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Abstract
N-Acyl-L-homoserine lactones (AHLs) are small cell-to-cell signaling molecules involved in the
regulation of population density and local gene expression in microbial communities. Recent
evidence shows that contact of this signaling system, usually referred to as quorum sensing, to
living eukaryotes results in interactions of AHL with host cells in a process termed "inter-kingdom
signaling". So far details of this process and the binding site of the AHLs remain unknown; both
an intracellular and a membrane-bound receptor seem possible, the first of which requires passage
through the cell membrane. Here, we used sum-frequency-generation (SFG) spectroscopy to
investigate the integration, conformation, orientation, and translocation of deuterated N-Acyl-L-
homoserine lactones (AHL-dn) with varying chain length (8, 12, and 14 C atoms) in lipid bilayers
consisting of a 1:1 mixture of POPC:POPG supported on SiO2 substrates (prepared by vesicle
fusion). We found that all AHL-dn derivatives are well-ordered within the supported lipid bilayer
(SLB) in a preferentially all-trans conformation of the deuterated alkyl chain and integrated into
the upper leaflet of the SLB with the methyl terminal groups pointing downwards. For the bilayer
system described above, no flip-flop of AHL-dn from the upper leaflet to the lower one could be
observed. Spectral assignments and interpretations were further supported by Fourier transform
infrared and Raman spectroscopy.

Keywords
Inter-kingdom signaling, N-Acyl-L-homoserine lactones (AHLs); sum-frequency-generation (SFG)
spectroscopy; supported lipid bilayers (SLBs); infrared and Raman spectroscopy

*Corresponding author. koelsch@uw.edu.

NIH Public Access
Author Manuscript
Langmuir. Author manuscript; available in PMC 2013 June 05.

Published in final edited form as:
Langmuir. 2012 June 5; 28(22): 8456–8462. doi:10.1021/la301241s.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
Bacteria are omnipresent in daily life often forming microcolonies within a polysaccharide
matrix attached to a surface.1–3 These biofilms are ubiquitous and can be found in all non-
sterile aqueous environments or habitats, including natural and technical surfaces such as
pipelines, membranes, filters, teeth, and medical implant surfaces. From a medical
perspective, biofilms are a common cause of persistent and serious bacterial infections with
profound implications for the patient.4–6 Biofilm formation is a well-controlled process
involving signaling molecules produced and secreted by bacteria in a regulating system
termed quorum sensing (QS).7–9

The behavior of N -Acyl-L-homoserine lactones (AHLs) as QS molecules in the biofilm
formation of Pseudomonas aeruginosa is particularly well studied.10 Besides AHL
involvement in QS, it was found that AHLs also allow communication between bacteria and
eukaryotic hosts in a process termed "inter-kingdom signaling".7, 11, 12 For example, N-(3-
oxododecanoyl)-L-homoserine lactone, a prominent QS member of the AHL class, exhibits
several immune modulatory effects, e.g. the ability to down-regulate defense-relevant
functions of the immune system,13–15 but also the promotion of the host´s defense by
inducing chemotaxis of human polymorphonuclear neutrophils (PMNs) in vitro.16 These
observations indicate that both extracellular membrane-associated and intracellular receptors
are involved. Moreover, the method by which AHLs enter mammalian cells is unexplained.
Here, both a receptor-mediated path and a non-receptor mediated process seem
feasible.17, 18 However, an interaction with intracellular components would require AHL
molecules to bypass the cell membrane, a process involving the integration of AHL into the
lipid bilayer.

Recently, we reported on the preparation of deuterated N-(3-oxododecanoyl-d17)-L-
homoserine lactone and its integration into supported lipid bilayers (SLBs) studied by
vibrational sum-frequency-generation (SFG) spectroscopy.19 This technique precludes
signals resulting from arrangements, which are either isotropic or possess a center of
inversion.20, 21 In a symmetric SLB, the sum of IR transition dipole moments corresponding
to methyl and methylene vibrations vanishes, whereas the integration of molecules into the
bilayer in an asymmetric fashion potentially leads to an SFG signal.22–45

Here, we investigate the integration, conformation, orientation, and flip-flop behavior of
three deuterium labeled AHL derivatives (Fig. 1) exposed to SLBs (1:1 mixture of
POPC:POPG) prepared by vesicle fusion on SiO2 coated substrates. Spectral assignments
and interpretations of SFG signals were further supported by solid state Fourier transform
infrared (FTIR) and Raman measurements.

