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Size and Orientation of the Lipid Il Headgroup As Revealed by AFM Imaging
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ABSTRACT. In this study, we investigated the size and orientation of the bacterial Lipid Il (L 1) headgroup
when the L Il molecule is present in liquid-crystalline domains of DOPC in a supported DPPC bilayer.
Using atomic force microscopy, we detected that L Il causes the appearance of a 1.9 nm thick layer,
situated over the DOPC headgroup region. With an increased scanning force, this layer can be penetrated
by the AFM tip down to the level of the DOPC bilayer. Using different L Il precursor molecules, we
demonstrated that the detected layer consists of the headgroups of L Il and that the My@iapeptide

unit of the headgroup is responsible for the measured 1.9 nm height of that layer. Monolayer experiments
provided information about the in-plane dimensions of the L Il headgroup. On the basis of these results
and considerations of the molecular dimensions of L Il headgroup constituents, we propose a model for
the orientation of the L Il headgroup in the membrane. In this model, the pentapeptide of the L 1l headgroup
is rather extended and points away from the bilayer surface, which could be important for biological
processes, in which L Il is involved.

The cell wall is an essential structure in bacteria, plays an
important role in determining bacterial shape, and protects
against osmotic stress. It consists of a cross-linked polysac-
charide-peptide complex, called peptidoglycan, the building
blocks of which are synthesized inside the cell as a part of
a specific carrier molecule, called Lipid 1l (Figure 1AD)(
Lipid Il (L I1) *is a complex molecule (Figure 1B) containing
a long polyisoprenyl (bactoprenyl) chain connected via a
pyrophosphate to a large hydrophilic group, consisting of a
disaccharide pentapeptide unit, which is the building block
for the synthesis of the peptidoglycan. The biosynthesis route
of L Il includes attachment to the phosphorylated bactoprenyl
chain of anN-acetylmuramic acid (MurNAc) carrying a
pentapeptide, resulting in the formation of Lipid I. Hereafter,
an additional sugarN-acetylglucosamine (GIcNAc), is
attached to form a complete L Il molecule. After the
assembly on the cytosolic leaflet of the membrane, L Il is
translocated to the periplasmic side by an unknown mech-
anism, where the disaccharidpentapeptide unit is incor-
porated in the cell wall. The phosphorylated bactoprenyl
chain returns to the cytosolic leaflet for a new cycle of
synthesis. The L Il pool in an average cell turns out to be
very small, the number of molecules being on the order of
several hundreds to thousands per c2)|] put because of |
its high rate of turnover, this amount suffices to allow the
peptidoglycan layer of bacteria to grow rapidly. 2

!'This study was financially supported by a grant from NWO-CW.  £5ee 1: (A) Schematic representation of L Il synthesis and
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; - function in a peptidoglycan synthesis. Different precursor molecules
génégggghev@gman.com. Telephonel 216 3686718. Fax:-1 216 of L II, i.e., bactoprenyl phosphate, bactoprenyl pyrophosphate, and
! Abbreviations: AFM, atomic force microscopy; L I, Lipid II; L L I are depicted. (B) Chemical structure of L II.

I, Lipid I; 11 P, bactoprenyl phosphate; 11 PP, bactoprenyl pyrophos- . . . .
pha{’e; DOPC, 17z_dig|eoénpg|ycgr0_3_phosphocho|in%; D};,fé f 2. The bacterial cell wall is a structure, specific for bacteria,

dipalmitoyl-snglycero-3-phosphocholine; SUV, small unilamellar vesicles. and not present in higher organisms. This makes the cell
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wall and the molecules involved in its synthesis ideal targets pentapeptide moiety residue in a manner identical to that
for bactericides. It was established that several antibiotics described for the labeling of UDP-MurNAc-pentapeptide
target specifically the L Il molecule. Some of these antibiot- with pyrenesulfonyl chloridef).

ics, such as mersacidin and vancomycin, prevent the Nisin Awas produced by batch fermentation, isolated, and
synthesis of the cell wall by interacting with L By 4). purified as described previousl{4). It was dissolved in a
Others like the lantibiotic nisin use L Il as a receptor for buffer solution [50 mM NaCl and 50 mM NBRO, (pH 6.8,
targeted pore formatiord(6). Nisin and L Il assemble into  adjusted with HCI)] at a concentration of 104.

