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Abstract The use of naturally occurring lytic bacterio-
phage proteins as specific antibacterial agents is a promising
way to treat bacterial infections caused by antibiotic-resis-
tant pathogens. The opportunity to develop bacterial
resistance to these agents is minimized by their broad
mechanism of action on bacterial membranes and peptido-
glycan integrity. In the present study, we have investigated
lipid interactions of the gp144 lytic transglycosylase from
the Pseudomonas aeruginosa phage ¢KZ. Interactions with
zwitterionic lipids characteristic of eukaryotic cells and
with anionic lipids characteristic of bacterial cells were
studied using fluorescence, solid-state nuclear magnetic
resonance, Fourier transform infrared, circular dichroism,
Langmuir monolayers, and Brewster angle microscopy
(BAM). Gp144 interacted preferentially with anionic lipids,
and the presence of gpl44 in anionic model systems
induced membrane disruption and lysis. Lipid domain for-
mation in anionic membranes was observed by BAM.
Gp144 did not induce disruption of zwitterionic membranes
but caused an increase in rigidity of the lipid polar head
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group. However, gpl44 interacted with zwitterionic and
anionic lipids in a model membrane system containing both
lipids. Finally, the gp144 secondary structure was not sig-
nificantly modified upon lipid binding.
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Introduction

Since 1960, the increase in bacterial resistance to tradi-
tional antibiotics has become an important problem, and
it is imperative to find creative alternative strategies to
prevent and fight bacterial infections (Normark and
Normark 2002). Bacteriophages have been viewed as a
source of potential antibacterial therapeutics (Projan
2004; Thiel 2004). These bacterial viruses produce large
amounts of lytic proteins having antibacterial activity.
Double-stranded DNA phages typically produce soluble
muralytic enzymes known as endolysins. These enzymes
hydrolyze the cell wall peptidoglycan layer that is unique
to bacteria. The cell wall confers morphology and
integrity to the bacterial cell and is essential for growth
and survival (Fischetti 2001, 2005). Double-stranded
DNA phage endolysins usually require a small membrane
protein or holin that permeates the bacterial cytoplasmic
membrane, allowing the endolysin to access the peri-
plasmic peptidoglycan (Ramanculov and Young 2001;
Young et al. 2000).

Pseudomonas aeruginosa is a Gram-negative bacterium
responsible for several systemic infections, particularly
lung infections in cystic fibrosis and immunosuppressed
patients (Davies 2002). This organism is one of the most
difficult to eradicate in nosocomial infections due to
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resistance to most classes of antibiotics (Davies 2002). The
bacteriophage ¢KZ has been shown to efficiently infect
and lyse P. aeruginosa strains isolated from human infec-
tions (Ackermann 2003). ¢KZ encodes two endolysin
homologues, gpl44 and gpl88 (Briers et al. 2007;
Mesyanzhinov et al. 2002; Paradis-Bleau et al. 2007). In
this study, we have focused on gpl44, which has been
shown to adopt mainly an o-helical structure (Fokine et al.
2008). This enzyme has a molecular weight of 28.8 kDa
and an isoelectric point of 9.10. It also has two functional
domains, an N-terminal domain allowing binding to the
peptidoglycan and a C-terminal domain responsible for the
lytic transglycosylase activity (Briers et al. 2007). How-
ever, exhaustive bioinformatics analysis did not identify
any typical holin-encoding gene in the ORFs of the ¢KZ
genome sequence (Paradis-Bleau et al. 2007). Few studies
report bacteriophages that code for endolysins without a
holin (Borysowski et al. 2006; Morita et al. 2001). More
specifically, it has been shown that overexpression of a
specific endolysin in Escherichia coli can enhance cell
lysis without the holin protein or the N-terminal signal
sequence (Morita et al. 2001). Some endolysins have also
been shown to be translocated to the bacterial periplasm by
the host Sec-dependent secretion system through typical
N-terminal signal sequence (Sao-José et al. 2000) or signal-
arrest-release (SAR) sequence (Xu et al. 2004). In the SAR
system, triggering of the holin at the programmed lysis
time was suggested to facilitate the release of the endolysin
from the membrane.

Bioinformatics analysis performed on gpl44 did not
identify any N-terminal signal sequence (Paradis-Bleau
et al. 2007). However, the gpl44 lytic transglycosylase
enzyme was shown to have in vitro antibacterial activity
against E. coli and P. aeruginosa cells (Paradis-Bleau et al.
2007) and to interact with anionic lipids (Paradis-Bleau
et al. 2007). Gpl144 contains a weakly positively charged
region in the N-terminal domain, followed by a hydro-
phobic a-helical region. It has been hypothesized that these
regions may allow gpl44 to interact and permeabilize
bacterial membranes (Paradis-Bleau et al. 2007).

The goal of the present study was to understand how
gpl44 interacts with anionic bacterial membranes to access
peptidoglycan. More specifically, the interactions between
gpl44 and model membranes were investigated using a
variety of biophysical techniques, including fluorescence,
solid-state nuclear magnetic resonance (NMR) and Fourier
transform infrared (FTIR) spectroscopy, circular dichro-
ism, Langmuir monolayers, and Brewster angle micros-
copy (BAM). With the aim of better characterizing gp144
and its interaction with bacterial membranes, zwitterionic
(phosphatidylcholine) and anionic (phosphatidylglycerol)
lipids were used to mimic eukaryotic and bacterial mem-
branes, respectively.
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Materials and methods
gpl44 and lipids

The gpl144 protein was produced as described by Paradis-
Bleau et al. (2007). The electrostatic potential on the solvent-
accessible surface of the 3D structure of gp144 (PDB code
3BKH) was calculated using PBEQ-Solver (Sunhwan et al.
2008). 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphogly-
cerol (POPG), 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC), DMPC deuterated on both acyl chains
(DMPC-ds4), and 1,2-dimyristoyl-sn-glycero-3-phospho-
glycerol (DMPG) were purchased from Avanti Polar Lipids
(Alasbaster, AL, USA) and used without further purification.
Calcein and the salts used for the preparation of the buffer
solutions were purchased from Sigma Aldrich (Milwaukee,
WI, USA) and used without further purification.