EXPERIMENTAL SECTION
Preparation of AHL-dn and supported lipid bilayers

AHL-dn and their analytical evaluation were described in detail in our recent publication.19

The method used is based on that described by Chhabra et al.13 A two-step procedure
towards deuterated N-acyl-l-homoserine lactones with varying chain lengths, starting from
commercially available deuterated fatty acids, was described. This included the acylation of
Meldrum's acid, followed by amidation.

Model lipid membranes were prepared by vesicle fusion from a 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine:1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 1:1
mixture (Avanti Polar Lipids, Alabaster, USA). Briefly, appropriate amounts of lipids solved
in chloroform were mixed in a glass vial to obtain a final lipid mass of 2.5 mg. Chloroform
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was evaporated by a gentle stream of nitrogen whilst constantly rotating the vial to obtain a
thin uniform lipid film. The glass vial was then placed in a desiccator under constant
vacuum drain for at least 2 hrs. The lipid film was rehydrated in 100mM NaCl, 10 mM
Tris*HCl (pH 8) with enough buffer to obtain a lipid concentration of 2.5 mg/mL. The pH
was adjusted to 8 with hydrochloric acid (HCl).46 Small unilamellar vesicles (SUV) were
obtained by extruding the lipid emulsion through polycarbonate membranes with 100 nm
pore size at least 11 times using a commercially available extruder (Miniextruder, Avanti
Polar Lipids Inc.).47

All lipid bilayers were formed on the same quartz crystal microbalance sensor (Q-Sense AB,
Gothenburg, Sweden) with a 50 nm silicon dioxide layer and a 200 nm gold sublayer. Prior
to usage, substrates were cleaned by immersion in 10 mM sodium dodecyl sulfate (SDS) for
10 min, rinsing with copious amounts of DI water and ethanol and UV/ozone treatment for
30 min to render the SiO2-layer hydrophilic. After ozone treatment, the substrates were
directly transferred to a small petri dish containing enough Ca2+/Tris buffer (100 mM NaCl,
10 mM Tris, and 10 mM CaCl2) to cover the substrate. The SUV suspension was diluted to
0.1 mg/mL using a Ca/Tris buffer to promote the bilayer formation48 and was injected over
the Q-Sense sensor. After allowing for bilayer formation for 25 min, excess liposomes were
removed by rinsing five times with phosphate buffered saline (PBS). AHL-dn solved in a
acetonitrile:water (1:1) solution was added and integrated for 10 min. The substrate was then
washed with PBS according to the previously described procedure to remove excess AHL-
dn. SFG experiments were started immediately after washing by mounting the substrate in
the Thin Layer Analysis cell.

SFG spectroscopy
Details on the SFG spectrometer and the thin-layer analysis (TLA) cell used in the
experiments can be found elsewhere.49–55 Briefly, a broadband IR pulse of 100 fs pulse
duration was centered around 2200 cm−1 and spatially overlapped on the sample with an
etalon shaped narrowband ps pulse at 800 nm to generate a potential SFG signal analyzed
using a spectrograph with an attached CCD camera. Incident angles (relative to the surface
normal) for the IR and 800 nm beams were adjusted to 55° and 60°, respectively. The fully
temperature controlled TLA cell consists of a less than one µm thin water slab sandwiched
in between the sample and a hemispherical prism (CaF2) used to guide the laser beams.50

The resulting SFG intensity reads

(1)

with

(2)

where  is the second-order susceptibility of the metallic substrate, Ak the amplitude of
the k-th resonance, ωk its frequency and ϕk the phase difference between substrate and
resonant response. Γk represents the line width of the vibration and IIR, IVIS the intensities of
the two incident beams.