pores with defined compositio,(7) that permeabilize the Preparation of Small Unilamellar Vesicles (SU\§UV
membrane, thereby killing the bacteria. were prepared as described previoush) (Briefly, a mixture

The importance of the role of L Il in cell wall synthesis Of lipids in the desired molar ratio was dried in a rotary
and as a target of antibiotics strongly contrasts with the lack evaporator, and the mixed films were stored overnight under
of knowledge about this intriguing biomolecule. This applies high vacuum. All fims were hydrated with a buffer,
in particular to the orientation of the headgroup of L Il when containing 50 mM NaCl and 50 mM NRO;, adjusted to
this molecule is present in a membrane. The headgroup ofpH 6.8 with HCI. This buffer was used throughout the study.
L Ilis crucially important for specific recognition by certain ~ The final lipid concentration was 1 mM. Ten freezthaw
antibiotics @). It was demonstrated that vancomycin binds cycles were performed to obtain a suspension of large
to the last two residues in the pentapeptiéle (whereas the ~ multilamellar vesicles. Subsequently, this suspension was
pyrophosphate moiety is essential for specific docking of sonicated in an ultrasound bath sonicator (Branson, Danburry,
nisin (10). This suggests that the orientation of the L II CT) at maximum power for 30 min, at 4%C. Possible
headgroup plays a significant role in this specific recognition. remaining large vesicles were spun down fch at2080Q
The proper utilization and incorporation of the headgroup and 4°C. The SUV suspension was used within 3 days, and
in the peptidoglycan layer also will require a certain the AFM results were not dependent on the time of storage.
orientation of the carbohydratgentapeptide building block Preparation of Supported Lipid Bilayershe preparation
with respect to the membrane. Therefore, insights in the of supported lipid bilayers was performed as described
organization of the L Il headgroup at the membrane will previously (6). Briefly, we deposited a 7%L SUV
provide a better understanding of the processes of specificsuspension onto freshly cleaved miga 10 mm). The
antibiotic recognition and cell wall synthesis. However, the vesicles were left to adsorb on the mica fb h atroom
complex structure of the L Il polar headgroup, which includes temperature. Subsequently, the sample was rinsed with 75
a pentapeptide with an unusual amino acid compositien (  «L of the buffer solution (three times) and heated ch at
y-Glu at position 2 and twm-Ala residues at positions 4 65 °C. After cooling to room temperature, the sample was
and 5), makes this structure rather difficult to characterize rinsed again with 7L of the buffer solution (three times).
via direct structure-determining techniques such as NMR and  Incubation with Nisin.In these experiments, we gently
X-ray diffraction. applied 75uL of a 10uM nisin solution over the preformed

AFM has proven to be a suitable technique for imaging Pilayer. This first volume was replaced with anotherzi5
and mechanically manipulating membranes and bilayers with NiSin solution, ensuring in this way a final concentration of
nanometer resolution and in an aqueous environmiht ( the nisin over the bilayer of-10 uM. The sample was left
12). In this study, we applied AFM to supported lipid bilayers fo.r 15 min at room temperature and then rinsed three times
containing L 11 and L Il precursors to gain insight into the With 75uL of the buffer solution to remove the nonadsorbed

surface organization of this molecule. To be able to facilitate "MSIN- _ _

imaging of L II, we made use of a bilayer of gel state lipids  AFM Imaging.The supported bilayers were covered by
in which small domains of liquid-crystalline lipids are the buffer solution during the measurements. T_he samples
present. These domains are expected to contain fluid lipidsWere mounted on an E-scanner, which was calibrated on a

such as L Il, and they are readily identified by their lower Standard grid, of a Nanoscope llla AFM instrument (Digital
height (3). Instruments, Santa Barbara, CA). A fluid cell without an

