helixpgs 254 of RtxA plays a crucial role in pore
formation.

Deletion mutagenesis of HlyA has previously demonstrated that the
formation of membrane pores by the toxin depends on a hydrophobic
region between residues 238-410 [36], which shares primary sequence
homology with a corresponding hydrophobic region of RtxA (residues
233-405, 58 % identity, 78 % similarity). An HlyA mutant with a
deletion of residues 238-259 (corresponding to the a-helixass 254 Of
RtxA) retained residual activity on erythrocytes and exhibited increased
conductance in planar lipid membranes compared to intact HlyA, but
without forming well-defined pores. Two other HlyA mutants, with
deletions of residues 299-327 (corresponding to the a-helixpgy 319 Of
RtxA) and 366-410 (corresponding to the a-helixse; g0 and
a-helixsgg 406 Of RtxA), showed completely abolished pore-forming ac-
tivity. Furthermore, deletion of the single polar aspartate residue D243
within the hydrophobic segment 238-259 of HIyA significantly reduced
the ability of the mutant toxin to form membrane pores, whereas the
single substitutions D243E and D243N had minimal impact on pore
formation [36]. Later experiments on membrane binding and insertion
of HlyA were performed on liposomes containing a photoactivatable
probe, which allowed labelling of the membrane-inserted segments of
the toxin. The results demonstrated that the hydrophobic sequence
comprising residues 177-411 is essential for toxin insertion [41].
Additionally, cysteine scanning mutagenesis of HlyA later identified an
amphipathic o-helix between residues 272-298 that could line the
membrane pore [42]. A double substitution G284P+1287P within this
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a-helix did not affect the binding of the mutant toxin to erythrocytes but
completely abolished its haemolytic activity, highlighting the impor-
tance of G284 and 1287 in the pore-forming activity of HlyA [42]. All
these findings indicate that the hydrophobic segments, which are
partially homologous between RtxA and HlyA, are crucial for the for-
mation of ion-conducting membrane pores and their structural integrity
is essential for the lytic activity of both RTX toxins.

In contrast to RtxA and HlyA, CyaA forms membrane pores with a
significantly smaller diameter (0.6—-0.8 nm for CyaA compared to 1.9 nm
for RtxA, 1.4-3 nm for HlyA) [25,43,44]. The hydrophobic pore-forming
domain of CyaA, predicted to be between residues ~500-700, is crucial
not only for the formation of membrane pores but also for the trans-
location of the N-terminal enzymatic AC domain of the toxin across the
membrane into the cell cytosol (cell-invasive AC activity) [45-48]. Ac-
cording to the algorithm of Eisenberg, the pore-forming domain of CyaA
consists of five transmembrane a-helices, predicted to span residues
502-522, 529-549, 571-591, 607-627 and 678-698 [45,49]. While the
first four a-helices are involved in both pore-forming and cell-invasive
AC activity, the fifth o-helix is exclusively involved in the pore-
forming activity of CyaA [45-48,50,51]. Nevertheless, there are no
conclusive data showing which of the predicted a-helices of CyaA span
the membrane and form an ion-conducting pore.

The C-terminal half of RtxA, located downstream of the
a-helixsgg_406, contains 39 lysine residues, 36 of which were labelled
extracellularly with the membrane-impermeable sulfo-biotin reagent.
Furthermore, when RtxA was inserted into the membranes of erythro-
cytes and liposomes and subsequently cleaved by trypsin, no peptides, or
only trace amounts of peptides, were detected in the C-terminal half of
the toxin by LC-MS/MS. This indicates that the entire C-terminal half of
RtxA, including the acylated segment, RTX domain and C-terminal
secretion signal, does not penetrate the cell membrane.

5. Conclusion

In this study, we have identified the extracellular regions of the
membrane-bound RtxA molecule and the membrane-embedded seg-
ments crucial for the formation of ion-conducting pores. Based on our
findings, we have designed a model of the membrane topology of RtxA.
We believe that the new approaches developed in this study can also be
applied to elucidate the membrane topology of other pore-forming RTX
toxins. This is particularly important, as it does not currently seem
feasible to obtain the 3D structure of any RTX toxin in the membrane
using crystallographic and/or cryo-EM methods.
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