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Sum frequency generation (SFG) vibrational spectroscopy has been demonstrated to be a powerful tech-
nique to study the molecular structures of surfaces and interfaces in different chemical environments.
This review summarizes recent SFG studies on hybrid bilayer membranes and substrate-supported lipid
monolayers and bilayers, the interaction between peptides/proteins and lipid monolayers/bilayers, and

bilayer perturbation induced by peptides/proteins. To demonstrate the ability of SFG to determine the
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any exogenous labeling.

orientations of various secondary structures, studies on the interactions between different peptides/pro-
teins (melittin, G proteins, alamethicin, and tachyplesin I) and lipid bilayers are discussed. Molecular
level details revealed by SFG in these studies show that SFG can provide a unique understanding on
the interactions between a lipid monolayer/bilayer and peptides/proteins in real time, in situ and without

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Cell membranes play a crucial role in many biological functions
of cells. They govern all interactions between cells and their envi-
ronments, such as the exchange of information and ions/molecules
between the inside and outside of the cells. The cell membrane can
be quite complex and dynamic, with a thickness of several nano-
meters. A cell membrane mainly consists of a lipid bilayer, which
is an arrangement of lipids in which the acyl chains of each layer
interact through hydrophobic interactions and the hydrophilic
head groups face the inside and outside of the cell. A variety of pep-
tides and proteins are also embedded inside or associated with the
cell membranes, helping to fulfill various cellular functions (Kats-
aras and Gutberlet, 2001; Mateo et al., 2006; Yeagle, 2005). It is
important to study the structures and kinetics of membrane
embedded/associated peptides/proteins in order to understand
their functions. Results from these types of studies can help in
the rational design of molecules that can more effectively mediate
or interfere with various cellular events in the desired manner.

Different experimental tools have been used to study peptides/
proteins in the membrane environment, and excellent results have
been obtained. For example, surface plasmon resonance spectros-
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copy measurements allow for the determination of the peptide/
protein coverage on membranes (Besenicar et al., 2006; Devana-
than et al., 2006; Salamon et al., 1997). Neutron reflection studies
have also permitted the determination of the amount of adsorbed
peptides/proteins (Fragneto-Cusani, 2001; Haas et al., 2007; Kucer-
ka et al., 2007). Atomic force microscopy techniques, on the other
hand, are very useful in studying the packing and surface ordering
of membrane-bound proteins (Alessandrini and Facci, 2005; Bras-
seur et al., 2008; Engel and Gaub, 2008; Johnston, 2007; Laflamme
et al., 2008; Richter et al., 2006). Ellipsometry, in contrast, can be
utilized to follow proteins’ adsorption kinetics onto membranes
and determine the adsorbed protein film thickness (Faiss et al.,
2008). Excellent review articles have been published that summa-
rize the applications of these techniques (and others) to the study
of the interactions between peptides/proteins and lipid mem-
branes (Cabiaux, 2004; Lee, 2005; McIntosh and Simon, 2006).
Even though some molecular level information can be acquired
by probing the interactions between cell membranes and pro-
teins/peptides using these analytical tools, further details regard-
ing such molecular interactions need to be elucidated.

Several spectroscopic techniques that can probe detailed struc-
tural information have been applied to study membrane-related
peptides and proteins, leading to in-depth understanding of such
molecular interactions. For example, Attenuated Total Reflectance
Fourier Transform Infrared (ATR-FTIR) measurements can provide
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vibrational spectra (or fingerprints) of membrane proteins and
peptides. However, the technique may suffer from a lack of intrin-
sic surface sensitivity and therefore the signals from the molecules
in the cell membrane environment might be confused with those
in the bulk environment, e.g., in the bulk solution. Also, ATR-FTIR
only gives one vibrational measurable of the tilt angle <cos?6>
for orientation determination of a membrane protein or peptide
(Tamm and Tatulian, 1997). Nuclear magnetic resonance (NMR)
spectroscopy is another powerful spectroscopic technique that is
widely used to characterize peptide/protein-lipid interactions
(Bader et al., 2003; Bechinger, 1999, 2004; Lindblom and Grobner,
2006; Naito and Kawamura, 2007; Wang, 2008). Solution and so-
lid-state NMR have been successfully used to determine the site-
specific secondary structures and dynamics of membrane-bound
proteins (Andronesi et al., 2005; Diirr et al., 2007; Fernandez
et al., 2001). Both solution and solid-state NMR can also be used
to study several aspects of the lipid-protein interactions, such as
looking at the proteins’ effects on the lipid dynamics and determin-
ing which parts of the protein are interacting with the head group
or tail region of the lipids (Dvinskikh et al., 2007; Lee et al., 2008).
However, due to NMR’s low sensitivity, large amounts of protein/
peptide are required (milligram quantities), sometimes isotope-la-
beled proteins are needed, and experimental time can be very long.
Difficulties can also be encountered in sample preparation (i.e.,
high concentrations of sample can cause membrane proteins to
aggregate). The different model membranes used in NMR also
make it complicated to create an asymmetric lipid bilayer (i.e., con-
trolling the composition of each leaflet).

Over the last two decades, sum frequency generation (SFG)
vibrational spectroscopy has been developed into a very powerful
and highly versatile spectroscopic tool for surface and interfacial
studies (Anglin and Conboy, 2008; Bain, 1995; Baldelli, 2008; Bel-
kin and Shen, 2005; Chen, 2007; Dreesen et al., 2004a,b; Fourkas
et al, 2007; Gautam and Dhinojwala, 2002; Gopalakrishnan
et al., 2006; Gracias et al., 1999; Holman et al., 2004; Hopkins
et al., 2005; Iwahashi et al., 2008; Kim et al., 2008; Koffas et al.,
2004; Li et al.,, 2008; Ma and Allen, 2006; Moore and Richmond,
2008; Opdahl et al., 2004; Richmond, 2002; Rupprechter and Wei-
lach, 2008; Shen and Ostroverkhov, 2006; Shultz et al., 2002; Stiop-
kin et al., 2008; Voges et al., 2007; Yang et al.,2002; Ye et al., 2008).
SFG is a vibrational technique that is intrinsically surface-sensitive,
requires small amounts of sample, and with which the experi-
ments can be done in situ and in real-time (Allen et al., 2000; Bain,
1995; Belkin and Shen, 2005; Buck and Himmelhaus, 2001; Chen,
2007; Chen and Chen, 2006; Chen et al., 2002b, 2005a; Eisenthal,
1992; Gopalakrishnan et al., 2006; Gracias et al., 1999; Hopkins
et al,, 2005; Koffas et al., 2004; Lambert et al.,, 2005; Miranda
and Shen, 1999; Moore and Richmond, 2008; Opdahl et al., 2004;
Perry et al., 2006; Richmond, 2001, 2002; Shen, 1989; Shen and
Ostroverkhov, 2006; Shultz et al., 2000; Tadjeddine and Peremans,
1996; Wang et al., 2005a; Williams and Beattie, 2002; Zhuang and
Shen, 1996). SFG permits the identification of interfacial molecular
species (or chemical groups), and also provides information about
the interfacial structure, such as the orientation and the orienta-
tion distribution of functional groups on the surface. SFG has been
applied to study the structure and orientation of biomolecules,
such as lipids (Anderson et al., 2006; Anglin et al., 2007; Anglin
and Conboy, 2008; Chen et al., 2007b; Doyle et al., 2004; Harper
and Allen, 2007; Kim et al., 2001; Levy and Briggman, 2007; Liu
and Conboy, 2004a,b, 2005a,b, 2007; Lobau et al., 1999; Ma and Al-
len, 2006, 2007; Nickolov et al., 2006; Ohe et al., 2004; Petralli-
Mallow et al., 1999; Sovago et al., 2007; Watry et al., 2003; White
et al., 2006), and peptides/proteins (including membrane-related
proteins/peptides) (Chen and Chen; 2006; Chen et al., 2005a,b;
Clarke et al., 2005; Dreesen et al., 2004a,b; Evans-Nguyen et al.,
2006; Humbert et al. 2006; Kim and Cremer, 2001; Kim et al.,

2002, 2003; Kim and Somorjai, 2003; Knoesen et al., 2004; Mermut
et al., 2006; Rocha-Mendoza et al., 2007; Sartenaer et al., 2007;
Wang et al., 2003a,b,c, 2005b, 2006; York et al., 2008).