O-ring was fitted, and the sample was scanned in contact
mode, using oxide-sharpened;l$j tips attached to a
triangular cantilever with a spring constant of 0.06 N/m
(NanoProbe, DI, Santa Barbara, CA). Imaging was performed
at a minimal force €0.5 nN) where the scans were stable
and clear and at temperatures between 23 af€C28 some
cases, images were recorded at an increased scanning force.
Surface PressureArea IsothermsSurface pressurearea
MATERIALS AND METHODS (m—A) isotherms were obtained by compression of a spread
lipid monolayer on a surface of a computer-driven Langmuir
Lipids.1,2-Dipalmitoylsnglycero-3-phosphocholine (DPPC)  trough. Compression is performed by moving a Teflon barrier
and 1,2-dioleoyknglycero-3-phosphocholine (DOPC) were over the surface of the trough. The speed of the barrier was
obtained from Avanti Polar Lipids (Alabaster, AL) and were 3 cm/min, and the dimensions of the trough were 17.3 cm
dissolved at 20 mM in a mixture of methanol and chloroform (width) x 35 cm (length). As a subphase, 50 mM NaCl and
(2:3, viv). Synthesis of L Il, L |, and bactoprenyl pyrophos- 50 mM NaPQ,, adjusted to pH 6.8, were used. The surface
phate (a generous gift from E. Swiezewska) was describedtension of the buffer was 71.2 mN/m. L Il (20 nmol) from
elsewhereg®). The lysine form of UDP-MurNAc-pentapep- organic solvent (1:1 methanol/chloroform mixture) was
tide was labeled with NBD-chloride at the lysine of the carefully deposited on four to five different spots on the

The data provide for the first time quantitative information
about the size and orientation of the L Il headgroup at the
bilayer interface. We demonstrate that the L Il headgroup
protrudes~1.9 nm over the headgroup region of the DOPC
bilayer, where L Il is located. This corresponds to a
conformation with the pentapeptide pointing away from the
bilayer surface.



Size and Orientation of the Lipid Il Headgroup

10nm

Ficure 2: Series of typical AFM images of domains present in a
supported mixed DOPC/DPPC (5:95 molar ratio) bilayer in the
absence (A) and presence of L Il (B). Images are taken from
different bilayer preparations to demonstrate the reproducibility of
the results. The L II:DOPC:DPPC ratio of the L ll-containing
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Ficure 3: Height profiles of the bilayer surface of the images in
column 1 of Figure 2, taken across the black lines in the images:
(A) a height profile of a DOPC/DPPC bilayer and (B) a height
profile of a L 1I/DOPC/DPPC bilayer with a low imaging force.

Ficure 4: AFM images of domainsiia L II/DOPC/DPPC bilayer

at a molar ratio 0f2.5:2.5:95, before incubation with nisin (A) and
after the incubation (B). The same domain is visualized in both
images. The scanning force is minimizedQ.5 nN); the scan size

is 5um x 5um, and thez-scale is 10 nm.

images. The thickness of the DPPC bilayer as measured at
defects down to the mica (shown for instance in the bottom
right panel of Figure 2) was 5:5.0 nm in all cases. These
data suggest that L Il is preferentially localized in DOPC
domains and increases its thickness B%.9 nm when
scanned at low force~0.5 nN). To further describe the
surfaces of the investigated bilayers, we made cross sections

sample is 2.5:2.5:95. All images are recorded with a low scanning of the DOPC/DPPC and L 1I/DOPC/DPPC bilayers, using

force (<0.5 nN). The scan size in all cases iz x 2 um, and
the z-scale is 10 nm. In all images, the DPPC bilayer is marked
with an asterisk.

the AFM software. Typical height profiles are presented in
Figure 3. To verify the localization of L Il, we incubated
the samples with the lantibiotic nisin that specifically interacts

surface of the trough. Before the start of the compression With L 1. In the absence of L I, no changes were detected

cycle, we waited 15 min for evaporation of the solvent. The !

in the morphology of the sample (data not shown). However,

initial surface pressure, at which the compression started,n the L ll-containing sample, the domains containing DOPC

was 0 mN/m. Experiments were performed at room tem-
perature {22 °C).