Fluorescence spectroscopy

For calcein release assays, a calcein solution was prepared
by dilution of calcein in an internal buffer (100 mM
HEPES, 30 mM NaCl, and 5 mM EDTA) to obtain a cal-
cein concentration of 80 mM at pH 7.4. A defined amount
of lipids was diluted in 1 ml of the calcein-containing
buffer. After five freeze/thaw cycles, the lipid dispersions
were extruded 11 times using a 0.1-um polycarbonate filter
according to the Avanti Mini-Extruder procedures (Avanti
Polar Lipids, Alabaster, AL, USA). Vesicles were sepa-
rated from free calcein by Sephadex G-50 exclusion
chromatography in an external buffer (100 mM HEPES,
150 mM NaCl, and 5 mM EDTA at pH 7.4) The lipid
concentration was determined by quantitative phosphorus
analysis (Bartlett 1959). The vesicles were stored at 4°C.

The calcein fluorescence intensity was monitored at
room temperature at an emission wavelength of 515 nm
after excitation at 495 nm. Fifty microliters of vesicles
with a lipid concentration of 1.69 mM were added to 4 ml
of external buffer in a quartz cuvette of 1 cm. After 50 s,
an appropriate amount of gpl144 was added to obtain the
different lipid-to-gp144 molar ratios of 200:1, 100:1, 50:1,
and 25:1. After 400 s, 10 pl of a 10% Triton X-100 solu-
tion was added to obtain 100% calcein release, and the
experiments were stopped after 500 s.

NMR spectroscopy

For NMR experiments, the lipid vesicles were prepared by
mixing 20 mg of phospholipids in 180 pl of Tris buffer
(50 mM Tris—HCI, pH 7.4) to obtain a solution of 10% (w/w)
lipids in buffer. The H NMR analyses were performed
using an equimolar proportion of deuterated lipids. For the
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DMPC:DMPG system, the lipids were codissolved in
chloroform. The solvent was removed, and the Tris buffer
was subsequently added. Five freeze (liquid nitrogen)/thaw
(37°C)/vortex cycles were performed before the addition of
8 mg of gpl44, to obtain a lipid-to-gp144 molar ratio of
100:1. The sample was vortexed and used the same day to
avoid decrease in protein activity.

3P and *H solid-state NMR experiments were per-
formed on a Bruker Avance 300 spectrometer (Bruker
Biospin, Milton, ON, Canada) operating at frequencies of
121.5 MHz for 'P and 46.1 MHz for *H. A Hahn echo
sequence (Hahn 1950) with TPPM proton decoupling
(Bennett et al. 1995) was used for the acquisition of 3p
NMR spectra. The *'P NMR spectra were acquired with a
90° pulse length typically of 4 ps, 2,048 complex points, an
interpulse delay of 60 us, and a recycle delay of 4 s. For
each temperature, 3,200 scans were collected, and a line
broadening of 50 Hz was applied to all spectra. For static
3P experiment, the sample was placed into a 4-mm NMR
tube inserted in a home-built probehead. For MAS analysis,
a magic-angle spinning probehead (Bruker Biospin) was
used. The ’H NMR spectra were acquired with a quadru-
polar echo sequence (Davis et al. 1976) using a 90° pulse
length typically of 3 ps, an interpulse delay of 60 ps, 4K
data points, and a recycle time of 500 ms. For each spec-
trum, 3,200 scans were collected, and a line broadening of
100 Hz was applied to all spectra. A 1,800-s equilibration
delay was allowed between each temperature for all *'P
and “H experiments.

FTIR experiments
CH,/CD, stretching vibrations

Infrared samples were prepared in the same way as for the
NMR experiments. The spectra were recorded with a
Nicolet Magna 550 Fourier transform spectrometer
(Thermo-Nicolet, Madison, WI, USA) equipped with a
narrow band mercury—cadmium—telluride (MCT) detector
and a germanium-coated KBr beam splitter. The sample
(12 pl) was placed between CaF, windows separated by a
6-um Mylar spacer. A total of 100 interferograms were
acquired with a resolution of 2 cm™! in the spectral range
of 4,000-650 cm ™" at various temperatures ranging from
5 to 70°C and controlled by a home-made device. The
spectra were corrected for the water-vapor contribution by
subtraction of a reference spectrum. The data were pro-
cessed with the Grams 386 software (Galactic Industries,
Salem, MA, USA). The spectral region corresponding to
the CH, stretching vibrations was baseline-corrected using
a cubic function. The methylene symmetric stretching
vibration frequency was obtained from the center of gravity
calculated at the top 10% of the band.

