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Abstract

A leukotoxin (LtxA) that is produced by Aggregatibacter actinomycetemcomitans (Aa) is an
important virulence determinant in an aggressive form of periodontitis in adolescents.
Understanding the function of this protein at the molecular level is critical to elucidating its role in
the disease process. To accomplish genetic analysis of the protein structure and relating these
observations to toxin function, we have developed an £. coli expression system for the generation
and rapid purification of LtxA. Cloning the structural toxin gene, /txA, from Aa strain JP2 under
control of T7 promoter-1 of pCDFDuet-1 vector resulted in expression of a 114 KDa protein
which could be easily purified by the presence of a carboxy-terminal engineered double
hexahistidine (double-Hisg) tag and was immunologically reactive with an anti-LtxA monoclonal
antibody, but was not cytotoxic. Cloning a second gene, /txC, an acyltransferase gene, into the
vector under control of T7 promoter-2, resulted in expression of the biologically active LtxA. The
toxin was extracted from E. coli inclusion bodies, purified by immobilized metal affinity
chromatography, and refolded by dialysis. When compared by circular dichroism (CD)
spectroscopy analysis, acylated recombinant LtxA has a secondary structure consistent with wz
LtxA, while variations in a-helical structure of nonacylated LtxA were observed. No
modifications in a-helix were found upon the toxin’s binding with liposome-incorporated
cholesterol. Our results suggest that pure, biologically active recombinant LtxA can be isolated by
a one-step affinity chromatography from £. coli. The toxic and structural properties of the
recombinant LtxA are similar to its w# counterpart.
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INTRODUCTION

Aggregatibacter actinomycetemcomitans (Aa) is a common inhabitant of the upper
aerodigestive tract of man (Henderson et al., 2003; Zambon, 1985, 1996) and is associated
with various infections including endocarditis, meningitis, pneumonia, septicemia, urinary
tract infections, vertebral osteomyelitis, and abscesses (Berbari et al., 1997; Das et al.,
1997). The organism can also be cultured from adolescent children of African descent with a
form of periodontal disease that is seen in known as localized aggressive periodontitis (LAP)
(Haubek and Johansson, 2014). When Aathat is isolated from the gingival crevice of LAP
patients is compared with organisms isolated from patients with adult periodontitis or distant
infection sites, a 530 bp deletion mutation in the promoter region of leukotoxin (LtxA)
operon is observed (Brogan et al., 1994). Organisms that contain this mutation produce 10-
to 20-fold higher levels of LtxA. This deletion is not found in Aathat is cultured from adult
periodontitis patients or infections at more distant sites, suggesting that it is playing a pivotal
role of LtxA in the development of LAP. There is evidence for the correlation between
leukotoxicity and the periodontal attachment loss (Hoglund Aberg et al., 2014).

LtxA is a member of the RTX (Repeats in ToXin) family of bacterial protein toxins. RTX
are large (<100,000 kDa) proteins that are produced by a wide variety of genera that include
Actinobacillus, Aggregatibacter, Bordetella, Escherichia, Kingella, Mannheimia, Moraxella,
Morganella, Pasteurella, Proteus and Vibrio (Linhartova et al., 2010). RTX-containing
organisms all share a common operon organization and the functional domains of its
structural toxin gene product. LtxA is synthesized as a component of a five-gene operon
(/txC, ItxA, 1B, ItxD) in transcriptional order and fdeA. The products of the /txBD genes,
and tdeA (Crosby and Kachlany, 2007), a to/C homolog (Balakrishnan et al., 2001) located
572 bp downstream of the Ltx operon, form a type | secretion system that facilitates the
movement of the toxin from the bacterial cytoplasm directly into the extracellular
environment without periplasmic intermediates.

RTX are transcribed as biologically inactive protoxins and undergo a subsequent
modification to exert an effect on the host. While the most common post-translational
modification in bacteria is either C-terminal or N-terminal proteolytic cleavage that produces
a catalytic fragment or facilitates oligomerization and subsequent membrane damage, RTX
toxins share all a unique mechanism of activation mechanism whereby acyl groups are
covalently to linked to internal LtxA lysines to become biologically active (Balashova et al.,
2009; Hackett et al., 1994; Hardie et al., 1991; Issartel et al., 1991).