Planar substrate-supported lipid bilayers have been widely
used as a model to mimic cell membranes. Their suitability for bio-
logical studies has been extensively tested. These lipid bilayers are
readily prepared by directly depositing lipid monolayers or bilay-
ers onto the substrates such as glass, mica, quartz, and silicon sur-
faces using Langmuir-Blodgett method or vesicle fusion method
(Kalb et al,, 1992; Steinem et al., 2000; Tamm and McConnell,
1985; Tamm, 1988; Tamm and Tatulian, 1997; Thompson and Pal-
mer, 1988). In addition, many research groups are also employing
different strategies to improve the properties of supported lipid
bilayers (i.e., using ultrathin polymer to support lipid bilayers)
(Sackmann, 1996; Tanaka and Sackmann, 2005; Zhao and Tamm,
2003). Previous studies have indicated that planar substrate-sup-
ported lipid bilayers can offer several advantages over other model
membranes, such as free-standing lipid bilayers, solvent-free lipid
bilayers, or phospholipid vesicles. Planar substrate-supported lipid
bilayers are unilamellar and geometrically well defined. They can
maintain excellent mechanical stability without losing their fluid
nature. These advantages of substrate-supported bilayers make it
possible to carry out experiments that probe structural and dy-
namic properties of membranes and protein-lipid interactions,
using the surface analytical techniques mentioned above (Castell-
ana and Cremer, 2006; Kalb et al., 1992; McConnell et al., 1986;
Sackmann, 1996; Tamm and McConnell, 1985; Tamm, 1988;
Tamm and Tatulian, 1997; Tanaka and Sackmann, 2005).

In this paper, we will first present a brief introduction of the
theoretical background needed to understand SFG, and then sum-
marize recent studies on the interactions between lipid mem-
branes (monolayers and bilayers, focusing especially on
substrate-supported lipid bilayers) and biomolecules monitored
by SFG in real time and in situ. The names of lipids mentioned in
this paper and their respective abbreviations are listed in Table 1.

2. Theoretical background of SFG

Although it has only been about twenty years since the first SFG
spectra were recorded by Shen (Guyotsionnest et al., 1987; Hunt
et al., 1987; Zhu et al., 1987), SFG is now being used by a growing
number of research groups for a variety of applications, including
polymer and biological interface studies. Many excellent review

Table 1

The full names of lipids and their abbreviations that appear in this paper.

Abbr. Full Name

POPC 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine

POPG 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-[Phospho-rac-(1-glycerol)]
(Sodium Salt)

DMPC 1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine

d-DMPC 1,2-Dimyristoyl-D54-sn-Glycero-3-Phosphocholine-1,1,2,
2-D4-N,N,N-trimethyl-D9

DMPC-d54 1,2-Dimyristoyl-D54-sn-Glycero-3-Phosphocholine

DPPC 1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine

d-DPPC 1,2-Dipalmitoyl-D62-sn-Glycero-3-Phosphocholine-1,1,2,
2-D4-N,N,N-trimethyl-D9

DPPG 1,2-Dipalmitoyl-sn-Glycero-3-[Phospho-rac-(1-glycerol)]
(Sodium Salt)

d-DPPG 1,2-Dipalmitoyl-D62-sn-Glycero-3-[Phospho-rac-(1-glycerol)]
(Sodium Salt)

DSPC 1,2-Distearoyl-sn-Glycero-3-Phosphocholine

d-DSPC or DSPC-  1,2-Distearoyl-D70-sn-Glycero-3-Phosphocholine-1,1,2,

ds3 2-D4-N,N,N-trimethyl-D9

DSPC-d70 1,2-Distearoyl-D70-sn-Glycero-3-Phosphocholine

DSPG 1,2-Distearoyl-sn-Glycero-3-[Phospho-rac-(1-glycerol)]
(Sodium Salt)
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Fig. 1. SFG experimental geometry and energy diagram. (A) Total reflection geometry employed for the experiments described in Sections 3.3 and 3.4. A bilayer is immersed
in a small reservoir with an approximate volume of 1.6-2.0 mL; (B) Simplified energy level diagram of vibrational sum frequency generation process.

papers have summarized details about SFG theory and research
(Allen et al., 2000; Bain, 1995; Belkin and Shen, 2005; Buck and
Himmelhaus, 2001; Chen, 2007; Chen and Chen, 2006; Chen
et al.,, 2002b, 2005a,; Eisenthal, 1992; Gopalakrishnan et al.,
2006; Gracias et al,, 1999; Hopkins et al,, 2005; Koffas et al.,
2004; Lambert et al., 2005; Miranda and Shen, 1999; Moore and
Richmond, 2008; Opdahl et al., 2004; Perry et al., 2006; Richmond,
2001, 2002; Shen, 1989; Shen and Ostroverkhov, 2006; Shultz
et al., 2000; Tadjeddine and Peremans, 1996; Wang et al., 2005a;
Williams and Beattie, 2002; Zhuang and Shen, 1996), which will
not be repeated here. In a typical SFG experiment, two pulsed laser
beams, one with a fixed frequency in the visible frequency range
(owvis) and one with a tunable frequency in the infrared frequency
range (wyg), are overlapped spatially and temporally on the sample
(Fig. 1A). The SFG signal is generated at the sum frequency of the
two input beams by the nonlinear process, wsg = wy;s + wk. There-
fore, the SFG process can be simply viewed as a combination of
infrared (IR) absorbance and Raman scattering, as shown in the en-
ergy diagram in Fig. 1B. The intensity of the sum frequency signal is
proportional to the square of the vibration’s second-order nonlin-
ear susceptibility ygf) (Bain, 1995; Buck and Himmelhaus, 2001;
Chen and Chen, 2006; Chen et al., 2002b, 2005a; Eisenthal, 1992;
Lambert et al., 2005; Miranda and Shen, 1999; Richmond, 2001;
Shen, 1984, 1989; Tadjeddine and Peremans, 1996; Wang et al.,
2005a; Williams and Beattie, 2002; Zhuang et al., 1999). Different
components of ,(f;f) can be probed using different polarization com-
binations of the input and output laser beams. From such measure-
ments, orientation information of surface molecules and functional
groups can be deduced (Gautam and Dhinojwala, 2001; Hirose
et al.,, 1992a,b, 1993; Kim and Somorjai, 2003; Shen, 1984; Wang
et al,, 2001). More details about SFG theory and data analysis can
be found in Appendix A.

The selection rules of SFG make the technique surface sensitive.
As we stated above, the SFG signal intensity is proportional to the
square of the vibration’s second-order nonlinear susceptibility yﬁjf)
ygf) vanishes when a material has inversion symmetry under the
dipole approximation (Bain, 1995; Buck and Himmelhaus, 2001;
Chen and Chen, 2006; Chen et al., 2002b, 2005a; Eisenthal, 1992;
Gautam and Dhinojwala, 2001; Hirose et al., 1992a,b, 1993; Lam-
bert et al., 2005; Miranda and Shen, 1999; Richmond, 2001; Shen,
1984, 1989; Tadjeddine and Peremans, 1996; Wang et al., 2001,
2005a; Williams and Beattie, 2002; Zhuang et al., 1999). The
majority of bulk materials exhibits inversion symmetry, thus they
do not generate SFG signals. However, the presence of an interface
causes a break in the symmetry, and therefore, molecules on sur-
faces or at interfaces can generate SFG signal. Therefore, SFG is
an intrinsically surface/interface specific technique, different from
linear vibrational spectroscopic techniques such as ATR-FTIR and
Raman scattering.

