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SUMMARY

Aggregatibacter actinomycetemcomitans is a common inhabitant of the upper aerodigestive tract
of humans and non-human primates and is associated with disseminated infections, including lung
and brain abscesses, pediatric infective endocarditis in children, and localized aggressive
periodontitis. A. actinomycetemcomitans secretes a repeats-in-toxin protein, leukotoxin, which
exclusively kills lymphocyte function-associated antigen-1-bearing cells. The toxin's pathological
mechanism is not fully understood; however, experimental evidence indicates that it involves the
association with and subsequent destabilization of the target cell's plasma membrane. We have
long hypothesized that leukotoxin secondary structure is strongly correlated with membrane
association and/or destabilization. In this study, we tested this hypothesis by analyzing lipid-
induced changes in leukotoxin conformation. Upon incubation of leukotoxin with lipids that favor
leukotoxin-membrane association, we observed an increase in leukotoxin a-helical content that
was not observed with lipids that favor membrane destabilization. The change in leukotoxin
conformation after incubation with these lipids suggests that membrane binding and membrane
destabilization have distinct secondary structural requirements, suggesting that they are
independent events. These studies thus provide insight into the mechanism of cell damage that
leads to disease progression by A. actinomycetemcomitans.
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INTRODUCTION

Aggregatibacter actinomycetemcomitans is a common inhabitant of the upper aerodigestive
tract of humans and non-human primates. While the bacterium can be recovered from the
subgingival sulcus, tongue, buccal mucosa, and the saliva from 10-15% of healthy young
individuals (Sirinian et a/., 2002), it is also, in certain cases, associated with disseminated
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infections, including lung and brain abscesses (Stepanovic et al., 2005;Hagiwara et al.,
2009), pediatric infective endocarditis (Paturel ef a/., 2004;Tang et al., 2008), and localized
aggressive periodontitis (LAP) (Haubek et a/., 2008). The organism produces a variety of
virulence factors that contribute to either bacterial colonization or pathogenesis of disease.
Our interest in the virulence of A. actinomycetemcomitans has been focused upon a 114 kDa
repeats-in-toxin (RTX) toxin (Coote, 1992), leukotoxin (LtxA), which targets cells involved
in both innate and adaptive immune responses. Widely disseminated among Gram-negative
bacteria, members of this family share a series of C-terminal glycine-rich repeat units and an
ABC-hased secretion system, which involves recognition of a signal sequence at the C-
terminus of LtxA by membrane-associated proteins and export of the structural toxin gene
product directly to the outside of the cell without the participation of a periplasmic
intermediate (Fath and Kolter, 1993).

The secretion of LtxA directly into the extracellular milieu poses an interesting enigma, for
while it is soluble in an aqueous solution (Lear et al., 2000a;Brogan et al., 1996;Lear et al.,
1995a), the protein is also able to interact with and destabilize the lipid bilayer (Brogan et
al., 1994;Brown et al., 2012;Lear et al., 1995b;Lear et al., 2000b). Membrane destabilization
by LtxA requires the exposure of hydrophobic regions of the protein, which would
otherwise be unexposed in water-soluble proteins (Gregory et al., 2011). Therefore, it is
proposed that LtxA utilizes a switch between two alternative conformations to achieve
biological activity (Lear et al., 1995a;Menestrina et al., 1987;Benz et al., 1989). Similar
observations have been made with other water-soluble toxins (Benz et al., 1989;Parker et al.,
1989;Choe et al., 1992;Li et al., 1991), whereby hydrophobic residues that are normally
sequestered in the interior of the protein undergo a structural reordering upon contact with
the membrane.

The molecular flexibility of LtxA upon changes in the temperature or pH as analyzed by
tryptophan fluorescence intensity and circular dichroism (CD) (Lear et al., 2000a) has been
well documented. The spectra that were generated in those studies did not demonstrate any
evidence of a large scale unfolding of LtxA; rather the observed structural modifications
were subtle and consistent with the hypothesis that the hydrophobic residues sequestered in
the protein interior in the aqueous state became exposed to membrane lipids upon membrane
association (Lear et al., 2000a). This observation then led us to originally postulate that
LtxA is able to achieve its dichotomous lifestyle through an intrinsically disordered domain
(Lally et al.,, 1999). Other proteins or protein domains (Uversky, 2002;Dunker et al., 2002)
that do not form specific 2-D structures under physiological conditions have been
documented by analytical methods such as X-ray diffraction, hypersensitivity to protease
digestion, and NMR spectroscopy; these techniques have been used to substantiate the
presence of segments of intrinsic disorder within these proteins. These regions have been
described as natively unfolded, intrinsically unfolded, or intrinsically disordered (Weinreb et
al., 1996;Wright and Dyson, 1999;Dunker et al., 2001) based upon their lack of a specific 2-
D structural motif.