RESULTS

Imaging the Effect of Incorporation of L 1l on DOPC
Domains in a DPPC BilayeiWe initially selected the 5 mol

and L Il were substantially perturbed (Figure 4). The overall
contour of the domain was preserved, but the bilayer within
the domain acquired a particulate structure with large local
fluctuations in height, reaching heights up to-1®d nm with

respect to the DPPC. Apparently, the nislnll interaction

causes a major reorganization within the L IlI-containing
bilayer. We observed (data not shown) that part of the nisin

% DOPC in DPPC mixed bilayer as the experimental system is loosely bound to the domains because consecutive scan-

for our studies. The small liquid-crystalline domains of
DOPC with a packing similar to that of biological membranes

ning results in removal of the higher aggregates in the
DOPCI/L Il domain, most likely because some loosely

can be readily distinguished from the surrounding gel state adsorbed nisin was removed. These experiments demonstrate

DPPC bilayer because they are 0F#8.11 nm lower and

that L Il is localized in the DOPC domains and that the

therefore show up as darker in the AFM images (see the presence of L Il causes an increase in the height of these

series of images in Figure 2A). When half of the DOPC in

domains.

these samples is replaced with L I, again the typical phase The L [I/DOPC Domains Are Sensiti to the Applied
separation pattern is observed as in the binary mixture (FigureScanning ForceThe force, which is applied on the AFM

2B). However, in contrast to the DOPC/DPPC mixture, the
domains are now 1.16 0.14 nm higher than the surrounding
DPPC bilayer and show up as lighter areas in the AFM

tip during scanning, usually is minimized down+®.5 nN
to prevent damaging of the sample. However, we could
increase this force in a controlled fashion to mechanically
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Ficure 5: AFM images of domains in DOPC/DPPC and L 1/
DOPC/DPPC bilayers recorded with a high scanning force6(5
nN): (A) DOPC domains and (B) L Il/DOPC domains. The scan
size in both cases is@2m x 2 um, and thez-scale is 10 nm. Note
that the same areas as in Figure 2, first row, are visualized.
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Ficure 6: Height profile of a bilayer surfacefa L II/DOPC/
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FIGURe 7: AFM images of L II/DOPC/DPPC domains at different
L II:DOPC ratios. The (L I#+DOPC):DPPC ratio in all cases was
10:90: (A) 1:14 L II:DOPC, (B) 1:19 L Il:DOPC, and (C) 1:99 L
1:DOPC. All images were recorded with a force 6f0.5 nN.
The scan size in all cases isuPn x 2 um, and thez-scale is 10
nm.

At L 1I:DOPC molar ratios of 1:4.5 and 1:9, behavior very
similar to that described for a molar ratio of 1:1 was found.
L 1I/DOPC domains appeared 1.H50.20 nm higher than
the DPPC bilayer, and they are stable upon scanning at a
minimized force (data not shown). Increasing the scanning
force resulted in penetration of the tip through the layer and
subsequent visualization of lower domains (&7.2 nm).

Tip penetration is completely reversible, and minimizing the
force allows higher domains to be visualized.2A_ [I:DOPC
ratio of 1:14, it is still possible to visualize elevated domains,
but only with a minimal scanning force<(lL nN) (Figure
7A). At a still lower ratio of 1:19, elevated areas can be

DPPC bilayer, taken across the black line in the image in Figure detected, but visualizing complete elevated domains is rather

5B at an elevated imaging force.

manipulate the sample. We exploited this ability of the AFM

to further characterize the studied system. Therefore, we
imaged both DOPC/DPPC and L II/DOPC/DPPC bilayers
at an elevated scanning force. The AFM images of DOPC

domains in DOPC/DPPC bilayers recorded with a 10-fold

increase in the applied force were found to be similar to the

images recorded with a low force (compare Figure 5A with

Figure 2A, top panel). Only some debris was removed by

the tip during scanning. However, the behavior of L

[I/DOPC/DPPC bilayers at an increased scanning force is

strikingly different. With an approximately 10-fold increase
in the applied force, the L 1I/DOPC domains are visualized
0.81+ 0.15 nm lower than the surrounding DPPC bilayer

(Figure 5B; compare the same domain in Figure 2B, top

panel) instead of-1.16 nm higher. A height profile of the

difficult since even at a slight increase in the force during
scanning (due to a thermal drift in the AFM) the domains
are imaged as lower areas with respect to the DPPC level
(see the change in contrast in the domain, visualized in Figure
7B). Reducing the amount of L Il to a molar ratio fL.:49
results in images in which the L 1I/DOPC domains have the
typical appearance as in the absence of L Il. We were unable
to visualize elevated areas even at the lowest possible force,
allowing stable imaging. A typical image of L 1I/DOPC
domains at a 1:99 ratio is shown in Figure 7C. These
experiments demonstrate that a certain L [l:DOPC ratio of
approximately 1:14 is needed to form elevated domains that
can be stably imaged at low force but which are penetrated
by the AFM tip down to the DOPC bilayer level with an
increased force.