Due to Au presence in the substrate, the SFG spectrum contains non-resonant contributions
from electronic transitions. These can be suppressed by temporally separating the IR and
Raman processes involved in the generation of SF signals. The 100 fs and about 30 µm long
IR pulse is populating vibrational states, which are up-converted by a 300 fs delayed time
asymmetric and narrowband visible beam to generate the SF response. In this temporal
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order, IR and Vis beams are not simultaneously present at the surface to generate electronic
transitions at the SF, effectively suppressing non-resonant signals from the metal
substrate.56–59 Background suppressed spectra were used to identify peak positions (ωk),
which were then given as parameters for the fit of the spectra with non-resonant background
to determine the phases ϕk using Eq. (2). A potential phase shift induced by the 50 nm SiO2
layer was neglected in our analysis.

Background-suppressed SFG spectra were recorded for 45 s and smoothed with a Savitzky–
Golay routine using 15 data points. Non background-suppressed spectra were acquired with
90s accumulation time and used as is. All spectra were recorded in p polarizations for all
beams (SFG, Vis, and IR) and normalized to their respective acquisition time. It should be
noted that similar phases have been reported for ssp (s polarization for SFG and Vis beams)
and ppp polarization spectra,61 however, the latter combination probes more than one

element of  and relative phases may depend not only on the sign, but also the relative
magnitude of the different tensor elements.

Peak positions were calibrated by comparison to an SFG spectrum obtained from a
deuterated dodecanethiol self-assembled monolayer on Au. Time dependent studies were
performed in background-suppressed mode and recorded every 15 min for 5h.

IR and Raman spectroscopy
IR and Raman spectra were recorded with the use of a Bruker Vertex 80 FTIR spectrometer
(Bruker Optik GmbH, Ettlingen, Germany) with a single reflection "Golden Gate" diamond
ATR sampling unit (Specac, UK). Additionally, Raman spectra were recorded with the use
of a Bruker Senterra Raman microscope (Bruker Optics GmbH, Ettlingen, Germany), laser:
excitation wavelength 785 nm, power 50 mw, 20× Objective (Olympus Mplan) = spot size 5
µm. IR spectra were recorded using a Bruker Hyperion 3000 FTIR Microscope, 15×
reflection objective, spot size = 40µm.

RESULTS AND DISCUSSIONS
Integration of AHLs-dn into the SLB

To investigate the integration of AHLs-dn into the SLB, we examined SFG signals from a
AHL-d9 solution in contact with the SiO2 substrate and (separately) AHL-dn solutions with
an SLB on SiO2. Fig. 2 shows the SFG signal in the CD vibrational region for AHL-d9 alone
(flat line) and three derivatives of AHL-dn in the presence of the SLB. Since isotropic, AHL-
d9 in solution does not generate a signal. No signal is generated for solvent and SLB alone
either.19 In contrast, the three AHL-dn derivatives give rise to distinct bands in the presence
of the lipid bilayer showing all compounds to integrate in the membrane. Unlike most linear
optical techniques, order and number density are interlinked in SFG signals and further
techniques are required to quantify the amount of AHL-dn in the SLB. At this stage, we note
that the SFG intensity increases with an increasing number of carbon atoms in the aliphatic
chain indicating a higher amount and/or greater order of AHL-dn in the SLB for longer chain
lengths. The prominent peaks are located around 2140, 2190, and 2220 cm−1 for AHL-d21
and AHL-d17, with the lower frequency band shifted to 2125 cm−1 for the AHL-d9
derivative.