3. Recent SFG studies on membrane-related peptides/proteins

In this section, we will summarize recent SFG studies on mem-
brane-related peptides and proteins. Such studies have demon-
strated that SFG can provide a unique understanding of the
interactions between a lipid monolayer/bilayer and peptides/pro-
teins without any exogenous labeling, in real time and in situ.

3.1. SFG studies on lipid monolayers, substrate-supported lipid bilayers
and hybrid bilayer membranes

As mentioned above, it has been extensively shown that sub-
strate-supported lipid bilayers are valid models for cell membranes
(Castellana and Cremer, 2006; Kalb et al., 1992; McConnell et al.,
1986; Sackmann, 1996; Steinem et al., 2000; Tamm and McCon-
nell, 1985; Tamm, 1988; Tamm and Tatulian, 1997; Tanaka and
Sackmann, 2005; Thompson and Palmer, 1988; Zhao and Tamm,
2003). SFG has been applied to investigate the structures of these
lipid bilayer systems (Anglin et al, 2007; Anglin and Conboy,
2008; Chen et al., 2007b; Doyle et al., 2004; Levy and Briggman,
2007; Liu and Conboy, 2004a,b, 2005a,b, 2007; Petralli-Mallow
et al., 1999), with a recent review article (Chen and Chen, 2006)
summarizing these SFG studies. Here, we do not attempt to reiter-
ate the details, but instead will give some brief discussions on how
some fundamental questions regarding the interactions between
peptides/proteins and lipid bilayers can be answered using SFG.
For example, knowledge of the conformations of lipids in the bi-
layer, both before and after their interactions with antimicrobial
peptides, aids in understanding the peptide’s mode of interaction.
These modes of interaction can be generally separated into the car-
pet, barrel-stave and toroidal pore modes (Yang et al., 2001; Chen
and Chen, 2006). Theoretically, each of these peptide/protein-lipid
bilayer interaction modes should induce different conformational
changes on the lipid bilayers, resulting in distinct SFG spectral
changes. Therefore, using these kinds of SFG lipid studies, details
regarding the interactions of antimicrobial peptides, and other
peptides/proteins, with lipid systems may be elucidated.

Before we go further to discuss the interactions between pep-
tides/proteins and lipid bilayers, knowledge regarding the mem-
brane model system, the lipid bilayer, is needed. When studying
such interactions with SFG, substrate-supported lipid bilayers are
used as the typical model for a cell membrane. Optical techniques
using fluorescence labeling methods have previously been used to
study the physical properties of such bilayers. Although these tech-
niques offer important insights (e.g., about the flip-flop of lipids in
a membrane, the transition temperature of a lipid system, and lipid
domain segregation) (Bagatolli, 2006; Heberle et al., 2005; Lee,
2005), the incorporation of a fluorescent label on the lipids, or of
a fluorescent probe inside the bilayer, may affect the behavior of
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the system and generate some artifacts in the experiments. An
advantage of using SFG to study these types of supported bilayers
is that it is not necessary to introduce any bulky labels. The only
form of labeling required to study the bilayers is the introduction
of isotope labeling. In order to monitor each leaflet of a lipid bilayer
individually, it is necessary to have one leaflet deuterated, in order
to break the inversion symmetry of the bilayer and obtain SFG
signal.

One important aspect of the behavior of lipids in cell mem-
branes is their ability to translocate both laterally and across the
membrane (flip-flop). With this in mind, Conboy and his colleagues
have investigated some important physical properties of substrate-
supported lipid bilayers, such as the kinetics of the flip-flop and the
transition temperatures of various lipid bilayers using SFG (Liu and
Conboy, 2004a,b, 2005a,b). More recently, they investigated the
asymmetric distribution of domains in lipid bilayers by carrying
out SFG spectroscopic measurements of symmetric C-H stretching
modes of the fatty acid methyl groups (Liu and Conboy, 2007). In
this research, they correlated the intensity of the C-H symmetric
stretch of the fatty acid methyl groups with the symmetry of
the lipid bilayer, with the stronger intensity obtained when the bi-
layer became more asymmetric. The breakage in symmetry was
caused by the dislocation of the gel and liquid-crystalline phase
domains at the transition temperature. They have also done SFG
studies on the lateral pressure dependence of the phospholipid
transmembrane diffusion rate in supported lipid bilayers (Anglin
and Conboy, 2008). Their results indicated that the kinetics of lipid
flip-flop in these membranes show a strong lateral pressure
dependence. Based on these data, they successfully determined
the activation area for phospholipid flip-flop (Anglin and Conboy,
2008).

Briggman and coworkers have employed hybrid bilayer mem-
branes (HBM) as an alternative for supported lipid bilayers in their
research (Anderson et al., 2004, 2006, 2007; Levy and Briggman,
2007; Petralli-Mallow et al., 1999). The HBM system studied has
one single lipid layer deposited on top of a hydrophobic self-
assembled monolayer (SAM). Briggman'’s group has extensively
studied the properties of HBMs and found that the transition tem-
perature of the lipid layer depends greatly on the packing density
and the crystallinity of the SAM layer underneath it (Anderson
et al,, 2007). They also carried out SFG studies on the effect of cho-
lesterol on phospholipids (Levy and Briggman, 2007). Their re-
search has shown that HBMs could be used as excellent model
membranes for biological studies on peripherally-bound proteins.
However, it is challenging to use HBMs as cell membrane models
to study lipid flip-flop and some transmembrane proteins that
extensively interact with the inner-leaflet.

Many research groups also model cell membranes by using lipid
monolayers. The fundamental properties such as transition tem-
peratures and effects of cholesterol on monolayers have been
investigated using SFG (Bonn et al., 2004; Ohe et al., 2007a,b; Roke
et al., 2003).

3.2. SFG studies on the interactions between peptides/proteins and
lipid monolayers/bilayers: C-H stretching frequency region

Early SFG studies on the interactions between proteins/peptides
and lipid monolayers, HBMs and supported lipid bilayers focused
on the C-H stretching frequency region. Table 2 contains a list of
some of those studies. One of the very first SFG studies on the
interaction between proteins and lipid monolayers was done by
Cremer and his colleagues (Kim et al., 2003). They investigated
the orientation of gramicidin A in a DMPC monolayer using the
SFG C-H stretching signals generated from the side chains of gram-
icidin A. Their results indicated that the orientation of gramicidin A
was concentration dependent (Kim et al., 2003).

Conboy and coworkers studied the effect of gramicidin A on the
flip-flop of DSPC lipids in a substrate-supported phospholipid bi-
layer (Anglin et al., 2007). Using SFG and ATR-FTIR, they showed
that gramicidin A induced rapid flip-flop of the DSPC lipids. In this
study, the C-H stretching signals of the lipid’s hydrophobic chain
were studied by SFG and the amide signal of gramicidin A was ob-
served by ATR-FTIR. The detection of amide signal from the peptide
using ATR-FTIR indicated that gramidicin A was bound to the bi-
layer. SFG signal of the lipid C-H stretches could be observed be-
cause an asymmetric bilayer (with one leaflet deuterated) was
used in the study. The time-dependence of the SFG C-H signals
can be used to monitor the flip-flop rate, because as the system be-
comes more symmetric (from interchange between outer- and in-
ner-leaflet lipids), the signal should decrease. By studying the
time-dependent C-H signals both with and without gramicidin A
bound, they showed that gramicidin A induced a faster flip-flop
rate than when no gramicidin A was added to the bilayer.

Neivandt and coworkers examined a protein in the fibroblast
growth factor (FGF) family, FGF 1, and its interaction with an
HBM (Doyle et al., 2004). Using SFG, they showed that this protein
caused deformation of the DSPG lipid layer even at very low con-
centrations. They also found that this process was reversible to a
certain extent when the protein was washed off the HBM. Itoh
and his colleagues investigated the interactions between antibiotic
polymyxin B (PMB) and monolayers composed of DPPG, as well as
DPPC (Ohe et al., 2004). By monitoring the SFG C-H stretching sig-
nals of the lipids’ side chains and the O-H stretching signals of
water molecules, along with the measurements of the pressure-
area isotherms, they found that this antibiotic peptide bound to
the negatively charged lipids (DPPG), but not to the neutral lipids
(DPPC). They also showed that the binding of PMB to the lipid
monolayer affected the phase transition of the lipid monolayer.