In the current study, LtxA was incubated with lipid systems to gain insight into the
relationship between toxin structure and membrane-dependent cytotoxic properties. We
observed strong association of LtxA with single-chain phosphatidylcholine (lysoPC), but
previously found no LtxA-induced membrane destabilization with this lipid (Brown et al.,
2012). On the other hand, we observed weaker association of LtxA with
phosphoethanolamine (PE), but substantial LtxA-induced membrane destabilization (Brown
et al., 2012). We therefore used lysoPCs and PEs to study conformational changes in LtxA
upon binding and membrane destabilization, respectively. Using a multi-pronged
biophysical approach consisting of surface plasmon resonance (SPR), fluorescence
spectroscopy, and CD spectroscopy, we investigated changes in LtxA-membrane
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interactions and LtxA conformation. We observed that incubation of LtxA with lysoPC,
which enhanced protein-lipid association, resulted in an increased a.-helical content. This
structural change was not observed during incubation of LtxA with PE. We further assessed
if calcium (Ca2*), known to bind to LtxA (Lally et a/., 1991) induced conformational
changes and found that Ca* does not enhance the lysoPC-induced change in helices. Based
on these results, we hypothesize that distinct structural conformations are correlated with
LtxA-lipid association and LtxA-induced membrane destabilization, likely in a Ca2*-
independent manner.

1-myristoyl-2-hydroxy-sr-glycero-3-phosphocholine (MPC), 1-palmitoyl-2-hydroxyl-sn-
glycero-3-phosphocholine (DPC), 1-stearoyl-2-hydroxy-sm-glycero-3-phosphocholine
(SPC), 1,2-dimyristoyl-sr-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sr-
glycero-3-phosphocholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine
(DMPE), and 1,2-dioleayl-sr-glycero-3-phosphoethanolamine-N-methyl (N-m-DOPE) were
purchased from Avanti Polar Lipids (Alabaster, AL) and used without further purification.
N-(5-dimethylaminonaphthalene-1-sulfonyl)-1,2-dihexadecanoyl- sr-glycero-3-
phosphoethanolamine, triethylammonium salt (DANSYL) was purchased from Life
Technologies™ (Grand Island, NY).

LtxA preparation

A. actinomycetemcomitans JP2 strain (Tsai et al., 1984) was grown for 48 h at 37°C in A.
actinomycetemcomitans growth medium (AAGM) (30 g L™ trypticase soy broth, 6 g L1
yeast extract, 8 g L™ dextrose, 0.4% sodium bicarbonate, 5 ug mL"1 vancomycin, and 75 p.g
mL1 bacitracin (Kachlany et al, 2002). The cell culture was centrifuged at 10,100 x g for
15 min at 4 °C to remove cellular debris. Ammonium sulfate (32.5%, mass/volume) was
added to the supernatant and precipitation continued under gentle stirring for 2 hours at 4
°C. Precipitates were recovered by centrifugation (10,100 x g for 15 min at 4 °C),
resuspended in 10 mM potassium dihydrogen phosphate (pH = 6.5), and then dialyzed
against 10 mM potassium dihydrogen phosphate at 4 °C for 40 h. LtxA was then isolated
using a HiTrap SP HP ion exchange column with a 5 mL bed volume (GE Healthcare). After
the column was loaded and washed with 10 mM potassium dihydrogen phosphate, LtxA was
eluted during the second of three isocratic flow regimes of 0.2 M, 0.6 M, and 1.0 M NaCl in
10 mM potassium dihydrogen phosphate. The buffer was then exchanged with 10 mM
potassium dihydrogen phosphate (pH = 6.5) (Kachlany et al., 2002).