Conformation of AHL-dn within the SLB
An SFG signal is only generated for bands that are both IR and Raman active. Fig. 3 shows
a comparison between SFG spectra from incorporated AHL-dn and IR and Raman spectra
obtained from AHL-dn in the solid state. Due to the higher number of methylene over
methyl groups in AHL-d21, the IR spectrum is dominated by CD2 vibrations located at 2200
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(antisymmetric, d−) and 2100 cm−1 (symmetric, d+). The spectral contributions that become
more prominent with shorter chain lengths can be associated to CD3 vibrations and are
marked as vertical lines in Fig. 3. The position for these peaks are around 2125, 2140, 2190,
and 2220 cm−1 and coincide perfectly to the ones detected in the SFG spectra of
incorporated AHL-dn shown in Fig. 2. The selection rules for second-order nonlinear optical
processes dictate that molecular arrangements possessing inversion symmetry cannot
generate an SF signal. Note that an alkane chain in all-trans configuration is symmetric with
a center in-between carbon atoms. The absence of CD2 contributions in the SFG spectra is
therefore a strong indication that the aliphatic chain in the AHL-dn derivatives is in an all-
trans configuration when integrated into the membrane. This is indicative of a highly
ordered conformation of AHL-dn in the bilayer without gauche defects and kinks that would
otherwise lead to the presence of CD2 bands.27, 60

Orientation of AHL-dn within the SLB
The understanding of AHL-dn-lipid bilayer interactions necessitates the determination of the
leaflet in which AHL-dn is located. A reliable indicator of the AHL-dn location is the
orientation of the terminal deuterated methyl group. A terminal group directed towards the
substrate is indicative of AHL-dn in the upper leaflet, whereas a terminal group oriented
away from the underlying substrate indicates a position in the lower leaflet. The orientation
of the terminal methyl groups is closely related to the phase ϕk of the corresponding
vibrational mode; a destructive phase (e.g. a dip in the spectrum) results when the methyl
group is pointing away from the substrate, whereas a constructive phase (e.g. a peak in the
spectrum) is an indicator of orientation towards the surface.27, 61 The phases were
determined by fitting the non background-suppressed SFG spectra shown in Fig. 4 by using
Eq.(2). The peak at 2220 cm−1 has been previously assigned to CD3 antisymmetric
vibrations (r−)27, 60, 62 and is in accordance to the IR and Raman spectra of the shorter chain
length AHL-d9 spectra (Fig. 3). The results of the r− vibration of different AHL-dn
derivatives are shown in Tab. 1. The determined phase for all three derivatives is close to
constructive interference values corresponding to a dipole moment pointing towards the
surface. The associated vibration of the terminal methyl group must therefore be directed
towards the gold substrate indicating that AHL-dn is located primarily in the upper leaflet of
the bilayer.

Considering that all AHL-dn are similarly ordered within the bilayer - a reasonable
assumption from the absence of CD2 vibrations in the SFG spectrum and similar
orientations of the terminal group - an increased intensity with chain length (see. Fig. 2) can
be related to a higher amount of integrated AHL-dn in the bilayer, rather than ordering
effects. It follows that less AHL-d9 molecules are integrated into the bilayer, most likely
because of a favorable balance between hydrophobic and hydrophilic moieties to remain in
the aqueous phase.

Flip-flop of AHL-dn within the SLB
SFG spectra in background-suppressed mode were recorded for 5 hours for all three AHL-dn
derivatives in the presence of the SLB. The corresponding integrated SFG intensities were
normalized with respect to their initial values and plotted against time (Fig. 5). The overall
intensity of each AHL-dn derivative tends to decrease only slightly over time. To further
quantify the flip-flop of incorporated AHL-dn, the obtained intensity is considered a measure
of the population difference of upper to lower bilayer leaflet yielding

(3)
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with NU and NL denoting the numbers of AHL-dn molecules in the upper and lower leaflet,
respectively. The process of a potential AHL-dn flip-flop was assumed to be unimolecular
with an equal and time independent rate constant k.26 When at the beginning of the
experiment, NU = 1 and NL = 0, the first time derivative of the lower leaflet's population can
be written as

(4)

Integrating Eq. (4) and introducing it into Eq. (3) yields the following proportionality

(5)

The integrated overall intensity as plotted in Fig. 6 was fitted with a function based on Eq.
(5). The half-life of the AHL-dn flip-flop process can then be determined according to

(6)

The results of the fit and the respective half-lives are given in Tab. 2. From Fig. 5 and Tab.
2, it is clear that a significant flipping process does not occur within the time scale (5h) used
in these experiments. All AHL-dn derivatives remain in the upper leaflet with little or no
spectral changes in the final signals (data not shown). This should be related to different
diffusion constants in the lower leaflet as a result of its close proximity to the SiO2 substrate.
It is also possible that the mismatch in chain lengths for lipids and AHL-dn leads to a barrier
making flipping of AHL unlikely.