The Headgroup of L Il Is Responsible for the Measured

penetrated domain is presented in Figure 6. This process ist-90 M Increase in the Bilayer Height#le next tried to

completely reversible, and when the scanning force is detérmine which part of the L Il molecule causes the
decreased to 0.5 nN, the domains reappear and could bé)bserved_ increase in the height _of the DOPC domains. We
visualized again 1.16 0.14 nm higher than the DPPC areas Systématically decreased the size of the L Il group and
(data not shown). This procedure could be performed studied L Il precursors, incorporated in DQPC/DPPC bilay-
consecutively several times over the same spot without lipid €S- The precursor:DOPC:DPPC molar ratio was 1:9:90. All
material being carried away by the tip during these manipu- investigated precursor molecules contain the bactoprenyl
lations. These results demonstrate that in the DOPC/L Il (1: €hain, to which either one phosphate (11 P) or two
1) domains the presence of L Il causes the appearance of aPhosphates (11 PP) are attached differs from L Il in

~1.9 nm thick layer, situated over the DOPC headgroup that it lacks the last sugar (GIcNAc) in its hydrophilic

region, which could be reversibly penetrated by the AFM
tip down to the level of the surface of the DOPC bilayer.
Next, we were interested in determining the L Il concen-

tration at which the 1.9 nm thick layer would start to appear.

Therefore, we varied the L ll:lipid ratio and increased the
DOPC:DPPC ratio to 1:9 to facilitate the detection of the L
[I/DOPC domains. At all investigated molar ratios, the
thickness of the continuous DPPC bilayer is-5660 nm.

headgroup (see Figure 1).

The behavior of L I/DOPC domains follows the pattern
established for L ll-containing domains. With a minimized
scanning force, the domains are 12D.13 nm higher than
the 5.5-6.0 nm thick DPPC bilayer (Figure 8A). With an
increase in the scanning force, they are visualized as0.74
0.12 nm lower than the DPPC level, which amounts to a
1.95 nm thickness of the layer, present above the DOPC
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Ficure 8: AFM images of domains in a 1:9:90 L I/DOPC/DPPC
bilayer (A) and a 1:9:90 11 PP/DOPC/DPPC bilayer before (B) 10
and after (C) incubation with nisin. All images were recorded with 5
a minimal scanning force<(0.5 nN). The scan size in both cases

is 5um x 5 um, and thez-scale is 10 nm. 150 200 250 300 350 200 450 500

Area per molecule, AZ

Table 1: Effect of L Il an me Anal n the Height .
able ect o and Some Analogues on the Heig FIGURE 9: Pressurearea isotherms foa L Il monolayer spread

Differences between the DOPC Domains Where They Reside and

the Surface of the Gel State DPPC Bilayer over a buffer solution in a Langmuir trough.
no.of ~ height difference (nm) domains. To check this possibility, we imaged supported
frames (mean+ standard . . . .
lipid mixture analyzed deviation) bilayers, containig a L Il analogue, in which the charged
DOPC/DPPC, low force 10 076+ 011 lysine was blocked W|th.a NBD group. The used L 1I-NBD:
L II/DOPCI/DPPC, low force 20 1.16 0.14 DOPC:DPPC molar ratio was 1:9:90. Phase-separated do-
I[:}/DEJC());CC/{IDD;’;’CCZ,INQ? force ig —Ofl&i g-ig mains, 1.224+ 0.16 nm higher than the surrounding DPPC
, low force . . H H H inimi H
L /DOPC/DPPG. high force 10 _074+0.12 bilayer, were |m§ged with a mmlmlzed_scanmng_ force (Tablt_e
11 PP/DOPC/DPPC, low force 20 —0.77+0.16 1). These do_ma|.ns are sensitive to an mcrease_ln_the scanning
L II-NBD/DOPC/DPPC, low force 5 1.220.16 force, following in their behavior the pattern, similar to that
L I-NBD/DOPC/DPPC, high force 5 —0.76+0.14 observed for the parent molecule. With imaging at an

aThe data were obtained from the experiments described in the increased force, the tip scans over the DOPC headgroup level,
legends of Figures-26. At least three different samples were analyzed .76+ 0.14 nm below the DPPC bilayer (Table 1). These
for each system. experiments demonstrate that the charge of the lysine residue

does not influence the measured height differences, and this

headgroup level. This process is reversible, and minimizing makes it unlikely that electrostatic interactions between the
the scanning force allows visualization of higher domains. AFM tip and the sample play a role in causing the increased