Liposome preparation

Liposomes were created using the film deposition technique (Olson et al., 1979). Lipids
dissolved in chloroform were added to a glass vial in the desired amounts, the chloroform
was evaporated under a stream of nitrogen, and the residual chloroform was removed under
vacuum. Multilamellar liposomes (MLVs) were formed by hydrating the lipid films with
buffer. For the fluorescence spectroscopy, SPR, and CD experiments, the MLVs were
extruded 11 times through a 200-nm polycarbonate membrane before use.

Jn.9 cell lipid extract preparation

Jn.9, a subclone of the Jurkat human T lymphoma cell line, was a gift from Dr. Lloyd
Klickstein (Cherry et al., 2001). The cells were grown at 37 °C under 5% CO, in RPMI
1640 (Mediatech Inc., Herndon, VA) containing 10% fetal calf serum (FCS), 0.1 mM MEM
non-essential amino acids, 1x MEM vitamin solution, 2 mM L-glutamine, and 50 pg mL™1
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gentamicin. Lipids were extracted from Jn.9 Jurkat cells by adding a 2:1 solution of
chloroform:methanol to cell suspensions and vortexing for 2 minutes (extraction was
repeated a total of two times). The extracted organic phase was washed with a 0.9% (w/v)
NaCl solution and evaporated using a stream of gaseous nitrogen before drying under
vacuum (Folch er al.,, 1957). These extracts consisted of: 16.2% triglycerides, 15.8%
cholesterol, 4.9% cholesterol ester, 0.5% cardiolipin, 17.7% phosphotidylethanolamine,
1.6% phosphatidylinositol, 2.1% phosphatidylserine, 35.2% phosphatidylcholine, 6.1%
sphingomyelin (lipid analysis reported in weight % and performed by Avanti Polar Lipids,
Alabaster, AL).

Forster resonance energy transfer (FRET)

The liposomes for FRET analysis were prepared in 150 mM NaCl, 5 mM CaCl,, 5 mM
HEPES, and 3 mM NaN3, pH 7.4, and were composed of DMPC/MPC (3:1) or DMPC/
DMPE (3:1). For both lipid compositions, one set of liposomes contained the FRET
acceptor, DANSYL and one did not. The DANSYL composition was set so that the donor
(LtxA-Trp)-to-acceptor (DANSYL) ratio was constant (1:18) for all toxin concentrations.
Purified LtxA was added to the liposome suspensions at the specified protein:lipid ratios,
and the solution was incubated at 37 °C for 30 minutes. The excitation wavelength was set
at 295 nm, and the emission intensity was scanned from 310 to 410 nm with the bandpass
set to 4 nm. FRET efficiency (%E) was calculated as:

%E =1 -F ,,/F » Eq1

where Fp is the fluorescence intensity (measured at 350 nm) of the donor only sample (no
DANSYL), and Fpp is the fluorescence intensity of the sample containing donor and
acceptor. LtxA contains five Trp residues, and it is assumed that all five contribute to the
measured %E. Three identical repeats were prepared for each sample type (n=3).

ANTS/DPX Leakage

The ANTS/DPX leakage liposomes were prepared in ANTS/DPX buffer (50 mM NaCl, 25
mM HEPES, 12.5 mM ANTS, 45 mM DPX, pH = 7.4). The dye-encapsulating liposomes
were separated from the free dye on a Sephadex G-50 size exclusion column, eluted with a
column buffer (50 mM NaCl, 25 mM HEPES, pH = 7.4).

LtxA was added to the ANTS/DPX-encapsulating liposomes in the specified protein:lipid
ratio. LtxA-mediated membrane damage was measured by the release of ANTS/DPX (%R):

1. -1
%R=1F _IB Eq. 2

T B
where Ig is the fluorescence intensity after toxin addition, Ig is the baseline fluorescence
intensity, and It is the maximal intensity, obtained after adding 0.1% Triton X-100.

The excitation wavelength was set at 355 nm, and the emission was recorded at 520 nm on a
Perkin-Elmer fluorescence spectrometer (LS-55). Passive leakage was accounted for by
subtracting the leakage that occurred after addition of buffer (in place of toxin) to ensure that
the reported leakage is due only to LtxA.