C=0 stretching and amide vibrations

The FTIR spectra in the C=O stretching and amide 1
regions were recorded with a Nicolet Magna 850 Fourier
transform spectrometer (Thermo-Nicolet) equipped with a
narrow band MCT detector and a germanium-coated KBr
beam splitter. A Golden Gate accessory (Specac, Orping-
ton, Kent, UK) was used to record attenuated total reflec-
tance (ATR) spectra at one reflection with a diamond
crystal. A total of 100 interferograms were acquired with a
resolution of 2 cm™' in the spectral range of 4,000—
650 cm™' at 20°C. A uniform sample thickness was
ensured by placing a cover for volatile solvents on the
sample. The spectra were corrected for the water contri-
bution by subtraction of a reference spectrum (Tris—HCl
buffer at pH 7.4). The data were processed with the Grams
Al 8 software (Galactic Industries) version 8.0. The spec-
tral region corresponding to the ester carbonyl and amide I
regions was baseline-corrected using a cubic function, as
proposed by Griffiths and Pariente (1986). The ester car-
bonyl and amide I regions were also deconvolved using a
narrowing factor of 1.6 and an apodization factor of 50%.
The different spectral contributions in the amide I region
were revealed using the second derivation method
(Savitzky and Golay 1964).

Circular dichroism

Small unilamellar vesicles (SUV) were prepared by dis-
persing 5 mg of lipids into 250 pl of Tris buffer. The lipids
were first dissolved in chloroform for the DMPC:DMPG
samples. The solvent was removed, and the Tris buffer was
subsequently added. After five freeze/thaw cycles, the lipid
solutions were extruded 11 times using a 0.1-pm polycar-
bonate filter according to the Avanti Mini-Extruder pro-
cedures (Avanti Polar Lipids, Alabaster, AL, USA). CD
spectra were measured with a Jasco J-710 spectropolar-
imeter (Jasco, Easton, MD, USA). All measurements were
made at 20°C in a quartz cuvette of 0.2-mm path length. A
50-pl aliquot of each unilamellar lipid vesicle preparation
was combined with 166 uM of purified gp144 to obtain a
lipid-to-gp144 ratio of 100:1.

Langmuir isotherms and Brewster angle microscopy

Solutions of DMPC, DMPC, and DMPC:DMPG were
prepared at a fixed concentration of 1 mg/ml in chloroform
while a solution of gp144 was prepared at 1 mg/ml in Tris
buffer. Distilled water purified with a Millipore Milli-Q
filtering system with a resistivity of 18.2 MQcm was used
to make the protein solution and the subphase. The
experimental setup consisted of a commercial computer-
ized Langmuir trough (Nima Technology, Coventry,
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England) onto which was mounted a BAM 2 plus Brewster
angle microscope manufactured by Nanofilm Technology
(Gottingen, Germany). Surface pressures were measured
using a filter paper Wilhelmy plate.

For all experiments, 45 pl of lipids was spread onto a
200 mM NaCl subphase. After a 30-min incubation time to
allow chloroform evaporation, gpl44 was added under-
neath the subphase to obtain a lipid-to-protein molar ratio
of 100:1. The isotherms were first monitored, and images
of the monolayers were recorded at specific surface pres-
sures (10 and 20 mN/m). Prior to imaging the monolayers,
the incident 532-nm wavelength Nd:YAG laser and the
CCD camera were set at the Brewster angle. The BAM
image size was 220 x 275 um, and the lateral resolution
was 1 pum. The geometrical corrections were performed
with the Nanofilm Technology software provided with the
microscope.

Results and discussion
Gpl44 structure

Gpl44 contains a weakly positively charged region in the
N-terminal domain, as shown in blue in Fig. 1, followed by
a hydrophobic «-helical region. The solvent-accessible
surface representation with electrostatic potential shown in
red is negatively charged in the canyon-like structure of the

Fig. 1a, b Molecular graphics
views of the bacteriophage ¢pKZ
transglycosylase gpl44
(PDB:3BKH). a The solvent-
accessible surfaces with positive
and negative electrostatic
potentials are represented in
blue and red, respectively.

b The gpl44 protein has been
rotated by 180°

Catalytic domain
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N-terminal domain b

active site. The physical parameters for these calculations
are presented in Table 1 and the calculated gp144 solvation
energy was —3,624.3 kcal/mol.

Interaction between gpl44 and lipid bilayers
Fluorescence spectroscopy

Fluorescence spectroscopy was used to determine the
ability of the gpl44 protein to destabilize lipid bilayers.
This technique has been extensively used to study the
effects of antimicrobial peptides on lipid membranes
(Polozov et al. 1994; Sitaram and Nagaraj 1993). Assays
with calcein-containing vesicles previously demonstrated
that gp144 permeabilized anionic vesicles (DMPG) but had
no effect on the stability of zwitterionic membranes
(DMPC) (Paradis-Bleau et al. 2007). More specifically,
fluorescence spectroscopy was used in the present study to
investigate the effect of gp144 on vesicle permeability at
different lipid-to-protein molar ratios. The experiments
were performed using POPG in the fluid phase at room
temperature (T,,, = —2°C).