When we imaged systems containing only the bactoprenyl height of the DOPC/L Il domains.
chain with attached phosphate or pyrophosphate groups (11 The Headgroup of L Il Has a Limiting Area 6f1.5 nn%.
P or 11 PP, respectively), we were not able to detect higher So far, we have determined the height of the L Il headgroup
domains with respect to the DPPC bilayer. In all experiments, with respect to the surface of the bilayer. To completely
only lower domains were observed, even at the minimal force characterize the size of the headgroup, we need to know the
needed for stable scanning (Figure 8B). The thickness of area th&a L Il molecule occupies in a bilayer. We can
the DPPC bilayer remained 5:6.0 nm, and the 11 P (or estimate this area by determining the limiting area of L 1l in
11 PP)/DOPC domains were0.77 4+ 0.16 nm lower than ~ a monolayer, spread on a buffer surface. We performed
the surrounding DPPC bilayer. Experiments with nisin monolayer compression experiments in a Langmuir trough
decoration were performed over both L I/DOPC/DPPC and and determined the limiting area per molecule and collapse
11 PP/DOPC/DPPC bilayers. Nisin, which is positively pressure for a pure L Il monolayer, spread on a buffer
charged, was shown to aspecifically interact with negatively surface. In separate runs, we obtained reproducité\
charged lipids18). After the incubation with nisin, elevations isotherms with limiting areas of1.5 nn¥ and a collapse
irregular in height were observed in both cases (Figure 6C pressure of 43.5 mN/m (Figure 9).
depicts a 11 PP/DOPC domain after nisin incubation), instead
of lower areas, which confirms the presence of the respectiveDISCUSSION

precursor molecules in the observed domains. The aim of this study was to provide information about
The differences in height between the L Il (precursor)/ the size and orientation of the headgroup of L II. We used
DOPC domains and the surrounding DPPC bilayer are a combination of AFM imaging and force manipulation to
summarized in Table 1. fully characterize the dimensions of the headgroup. The
The performed experiments demonstrated that the increasepbtained results revealed that the L Il headgroup protrudes
in the height of L [I/DOPC domains is presumably caused ~1.9 nm from the DOPC level bilayer and forms a layer
by theN-acetylmuramic acietpentapeptide part of the L [l that is stable at a minimized scanning force. Using L I
headgroup. precursor molecules (L | and 11 PP), we demonstrated that
The Increased Height Is Not an Artifact Caused by this height increase is due to tiNacetylmuramic acie
Electrostatic Interactions between the AFM Tip and the Lipid pentapeptide part of the L Il headgroup. We fully described
Headgroupln principle, it is possible that the charged lysine the size of the L Il headgroup by determining the limiting
residue in the pentapeptide of the L Il headgroup interacts area per molecule in a spread monolayer to be 1.5 nm
electrostatically with the AFM tip. This could affect the Here we will discuss the imaging mechanism which
height differences which we measure for L Il in DOPC determines the observed heights of L 1I/DOPC domains at
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ith th dies. Why is | )
TR e e L 1 hesion ey o4 DRC
4&4&4@@%4@%@4&4@ headgroup bilayer? The simplest explanation is that the L Il