Tryptophan Intensity

Liposomes composed of DPC or N-m-DOPE were prepared in 150 mM NaCl, 5 mM CacCly,
5 mM HEPES, and 3 mM NaNs, pH 7.4, at a lipid concentration of 5 mM. Purified LtxA
was added to a cuvette at a concentration of 0.25 mM. A series of 10-p.L aliquots of the lipid
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stock solution were added individually to the cuvette. After each addition, the sample was
allowed to equilibrate at room temperature for 5 min before scanning. The excitation
wavelength was set at 280 nm, and the emission was scanned from 300 to 400 nm with
bandpasses of 4 nm. The effect of light scattering caused by the addition of liposomes was
accounted for by repeating the experiment with buffer only in the cuvette initially. The
fluorescence intensity due to liposomes alone was subtracted from the fluorescence intensity
due to liposomes and toxin. Two identical repeats were prepared for each sample type (n=2).

Surface Plasmon Resonance

Liposomes composed of DPC or N-m-DOPE (1 mM) were prepared in 150 mM NacCl, 5
mM CaCl,, 5 mM HEPES, and 3 mM NaNj3, pH 7.4, and tethered to an L1 Biacore chip by
flowing them over the chip at a rate of 5 wL min-1, until a mass corresponding to
approximately 1000 response units (RU) (approximately 5 pL) had been added to the
surface (Besenicar and Anderluh, 2010). A small volume of NaOH (5 L) was added to
remove any unbound liposomes. The flow rate was increased to 30 L min-1 before the
toxin injection was initiated. Each toxin injection was 60 p.L, followed by a 180-p.L
dissociation injection of buffer alone. The surface was regenerated with an injection of 65
pL 0.5% SDS.

The ten toxin concentrations ranged from 0 nM to 500 nM in a 1:2 dilution series. All SPR
measurements were performed on a Biacore® 3000, and the data were evaluated using the
BlAevaluation® software. Four identical repeats were prepared for each sample type (n=4).
The data were fit using a 1:1 Langmuir binding model to obtain the equilibrium dissociation
constant (Kp), as well as the association (k) and dissociation (kg) rates, where Kp is given

by:
Ko=ka/ka Eq3

Circular Dichroism Spectroscopy

CD spectroscopy analysis was performed using a Jasco J-810 spectropolarimeter. Samples
were prepared in 10 mM phosphate buffer, pH 6.5, with 5 wM LtxA and 2.5 mM lipids, at a
protein:lipid molar ratio of 0.0002. In some cases, 1 mM EGTA or 1 mM EGTA plus 10
mM Ca2* was added. Samples were incubated at room temperature for 15 minutes and then
analyzed at 25 °C in a 0.2-mm path length quartz cell using the step scanning mode from
260 to 190 nm, with a 1-nm data pitch, 4-s response time, and 1-nm band width. Three
independent measurements were collected and averaged for each sample. Three identical
repeats were prepared for each sample type (n=3). The LtxA concentration was measured
using absorbance at 280 nm and using an extinction coefficient of 82630 M1 cm1, A
Savitzky—Golay smoothing filter was applied to the data with a convolution width of 17. The
Dichroweb software (Whitmore and Wallace, 2008) was used, with CDTSTR algorithm and
reference set 4 (Compton and Johnson, Jr., 1986;Manavalan and Johnson, Jr.,
1987;Sreerama and Woody, 2000) for deconvolution of CD spectra into individual structural
components. The mean residue weight, protein concentration, and path length used in these
calculations were 108.4 Da, 0.5715 mg mL-1, and 0.2 mm, respectively.

Statistical Analysis

The number of independent repeat experiments is specified in each individual methods
subsection. Statistical analysis of the data was performed in Sigmaplot using the t-test. In
cases where p > 0.05, we reported no statistically significant difference between the two data
sets in question.
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RESULTS