RTX toxins also share both structural and organizational features structural toxin gene
product. Most notable of these is the presence of varying numbers of a glycine-rich [(L/I/F)-
X-G-G-X-G-(N/D)-D] repeat motif in the structural toxin gene. The sequence is known as a
parallel B-roll motif (Baumann et al., 1993) is not unique to LtxA nor other RTX but rather it
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is associated proteins that utilize a type | secretion system. The B-roll is a calcium-induced
switch that prevents protein folding of the protein until it is released into the external
environment. LtxA Kills leukocytes of humans and Old World Primates (Taichman et al.,
1980; Taichman et al., 1987). LtxA requires LFA-1 (lymphocyte function-associated antigen
1) receptor on host cells (Lally et al., 1999) and cholesterol for the binding to host cell
membrane (Brown et al., 2013).

Genetic systems for studying Aggregatibacter species or other RTX-containing bacteria are
beginning to be developed. Initial attempts to investigate the mechanistic properties and the
activities of LtxA isolated from the clinical isolates (Diaz et al., 2006) have been explored
while a shuttle vector, pJAK16, that permitted autoregulated high-level expression in Gram-
negative bacteria was used in Aa complementation experiments (Balashova et al., 2007;
Balashova et al., 2009). Some other experiments were also performed in our lab using cell
lysates of LtxA expressing £. coli constructs pSHH (Brown et al., 2013) and pMG1 (Lally et
al., 1994). To facilitate rapid purification of LtxA for our structural and functional studies,
we produced his-tagged toxin in £. coli. Here we report the development of an efficient
system for the active and inactive recombinant LtxA purification in £. coli. In our approach
the genes for the LtxA expression and post-translational modification were cloned under
separate promoters, which allows a greater range for genetic manipulation in the future. The
recombinant toxins are expressed as double-Hisg-tagged proteins and can be purified in one-
step procedure. We characterized biological and physical properties of the different toxin
forms and demonstrated that the recombinant LtxA closely resembles the properties of the
native toxin suggesting usefulness of the recombinant protein for further structure/functional
analysis of LtxA.

MATERIALS AND METHODS

Aa strains

Aa, strain JP2 (Tsai et al., 1984) and CS001, a non-acylated mutant (Balashova et al., 2009)
were grown on solid AAGM medium (Fine et al., 1999) for 48 h at 37 °C in 10% CO,
atmosphere. Strain CS001 was also grown in the presence of kanamycin (35 pg/ml).

Wild type (wt) and CS001 toxin purification

JP2 and CS001 Aa strains were grown in 1.5 L of liquid AAGM medium for 18 h. The
supernatant was collected and the toxins were purified by ammonium sulfate precipitation
from the bacterial culture supernatants as described previously (Diaz et al., 2006).

Plasmids construction

Genomic DNA was isolated from strain JP2 using DNeasy Blood & Tissue Kit™ (Qiagen,
Thermo Fisher Scientific Inc., Waltham, MA). The /txA and /txC genes were amplified and
cloned into pCDFDuet™-1 vector (Novagen, Madison, WI) using MCS sites (Nco I/Not I,
/XA ; Nde 1/Xho 1, /txC). Primers and oligonucleotides used for the cloning are listed in
Table 1. The full sequences of plasmid expressing biologically inactive LtxA (pLA) and
active LtxA (pLALC) are provided in Supplementary Materials.
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His-tagged LtxA expression and purification

Plasmids were transformed into £. coli BL21(ADE3) cells (Novagen, Madison, WI).
Production of LtxA was achieved by inoculation of 200 ml of LB broth containing 50 pg/ml
spectinomycin with overnight cultures at the ratio 1:100. Cells were cultivated at 37 °C in
presence of autoinduction system ingredients (Novagen, Madison, WI) or 1 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG) on the rotary shaker for 9 h-18 h at 200 rpm. The cell
pellet was collected by centrifugation at 15,000 x g for 10 min, suspended in 8 ml 20 mM
Tris, 250 mM NaCl and 200 uM CaCl, pH 6.8 buffer containing protease inhibitors cocktail
(Sigma-Aldrich, St. Louis, MO) and the cells were disrupted by sonication on ice for 6
cycles of 30 min on/30 min off using Virtis Virsonic 475 Sonicator (SP Scientific, Gardiner,
NY). Insoluble components were collected by centrifugation at 18,000 x g for 20 min. The
inclusion bodies were dissolved by agitating in 50 mM Tris, 5 mM imidazole, 8 M Urea, 0.5
M NaCl, pH 8.0 buffer for 1h. Then, the debris was precipitated by centrifugation at 18,000
x g for 10 min and the supernatant was used for the batch purification employing Ni-NTA
His-Bind Resin (EMDMilipore, Danvers, MA). Two ml of Ni-NTA His-Bind Resin were
loaded into 0.7 x 15 cm Econo-Column Chromatography column (Bio-Rad, Hercules, CA),
washed with binding buffer (50 mM Tris, 5 mM imidazole, 8 M Urea, 0.5 M NaCl, pH 8.0)
and the solution containing solubilized inclusion body proteins was passed through the
column. The column was then washed with 6 ml binding buffer and followed with 6 ml
wash buffer (50 mM Tris, 50 mM imidazole 8 M urea, 0.5 M NaCl, pH 8.0). The toxin was
eluted in 1 ml fractions with elution buffer (50 mM Tris, 500 mM imidazole, 8 M Urea, 0.5
M NaCl, pH 8.0). The dialysis of 500 ul toxin samples was performed in dialysis cassette
(10 kDa MWCO; Pierce, Rockford, IL) against 4 L of buffer containing 20 mM Tris, 250
mM NaCl and 200 uM CaCl, pH 6.8 at 4°C, overnight. The eluted fractions were kept
frozen.