Figure 2 shows the calcein release induced by gp144 as a
function of time over a period of 500 s. For the 25:1 POPG-
to-gp144 ratio, 40% of the calcein was released after 400 s.
The remaining calcein released after 400 s was plotted for
each of the POPG-to-gp144 ratios (Fig. 3). There is an
exponential relationship between the POPG-to-gp144 molar

N-terminal domain

Catalytic-domain
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Table 1 PBEQ physical parameters (Sunhwan et al. 2008) for gp144 60
Parameter Value Description s0d o
epsR 1.0 Dielectric constant for the
reference environment o 407
172}
epsP 1.0 Dielectric constant for the ks
protein interior g 307
epsW 80.0 Solvent dielectric constant S
201
Conc 0.15 Salt concentration (moles/l)
Focus Yes To have a refined 101
calculation focused on the
site using a finer grid 0
Dcel_c 1.50 Grid spacing in the finite- 0 50 100 150 200 250
difference (centered on Ri
Xcen, Ycen, Zcen)
Dcel _f 1.0 Grid spacing in the finite- Fig. 3 Percentage of calcein release induced by the addition of gp144
difference (centered on to POPG vesicles as a function of the lipid-to-protein molar ratio (Ri)
Xcen, Ycen, Zcen) after 400 s
LEdge 10.0 Distance between a protein
atom and a grid ) ) ) )
Indeed, the spectrum is dominated by the chemical shift
anisotropy (CSA), and the shape of the spectrum is related
to a specific lipid phase. The *'P nucleus is located in the
120 lipid polar head group and can be used without labeling
100 4 (100% natural abundance).
Figure 4 shows the effect of gpl144 on three different
80 4 lipid systems. The *'P NMR spectra of the pure lipid

% Release
B (=)
o (=)
. .

553
(=]
L

f=}

0 50 100 150 200 250 300

Time (s)

350 400 450 500

Fig. 2 Calcein release induced by the addition of gpl44 to POPG
vesicles at different lipid-to-protein molar ratios. a 25:1, b 50:1,
¢ 100:1, and d 200:1

ratio and the calcein leakage after 400 s, indicating that
gpl44 is more efficient at permeabilizing DMPG vesicles at
lower POPG-to-gp144 ratios. Based on these results, a
100:1 POPG-to-gpl44 ratio was chosen for all other
experiments. The gpl44 activity was not affected by the
lipid phase transition temperature since the results obtained
with POPG were similar to those obtained with DMPG.

31p static and MAS NMR

The effect of gpl44 on lipid membranes has been inves-
tigated by *'P solid-state NMR. *>'P NMR is particularly
useful for obtaining information about the lipid phase and
the orientation and/or dynamic of the polar head group
(Seelig 1978; Smith and Ekiel 1984; Watts et al. 1995).

systems are characteristic of lipids in a lamellar phase. The
spectrum obtained for DMPC in the presence of gpl44 is
also characteristic of lipids in a lamellar phase. The data
obtained are in agreement with previous fluorescence
results showing absence of gpl44-induced lysis for the
DMPC vesicles (Paradis-Bleau et al. 2007). However, we
noticed a small broadening of the spectrum, which can be
associated with an interaction of gp144 with neutral lipids.
For the DMPG and DMPC:DMPG systems, the spectra
presented in Fig. 4 show isotropic signals that could be due
to the formation of small isotropic structures or of a cubic
phase (Ekiksson and Lindblom 1987) co-existing with a
lamellar phase. The preferential or specific interactions
between antimicrobial peptides or proteins have been
observed with anionic lipids (Bechinger 2004; Hori et al.
1999; Ramamoorthy 2009). In addition, the presence of
isotropic phases is characteristic of the interaction between
toxic proteins or antimicrobial peptides and lipid bilayers
(Bechinger 2005; Chia et al. 2000; Picard et al. 1996;
Ramamoorthy 2009). For example, Batenburg et al. (1985)
showed that cardiolipin induces an isotropic phase in
POPG:POPC mixtures. In addition, the detergent-like
properties of magainin antibiotic peptides have been
demonstrated by *'P NMR spectroscopy (Bechinger 2005).
On the other hand, the formation of cubic phases has been
observed in zwitterionic membranes in the presence of the
peptide pardaxin (Hallock et al. 2002). It is not possible
however with the results obtained in the present study to
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Fig. 4a—c >'P static NMR spectra of the different lipid systems in
the absence (solid) and presence (dotted) of gpl44 at a lipid-to-
protein molar ratio of 100:1 at 37°C. a DMPC, b DMPG, and
¢ DMPC:DMPG 1:1

differentiate between the formation of small vesicles or
cubic structures in the presence of gp144.

The coexistence of lamellar and isotropic phases
revealed two distinct populations of lipids, one affected by
the presence of gpl44 and forming small or cubic struc-
tures, while the other group of lipids was not affected and
remained in a lamellar phase. The proportion of lipids in
isotropic structures has been calculated, and the results are
presented in Table 2. For the pure DMPG system, 45% of
the lipids were in an isotropic phase, whereas 27% was
obtained for the DMPC:DMPG system. This indicated that
the proportion of anionic lipids influenced the interaction
of gp144 with model membranes. This also suggested that
an increase in the proportion of anionic lipids promotes the
interaction between gpl144 and model membranes.