LtxA association with and destabilization of membranes

LtxA was purified and found to migrate as a single band with a MW of 114 kDa that was
immunoreactive with anti-LtxA (LTA-107A3A3) (Lally et al,, 1999;DiRienzo et al., 1985)
(Fig. 1A). The association of LtxA (Fig. 1A) with liposomes of varying lipid compositions
was determined by FRET and the kinetics of this association by SPR. Liposomes for the
FRET experiment were composed of DMPC in combination with either a PC (MPC) or a PE
(DMPE) derivative. The FRET assay takes advantage of energy transfer between Trp (in
LtxA) and DANSYL (in liposomes), indicating spatial proximity and association. As shown
in Fig. 1B, at lower protein:lipid ratios, the energy transfer between LtxA and liposomes
containing either MPC or DMPE was approximately 20%, indicating some LtxA-lipid
association. As the LtxA levels increased (protein:lipid ratio increased), the association of
LtxA with MPC increased, reaching an energy transfer of 75% while the association of LtxA
with DMPE showed no further change. These results suggest that LtxA associates in a dose-
dependent manner with liposomes containing the MPC (DMPC/MPC) but not with those
containing DMPE (DMPC/DMPE).

To investigate the kinetics of LtxA association with varying lipid types we utilized SPR with
two pure lipid systems: a lysolipid, DPC, and a PE, N-m-DOPE. As shown in Table 1 and
Fig. 2, the association rate of LtxA to liposomes composed of DPC was substantially faster
than the association rate to liposomes composed of N-m-DOPE. In addition, LtxA
dissociated much more slowly from liposomes composed of DPC than from liposomes
composed of N-m-DOPE. Therefore, the affinity of LtxA (Kp) for DPC is much greater than
its affinity for N-m-DOPE. Together, these results suggest that LtxA associates
preferentially with DPC over N-m-DOPE.

Once the kinetic parameters of LtxA association with the two different lipid systems were
defined, we sought to characterize the membrane disrupting ability of LtxA. Membrane
destabilization was measured using a well described 8-aminonaphthalene-1,3,6-trisulfonic
acid (ANTS)/p-xylene-bis(N-pyridinium bromide) (DPX) leakage assay. Liposomes
composed of either 100% N-m-DOPE or 75% N-m-DOPE/25% DPC were filled with the
fluorescent molecule, ANTS, and the quencher, DPX. Because DPC forms pure micelles we
compared the LtxA-induced leakage from liposomes composed of N-m-DOPE in the
absence and presence of 25% DPC. Membrane damage by LtxA allows dye and quencher to
leak from the liposome, resulting in an increase in intensity that is indicative of membrane
damage. After 30 min at 37°C, and with a protein:lipid ratios of 0.0002, leakage from
liposomes containing N-m-DOPE (% release = 90.26 * 5.94) is substantially higher than the
leakage from liposomes containing N-m-DOPE and DPC (% release = 31.72 + 4.86).

Collectively, these results suggest that LtxA-lipid association is enhanced in the presence of
DPC and MPC. Conversely, LtxA-mediated membrane destabilization is enhanced in
liposomes composed of N-m-DOPE. Thus, in the following experiments we investigated the
conformational changes in LtxA that occur upon membrane association and destabilization.
DPC was used to measure conformational changes associated with binding, and N-m-DOPE
was used to measure changes associated with membrane destabilization.

Lipid-induced restructuring of LtxA

Our earlier work demonstrated that a subtle, undefined conformational change in LtxA
enhanced its cytotoxic effects, suggesting that the mechanism of LtxA-mediated cytotoxicity
may require LtxA to adopt certain conformations. In our current study, we measured Trp
fluorescence in the presence of membranes, as a function of lipid:protein ratio, to determine
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if conformational changes in LtxA correspond to its membrane association and
destabilization functions.

The observed Trp fluorescence intensity in these experiments is due to five Trp residues
(Trp-116, Trp-430, Trp-478, Trp-577, and Trp-901) in LtxA. As shown in Table 2, upon
LtxA incubation with either DPC or N-m-DOPE for all lipid:protein ratios, a decrease in Trp
intensity was observed compared to lipid-free samples (lipid:protein = 0) (Table 2). These
results suggest that the LtxA may undergo a conformational change in the presence of these
lipids that results in one or more of the Trp residues moving to a more hydrophilic region. In
both cases, there was a decrease in Trp intensity at low lipid concentrations, followed by a
plateau at higher lipid concentrations. The difference in Trp fluorescence between the two
lipid types was not significant at any lipid:protein ratio. To determine the precise nature of
the conformational reorganization predicted by Trp quenching studies, CD spectroscopy was
used to measure structural components of LtxA in the absence and presence of these lipids.