Protein assay

Proteins were resolved by 4 to 20% SDS-PAGE and visualized by staining with GelCode
blue stain reagent (Pierce, Rockford, IL). The protein concentration was determined by
absorption at 280 nm on A1 NanoDrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA).

Cytotoxicity assay

THP-1 cells obtained from ATCC were maintained in RPMI 1640 medium containing 10%
FBS and 0.05 mM 2-mercaptoethanol at 37 °C under 5% CO». For toxicity tests, 100 ng/ml
purified LtxA was added to 1 x 108 THP-1 cells in RPMI with 10% FBS and incubated for 3
or 24 h. The cell membrane permeability was determined with Trypan blue assay using Vi-
cell Cell Viability Analyzer (Beckman Coulter, Miami, FL). All reactions were run in
duplicate; the assay was performed three independent times. Untreated cells were used as
controls.

Western blot analysis

The protein samples were resolved by SDS-PAGE and transferred to a nitrocellulose
membrane. The membranes were subjected to Western blot analysis with anti-LtxA
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monoclonal antibody, 107A3A3 (DiRienzo et al., 1985) in hybridoma supernatants (1:1,000
dilution) or anti His-tag monoclonal anti-body (Novagen, Madison, WI) (1:10,000 dilution)
and then secondary horseradish peroxidase (HRP)-goat anti-mouse 1gG (Fc) (1:10,000)
(Pierce, Rockford, IL).

Analysis of LtxA acylation by liquid chromatography tandem mass spectrometry (LC-

MS/MS)

LC-MS/MS analysis was performed using a Q Exactive™ HF Orbitrap Mass
Spectrometer™ mass spectrometer (Thermo Fisher Scientific, Waltham, MA) coupled with
a Nano-ACQUITY UPLC system (Waters Corporation, Milford, MA). Samples were
digested ingel with trypsin and injected onto UPLC Symmetry trap column (180 pm i.d. x 2
cm packed with 5 pm C18 resin; Nano-ACQUITY UPLC system (Waters Corporation,
Milford, MA). Tryptic peptides were separated by reversed phase HPLC on a BEH C18
nanocapillary analytical column (75 um i.d. x 25 cm, 1.7 um particle size; Waters
Corporation, Milford, MA) using a gradient formed by solvent A (0.1% formic acid in
water) and solvent B (0.1% formic acid in acetonitrile). Peptides were eluted at 200 nl/min
for 5-28% B over 42 min, 28-50% B over 25.5 min, 50-90% B over 5 min, 90% B for 22.5
min before returning to 5% B in 0.5 min. A 30-min blank gradient was run between sample
injections to minimize carryover. Eluted peptides were analyzed by the mass spectrometer
set to repetitively scan m/z from 300 to 2000 in positive ion mode. The full MS scan was
collected at 70,000 resolution followed by data-dependent MS/MS scans at 17,500
resolution on the 20 most abundant ions exceeding a minimum threshold of 20,000. Peptide
match was set as preferred, exclude isotopes option and charge-state screening were enabled
to reject unassigned and singly charged ions.