We have also investigated the effect of gpl44 on the
orientation and/or dynamic of the lipid head groups present

@ Springer

Table 2 *'P NMR parameters obtained for the lipid systems in the
presence of gpl44

System % Isotropic phase S,

DMPC 0 1.07 £ 0.03
DMPG 45 5 09 £ 0.1
DMPC:DMPG 27 £5 09 £ 0.1

in the lamellar phases. The comparison of the chemical
shift anisotropies obtained in the absence or presence of the
protein was done via the calculation of an order parameter
S, proposed by Picard et al. (1999):

0
= 1
S2 5ref ( )

where 0 is the CSA measured for a lipid system in the
presence of gpl44 and J.¢ is the CSA of the pure lipid
system. S,, related to the second spectral moment, is equal
to 1 for a system in which the orientation and/or dynamics
of the lipid head groups are the same with or without gp144
and is equal to O if the system becomes totally isotropic
(Picard et al. 1999). The value of the S, parameter of 1.07
for the DMPC:gp144 system indicated that the interaction
of the protein with zwitterionic lipids resulted in a slight
change in orientation or a rigidification of the DMPC head
group. For the DMPG:gpl44 and DMPC:DMPG:gp144
systems, the small decrease in the S, parameters to a value
of 0.9 indicated a small change in orientation or an increase
in the dynamic of the lamellar phase lipids. However, the
shape of the powder spectra did not differ significantly in
the presence of gpl44, indicating that the presence of the
protein does not induce any significant change in the ori-
entation of the multilamellar vesicles in the magnetic field.

The three systems were also studied by high-resolution
3'P MAS NMR. The use of magic-angle spinning allows
the averaging of the CSA and therefore the investigation of
the effect of the protein on each component of the MLV
(Pinheiro and Watts 1994). The MAS spectra presented in
Fig. 5 depict two isotropic resonances. The high-frequency
resonance was assigned to DMPG and the low-frequency
resonance to DMPC. Figure 5a demonstrates that the
presence of gpl44 had no significant effect on zwitterionic
lipids except for a slight narrowing of the spectra. This
narrowing was also observed for the DMPC resonance in
the DMPC:DMPG:gp144 system and could be due to a
stabilization of the membrane by gp144 (Smith and Ekiel
1984). This is consistent with the increase in the CSA
observed in the static >'P NMR spectrum of the
DMPC:gpl144 system. The presence of gpl44 in anionic
lipids induced a significant upfield shift of the resonances
(Fig. 5b, c), reflecting changes in the membrane charge
density (Bonev et al. 2001). This result is typical of
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Fig. 5a—c *'P MAS NMR spectra of the different lipid systems in
the absence (solid) and presence (dotted) of gpl44 at a lipid-to-
protein molar ratio of 100:1 at 37°C. a DMPC, b DMPG, and
¢ DMPC:DMPG 1:1

electrostatic interactions between the protein and the lipid
head group. A similar effect has been observed in the
interaction of the antibiotic peptide LaH4 and anionic lipid
membranes (Mason et al. 2000). It is interesting to note that
in the DMPC:DMPG:gp144 system, both lipids are affec-
ted by gpl44. A similar effect was observed in the inter-
action of the antimicrobial peptide cupiennin la with
DMPC/DMPG MLV (Pukala et al. 2007) and by Carbone
and Macdonald (1996) for POPG:POPC MLV in interac-
tion with cardiotoxin. In this latter case, however, the
addition of cardiotoxin first influenced POPG, and a higher
concentration of the protein was required to influence the
POPC resonance (Carbone and Macdonald 1996). In our
case, a lipid-to-protein molar ratio of 100:1 was sufficient
to influence both the DMPC and DMPG resonances in the

system. The results presented in Fig. 5 also indicated that
only a portion of the lipids of the pure DMPG system were
influenced by the protein, while all lipids appeared to be
affected for the DMPC:DMPG:gp144 system.

Deuterium NMR

We have also investigated the effect of gpl44 on the
hydrophobic region of DMPC and DMPC:DMPG bilayers
by “H NMR spectroscopy. This was achieved using phos-
pholipids with deuterated acyl chains (DMPC-ds4). The
deuteration of the lipid acyl chains does not significantly
alter the properties of the synthetic membrane organization
except for the main phase transition temperature, which is
decreased by 3-5°C (Guard-Friar et al. 1985). It is thus
possible to determine variations in the lipid chain order by
monitoring changes in the quadrupolar splitting (Avg)
values. The increase or decrease in Avg for a C-D bond in
a lipid bilayer system with axial symmetry is associated
with ordering or disordering of the deuterated chains,
respectively, and is related to the order parameter Scp:

_ 3e’q0
T4 h

where (¢’qQ/h) is the quadrupole coupling constant for
C-D bonds (~ 167 kHz) and 0 is the angle between the
bilayer normal and By (Seelig and Seelig 1980).

The presence of gpl44 at a lipid-to-protein molar ratio
of 100:1 did not significantly affect the order of the DMPC
acyl chains (Fig. 6a). A similar result was obtained for
the DMPC:DMPG:gp144 system (Fig. 6b). However, the
spectrum presented in Fig. 6b shows a significant isotropic
contribution, confirming the presence of two populations of
lipids in the mixed system, one influenced by the presence
of gpl44 (isotropic contribution) and one that was not
influenced by the protein (no change in the quadrupolar
splitting). This result also indicated that gpl44 interacts
with the zwitterionic lipids when they are mixed with
anionic lipids and also confirmed that there is formation of
isotropic structures only in the presence of anionic lipids.

AVQ

(3cos* 6 — 1)Scp (2)

FTIR spectroscopy, lipid acyl chains

We have used FTIR spectroscopy to complement the “H
NMR study measuring the effect of gpl44 on lipid acyl
chains. This technique has been shown to be very useful for
investigating lipid—protein interactions from the study of the
lipid CH,, CD,, and C=O0 stretching vibrations (Mantsch
and McElhaney 1991). The study of the CH, symmet-
ric (2,850 cm™") and CD, antisymmetric (2,195 cm ™)
stretching vibrations, which are sensitive to trans/gauche
isomerization in the lipid acyl chains, can provide valuable
information about the order of the acyl chains and the lipid
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Fig. 6a, b H NMR spectra of the different lipid systems in the
absence (solid) and presence (dotted) of gpl44 at a lipid-to-protein
molar ratio of 100:1 at 37°C. a DMPC-ds4 and b DMPC-ds4:DMPG
1:1

phase transition temperature (Mantsch and McElhaney
1991).