Because SFG can provide structural information such as func-
tional group composition, orientation, and ordering at a surface
or interface with a submonolayer sensitivity, it has also been ap-
plied to determine the average minimal inhibitory concentration
(MIC) of antimicrobial peptides (or analogue oligomers) in mem-
branes. Chen et al. used SFG to investigate the molecular interac-
tions between a small antimicrobial oligomer and a single
substrate-supported lipid bilayer with a hydrogenated leaflet
(DPPG) and a deuterated leaflet (d-DPPG) (Chen et al., 2006). It
was observed from the C-H and C-D stretching signals that the
distal leaflet was disrupted at a very low peptide/lipid ratio, while
the proximal leaflet remained intact below a threshold concentra-
tion very close to the MIC (0.8 mg/mL) value. The orientation of
this oligomer was deduced by SFG C-H signals and the results indi-
cated that the small antimicrobial oligomer acted as a “molecular
knife” by disrupting primarily the outer leaflet of the bilayer at
lower concentrations and further inserting into the entire bilayer
at a certain critical (MIC) concentration.

3.3. SFG studies on the interaction between peptides/proteins and lipid
bilayers: amide I frequency region

3.3.1. Detection of SFG amide I signal

The SFG results presented in the previous section are obtained
from SFG signals acquired mainly in the C-H stretching frequency
region, which are comprised of signals from the lipids and protein
side chains. The feasibility of detecting SFG amide I signals from
interfacial proteins/peptides was demonstrated by Chen and his
coworkers in 2003 (Wang et al., 2003b). Because the water bending
mode does not contribute noticeable SFG signals, it is not necessary
to perform a background subtraction to obtain the SFG amide I sig-
nals from interfacial proteins and peptides; instead, they can be
detected directly (Clarke et al., 2005; Wang et al., 2003b, 2005c).
In addition, proteins in the bulk solution do not generate SFG sig-
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Table 2

SFG studies on the interactions between proteins/peptides and lipid monolayers, HBMs and supported lipid bilayers.

Peptides or Proteins Membrane Studied region Reference
Gramicidin A DMPC-d54 monolayer CH Kim et al. (2003)
Polymyxin B DPPC monolayer, DPPG monolayer CH Ohe et al. (2004)
FGF-1 DSPG hybrid bilayer membranes CH Doyle et al. (2004)
Antimicrobial Oligomers DPPG/d-DPPG bilayer CH, CD, Amide I Chen et al. (2006)
Antimicrobial peptides DPPG/d-DPPG bilayer CH, CD, Amide I Chen and Chen (2006)
Gramicidin A DSPC/DSPC-d70 bilayer, DSPC-d83/DSPC-d83 bilayer CH, CD Anglin et al. (2007)
Melittin dDPPG/dDPPG bilayer, dDPPG/DPPG bilayer CH, CD Chen et al., 2007b
Melittin DPPG/DPPG Amide I Chen et al. (2007c)
Heterotrimeric G Protein By Subunit POPC/POPC bilayer, POPC/POPG bilayer Amide | Chen et al., 2007a

nals, and thus SFG can selectively probe interfacial proteins/pep-
tides. Moreover, SFG is able to provide more measurements than
ATR-FTIR in studying the orientation of interfacial proteins/pep-
tides. In SFG studies, our group has also adopted a near total reflec-
tion experimental geometry (Fig. 1A) that enables us to obtain very
strong SFG amide I signals of interfacial proteins, which makes the
data analysis easier and more accurate (Wang et al., 2003b).

SFG amide I signals of proteins can be affected by the surface
coverage, orientation, and secondary structures of the adsorbed
proteins (Clarke et al., 2005; Wang et al., 2003b, 2005c¢). The amide
I mode contains predominately the peptide C=0 stretching bands.
These C=0 groups are held together by hydrogen bonds within the
secondary structures and the frequency of the C=0 stretch de-
pends heavily on its hydrogen-bonded environment. The peak cen-
ter of the amide I band, therefore, depends on the secondary
structure adopted by the peptide/protein. The Chen group has suc-
cessfully demonstrated that SFG amide I signals can be used to dis-
tinguish o-helical and B-sheet structures of peptides and proteins
on polymers and lipid bilayers (Chen and Chen, 2006; Chen et al.,
2005b, 2007a,c; Clarke et al., 2005; Wang et al., 2003b, 2005b,c,
2007, 2008). Recently, Somorjai’s group developed a new optical
parametric amplifier (OPA) in the SFG spectrometer that can also
create a tunable infrared light between 1500 and 2000 cm™!; this
IR beam can be used to study the amide I signals of interfacial pep-
tides (York et al., 2008).

Based on previous FTIR and Raman studies, SFG amide signals of
different secondary structures can be assigned. Using antimicrobial
peptides that are known to adopt o-helical structures in lipid
bilayers, Chen et al. were able to detect SFG amide I signals of o~
helical structures centered at around 1650 cm~' (Chen et al.,
2007c). Using model B-sheet peptide tachyplesin I, Chen et al. also
showed that SFG amide I signals from a B-sheet structure has char-
acteristic peaks at 1635 and 1685 cm™!, corresponding to the B2
mode and B1/B3 modes, respectively (Chen and Chen, 2006). Re-
cent results in our laboratory on alamethicin indicate that SFG
amide I signals of 39 helical structures have peaks at around
1635 and 1670 cm ™. These results are indeed in good agreement
with previous FTIR and Raman studies. More details regarding
the interfacial structures of different secondary structure domains
of proteins/peptides can be obtained by the careful data analysis of
SFG amide I signals collected using different polarization combina-
tions, which will be presented below.

3.3.2. SFG studies on o-helical proteins/peptides in lipid bilayers

3.3.2.1. Data analysis for orientation determination using amide I
band. As mentioned above, it has been shown experimentally that
amide I peak centers are different for each type of secondary struc-
ture. Therefore, analyses of amide I signals provide insights into the
protein backbone secondary structures. This section will focus on
how to deduce the orientation of o-helical structures. Conventional
polarized ATR-FTIR has been widely applied to study the orienta-
tion of a-helical structures of membrane peptides/proteins (Tamm

and Tatulian, 1997). In ATR-FTIR studies, the tilt angle of the o-
helices can be calculated from the order parameter (S,), which is
defined as:

3 <cos?0> -1
SUny (M

with 6 being the tilt angle between the helix’s principal axis and the
surface normal. The bracket denotes the time and ensemble aver-
age. Theoretically, <cos20> can be determined from the measured
intensity ratio in ATR-FTIR using p- and s-polarized IR light (Tamm
and Tatulian, 1997). If we assume 6 to have the simplest delta dis-
tribution, the orientation of the helix can be determined from this
intensity ratio. The orientation in reality can be more complicated
and such a simple distribution may not be adequate enough to de-
scribe the orientation of the peptide/protein. For example, a helix
may adopt two different orientations or have a broad orientation
distribution. To characterize such a more complicated orientation
distribution, more measured parameters are needed. For example,
when the parameter S, approaches zero, <cos?0> is equal to 1/3,
and thus there is always ambiguity in whether all helices have
the same tilt angle around 54.7°, or a completely random orienta-
tion, or other orientations/distributions in between. In order to
determine which of the three cases is correct, more measurements
using different spectroscopic methods would be required (Chen
et al., 2007c).