headgroup layer is much looser. The L Il headgroups are
A) charged and thereby will repel each other, resulting in weaker
ﬁﬁﬁﬁﬁﬁﬁﬂ%ﬁﬁﬁﬁﬁﬁﬁ cohesion and a layer that is easier to penetrate. This latter
interpretation is supported by studies which showed that
ﬁgggggﬂ%ﬂéﬁé/é/ﬂgg bilayers of charged lipids are more easily penetrated than
noncharged bilayersl 8).
B) The “penetration depth”, defined as the height difference
between nonpenetrated and penetrated L [I/DOPC domains,
is a measure of some characteristic dimension of the large
L Il headgroup. Here we discard the possibility that some
part of the L Il hydrocarbon chain could contribute to the
measured height differences due to the fact that the position
of phosphate groups in a bilayer, determined for other lipids,
Ficure 10: Position of the AFM t|p over domains of different |S qu|te We” deflned 22) Moreover, exposure Of the

composition in L [I/DOPC/DPPC supported bilayers. The height . .
profile (position of the tip) is shown with a thick line: (A) pure hydrocarbon area to the polar environment of the interface

DOPC domains with scanning at a minimal force and (B) L 1/ Would require a large unfavorable energy, which is fOl{nd to
DOPC/DPPC domains imaged with a low force, where the tip scans be between 20 and 40 kcal mélA-2 (23, 24). This
were taken over the L Il headgroups. (C) With an increased reasoning supports our hypothesis (evidences for which we
Seanning force, thﬁ tip penetrr]ateg through the L Il headgroup region provided with our precursor experiments) that the measured
and scans over the DOPC headgroups. height increase is caused by the L Il headgroup alone.

minimized and increased scanning forces, and after discuss-I ;Egr(lt?ncelrt)lh?rdlt;rﬁ?r:g Zgigrrgel;ied%«tahﬁtttr?: pgrigvslxigr;?[:%i? d
ing the possible effect of electrostatic interaction on the Y P Pep

measurements, we will describe the orientation of L Il w;er?r::é vaggstzfeSeh%?t'r\]l,Egﬁg?:;ggg thpévbrgj/lﬂafnviggég ;glf?el
headgroup, using the data for the headgroup dimensions. Y . ' neig L ' y

. . exclude this possibility because blocking the charge on the
In our experiments, we demonstrated that the fluid state lysine with NBD did not affect the height difference.
bactoprenyl c_hain of L Il co-separates in the quuid-cr_ystalline Furthermore, the presence of negative charges on 11 P and
DOPC domains, most probably due to the squeezing out of 17 pp yithin DOPC domains did not change the observed
the fluid L Il acyl chain from the highly ordered gel state _57_08 nm height difference between DPPC and the
bilayer. Therefore, we postulate that over the DOPC domains popc domains in which these molecules are localized. The
the tip scans over the headgroup region of L Il and when 4pcence of an electrostatic contribution to the measured
the force increases, it penetrates through it down to the DOPCheight may be explained by the high ionic strength of the
headgroup level (see Figure 10). In the presented Crossyffer solution that is used. The presence of 50 mM sodium
sections, we could see that the surface of both nonpenetrated,oride and 50 mM sodium phosphate screens to a large
and penetrated L Il domains could not be distinguished from o tant the electrostatic interactions.

the surfaces of the conventional DOPC or DPPC areas.  1pege considerations lead us to conclude that the measured
I_nt_ere\_c,tmgly, in contrast to the |rrever§|ble damag_lng of the height of 1.9 nm is caused by the L Il headgroup. What could
lipid bilayers with an increased scanning fordg( in our be the conformation of the L Il headgroup that is consistent
experiments the imaged L Il-containing domains are restored, i1 this dimension? An important indication is provided

to their initial height once the scanning force is minimized. by a comparison between height measurements of L Il and
This demonstrates that L Il molecules are not removed by | | 'since we observed very similar heights for these lipids,

the tip with an increased scanning force, which is an \ e can conclude that the 1.9 nm height difference is due to
indication of their stable anchoring within the DOPC bilayer. o pentapeptide and the MurNAc to which the peptide is
Another characteristic feature observed in our experiments gttached.

is the fact that after the penetration through the L Il The estimated vertical dimension of the L Il headgroup
headgroup level, the tip scans over the DOPC headgroup(1.9 nm) suggests that it is not very probable that the
level. What is the explanation of this unusual behavior? pentapeptide is oriented with its backbone |y|ng flat over
Obviously, there is a difference between the scanning forces,the bilayer surface because the average diameter of the
which each of the headgroup layers could withstand. At a peptide backbone and the side chains can be estimated to be
1.1 L II:DOPC molar ratio, a force of4—5 nN is sufficient much less than 1.9 nm. Therefore, we propose that the
for penetration through the L Il headgroup level, and this headgroup adopts a configuration in which the pentapeptide
force decreases with the decrease in the L Il molar ratio. in an extended conformation points away from the bi|ayer_