The frequencies of the CH, stretching vibration as a
function of temperature obtained for the DMPG system in
the absence and presence of gpl44 are shown in Fig. 7.
These results indicated a large increase in the lipid phase
transition temperature (by 7°C) upon the addition of gp144
at a 100:1 lipid-to-protein molar ratio. An increase in the
lipid phase transition temperature is generally observed in
the case of electrostatic interactions (Richard et al. 2002).
The results presented in Table 3 indicate a small increase
(by 2°C) in the DMPC phase transition temperature in the
presence of gpl44. This is in agreement with the results
obtained by *'P NMR, suggesting a stabilization of
the zwitterionic membranes in the presence of gpl44.
Analysis of the frequencies of the CD, antisymmetric
(DMPC-dsy4) and CH, symmetric (DMPG) vibrations in
the mixed system indicated a significant increase in the
phase transition temperature for both lipids (by 6°C for
DMPC and 7°C for DMPG). This result confirmed that
gpl44 interacts with zwitterionic lipids when mixed with
anionic lipids, with a similar effect of gpl44 on DMPC
and DMPG. It also confirmed the *'P MAS NMR study in
which the effect on both lipids was almost the same in the
mixed lipid sample.
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Fig. 7 Temperature dependence of the CH, symmetric stretching
vibration of pure DMPG (square) and DMPG:gp144 (triangle) at a
lipid-to-protein molar ratio of 100:1

Table 3 Variation of the lipid phase transition temperature in the
presence of gpl44

System AT (°C)
DMPC:gp144 241
DMPG:gp144 7+2
DMPC:DMPG:gp144 DMPC: 6 £ 2
DMPG: 7 + 2

FTIR spectroscopy, interfacial region

Analysis of the carbonyl stretching vibrations in FTIR
spectra can provide information about the effect of proteins
on the lipid interfacial region. The C=0O stretching vibra-
tion, centered at 1,733 cm™!, is the superposition of two
bands, one centered at 1,740 cm™' and the second at
1,727 cm™" (Lewis et al. 1994). Deconvolution of the
broad band allows access to the two contributions (Griffiths
and Pariente 1986). These two contributions correspond,
respectively, to free and hydrogen-bonded carbonyl groups
(Blume et al. 1988). The C=0O stretching vibration is
sensitive to the gel-to-fluid phase transition and to the
hydration of the lipid interfacial region (Lewis et al. 1994).

Figure 8 shows the deconvolved FTIR spectra obtained
in the C=0 stretching region for DMPC and DMPG sys-
tems in the absence and presence of gpl44. Both spectra
indicated a decrease in the intensity of the 1,727 cm ™!
contribution in the presence of gpl144, which can be asso-
ciated with a decrease in the water accessibility that could
be caused by the presence of the protein in the interfacial
region. This result also indicated an interaction between the
zwitterionic lipids and gpl44. The results presented in
Fig. 8b also indicate a significant broadening of the C=0
stretching vibrations for DMPG in the presence of gpl144,
suggesting an increased mobility of the lipid interfacial
region. This could presumably be associated with the
presence of a significant proportion of isotropic structures
in this system. A similar effect was also observed by
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Fig. 8 Deconvolved FTIR spectra in the C=O stretching region of
DMPC (top) and DMPG (bottom) vesicles in the absence (solid) and
presence (dotted) of gpl44 at a lipid-to-protein molar ratio of 100:1

Arrondo and Goni (1998) for glycoporin on DPPC mem-
branes. Zhang et al. (1997) reported that the broadening of
the ester carbonyl vibration could be associated with an
increase in lipid motion in the presence of proteins.

Langmuir films

The study of lipid—protein interactions at the air/water
interface is an interesting way to obtain more information
about the nature of the interaction (Maget-Dana 1999).
Planar lipid systems such as monolayers mimic the lateral
organization of phospholipids in cellular membranes
(Brockman 1999). The interactions between several
peptides and proteins with lipid monolayers have been
investigated (Tapanendu et al. 2007; Vitovic et al. 2004).
As an amphiphilic molecule, the lipid polar head groups
are oriented in the subphase. The monolayer technique can
therefore be used to confirm the initial interaction of a
protein with the lipid head group.

We have first recorded the surface pressure/area iso-
therm of gpl44 alone to optimize the amount of NaCl
needed to avoid the solubilization of gpl44 in the sub-
phase. The lowest NaCl concentration yielding a surface
pressure/area isotherm of gpl44 was 200 mM. The addi-
tion of gpl44 to DMPC monolayers did not induce any
increase in molecular area (data not shown). However, an
increase in the molecular area for the DMPG and
DMPC:DMPG systems was observed with gpl44. The
increase in the molecular area for the DMPG monolayer in
the presence of gpl44 was 3 £+ 2 A/molecule at surface

pressures of 10 and 20 mN/m. For the DMPC:DMPG
system, the increases in the molecular area were 7 £ 2 and
3 + 2 A/molecule at surface pressures of 10 and 20 mN/m,
respectively. This increase can be explained by the fact that
anionic lipids promote the adsorption of the protein into the
monolayer. This result confirmed that the membrane
interaction of gpl44 is very different for anionic and
zwitterionic lipids. More specifically, it suggested that
specific electrostatic interactions allow gp144 to penetrate
the monolayer of anionic lipids. It is interesting to note that
an increase in molecular area in the presence of anionic
lipids has already been reported for antimicrobial peptides
such as melittin (Hendrickson et al. 1983), cardiotoxin
(Bougis et al. 1981), maculatin (Ambroggio et al. 2004),
and citropin (Ambroggio et al. 2004). However, the pres-
ence of gpl44 had no effect on the monolayer collapse
pressure.