It has been shown that it is possible to deduce the orientation of
functional groups, such as methyl, methylene, phenyl, and car-
bonyl, by measuring different tensor elements using SFG spectra
collected with different polarization combinations (Briggman
et al,, 2001; Gautam et al.,, 2000; Hirose et al., 1992a,b, 1993;
Oh-e et al., 2002; Tyrode et al., 2005). By analyzing the SFG amide
[ signals using group theory and projection operators, the Chen
group has been able to investigate interfacial protein structures
and deduce the orientation of a-helical peptides (Lee et al., 2006;
Wang et al.,, 2007, 2008). They showed that both the amide I A
mode and amide I E; mode of an a-helix can contribute to SFG sig-
nals (Wang et al., 2008). Using the near total internal reflection
geometry (Wang et al., 2003b), ssp and ppp amide I signals can
be collected. These signals are mainly due to contributions from
the yx,,, and y., susceptibility components, respectively. The
dependence of y,,, and y., susceptibility components on the
molecular hyperpolarizability is described by the following
equations:

For the A mode:

1
Yo = Layyz = zNS[(l +1)<cos0>—(1-1)<cos’0>]B (2)

Tazz = Ns[r < cos0 > +(1—1) < cos® 0 >] B (3)
For the E; mode:

XEtxxz = XElyyz = —N; (< cosf > — < cos’ 0 >)ﬂaca (4)

X122 = 2Ns(< €050 > — < €08% 0 >) Byeq (5)
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where B and f. are the molecular hyperpolarizability elements.
The hyperpolarizability elements of an a-helix can be obtained from
the product of the components of the Raman polarizability and IR
transition dipole moment. Chen et al. (Chen et al., 2007c) deduced
the relations among different hyperpolarizability tensor elements
to be 1=PuudPecc~0.54 and Pu~0.32 Poc (Lee and Krimm,
1998a,b; Marsh et al., 2000; Rintoul et al., 2000). Ns is the number
density of ideal a-helix units composed of 18 amino acid residues.
Due to the limited resolution of many SFG spectrometers
(~5cm™! or more), the A mode and E; mode cannot be readily re-
solved in the frequency domain, and therefore, the total susceptibil-
ity is often assumed to be the sum of the susceptibilities from these
two modes (Chen et al., 2007¢):

nyz = XA.yyz + XE1 yyz (6)
Xzzz = Xazz + XE1 222 (7)

As Egs. (2)-(5) indicate, only two measurables related to the orien-
tation angle are independent: <cos¢> and <cos>#>. Using different
polarization combinations of the input and output laser beams,
<cosf> and <cos>0> can be deduced. If all o-helical structures on
the surface/interface adopt the same orientation, <cosf> and
<cos>0> can be replaced by cos6 and cos®0. Subsequently, the rela-
tionship between an SFG measurable and the orientation angle of
the o-helix can be depicted. However, for most cases, it may not
be correct to assume that all the a-helical structures on a surface/
interface have the same orientation. For example, one protein
may have two a-helical segments pointing two different directions.
The following section discusses the orientation analysis of a-helical
structures in some of these complex cases.

3.3.2.2. Example: o-helical melittin in membrane. Recently, Chen
et al. used melittin as a model peptide to study the orientation of
a-helical peptides in substrate-supported DPPG bilayers (Chen
et al., 2007c). Chen et al. found that the SFG measurements were
not compatible to those of a 3-distribution or a Gaussian distribu-
tion. These two distributions were therefore not adequate to de-
scribe the melittin orientation distribution inside a DPPG bilayer
and the orientation distribution had to be more complex. Chen
et al. assumed two §-distributions as the orientation function,
meaning that melittin was assumed to adopt two distinct orienta-
tions in the lipid bilayer. A fraction (N) of melittin molecules may
orient with an angle of 0,, and a fraction (1-N) of melittin mole-
cules can orient with another angle of 6,. By combined ATR-FTIR
and SFG studies, all of these parameters, 04, 0, and N, were success-
fully deduced. The obtained results from SFG and ATR-FTIR exper-
iments indicated that melittin helices existed in two main
populations in the lipid bilayer. About three-fourths of melittin
molecules oriented parallel to the bilayer surface with a slight tilt,
while the rest oriented more or less parallel to the surface normal,
as shown in Fig. 2A and B.

In addition, Chen et al. also introduced the maximum entropy
function to deduce the orientation distribution of melittin in a sin-
gle lipid bilayer based on the ATR-FTIR and SFG measurements.
Such a treatment does not have any assumptions regarding the ori-
entation distribution function, e.g., assuming two §-distributions.
The deduced orientation distribution using the maximum entropy
function was very similar to that obtained from the two 5-distribu-
tions, as shown in Fig. 2C. This research demonstrated the power of
combining ATR-FTIR measurements, SFG data and the maximum
entropy function analysis for deducing complicated orientations
of membrane-bound peptides. These kinds of orientation determi-
nation results can be correlated to different modes of action of pep-
tides’ interactions with bilayers, and ultimately lead to an
understanding of the mechanism of antimicrobial activity, for

example. Such an analysis can also be applied to study interfacial
proteins with two (or even three) a-helical segments that adopt
different orientations. A similar method has also been used to
study the orientation distribution of two a-helical coiled-coils of
fibrinogen at the polystyrene/fibrinogen solution (phosphate buf-
fered solution with a total ionic strength of 0.14 M and a pH value
of 7.4) interface (Wang et al., 2008).

3.3.2.3. Example: o-helical structure in G protein in lipid bilayer. Het-
erotrimeric guanine nucleotide-binding proteins (G proteins) are a
family of peripheral membrane proteins that transduce extracellu-
lar signals (e.g., hormones and neurotransmitters), as sensed by G
protein-coupled-receptors (GPCRs), to intracellular effector sys-
tems (e.g., ion channels and cell transcription machinery) (Cabre-
ra-Vera et al, 2003; Neves et al, 2002). Each G protein is
comprised of Ga, GB, and Gy subunits, with GB and Gy forming a
tightly associated dimer. In the resting state, a G protein exists in
the Gapy form. Upon GPCR activation, Goy releases the GDP orig-
inally bound to the Goa subunit and the binding of GTP allows dis-
sociation of Gofy into Go-GTP and GBy (Gaudet et al., 1999;
Lodowski et al., 2003). Go. and Gy can then associate with their
own effectors and trigger downstream signaling cascades. The cy-
cle returns to the resting state when Go hydrolyzes GTP back to
GDP (Koch, 2004; Neves et al., 2002; Oldham and Hamm, 2006;
Pitcher et al., 1992).

Recently, (Chen et al., 2007a) investigated how the Gy, sub-
unit binds to and orients on a substrate-supported lipid bilayer
using SFG. Both wild-type GB;Y- subunits, which contain a gera-
nylgeranyl anchor group, and only the soluble domain of the
GB1Y2 subunits were used in this research. SFG spectra were col-
lected from both types of G protein subunits in a hydrated POPG/
POPG bilayer. These two Gpq7y, subunits showed very different
SFG spectral properties (Fig. 3C and D). Even at relatively high con-
centrations (125 pg/mL), soluble GB;y, generated weaker signals
than geranylgeranylated GB;Yy,, with a peak centered at
1630 cm ™!, indicative of p-sheet secondary structure. The presence
of the geranylgeranyl anchor group resulted in a significant
enhancement of SFG amide I signal that was dominated by a peak
at around 1650 cm™!, which is characteristic of contributions from
an o-helical structure. (Chen et al., 2007a) suggested that without
the geranylgeranyl group, GB;7Y, adsorbs onto the surface with the
B-propeller domain facing the membrane surface and the helical
domains orienting more or less parallel to the surface (Fig. 3B, Chen
et al.,, 2007a). On the other hand, for the wild-type GB17y, subunit,
the B-propeller more or less orients perpendicular to the bilayer
surface and the helical domains are ordered and no longer parallel
to the surface. This orientation allows the B-propeller to keep its
native semi-centrosymmetry, resulting in very weak B-sheet signal
and causing the amide I signal to be dominated by a peak at
1650 cm™! (originating from the ordered helical domains), as
shown in Fig. 3A. From the measured SFG ppp and ssp intensity ra-
tio, Chen et al. deduced the orientation angle of the wild-type
GB1Y2 to be —35° from a reference orientation in which the B-
sheets within the B-propeller are parallel to the membrane surface
(Tesmer et al., 2005; Wall et al., 1995). This research demonstrates
that SFG can be used to deduce the membrane protein orientation
in situ by studying the orientation of o-helical components of a
protein.