Peptide sequences were identified using MaxQuant 1.5.2.8 (Cox and Mann, 2008). MS/MS
spectra were searched against a UniProt £. coli database containing Aa LtxA protein
sequence or NCBI Aa database using full tryptic specificity with up to two missed
cleavages, static carboxamidomethylation of cysteine, and variable oxidation of methionine,
and protein N-terminal acetylation. Additional variable modifications interrogated are
saturated acyl group, hydroxylated acyl group, and monounsaturated hydroxylated acyl
group with 8 to 18 carbons (Fong et al., 2011). Consensus identification lists were generated
with false discovery rates of 1% at protein, peptide and site levels. MS/MS spectra of
identified acylated peptides were manually verified.

Circular dichroism (CD) spectroscopy

To obtain the secondary and tertiary spectra of the proteins in solution at room temperature,
a Jasco J-1500 CD spectrometer (Jasco Inc., Easton, MD) was used. Protein solutions at a
concentration of 10 mM were subjected to far UV CD measurements using a quartz cell with
a 0.05 cm path length.

Liposome preparation was described previously (Brown et al., 2015). To obtain the
secondary structure of the proteins in a membrane environment, the proteins, at a
concentration of 10 mM in the presence of liposomes at a concentration of 0.25 mg/mL were
subjected to far UV CD measurements on a Jasco J-815 spectrometer using a quartz cell
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with a 0.01 cm path length. After subtracting the buffer spectrum, the CD data were
converted to the mean residue ellipticity (expressed as Mol. Ellip.) using the path length of
the cell, the protein concentration, and the mean residue weight of 108.

The secondary structure was determined with DichroWeb using CONTIN/LL and either the
SP175 references set (for solutions containing only protein) or the SMP180 reference set
(for solutions containing protein and liposomes). (Abdul-Gader et al., 2011; Lees et al.,
2006; Provencher and Glockner, 1981; van Stokkum et al., 1990; Whitmore and Wallace,
2004, 2008) Only helical content was evaluated, as CD provides more reliable results for
that structure.

Planar lipid bilayers

The methods used for the lipid bilayer measurements have been described previously in
detail (Benz et al., 1978). A Teflon chamber divided into two 5 mL compartments. The
compartments are connected by a small circular hole with a surface area of about 0.4 mm?
and were filled with 1 M KCI, 10 mM MES, pH 6.0. Black lipid bilayer membranes were
obtained by painting onto the hole solutions of 1% (w/v) asolectin (phospholipids from
soybean, Sigma-Aldrich) or diphytanoyl phosphatidylcholine (DiphPC; Avanti Polar Lipids,
Alabaster, AL) in r~decane. All salts were analytical grade and the temperature was
maintained at 20°C during all experiments. The current across the membrane was measured
with a pair of Ag/AgCl electrodes with salt bridges switched in series with a voltage source
and a highly sensitive current amplifier Keithley 427 (Keithley Instruments, INC. Cleveland,
OH). The amplified signal was recorded by a strip chart recorder (Rikadenki Electronics
GmbH, Freiburg, Germany).

Statistical Analysis

RESULTS

The statistical analyses were performed using either Student’s #test or one-way analysis of
variance using SigmaPlot® (Systat Software, Inc. Chicago, IL). The following statistical
criteria were applied: p<0.001, p< 0.05, and p< 0.01.

Construction of plasmids for the recombinant toxins expression

To construct plasmid pLA for expression of the LtxA protoxin (proLtxA), the /txA gene
from JP2 strain was cloned into pCDFDuet-1 vector and under control of T7 promoter-1
using Ncol/Notl sites (Fig.1A). Unique Kpnl and Sacl sites were the introduced in the
beginning of /£xA and before stop codon, respectively, for easy in frame exchange of wr
toxin gene to mutated variants. Our preliminary experiments demonstrated that expression of
/txA with C-terminus hexahistidine tag did not allow efficient binding of the toxin to the
Co?*, Ni2*, or Zn2* containing matrix to perform purification by metal affinity
chromatography (data not shown). Therefore, to improve the binding characteristics of the
polyhistidine tag, the construct was modified to provide C-terminal in frame fusion of LtxA
to the double-Hisg tag (HHHHHHSRAWRHPQFGGHHHHHH) (Khan et al., 2006). To
obtain LtxA without purification tag the thrombin cleavage site (LVPRGS) was genetically
inserted prior polyhistidine tag between Sall/Notl sites. Thrombin can be used to selectively
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cut between the arginine and glycine residues of the cleavage site in order to remove the
purification tag from the toxin (Waugh, 2011).