CD spectra of LtxA

LtxA conformation was determined using CD after incubation with either DPC, N-m-DOPE,
or Jn.9 cell lipid extracts (Fig. 3A), and subsequently in the presence of 9 mM Ca2* (Fig.
4A). The spectra were deconvoluted into individual structural components; a-helix, B-sheet,
turn, and unordered using Dichroweb (Figs. 3B, 3C, 4B, 4C, & Table 3) (Compton and
Johnson, Jr., 1986;Manavalan and Johnson, Jr., 1987;Sreerama and Woody, 2000;Whitmore
and Wallace, 2008). CD analysis showed that both DPC and N-m-DOPE induce specific
conformations in LtxA; however, the nature of the conformational change is lipid-
dependent. Upon incubation with DPC, LtxA adopted a conformation with increased a-
helical content, relative to the LtxA-only sample; a similar increase in a-helical content was
not detected with N-m-DOPE (Figs. 3B & 3C). Furthermore, the unordered content
decreased in LtxA treated with DPC and increased in LtxA treated with N-m-DOPE (Figs.
3B & 3C). When LtxA was preincubated with Ca2*, which is known to bind to LtxA (Lally
et al., 1991) and suspected to participate in its pathological mechanism (Fong et al., 2006),
in the absence of lipid, a-helical content decreased and unordered content increased (Figs.
4B & 4C). Ca2* preincubation did not change the previously observed DPC-induced
increase in a-helices. However, preincubation with Ca2* did affect the lipid-induced
structural changes for N-m-DOPE-treated samples, whereby a decrease in a-helices and no
change in unordered content were observed (Figs. 4B & 4C).

In the studies, above we utilized a minimalistic approach that did not encompass the
complexity of a physiological lipid profile to define how LtxA conformation changed with a
functionality, either lipid association or destabilization. To understand how Jn.9 membrane
lipids might affect LtxA conformation, LtxA was incubated with lipids extracted from Jn.9
cells. These extracts are composed of lipids from all regions of Jn.9 cells, including but not
limited to those on the outer layer of the cell's membrane. Deconvoluted CD spectra from
these samples showed decreased a-helical content and increased unordered content
compared to LtxA in lipid-free samples (Figs. 3B & 3C).

DISCUSSION

Our previous studies suggest that the mechanism of LtxA cytotoxicity proceeds through two
steps: (1) membrane association and (2) membrane destabilization, which occurs through a
modification of the bilayer structure (Brown et al., 2012). We found that the association of
LtxA to membranes is enhanced in the presence of DPC but not in the presence of N-m-
DOPE, which forms membranes that are susceptible to disruption by LtxA (Brown et al.,
2012). In this study, we investigated the possibility of lipid effects on LtxA structure and its
correlation to membrane association and destabilization. We demonstrated that increased a.-
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helical content can be correlated to LtxA-membrane association but not to LtxA-mediated
membrane destabilization. After incubation with Jn.9 cell lipid extracts, LtxA adopted a
conformation with increased turn content and decreased a—helical content (Figs. 3B & 3C),
which could be attributed to an interaction with the many lipid types present in the Jn.9 cell
lipid extracts. While it seemed possible that increased a-helical content would also be
observed in N-m-DOPE-treated samples, because association of LtxA to membrane would
precede membrane destabilization, this was not the case. This is likely due to the relatively
weak affinity of LtxA to N-m-DOPE, which is 8 orders of magnitude less than that of DPC
(Kp values of 2.3e"°+0.6eM and 3.8e"12+3.4e12 M for N-m-DOPE and DPC,
respectively).

We demonstrated that LtxA binds preferentially to single-chained phospholipids with a PC
headgroup, while bilayer destabilization by LtxA occurs preferentially in lipids with a PE
headgroup. In a previous report (Brown, 2012), we demonstrated that bilayer destabilization
occurs as a result of a lipid phase change in which the membrane changes from a stable
bilayer phase to a less stable, nonlamellar inverted hexagonal (H,;) phase. Certain lipids,
particularly those with small headgroups (such as PE), and unsaturated acyl chains (such as
N-m-DOPE) are more conducive to the formation of the Hy; phase due to various physical
properties. Membrane destabilization through a bilayer-to-H,; phase change appears to be a
common mechanism used by the RTX toxins (Brown, 2012). Preferential binding to PC
lipids is not surprising, as these types of lipids generally comprise a majority of the outer
leaflet of eukaryotic cell plasma membranes. We have demonstrated strong binding by LtxA
to both single- and double-chained PCs, with strongest binding to single-chained PCs
(lysoPCs). We do not know the biophysical reason for this preferential binding, but because
single- and double-chained PCs form very different structures, we can hypothesize that the
micellar state in which lysolipids reside may be more conducive to LtxA binding than is the
bilayer state in which double-chained PCs reside.