3.3.3. SFG studies on 3;¢ helical peptides in membrane bilayer:
alamethicin

Alamethicin is a 20-residue hydrophobic antibiotic peptide that
can form voltage-gated ion channels in membranes. It has been
used frequently as a model for larger channel proteins (Tamm
and Tatulian, 1997). In addition to the regular amino acids, the
peptide contains eight aminoisobutyric acid units. Its crystal struc-



S. Ye et al./Journal of Structural Biology 168 (2009) 61-77 67

P107

Bilayer

0.7 1
0.6 -
0.5 -
0.4 1
0.3 1
0.2 1
0.1

0 ‘ ‘ ‘ ‘

Population

0 30 60 90 120

angle (degree)

0.07

150 180

0.06 -
0.05
0.04 -
0.03
0.02
0.01

Population

04 : :

0 30 60 90 120

angle (degree)

150 180

Fig. 2. (A) Schematic of melittin’s two orientations in the lipid bilayer. (B) Orientation distribution function derived based on a dual §-distribution. (C) Orientation
distribution function derived based on the maximum entropy theory. Reproduced with permission from J. Am. Chem. Soc. 2007, 129, 1420-1427. Copyright 2007, American

Chemical Society.

ture contains an o-helical domain and a 3¢ helical domain (Fox
and Richards, 1982).

An extensive amount of research has been performed to exam-
ine the alamethicin action mechanism on membranes (Cafiso,
1994; Duclohier and Wroblewski, 2001; Hall et al., 1984; Leitgeb
et al., 2007; Mathew and Balaram, 1983a,b; Nagaraj and Balaram,
1981; Sansom, 1993a,b; Woolley and Wallace, 1992). It is currently
believed that alamethicin interacts with cell membranes through
the barrel-stave mode (Duclohier, 2004; Fox and Richards, 1982;
Laver, 1994; Mathew and Balaram, 1983a,b; Sansom, 1993a,b)
with the resulting conducting pores in the membrane formed by

parallel bundles of 3-12 helical alamethicin monomers surround-
ing a central, water-filled pore. However, further details on the
structural origin of some important properties of alamethicin
channels in the membrane, such as the strong dependence of their
conductivity on the transmembrane potential (Stella et al., 2007),
are not known. In addition, contradicting orientations of alamethi-
cin in the membrane in the absence of voltage have been reported.
Alamethicin has been suggested to adopt a transmembrane orien-
tation (Bak et al., 2001; Kessel et al., 2000; Marsh et al., 2007a;
North et al., 1995), lie on the membrane surface (Banerjee et al.,
1985; lonov et al., 2000; Mottamal and Lazaridis, 2006), or both
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(depending on the experimental conditions) (Chen et al., 2002a;
Huang and Wu, 1991). A continuous distribution of orientations
has also been proposed (Spaar et al., 2004). Because of this lack
of agreement in the literature, our lab has also been studying the
molecular interactions between alamethicin and lipid bilayers
in situ and in real time using SFG.

SFG ssp and ppp spectra of alamethicin in a d-DMPC/DMPC bi-
layer are shown in Fig. 4A. The spectra were collected after 37.5 pg
of alamethicin (dissolved in 15 pL methanol) was injected into the
water subphase (~1.6 mL) of a d-DMPC/DMPC bilayer for 71 min at
pH 6.7. The SFG spectra were dominated by two peaks at 1635 and
1670 cm™!. Peak assignments in the literature indicate that the
1635cm™! peak is due to the 3p-helix, while the peak at
1670 cm™! has contributions by both the 3 helix and the a-helix
(Dwivedi and Krimm, 1984; Haris and Chapman, 1988; Haris et al.,
2004; Kennedy et al., 1991; Vogel, 1987). The orientation analysis
method for a 3i0-helix in the membrane, using the SFG amide |

band, has been developed in our lab, similar to the method for
an a-helix discussed in Section 3.3.2.1. This method is now being
applied to deduce the orientation of alamethicin in a d-DMPC/
DMPC bilayer using the spectra shown in Fig. 4A. Detailed results
will be reported in the future.

It has been shown that the membrane lipid chain length affects
the interaction between alamethicin and the cell membrane (Ar-
cher et al, 1991; Barranger-Mathys and Cafiso, 1994; Hall et al.,
1984; Marsh et al., 2007a,b; Marsh, 2008). We observed markedly
different SFG signal intensities from alamethicin in lipid bilayers
with lipids of different chain lengths (Table 3). The length of the li-
pid chain is one of the factors that determines the physical phase in
which the bilayer will exist at room temperature: longer chain lip-
ids tend to exist in the gel phase, whereas shorter chain lipids tend
to exist in the fluid phase. Fig. 4B shows the ppp SFG spectra col-
lected after 37.5 pg of alamethicin was injected into the subphase
(~1.6 mL) of the bilayer for 60-80 min at pH 6.7. In the fluid phase
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bilayers (Fig. 4A and top spectrum in Fig. 4B), the strong SFG signal
of alamethicin is dominated by two peaks at 1635 and 1670 cm™!
contributed by 3i0-helices and o-helices, respectively. When ala-
methicin was present in gel-phase lipid bilayers (the lower spec-
trum in Fig. 4B), only two weak peaks at 1685 and 1720 cm™!
were observed. The peak at 1685 cm~! was assigned to antiparallel
B-sheets or aggregated strands of peptides (Tamm and Tatulian,
1997, see more details in next section), and the 1720 cm™! signal
originates from the bilayer. These results suggest that alamethicin
is able to insert into fluid-phase membranes, but that it lies or
aggregates on the gel-phase membrane surface and does not have
significant insertion into these membranes. These results align
well with the results obtained using other analytical tools in the
literature (Banerjee et al., 1985; Ionov et al., 2000; Mottamal and
Lazaridis, 2006).

We also studied the pH effects on alamethicin in the lipid bi-
layer using a POPC/POPC bilayer as a model. According to the
ppp SFG spectra (not shown) of alamethicin in POPC/POPC bilayer
at pH 6.7 and pH 11.9 (the pH was adjusted by adding K5PO,), after
adjusting the pH to 11.9, the SFG amide I intensity from alamethi-
cin increased by ~10-fold and the peak at ~1720cm™' disap-
peared. These results suggested that higher pH values, which
may affect membrane potential, can induce significant insertion
or incorporation of alamethicin into membranes. These results
may provide molecular information on the voltage dependence of
the alamethicin channels formed in membranes.

Table 3
The interaction between alamethicin and different lipid bilayers.

3.3.4. SFG studies on p-sheet peptides in membrane bilayers:
tachyplesin |

After having discussed the a-helices and 3¢ helices studied by
SFG, we will now present SFG results on another important sec-
ondary structure, the p-sheet. Tachyplesin I has been widely used
as a model antimicrobial peptide (AMP) that has a B-sheet struc-
ture (Katsu et al., 1993; Matsuzaki et al., 1993; Mizuguchi et al.,
2003; Nakamura et al., 1988). The antiparallel pB-sheet structure
is held rigidly together by two intra-strand disulfide bonds. The
role of the disulfide bonds has been the focus of several research
articles. Decreased antimicrobial activity has been reported when
the four cysteines are protected by acetamidomethyl groups
(Matsuzaki et al., 1993), but another study, which used linear ana-
logs with cysteines mutated to other residues, indicated that the
rigidly held disulfide-bonded B-sheet structure may not be abso-
lutely required for antimicrobial activity (Mizuguchi et al., 2003).
The exact mode of action for tachyplesin I is therefore still
controversial.