The acyltransferase converting proLtxA to mature LtxA was identified is a product of the
/txC gene that is located in the /£x locus (Balashova et al., 2009). To produce biologically
active recombinant LtxA, the /txC gene amplified from chromosomal DNA of the JP2 strain
and the PCR product was cloned under a separate T7 promoter (T7 promoter-2) using Ndel/
Xhol sites (Fig.1B). The resulting plasmid, pLALC, allowing co-expression of the /txC and
/txA gene products and thereby production and purification of the acylated and therefore
biologically active LtxA toxin (LtxAREC).

Purification of recombinant toxins

The LtxAREC and proLtxA proteins were produced as double-Hisg tag proteins in £. coli
BL21(ADE3) cells. When solubilized with 8 M urea, LtxA was observed in both the cytosol
and inclusion bodies. Overnight Express™ Autoinduction System 1 (Novagen) was found to
produce higher levels of the toxin expression than 1 mM IPTG and was therefore used in
these studies. The toxins purified from the cell lysates on Ni-NTA agarose (Qiagen)
typically yield ~20 mg/L per liter of culture. The toxin was bound to the column at 5 mM
imidazole concentration and eluted with 500 mM imidazole. Figure 2A shows batch
purification on LtxAREC on Ni-NTA column. Purified proLtxA and LtxAREC were
recognized by both monoclonal anti-LtxA and anti His-tag antibody (Fig. 2C). The
functionality of the recombinant toxins were tested in cytotoxicity assays on THP-1 cells.
Neither exposure of the toxin to imidazole nor 8 M urea inhibited the activity. While purified
LtxAREC was cytotoxic to a THP-1 cells, which correlates with previously observed toxicity
of the native LtxA (LtxAWT) (Fig. 2D). No cytotoxicity was observed with proLtxA (Fig.
2D).

LtxAREC modification

In previous studies we identified the sites for the fatty acid modification in LtxA (Balashova
et al., 2009; Fong et al., 2011). Similar LC-MS/MS analyses were used to characterize the
toxins acylation sites in this study. The reverse-phase LC gradient was adjusted to include a
23 min hold at 90% acetonitrile to ensure elution of very hydrophobic acylated peptides
(Fig. 3A). LC-MS/MS of tryptic peptides from_both LtxAWT and LtxAREC confirmed that
Lys®2 and Lys887 are the sites of acyl group attachment and the type of the acylation
detected is similar. Both LtxAWT and LtxAREC are modified with predominantly 14-carbon
saturated acyl group, hydroxylated acyl group, and monounsaturated hydroxylated acyl
group (Fig. 3B). No acylation was detected in LtxA purified from Aa CS001 (LtxACS001),
containing transposon insertion in /txC (Balashova et al., 2009) and proLtxA. Acyl groups
greater than 16-carbon were not detected by LC-MS/MS even after replacing acetonitrile in
LC solvent B with isopropanol which has a stronger elution strength.

Pore forming activity

The pore forming capacity of LtxAWT and LtxAREC were compared using planar lipid
bilayers. In initial experiments, membranes formed using DiphPC/n-decane had a relatively
low pore-forming activity however, the results we obtained were similar to those reported for
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HIyA from E. coliand other RTX toxins such as Morganella morganii, Proteus vulgaris and
Kingella kingae (Barcena-Uribarri et al., 2015; Benz, 2016; Benz et al., 1994a; Benz et al.,
1994b; Benz et al., 1989; Schmidt et al., 1996). Lipid bilayer membranes formed with
asolectin/n-decane, LtxAWT had a much higher pore-forming activity. Fig. 4A shows a
typical current recording of an asolectin/n-decane membrane in the presence of wild type
LtxAWT  added in small concentration (50 ng/ml) to the aqueous phase on one side, the cis-
side of a black asolectin/n-decane membrane. Shortly after the addition of the toxin to the
aqueous salt solution, the conductance started to increase in steps (Fig. 4A). An increase of
the current noise indicated that the LtxAWT channels formed pores that showed a
considerable current noise that increased with pore number making it difficult to ascertain
the contribution of individual pores. Nevertheless, it was possible to calculate the average
single-channel conductance by only taking membranes into account where up to
approximately four to five LtxAWT pores were present in the membrane at the same time.
Analysis of the LtxAWT pores, as shown in the histogram in Fig. 4B, exhibited a broad
distribution of pores, possibly caused by the high current noise of the single conductance
units. The conductance of the LtxAWT pores was about 1.2 nS in the buffer containing 1 M
KCI, 10 mM MES, pH 6.0 (Fig. 4B).