Brewster angle microscopy

Lipid domains have been shown to be involved in the
interaction between proteins and lipid membranes
(Brockman 1999; Gil et al. 1998). To visualize these
interactions, several techniques such as atomic force
microscopy (AFM), two-dimensional photon fluorescence
spectroscopy, and Monte-Carlo simulations can be used. In
the present study, we have used BAM, a valuable technique
to visualize domain formation at different surface pressures
at the air—water interface (Volinsky et al. 2006). This in
situ technique uses polarized light on a refractive surface
such as water. At a specific angle 0, called the Brewster
angle and defined by:

tan0 = nl/l/lz (3)

where n; and n,, respectively, are the refractive indices
of air and water, there is no reflected light (Henon
and Meunier 1991). BAM associated with Langmuir films
allows the visualization of the film organization and
domain formation (Volinsky et al. 2004). The experiments
were performed by injecting gp144 under compression and
beneath the lipid monolayer at specific surface pressures
(10 and 20 mN/m) to determine if the protein induces
domain formation in monolayers (Volinsky et al. 2006).
Significant changes in the molecular area of the DMPG and
DMPC:DMPG systems were observed at these surface
pressures in the surface pressure/area isotherm results.
Figure 9 shows the BAM results for the DMPC and
DMPG systems in the absence and presence of gpl44 at
two surface pressures. The addition of gp144 at a lipid-to-
protein molar ratio of 100:1 did not induce domain for-
mation in DMPC monolayers. However, we noted a small
increase in the gray level at the two surface pressures. This
increase can be caused by the interaction of gp144 with the
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Fig. 9 BAM images of DMPC
and DMPG at surface pressures
of 10 and 20 mN/m in the
absence and presence of gpl44
at a lipid-to-protein molar ratio
of 100:1

DMPC

10 mN/m

100 um

20 mN/m

100 pum

lipid polar head group, the accumulation of gpl44 under
the monolayer changing the refractive index of the mono-
layer and inducing a change in the gray level (Winsel et al.
2003). This interaction was not noticeable in the surface
pressure/area isotherms, presumably because gpl44 does
not intercalate into the monolayer. This is in agreement
with the *'P NMR results indicating a slight rigidification
of the lipid head group upon interaction with the protein.

The effect of gpl144 on the DMPG system is different at
the two surface pressures; an increase in gray level was
observed at 10 mN/m, while lipid domains appeared at
20 mN/m. The size of the domains was about 25 £ 5 pm,
and the domains were about 100 pm away from each other.
The distance between the domain decreased with increas-
ing surface pressure while the size of each individual
domain remained constant (data not shown). We concluded
that the formation of domains is possible at physiological
surface pressure, the surface pressure of a natural lipid
bilayer being about 30 mN/m. It is well know that inter-
actions between a protein and a lipid monolayer are pro-
moted at higher surface pressures (Demel et al. 1975) when
the concentration of anionic charges is increased. There-
fore, the behavior of monolayers at higher surface pres-
sures can be extrapolated to bilayers (Marsh 1996).

A similar behavior was observed for the DMPC:
DMPG:gp144 system, namely an increase in the gray level
at 10 mN/m and the same shape of domains at 20 mN/m
(data not shown). Lipid domains in biological membranes
are known to be the key to the initial recognition of pro-
teins for different biological phenomena (Brown and
London 2000). However, a recent study demonstrated that
the interactions between an antimicrobial peptide and a
lipid monolayer promote the aggregation of the peptide
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(Volinsky et al. 2004, 2006). In the present study, the
observed domains do not have the characteristic shape of
aggregated peptides. However, their shape is more similar
to the one observed for mixed lipid domains (Arnold et al.
2005). These results suggest that the gpl144 protein has a
different mode of action than small antimicrobial peptides.

Protein structural change
Circular dichroism

To confirm the importance of the lipid charge for mem-
brane interaction of gpl44 and to investigate potential
changes in the gpl44 secondary structure upon lipid
binding, we have performed circular dichroism experi-
ments (Berova et al. 2000; Elliott and Ambrose 1950) as a
function of DMPG proportion in unilamellar lipid vesicles.
The crystal structure of gpl44 reveals that the protein
mainly adopts an o-helical conformation (Fokine et al.
2008). A previous study showed a decrease in the molar
ellipticity of gpl44 at 222 nm upon binding to anionic
lipids, suggesting a decrease in the o-helical structure
content of gp144 (Paradis-Bleau et al. 2007). However, this
study did not observe a change in protein secondary
structure upon binding to zwitterionic lipids. Results
obtained in the present study indicated that the molar
ellipticity at 222 nm decreased when the proportion of
anionic lipids increased in unilamellar lipid vesicles
(Fig. 10). This confirmed the importance of the lipid neg-
ative charge in the interaction between gpl44 and model
membranes. However, the decrease in ellipticity could be
induced by light scattering due to a change in the vesicle
structure (Jelokhani-Niaraki et al. 2002), as suggested by
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Fig. 10a—e CD spectra of gpl44 in interaction with DMPC:DMPG
vesicles at different DMPG ratios. a 0% PG, b 25% PG, ¢ 50% PG,
d 75% PG, and e 100% PG

the >'P NMR results and the change in the visual appear-
ance of the sample upon protein binding.