In the literature, there are several reports about the forceslf we assume a rise per residue of 0.35 nm (as fhsheet
needed to penetrate through a supported bilayer which rangeconformation), a total length of1.4 nm can be estimated
from 5—20 nN for different liquid crystalline bilayers to 20 for the pentapeptide. To this number can be added the
30 nN for the more ordered gel state bilayet8<21). If contributions due to the MurNAc and the -O-CH-CO- motif
we assume that the tip radii are similar in all cases, then we which connects the pentapeptide to this sugar, which together
can conclude that our value of5 nN for penetration of the  can be roughly estimated to contribute between 0.3 and 0.6
L Il layer down to the DOPC headgroup level is in good nm to the total height. This gives us a height of the L II
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headgroup of 1.#2.0 nm, which closely matches the value REFERENCES

of 1.9 nm measured by AFM.
The—A isotherms give us the area occupied by the L Il

molecule in a monolayer. Not surprisingly, with the bulky 2.

headgroup of L Il in mind, this area of 1.5 As more than
twice the area occupied by the PC molecule in a liquid-

crystalline bilayer 25). The collapse pressure is comparable 3.

to the collapse pressures reported for other lipRB).(No
phase transition was observed, and the monolayer remains
in a liquid-expanded state during the whole compression
cycle. Interestingly, the surface pressure starts to rise at an
area per lipid molecule of4.5 nnt, which indicates a long-
range interaction. The origin of this interaction could be
either the electrostatic repulsion between the headgroups
(suppressed by the salt ions in the buffer but still detectable
in this type of experiment) or an entropic contribution from
the highly disordered bactoprenyl chain. We did not inves-
tigate this issue further since this is out of the scope of this

study. 7.

A rough estimation of the size of the two sugar rings

(assuming 0.15 nm between C atoms forming theQbond) 8.

is ~0.1 nn? per sugar ring. This value is close to the values
which could be inferred from relevant studies on glycolipids g
containing different numbers of sugar rin@3{29). In these
studies, the limiting area per molecule for different glyco-
lipids was found to increase0.05-0.15 nn# for each sugar
ring. For the case of glycolipid GD3, containing four sugar
rings in its headgroup, the limiting area per molecule was
found to be~0.9 nn? (30), while lactosyl ceramide occupies
an area slightly smaller than that of a SM molecule with the
same length of acyl chain81). These studies also sug-
gest that the sugar rings can have different orientations with

respect to the surface of the bilayer, which results in 12.

differences in the area per each ring. Obviously, in our case,
the area of both sugars (assuming that they lie flat on the

bilayer surface and thus occupy a maximal possible area) 13.

could not account for the 1.5 rrtimiting area per molecule.
Therefore, we postulate that the pentapeptide determines the
large area occupied by the L Il molecule. The measured 14
limiting area per molecule suggests a radius of the penta-
peptide at a cross section, determining this area to ®&

nm. We observed that beloa L [I:DOPC ratio of ap-
proximately 1:14 the AFM tip starts to penetrate the L 11/
DOPC domains at lower forces. It can be calculated from
the cross-sectional areas of L 1l and DOPC [0.45 nm radius
(3D)] that at this concentration there are not enough L I
molecules to form a tightly packed L Il headgroup layer,
even when it is assumed that all L Il molecules are in the
leaflet, facing the tip. So we could speculate that tight
packing (or nearly tight packing) of L Il headgroups is
needed to withstand the pressure exerted by the scanning

AFM tip at a minimized force. 18.

In summary, we point out that we provided for the first
time information about the size and orientation of the L II
headgroup when this molecule is incorporated within a
membrane-mimicking liquid-crystalline bilayer. On the basis

19

of the data that were obtained, we proposed that the 20.

pentapeptide of the L Il headgroup adopts a configuration
pointing away from the bilayer surface and is rather extended.
This could be important in the specific recognition by
antimicrobial peptides and for peptidoglycan synthesis.
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