The difference in lipid composition between the FRET and SPR experiments is due to
technical issues regarding the distribution of fluorescent probes in the liposomes. In both
experiments, however, the presence of a lysolipid (DPC or MPC) enhanced binding while
the presence of a PE (DMPE or N-m-DOPE) inhibited binding. The agreement of these two
experiments demonstrates that this phenomenon is not a lipid-specific effect but is rather due
to differences in affinity for different types of lipids (lysolipid vs. PE).

The interactions between LtxA and membranes observed here are consistent with those
reported for other members of the RTX family. Escherichia coli a-hemolysin (HIyA)
undergoes a multiple-step cytotoxic mechanism that includes the reversible adsorption of the
toxin to the membrane followed by irreversible insertion of the toxin's acyl chains into the
membrane (Bakas ef al., 1996). The active form of HIyA contains various regions of
intrinsically disordered amino acids that may mediate its pathological mechanism (Herlax
and Bakas, 2007;Herlax et al., 2009). In addition, the invasive activity of the Bordetella
pertussis adenylate cyclase toxin (CyaA) was shown to be associated with a 3% increase in
turn content (Cheung et a/., 2009). We have shown here that an increase in turn content is
associated with nonlamellar phase formation and membrane destabilization, which suggests
that the reported invasive activity of CyaA corresponds to the formation of a nonlamellar
phase. In fact, CyaA has been shown to induce nonlamellar phase formation (Martin et al.,
2004). We have shown that LtxA (and likely the other RTX toxins) induces this nonlamellar
phase instead of forming discrete pores and suggested that the formation of this phase may
promote toxin translocation (Brown et al., 2012). Interestingly, it was recently reported that
the translocation of the enzymatically active (AC) domain of CyaA occurs without the
requirement for pore formation (Osickova et al., 2010). Together, these results suggest that

Mol Oral Microbiol. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Walters et al.

Page 9

nonlamellar phase induction by RTX toxins promotes translocation without pore formation,
and that this process involves a change in the secondary structure of the toxin.

This work has focused on the interaction of LtxA with receptor-free membranes. We and
others have shown that LtxA cytotoxicity requires its interaction with a receptor, LFA-1
(Lally et al,, 1997;Kieba et al., 2007;Dileepan et al., 2007); however, we have also shown
previously (Brown ef al., 2012) that LtxA interacts strongly with lipid membranes in the
absence of LFA-1. Although this may appear to be counter-intuitive, it is consistent with
previous results from our lab and others’. LtxA has been shown to lyse sheep red blood
cells, which lack LFA-1, (Balashova et a/., 2006), suggesting that it is able to interact
directly with the cell membrane when LFA-1 is not present. In addition, we have screened a
panel of three monoclonal antibodies and found that while all three inhibit LtxA
cytotoxicity, only one inhibits red blood cell lysis (Lally ef al,, 1994), indicating that at least
two separate processes occur during LtxA-mediated cytotoxicity, membrane destabilization
(hemolysis/osmolysis), mediated by Epitope A (residues 698-709) and a white blood cell-
specific interaction, mediated by Epitopes B (residues 746-757) and C (residues 926-937).
Furthermore, evidence from our lab suggests that LtxA binds to both the membrane lipids
and LFA-1 with similar affinities, suggesting that LtxA is able to bind both simultaneously
(Lally lab/unpublished). We have therefore hypothesized that the membrane-interacting
region of LtxA is distinct from the LFA-1-interacting region of LtxA. Here, we have
specifically investigated the interaction of LtxA with lipids in the absence of LFA-1 to gain
a better understanding of this specific protein-lipid interaction.