FTIR, protein structure

Fourier transform infrared spectroscopy was used to dis-
criminate between gpl144 structural change and light scat-
tering. The amide I and II vibrations of FTIR spectra
provide useful information for the study of protein sec-
ondary structures (Goormaghtigh et al. 1994). The amide I
vibration is due primarily to C=0O stretching, while the
amide II vibration comes from NH bending (Kong and Yu
2007). As the amide I band is masked by the water signal, it
is necessary to either perform the experiment in D,O or to
subtract the water signal. In our case, the use of D,O was

Fig. 11 Deconvolved FTIR
spectra in the amide I and amide
II regions of gpl44 in the
absence (solid) and presence
(dotted) of DMPC and DMPG
at a lipid-to-protein molar

ratio of 100:1

not possible since it altered the enzymatic activity of
gpl44. Indeed, the increase in the lipid phase transition
temperature seen by FTIR spectroscopy was completely
abolished when the samples were prepared in D,O (data
not shown). The protein structure was not changed how-
ever in D50, as determined from the analysis of the amide I
band (results not shown). The water signal was then sub-
tracted by the method described by Dousseau et al. (1989),
and the ATR technique was used with a Golden Gate single
reflection diamond sample holder to allow the acquisition
of low absorption spectra with good signal-to-noise ratios.

The spectral components of the amide I and II bands
were obtained using the second derivative method descri-
bed by Savitzky and Golay (1964). The major signal at
1,655 cm™! in the amide I region confirmed that gpl44
adopts an o-helical conformation (Fig. 11a, solid line).
This result was confirmed by the presence of a band at
1,545 cm™ ! in the amide 11 region (Barth 2007). In addition
to the a-helix signal, the FTIR spectrum of gp144 in both
the amide I and amide II regions showed contributions that
can be associated with intermolecular antiparallel f-sheets
(Barth 2007). The combination of bands at 1,690 and
1,620 cm™! indicated a partial aggregation of gpl44 in
solution (Arrondo et al. 1988).

The a-helical conformation of gp144 was maintained in
the presence of model membranes (Fig. 11, dotted line),
but there was a decrease in protein aggregation in the
DMPC and DMPQG lipid systems. These results confirm the
interaction between gpl44 and the zwitterionic lipid
DMPC, even in the absence of vesicle lysis. However, the
decrease in gpl44 aggregation was more important in the
DMPG system. Indeed, the intensity of the amide I band
components at 1,690 and 1,620 cm~ ! and of the amide 11

Amide IT

DMPC

1700 1680 1660 1640

1620 1600 1580 1560 1540 1520 1500

1700 1680 1660 1640
Wavenumber (cm)
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band component at 1,516 cm~! decreased more in the
anionic lipid model than in the zwitterionic lipid model.
This suggested that electrostatic interactions between
gpl44 and anionic membranes are promoted before the
aggregation of the protein. It also confirmed the BAM
results, indicating the absence of protein aggregation in
monolayers. We can therefore conclude that the decrease in
molar ellipticity at 222 nm observed in circular dichroism
spectra is the result of light scattering and does not reflect
significant change in gp144 secondary structure.

Conclusions

The aim of our study was to understand how gpl44 dis-
organizes bacterial membranes to access the targeted
periplasmic peptidoglycan. The different techniques used
in the present study confirmed the preferential electrostatic
interactions between gp144 and anionic model membranes
(DMPG). More specifically, the membrane permeabilizing
properties of gpl44 in anionic membranes were demon-
strated by fluorescence spectroscopy, while the formation
of isotropic structures was evidenced by *'P NMR spec-
troscopy. In addition, deuterium NMR indicated that gp144
has no significant effect on the order of the DMPC acyl
chains, suggesting an interaction at the level of the charged
lipid polar head group. A significant increase in the anionic
lipid phase transition temperature upon protein binding was
evidenced by FTIR spectroscopy, again suggesting strong
electrostatic interactions. BAM revealed the formation of
lipid domains at surface pressures close to that of lipid
bilayers (Marsh 1996). Finally, FTIR spectroscopy indi-
cated that there is no major change in the protein secondary
structure upon interaction with lipid membranes.

Our results therefore suggest that the weakly positively
charged region in the N-terminal domain of gpl144 would
be responsible for the initial electrostatic interactions with
the charged lipid polar head groups of the bacterial mem-
brane. This initial interaction would then induce the for-
mation of isotropic lipid structures or lipid domains,
enhancing membrane permeabilization. Gp144 would thus
be able to access and hydrolyze the periplasmic peptido-
glycan. Our results also demonstrated an interaction of
gpl44 with zwitterionic lipids but confirmed that this
interaction does not yield to a disruption of the membrane
structure. This suggested that gpl44 would presumably
have minimal effect on the membranes of eukaryotic cells.
In order to confirm the role of the N-terminal region of
gpl44 for membrane interaction and permeabilization,
specific mutations of charged residues will be done and the
proteins obtained will be analyzed by the biophysical
techniques described in the present study. Further studies
could also be performed with a small peptide mimicking
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the weakly positively charged region in the N-terminal
domain of gpl44.
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