“Noisy” pores were also encountered with LtxAREC at a similar concentration (50 ng/ml) to
the cis-side of black asolectin/n-decane membranes (see Fig. 4A). Also for LtxAREC it was
not possible because of the high current noise to clearly detect the pores when more than
four to five pores were inserted into the membranes. In general, we were not able to detect
any difference of the pores formed by the two versions of LtxA because also the histogram
of LtxAREC showed a similar broad distribution as LtxAWT (see Fig. 4B). This was also
valid for the single channel conductance of the LtxAREC pores, which had on average a
conductance of about 1.3 nS under the same conditions as for LtxAWT. Both proLtxA and
LtxACS001 did not express any pore-forming activity in asolectin membranes at the
concentrations up to 500 ng/ml.

CD Spectroscopy

CD spectroscopy to investigate the structures of LtxAWT, LtxAREC and LtxACS001 Fig. 5
shows the near UV CD and the far spectra in mean residue ellipticity (expressed as Mol.
Ellip.). The near UV CD spectra (Fig. 5A) of LtxAWT and LtxAREC are superimposable,
indicting an identical tertiary structure. The spectra are highly similar to the spectrum of
CS001, indicating its similar tertiary structure. The spectra are characterized by a negative
peak at 296 nm arising from tryptophan residues and positive signals below 290 nm,
indicating that aromatic amino acids and/or disulfide bonds are in folded environments.
Thus, it is evident that these three proteins are folded.

Fig. 5B shows the far UV CD spectra of the three proteins. The spectra of LtxAWT and
LtxAREC are superimposable, suggesting that they have an identical secondary structure.
Both spectra show signatures of helical structure, with double minima at 209 and 220 nm.
Fig. 5 also shows the far UV CD spectrum of LtxACS001 which has a significantly different
from the spectra of LtxAWT and LtxAREC. The negative signals are greatly reduced,
consistent with a reduced helical content. Together with the near UV CD data, these results
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indicate that although LtxACS%01 js folded, it has reduced helical content compared to
LtxAWT and LtxAREC, We then performed CD spectroscopy analysis of LtxAWT and
LtxACS001 ypon incubation with membranes composed of 100% POPC, and 60% POPC/
40% cholesterol (Fig. 6). As LtxAWT moves from solution to either a POPC or POPC/
Cholesterol membrane, the negative peak at 222 nm decreases (Fig. 6A), indicative of a loss
in helicity. Deconvolution of the spectra demonstrates that the helical structure of LtxAWT
decreases as the protein moves from solution to either type of membrane; the structure of
LtxAWT in a POPC membrane is not significantly different from its structure in a POPC/
cholesterol membrane (Fig. 6B). Conversely, LtxACS001 exhibits no change in structure as it
moves from solution to either a POPC membrane or a POPC/chol membrane (Fig. 6).

DISCUSSION

Limitations in genetic manipulations in Aa did not allow structural characterization of LtxA
that plays critical role in the organism virulence. Here we present a new £. coli system for
the expression and recovery of recombinant LtxA and LtxA mutants. The development of
such system enables further genetic analysis of the protein structure to identify the structural
domains of the toxin. This work provides a basis for studies of LtxA activation or analysis of
LtxA mutations.

LtxA is transcribed as proLtxA and is not nontoxic to target cells. To become biologically
active posttranslational fatty acid acylation prior to secretion at Lys®62 and Lys587 is
necessary (Balashova et al., 2009; Fong et al., 2011). Acylation is not essential for LtxA
secretion (Balashova et al., 2009). Compare to other available expression systems, pSHH
(Brown et al., 2013) and pMG1 (Lally et al., 1994), /txA and /txC genes were cloned under
different T7 promoters of pPCDFDuet-1 vector, designed to coexpress two target proteins in
E. coli. Our approach would allow to achieve optimal yield and would facilitate further
manipulation with two genes to analyze of the amino acid substitutions, truncated, or hybrid
versions of the toxin.

Multistep purification chromatography procedures have been employed for purification of
untagged RTX toxins. CyaA of B. pertussis (Ostolaza et al., 1991) and FrpC of .
meningitidis (Sebo et al., 1991) have been expressed in £. coli. Among RTX proteins his-
tagged toxins production in E. coliwas reported for Apx proteins of Actinobacillus
pleuropneumoniae. Purified unmodified Apx proteins of A. pleuropneumonia contained
hexahistidine tags on C- and N- terminal ends and were applied for porcine vaccinations
(Sadilkova et al., 2012). An expression of active ApxIA toxin was achieved by subclonning
apx/C into the expression plasmid and the toxin was used purinergic signaling study (Masin
etal., 2013).