Recently, the Chen group discovered that tachyplesin I induced
bilayer structural changes that also exhibited concentration depen-
dence (Chen and Chen, 2006). The SFG results indicated that tachy-
plesin [ was very active in disrupting DPPG bilayers (more details
in Section 3.4). To carry out the SFG data analysis on B-sheet struc-
tures, Chen et al. first studied tachyplesin I at a polystyrene/pep-
tide solution interface (Chen et al., 2005b; Wang et al., 2005b).
Due to the D, symmetry of B-sheets (Fig. 5), which differs from that

Inner layer Outer layer Transition temperature of outer layer lipid (°C)* Phase of outer layer lipid at experimental condition SFG signal
POPC POPC -2 Fluid Very strong
POPC POPG -2 Fluid Very strong
d-DMPC d-DMPC 23 Fluid Very strong
d-DMPC DMPC 23 Fluid Very strong
d-DPPC DPPC 41 Gel Weak
d-DPPG DPPG 41 Gel Weak
d-DSPC DSPC 55 Gel Weak

*http://Www.avantilipids.com/PhaseTransitionTemperaturesForGlycerophospholipids.html.
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of helical structures, one angle 0 is not enough to determine B-
sheet interfacial orientation because the twist angle ¢ cannot be
random. For D, symmetry, SFG measured parameters (nonlinear
susceptibility tensor components) can be related to molecular
properties of B-sheets (hyperpolarizability tensor components)
through orientation parameters (Wang et al., 2005b):

B; mode:

Loze = 2Ns(< cOs 0sin ¢ cos ¢ > — < €os> 0Sin ¢ coS ¢ >) o (8)

Kz = nyz = Yxx = Xyzy =Xox = Xzyy = _NS(

< cos0sin ¢ cos$ > — < cos® 0sin ¢ cos ¢ >)Bape 9)
Yoy = —Yaye = Ly = Yoy = 0.5Ns(< sin 0 cos? §p > —

< sin® 0sin® ¢ >)Bupe (10
B, mode:
Aoy = —Xayx = —Lyax = Yoy = 0.5Ns(< cos? 0 > —

< sin® 0cos® ¢ >) By (11)
B3 mode:
Aoy = —Loyx = —Ayzx = Aoy = —0.5N5(< cos® 0 > —

< sin® 0sin ¢ >)Byeq (12)

where N; is the surface number density of the repeating units of the
B-sheet. The standard (or achiral) susceptibility components )y,
Ayyz Xxzxr Xyzy» Koo Xzyy AN Yzzz can be obtained by fitting achiral
SFG spectra, and chiral tensors Yz, Xzyx Xy and X can be de-
duced from chiral SFG spectra. The achiral susceptibility tensor ele-
ments for the B, and B; modes have the same form as the B; mode,
except that 8, should be replaced by 8,., and j,.,, respectively. The
molecular hyperpolarizability components of B-sheets can be calcu-
lated from literature values in IR and Raman measurements and
confirmed by ab-initio calculations. Therefore, for SFG experiments,
orientation parameters such as <cos?0>, <cosfsingcos¢> and
<sin®0cos?¢> of B-sheets can be measured.

The Chen group successfully collected SFG amide I signals from
tachyplesin I at the polystyrene/solution interface (Fig. 6A) (Chen
et al.,, 2005b). The fitting results showed three major peaks at
1645, 1664 and 1688 cm !, respectively. A large number of reports
have stated that amide I signals at 1688 and 1633 cm™~! can be as-
cribed to the B;/Bs; and B, modes of antiparallel B-sheets, respec-
tively (Barth and Zscherp, 2002; Hilario et al., 2003; Krimm and
Bandekar, 1986; Vass et al., 2003). The 1664 and 1645 cm™~! peaks
in the tachyplesin I SFG spectra are due to turns, random structures
or a combination thereof (Barth and Zscherp, 2002; Krimm and
Bandekar, 1986; Vass et al., 2003). Following the addition of dithi-

a

b

Fig. 5. Molecular coordinate for an antiparallel B-sheet. Reproduced with permis-
sion from Proc. Natl. Acad. Sci. USA. 2005, 102, 4978-4983. Copyright 2005, The
National Academy of Sciences of the USA.

othreitol (DTT), the 1688 cm™' peak disappeared, confirming that
this peak was due to B-sheet structure of tachyplesin I at the inter-
face (Fig. 6B). The addition of DTT broke the two disulfide bonds in
tachyplesin I, which are essential for it to maintain its B-sheet
structure (Li et al., 1998; Matsuzaki et al., 1993). Furthermore,
Chen and colleagues also detected very strong SFG chiral spp and
psp spectra directly from the polystyrene/tachyplesin I solution
interface (Fig. 6C) (Wang et al., 2005b). Their intensities were com-
parable to those in the ssp spectrum, but with distinct spectral fea-
tures. For the spp and psp spectra, only two peaks at 1635 and
1685 cm ™! were observed from the spectral fitting results, showing
that SFG chiral signals were dominated by contributions from -
sheet structures. Such signals can provide more measurements to
determine B-sheet orientation.

Chen and colleagues have also collected SFG amide I signals
from tachyplesin I in a DPPG/DPPG bilayer. These spectra indicated
the presence of antiparallel B-sheet structure, with a dominant
band around 1685 cm ™! (Fig. 6D) (Chen and Chen, 2006). Some dif-
ferences in the spectral features in these spectra compared to the
spectra in Fig. 6A and C indicated that tachyplesin [ adopted a dif-
ferent conformation at the bilayer interface compared to that ad-
sorbed onto a polystyrene surface (Chen et al., 2005b; Wang
et al., 2005b). Chen and colleagues observed that the addition of
DTT to the solution caused no changes to the spectrum of tachyple-
sin I already adsorbed onto a bilayer, as opposed to the changes ob-
served when tachyplesin I was adsorbed onto a polystyrene
surface, where addition of DTT led to the disappearance of the
1685 cm™' peak of tachyplesin I (Chen and Chen, 2006; Chen
et al., 2005b; Wang et al., 2005b). It appeared that the membrane,
in contrast to the polystyrene surface, offered protection to the B-
sheet structure, either by shielding the interfacial tachyplesin I
from the reducing agent or by inducing the B-sheet structure even
without the presence of the disulfide bonds. Currently we are
investigating the detailed orientation of tachyplesin I in the lipid
bilayer using the methods we presented above and the results will
be reported in the future.

3.4. Real time monitoring of bilayer perturbation induced by peptides/
proteins

In addition to the structural studies of membrane proteins and
peptides in lipid bilayers, time-dependent SFG studies have also
been applied to monitor the kinetics of changes in bilayers them-
selves, or as they are interacting with membrane proteins/peptides
(Liu and Conboy, 2004a; Chen and Chen, 2006; Chen et al., 2007b).
The Conboy group deduced the flip-flop rate for a planar supported
lipid bilayer (DSPC/DSPC-dg3) by measuring the time-dependent
SFG intensity of terminal CH3 symmetric modes at various temper-
atures (Liu and Conboy, 2004a). Chen et al. applied SFG to monitor
the time-dependent interactions between antimicrobial peptides
and lipid bilayers (Chen and Chen, 2006; Chen et al., 2007b). Differ-
ent modes of actions were observed between lipid bilayers and dif-
ferent molecules such as melittin, tachyplesin I, o-magainin 2, MSI-
843, and a synthetic antibacterial oligomer (Chen and Chen, 2006).

For example, Chen et al. (2007b) monitored the time-dependent
and concentration-dependent disruption of a substrate supported
lipid bilayer by melittin. In this research, both a symmetric d-
DPPG/d-DPPG bilayer and an asymmetric d-DPPG/DPPG bilayer
were used. It was found that the extent and kinetics of the bilayer
disruption induced by melittin were greatly affected by the peptide
concentration. For a symmetric d-DPPG/d-DPPG bilayer, Chen et al.
monitored the intensity of the CD; symmetric stretching peak at
2070 cm™! as a function of time after injecting melittin at time
0s (Fig. 7). At high melittin solution concentrations (2.34-
7.8 uM), the peak intensity reached a maximum immediately after
the injection of melittin, and then decreased. The initial signal in-
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crease was due to the fact that the first leaflet was disrupted more
substantially initially and the inversion symmetry of the bilayer
was broken. Because the second leaflet was disrupted shortly after,
a new inversion symmetry was created causing the SFG signal to
decrease. For lower melittin concentrations, the disruption process
was much slower. For melittin concentrations at 0.78 nuM, the CD3
peak intensity underwent a gradual increase after the initial in-
crease/decrease pattern. For concentrations even lower (e.g.,
0.156 uM), the initial intensity increase process took a much longer
time to complete, showing that the disruption process that creates
a break in the inversion symmetry was much slower than at higher
concentrations of melittin.