Understanding the cytotoxic mechanisms of LtxA and other RTX toxins may provide
opportunities for therapeutic intervention in the progression of infectious diseases such as
LAP, meningitis, endocarditis, and urogenital infections. Additionally, RTX toxins are
attractive candidates for therapeutic applications that require molecules with both aqueous
solubility and also the ability to target and interact with lipid membranes. RTX toxins could
be classified as specialized membrane-penetrating proteins (Kinyanjui and Fixman, 2008)
capable of selecting only the toxin's natural target cells. This therapeutic strategy could
avoid interaction with other cell types, reducing the side effects from treatment.
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LtxA association with lipids and subsequent restructuring. (A) Coomassie stain and
immunoblot of purified LtxA. (B) LtxA association with liposomes composed of DMPC/
MPC (@) and DMPC/DMPE (V). (*** p < 0.001)
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Sensorgrams showing LtxA association with DPC or N-m-DOPE at LtxA concentrations of
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Fig. 3.

Lipid-dependent structural changes in LtxA. (A) CD spectra of LtxA in solution (solid lines)
and LtxA incubated with DPC, N-m-DOPE, and Jn.9 cell extracted lipids (dashed lines), at
protein:lipid molar ratios of 2x104. The plotted curves are the averages of identical repeated
samples (h = 3, as described in the Experimental section). (B) Deconvoluted CD spectra
from (A) including a-helices and unordered content. (C) Changes in a-helical and
unordered content. (*** p < 0.001, * p < 0.05).
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Ca%*- and lipid-dependent structural changes in LtxA. (A) CD spectra of LtxA in solution
(solid lines) and LtxA incubated with 9 mM Ca2*, 9 mM DPC/Ca2*, and N-m-DOPE/9 mM
Ca?* (dashed lines), at protein:lipid molar ratios of 2x104. The plotted curves are the
averages of identical repeated samples (n = 3, as described in the Experimental section). (B)
Deconvoluted CD spectra from (A) including a-helices and unordered content. (C) Changes
in a-helical and unordered content. (*** p < 0.001, * p < 0.05).
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Table 1

Kinetics of LtxA Binding to Liposomes composed of DPC and N-m-DOPE. The affinity of LtxA for DPC is
stronger (by roughly 8 orders of magnitude) than its affinity for N-m-DOPE.

Lipid K (M-1s) kq (S1) Kp (M)

DPC 95(£0.6)x10* | 3.7 (£35)x107 | 3.8 (+3.4)x 1012

N-m-DOPE | 45(+3.8)x10' | 1.1(+0.1)x 103 | 2.3(%0.6) x 10°
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Trp Intensity Changes Upon Incubation with Liposomes Composed of DPC or N-m-DOPE.

Protein:Lipid DPC N-m-DOPE
0.00200 0.8540 + 0.0326 | 0.8270 +0.0174
0.00100 0.7794 £ 0.0402 | 0.6980 + 0.0120
0.00067 0.7129 + 0.0355 | 0.6510 + 0.0202
0.00050 0.6733 £0.0369 | 0.5970 = 0.0075
0.00040 0.6361 +0.0261 | 0.5699 + 0.0035
0.00033 0.6175 +0.0445 | 0.5365 + 0.0094
0.00029 0.6053 +0.0373 | 0.4957 +0.0032
0.00025 0.5934 +0.0581 | 0.4886 + 0.0026
0.00022 0.5897 +0.0472 | 0.4847 +0.0158

Table 2

Page 18

When LtxA was added to 5 mM liposome suspensions of either DPC or N-m-DOPE, a decrease in Trp intensity was observed for all protein:lipid

ratios (which ranged from 2x10"4 o 2x10'3), indicating that one or more of the Trp residues moved toward a more hydrophilic region and

suggesting that LtxA adopted an active conformation.
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Table 3

Deconvoluted structural components of LtxA +/- lipids and/or Ca2* 2

a-helix (%) | Standard Deviation | Unordered (%) | Standard Deviation
LtxA 12.0 1.0 30.6 0.9
9 mM Ca?* 103% 1.2 327 * 1.0
* Ak
DPC 141 0.3 29.8 0.7
2 *
DPC/9 mM Ca?* 13.8 0.7 30.3 0.7
N-m-DOPE 11.4 0.5 312 HAA 0.4
N-m-DOPE /9 mM CaZ* 113 el 1.4 30.7 0.9
9 97" 11 313" 05
A AA
p <0.001
*
p<0.05
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