CONCLUSION
We studied the integration, conformation, orientation, and flipping behavior of the three
AHL-dn derivatives within lipid bilayers on the basis of model membranes with a
POPC:POPG 1:1 mixture on a solid hydrophilic support using nonlinear optical SFG
spectroscopy. All AHL-dn derivatives integrate into the upper leaflet of the lipid bilayers in
a well-ordered all-trans conformation with a mean orientation of the terminal CD3 groups
towards the surface (parallel to the surface normal). An increased amount of incorporated
AHL-dn was found for longer chain lengths, which may result from the decreased ratio of
hydrophilic head to aliphatic tail making it more favorable for short-chain AHLs-d9 to
remain in solution. Flip-flop or translocation of AHL within the membrane was not observed
for the conditions and lipid system used in these experiments. Further studies in this
direction should include different lipid systems, temperatures, and/or potential receptor
candidates for AHL.
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Figure 1.
The structure of the deuterated AHLs (AHL-dn): N-(3-oxooctanoyl-d9)-L-homoserine
lactone (AHL-d9; 1a), N-(3-oxododecanoyl-d17)-L-homoserine lactone (AHL-d17; 1b), and
N-(3-oxotetradecanoyl-d21)-L-homoserine lactone (AHL-d21; 1c)
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Figure 2.
Background-suppressed SFG spectra in the spectral region of deuterated methyl and
methylene groups for AHL-d9 in solution and for the three AHL derivatives AHL-d9, AHL-
d17, and AHL-d21 in the presence of the SLB. Only in the presence of AHL-dn and the SLB
can an SFG signal be detected. This increases in intensity with increasing chain length.
Prominent peak positions are marked as dotted vertical lines.
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Figure 3.
IR (bottom 3) and Raman (top 3) spectra of incorporated AHL-dn derivatives in its solid
state. The bands that get more prominent with decreasing chain length can be associated to
CD3 vibrations (dotted vertical lines) and coincide in peak positions to the ones detected in
the SFG spectra of incorporated AHL-dn (Fig. 2).
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Figure 4.
Non background-suppressed SFG spectra of incorporated AHL-d9, AHL-d17, and AHL-d21.
The envelope reflects the non-resonant signal of the Au layer with a Gaussian-like IR
intensity profile. The r− band located at 2220 cm−1 has a constructive relative phase to the
non-resonant background resulting in a peak in the spectrum. The appearance of a peak in
the spectrum is an indicator for a deuterated methyl group pointing towards the surface. Fits
of the spectra are plotted as dotted lines.
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Figure 5.
Integrated SFG intensities of the background-suppressed spectra for AHL-d21 (triangles),
AHL-d17 (circles) and AHL-d9 (squares). Values are normalized to their respective initial
intensities. Full lines are exponential fits as described in the text.
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Table 1

Fitting results for the CD3 asym. vibrational stretching mode of incorporated AHL-dn.

AHL-dn + SLB ωr−(cm−1) ϕk (°)

AHL-d9 + SLB 2218 −63 ± 15

AHL-d17 + SLB 2223 −9 ± 15

AHL-d21 + SLB 2219 −31 ± 15
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Table 2

Determined decay constants and half-lives of incorporated AHL-dn.

AHL-dn + SLB Decay constant k (10−4 s−1) Half-lives T1/2 (days)

AHL-d21 + SLB 2.55 ± 0.08 14.2 ± 0.4

AHL-d17 + SLB 2.07 ± 0.02 17.4 ± 0.2

AHL-d9 + SLB 0.9 ± 0.3 112 ± 40
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