For asymmetric d-DPPG/DPPG bilayers (Fig. 8), Chen et al. mon-
itored the SFG intensity of CD3 and CH5; symmetric stretching peaks
at 2070 and 2875 cm ™}, respectively. It was found that the d-DPPG/
DPPG bilayer had a similar disruption trend to that observed in the
d-DPPG/d-DPPG bilayer. The spectral changes occurred very
quickly and then the signal became stable rapidly at higher con-
centrations, while a much longer time was required for the inten-
sity to become stable for lower melittin concentrations. When
0.78 uM or higher melittin solution concentrations were used, very
weak final signals from both leaflets were observed after the pep-
tide-lipid interactions. At a solution concentration of 0.156 uM or

lower, strong SFG signals from the proximal d-DPPG leaflet could
still be observed after a prolonged period of time. This experiment
also indicated that the lipid bilayer was disrupted at a much faster
rate at a higher peptide concentration. In addition, Fig. 8 shows
that melittin disrupted the two leaflets at different rates: the distal
leaflet was disrupted first, before the disruption of the proximal
leaflet.

The Chen group also detected time-dependent SFG signals from
the asymmetric d-DPPG-DPPG bilayer/tachyplesin I solution inter-
face with a solution concentration of 5.6 pg/mL (Chen and Chen,
2006). However, unlike the time delay between the onset of SFG
C-H and C-D signal decrease observed for melittin, the signal de-
creases for both leaflets, were coincident with each other. This
indicated that there were possibly different interaction patterns
among various antimicrobial peptides. With tachyplesin I, the
insertion probably occurred more readily and both leaflets were
disrupted immediately and at the same rate. Time-dependent
interactions between DTT-treated tachyplesin I and a dDPPG/DPPG
bilayer were different from those observed for the untreated tachy-
plesin I. The DTT-treated tachyplesin I induced a decrease in C-D/
C-H stretching mode similar to that observed for 0.44 pg/mL of
melittin. This shows that the DTT-treated tachyplesin [ was actu-
ally more potent in causing the signal intensity decrease during
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the initial period of interaction, but the untreated tachyplesin I
could induce a more thorough destabilizing effect, which may be
the critical factor in killing microbes.

4. Summary

In this paper, we summarized the recent applications of SFG
studies on lipid monolayers, HBMs and substrate-supported lipid
bilayers, as well as the interactions between peptides/proteins

and lipid monolayers/bilayers, and bilayer perturbation induced
by peptides/proteins. We introduced early SFG studies that focused
on the C-H stretching frequency region and the more recent SFG
studies in the amide I region investigated by our group. As dis-
cussed above, the peptide/protein secondary structures (a-helical,
310-helical and B-sheet) can be determined and their orientation
information can be deduced. We discussed examples of studies
on the interaction of peptides/proteins (melittin, G proteins,
alamethicin, and tachyplesin I) and lipid bilayers using SFG. These
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studies showed that SFG is a powerful technique to study the
membrane-related peptides and proteins and that SFG can provide
a unique understanding of the interactions between a lipid mono-
layer/bilayer and peptides/proteins without any exogenous label-
ing in real time and in situ.
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Appendix A

The intensity of the sum frequency signal is proportional to the
square of the vibration’s second-order nonlinear susceptibility yeff

83w} sec? B .
c3ny (wse )Ny (Wvis) (OR)

where ni(w) is the refractive index of medium i at frequency w, 8 is
the reflection angle of the sum-frequency field, I;(wyis) and Ix(wgg)
are the intensities of the two input fields. The effective nonlinear
susceptibility /gf) is:

[(wer) = EPL (wvis) L2 (o) (A1)

L(wsr)] - ?

- e(@vis)][L(wr) - é(w)]

Xeff = [e(wsr) -

s [L(vis) (A2)

with é(w) being the unit polarization vector and L(w) the Fresnel
factor at frequency w. Details about Fresnel factors have been dis-
cussed extensively and will not be repeated here (Zhuang et al,,
1999).

For Visible-IR SFG, if the IR frequency (wg) is near vibrational
resonances, the effective surface nonlinear susceptibility ¥ can
be enhanced. The frequency dependence of ,(f;f) can be written as:

Aq

W — g +ilg (A3)

ng)( ) = XNR +/R = yNR +Z
where Aq, g, and 7y, are the strength, resonant frequency, and
damping coefficient of the vibrational mode q, respectively, y\& is
the nonresonant background, and %% is the resonant contribution
(Gautam and Dhinojwala, 2001; Hirose et al., 1992a,b, 1993; Kim
and Somorjai, 2003; Shen, 1984; Wang et al., 2001).

The components of yfjf) can be probed by using different polar-
ization combinations of the input and output laser beams, such as
ssp (s-polarized SFG signal, s-polarized visible beam, p-polarized IR
beam), sps, pss and ppp. Each measured polarization combination
is related to the different components of y® defined in the lab
coordinate system. For an azimuthally isotropic interface only four
independent components of x?) are nonzero from Eq. (A.2). If the
lab coordinate system is defined as the z-axis being along the sur-
face normal and the x-axis being in the incident plane (Fig. 1A),
these four components will have the following properties:
Yooz = Kyyzs Xxzx = Hyzys Xzxx = Xzyy» a0 Yzzz. The ygf) expressions un-
der ssp, sps, pss and ppp polarization combinations are then (Mir-
anda and Shen, 1999; Shen, 1984; Wang et al., 2001; Zhuang et al.,
1999):

5 ssp = Lyy (@57 Lyy (0yis) Lz (corg) sin el (A4)
75 sps = Ly (©8) Lz @vis) Ly (o) Sin Brss 12 (A5)
A s = Lez (058) Ly (vis) Ly (0rm) i Bz 1 2) (A6)

— L (@57) L (@vis) Lz (1) €OS B €OS By Sin Big 1.2
— Lue(@5sp) Loz (@vis) Lix (COR) €OS Bop SIN g €OS Brr 2
+ Lz (s7) Lix (@vis )L (O1R) SIN Bsp €OS Bss COS Bt 2
+ Loz (55 Lz (@vis) Lez (1) SIN B SIN By Sin B y2)

Xeff pop

(A7)

where fBsr, Bvis and fir are the angles between the surface normal
and the sum frequency beam, the input visible beam, and the input
IR beam, respectively; and L;'s (i=x, y or z) are the Fresnel
coefficients.

The tensor components /Uzk) of %?) defined in the lab coordinate
system are macroscopic properties of a surface or interface. They
can be directly related to the microscopic hyperpolarizability ten-
sor components f,,, of molecules on the surface or interface. In
certain papers, microscopic hyperpolarizability tensor components
have also been referred to as oc/m In short, each ,( k is a transfor-
mation of individual microscopic hyperpolarlzablllty tensor com-
ponents f;,, in the molecular coordinate system to its
macroscopic quantity of the ensemble average over all possible ori-
entations in the lab frame (Miranda and Shen, 1999; Shen, 1984;
Wang et al., 2001; Zhuang et al., 1999):

ijzk) = NZ < (; /1)(_; : /Al)(f({}) > ﬂ).,um

A0

(A.8)

where N is the number density of molecules and the brackets de-
note averaging over the molecular orientation distribution. Both

? and ,,, are third rank tensors with 27 elements whose values

are functions of the frequencies of the three beams involved in the
SFG process. For the SFG technique we are discussing here, f,,,, is a
product of the IR transition dipole moment component and Raman
polarizability component, which can be measured experimentally
or calculated. Therefore, by measuring 7(2) in SFG experiments,
the orientation and the number density of mterfacial molecules in
a sample may be deduced.
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