Double—Hisg tags were demonstrated order magnitude stronger binding to Ni-NTA-modified
surfaces than conventional hexahistidine tags (Khan et al., 2006). In addition, these tags
were detected with greater sensitivity by anti His-tag antibodies than the single-Hisg (Khan
et al., 2006). Double-Hisg tag consists of two hexahistidine regions separated by an 11-
amino acid spacer. The double—Hisg tag has been used for purification of antibody fragments
and other proteins on Ni-NTA resin after /n vitro protein synthesis (He and Taussig, 2001).
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In our experimental system, purification of LtxA was achieved by addition of double-Hisg
tag to the C-terminal end of the protein. Utilization of a double—Hisg tag has played a critical
role for increasing LtxA binding to Ni-NTA resin since the purification of the toxin
expressed with single Hisg-tag did not yield significant amounts of protein.

Using this system, we were able to generate and purify an unacylated toxin proLtxA, to
begin to investigate the role of acylation in interaction the toxin membrane of LtxA with
membranes. We have previously shown that although LtxA undergoes membrane
composition-independent tertiary structural changes upon interacting with membranes,
changes in secondary structure are small and membrane composition specific (Walters et al.,
2013). The results obtained here demonstrate that the helical nature of LtxAWT decreases as
the protein moves from solution to a membrane, but that change is independent of the
presence of cholesterol. Unacylated toxin exhibited no change in secondary structure.

The planar lipid bilayer assay is a highly sensitive method, which allows characterization of
membrane damaging activity in small amounts of RTX-toxin samples (Barcena-Uribarri et
al., 2015). Previous studies demonstrated a strong correlation between the pore forming
activity of RTX-toxins on erythrocytes and macrophages with that in planar lipid bilayers
(Benz et al., 1994b; Masin et al., 2005; Menestrina et al., 1987). Using membranes formed
with 1% asolectin/n-decane resulted in a much higher pore forming activity than DiphPC/n-
decane. While DiphPC/n-decane is a pure lipid, asolectin is a heterogeneous mixture of
lipids, mostly phosphatidylcholine (20%) as it is also the case in biological membranes but it
contains also different phospholipids and some glycolipids, typical for plants (Scholfield,
1981). On the other hand, the single channel conductance observed here and elsewhere for
LtxA was very similar to that measured previously for RTX-toxins from different Gram-
negative bacteria in lipid bilayer membranes at similar conditions (Barcena-Uribarri et al.,
2015; Benz et al., 1994a; Benz et al., 1989; Lear et al., 1995; Schmidt et al., 1996).

It is noteworthy, that the pores formed by the two forms of LtxA exhibited a much higher
current noise than pores formed by other RTX-toxins, such as HIyA of £. coli or RtxA of K.
kingae (Barcena-Uribarri et al., 2015; Benz et al., 1989). “Noisy” behavior of LtxA proteins
in planar bilayers can be an indication of conformational changes in the protein secondary
structure upon interaction with some lipids as we demonstrated in our previous work
(Walters et al., 2013).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

Aa Aggregatibacter actinomycetemcomitans

E. coli Escherichia coli

CD circular dichroism

double-Hisg double hexahistidine tag

IPTG Isopropyl p-D-1-thiogalactopyranoside

HRP horseradish peroxidase

LAP localized aggressive periodontitis

LC-MS/MS liquid chromatography tandem mass spectrometry (LC-
MS/MS)

LFA-1 lymphocyte function-associated antigen 1

LtxAWT leukotoxin purified from Aggregatibacter
actinomycetemcomitans

LtxAREC recombinant leukotoxin purified from £. coli

LtxACS001 unmodified leukotoxin from Aggregatibacter
actinomycetemcomitans

MCS multiple cloning site

proLtxA LtxA protoxin, unmodified recombinant leukotoxin
purified from E. coli

RTX Repeats in ToXin

wt wild type
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Highlights:

The expression system for production of RTX toxin (LtxA) was developed an
E. coli

Active and inactive LtxAREC forms were produced with C-terminal double-
Hisg tag

LtxAREC has a secondary structure consistent with LtxAWT

Functional activity of LtxAREC and LtxAWT in planar lipid bilayers was
similar

The expression system will allow analysis of the LtxA protein structure
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Figure 1. Maps of genetic constructs for LtxA expression.
(A) To construct plasmid (pLA) for expression of the proLtxA, the /txA gene from JP2 strain

was cloned into pCDFDuet-1 vector using Ncol/Notl sites. Unique Kpnl and Sacl sites were
introduced in the beginning of /txA and before stop codon, respectively. The thrombin
cleavage site and double—Hisg tag were inserted prior to stop codon. (B) To construct
plasmid (pLALC) for expression of the biologically active recombinant LtxA, the /txC gene
amplified from chromosomal DNA of the JP2 strain and the PCR product was cloned under
a separate promoter in pLA using Ndel/Xhol sites.
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(A) SDS-PAGE of polyhistidine-tagged LtxA purification from pLALC. The inclusion
bodies from £. coliBL21(ADE3) cells transfected with pLALC were solubilized and the
toxins were purified as described in Materials and Methods. The cell lysates and the samples
after elution after toxin samples were separated by SDS-PAGE. The major band of
approximately 114 kDa was detected on SDS-PAGE in the purified active sample (EL1 and
EL2). (B) SDS-PAGE and (C) Western blot analysis of dialyzed recombinant toxins samples
and LtxAWT. The immunodetection of LtxA was performed with monoclonal antibody
107A3A3 (DiRienzo et al., 1985) and anti His-tag (Novagen). (D) /n7 vitro assay of LtxA
toxicity. For toxicity tests, 100 ng toxin samples were added to 0.5 x 10% THP-1 cells in
RPMI with 10% FBS and incubated for 3 h at 37 °C. The cell viability was estimated by
Trypan blue assay using Vi-cell counter. Untreated THP-1 cells served as control. The data

in the figure are representative of the three experiments.
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Figure 3. LC-MS/MS analysis of leukotoxin proteins.
(A) Base peak chromatograms of LtxAWT, and LtxACSO0L tryptic digests. The tryptic

peptides VTDLLEYR and YEFITELK were observed in LtxACS00! because the unacylated
preceding lysine residues were susceptible to trypsin cleavage. Peptides acylated at K°62 and
K687 were detected in LtxAWT at retention time 55-86 min. (B) Extracted ion
chromatograms of doubly charged ions corresponding to the major types of acylated
peptides from LtxAWT, These acylated peptides were not detected in LtxACS001,
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Figure 4. Analysis of the LtxAWTand LtxAREC activity in lipid bilayer membranes.
(A) Single-channel recordings. Current recording of an asolectin/n-decane membrane

performed in the presence of 50 ng/ml toxins added to the cis-side of the membrane. The
aqueous phase contained 1 M KCI, 10 mM MES, pH 6. The applied membrane potential
was 20 mV at the cis-side; T = 20°C. (B) Histograms of the probability P(G) for the
occurrence of a given conductivity unit in membranes formed of 1% asolectin dissolved in
n-decane in the presence of LtxAWT or LtxAREC, The histogram was calculated by dividing
the number of fluctuations with a given conductance unit by the total number of conductance
fluctuations. The average conductance of all conductance steps for LixAWT was 1.20 nS for
95 conductance steps derived from 17 individual membranes. The average conductance of
all conductance steps for LtxAREC was 1.30 nS for a total of about 74 single-channel events
derived from 15 individual membranes.
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Figure 5. CD spectra of leukotoxin proteins.
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(A) Near UV spectra of LtxAWT (gray), LtxAREC (blue), and LtxACS00L (red). The spectra
of all three proteins are nearly identical, indicating that these proteins are folded with the
same tertiary structure. (B) Far UV spectra of LtxAWT (gray), LtxAREC (blue), and
LtxACS001 (red). The spectra of LtxAWT and LtxAREC are superimposable, demonstrating
that they have an identical secondary structure, while the spectra of LtxACS%01 indicates a

decrease in helical structure.
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(A) The far UV spectra of LtxAWT (left) and LtxACS001 (right) in solution (black), POPC
(blue), or POPC/Chol (red) membranes was recorded. A decrease in the peak at 222 nm was
observed as LtxAWT moved from solution to either type of membrane, indicating an increase
in helical structure. LtxACS00L exhibited no difference in spectra as the protein moved from

solution to a membrane environment. (B) Deconvolution of the LtxAWT (black) and

LtxACS001 (grey) spectra demonstrate that LtxAWT undergoes a significant decrease in
helicity upon interacting with either type of membrane, relative to its solution structure,

while LtxACS001 does not. ** p < 0.001, NS not significant.
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