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Abstract

Sum frequency generation (SFG) vibrational spectroscopy has been demonstrated to be a powerful
technique 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 orientations of various secondary structures, studies on the interaction
between different peptides/proteins (melittin, G proteins, almethicin, 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 any exogenous labeling.
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1. Introduction

Cell membranes play a crucial role in many biological functions of cells. They govern all
interactions between cells and their environments, 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 nanometers. 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 peptides and proteins are also embedded inside or associated
with the cell membranes, helping to fulfill various cellular functions (Katsaras et al., 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.
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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 spectroscopy measurements allow for the determination of the peptide/protein
coverage on membranes (Besenicar et al., 2006; Devanathan 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; Kucerka 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 et al., 2005; Brasseur et al.,
2008; Engel et al., 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 summarize the applications of these techniques (and
others) to the study of the interactions between peptides/proteins and lipid membranes
(Cabiaux, 2004; Lee, 2005; McIntosh et al., 2006). Even though some molecular level
information can be acquired by probing the interactions between cell membranes and proteins/
peptides using these analytical tools, further details regarding such molecular interactions need
to be elucidated.

Several spectroscopic techniques that can probe detailed structural 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 vibrational spectra (or fingerprints) of
membrane proteins and peptides. However, the technique may suffer from a lack of intrinsic
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 <cos20> for orientation
determination of a membrane protein or peptide (Tamm et al., 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;
Bechinger et al., 2004; Lindblom et al., 2006; Naito et al., 2007; Wang, 2008). Solution and
solid-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 determining which parts of the protein are interacting with the headgroups
or tail region of the lipids (Lee et al., 2008; Dvinskikh et al., 2007). However, due to NMR’s
low sensitivity, large amounts of protein/peptides are required (milligram quantities),
sometimes isotope-labeled 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. controlling 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, 2008; Bain et al., 1995; Baldelli et al., 2008; Belkin et al., 2005;
Chen, 2007; Dreesen et al., 2004; Fourkas et al., 2007; Gautam et al., 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 et al., 2006; Moore et al.,
2008; Opdahl et al., 2004; Richmond, 2002; Rupprechter et al., 2008; Shen et al., 2006; Shultz
et al., 2002; Stiopkin 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 experiments can be done in situ and in real-time (Allen et al.,
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2000; Bain, 1995; Belkin, et al., 2005; Buck et al., 2001; Chen, 2007; Chen and Chen, 2006;
Chen and Clarke, 2005; Chen and Shen, 2002; Eisenthal, 1992; Gopalakrishnan et al., 2006;
Gracias et al., 1999; Hopkins, et al., 2005; Koffas et al., 2004; Lambert et al., 2005; Miranda
et al., 1999; Moore et al., 2008; Opdahl et al., 2004; Perry, et al., 2006; Richmond, 2001;
Richmond, 2002; Shen, 1989; Shen et al., 2006; Shultz et al., 2000; Tadjeddine et al., 1996;
Wang and Gan, 2005; Williams etal., 2002; Zhuang etal., 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 orientation 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 et al., 2008; Chen and Wang,
2007a; Doyle et al., 2004; Harper et al., 2007; Kim and Kim, 2001; Levy et al., 2007; Liu et
al., 2004a; Liu et al., 2004b; Liu et al., 2005a; Liu et al., 2005b; Liu et al., 2007; Lobau et al.,
1999; Ma et al., 2006; Ma et al., 2007; Nickolov et al., 2006; Ohe et al., 2004; Petralli-Mallow
etal., 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 and Clarke,
2005; Chen and Wang, 2005; Clarke et al., 2005; Dreesen et al., 2004; Evans-Nguyen et al.,
2006; Humbert et al. 2006; Kim and Cremer, 2001; Kim and Gurau, 2002; Kim and Gurau,
2003; Kim and Somorijai, 2003; Knoesen et al., 2004; Mermut et al., 2006; Rocha-Mendoza
et al., 2007; Sartenaer et al., 2007; Wang and Buck, 2003; Wang and Chen, 2005; Wang and
Chen, 2006; Wang and Clarke, 2003; Wang and Even, 2003; York et al., 2008).

Planar substrate-supported lipid bilayers have been widely used as a model to mimic cell
membranes. Their suitability for biological studies has been extensively tested. These lipid
bilayers are readily prepared by directly depositing lipid monolayers or bilayers onto the
substrates such as glass, mica, quartz, and silicon surfaces using Langmuir-Blodgett method
or vesicle fusion method (Kalb et al., 1992; Steinem et al., 2000; Tamm et al., 1985; Tamm,
1988; Tamm et al., 1997; Thompson et al., 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 et al., 2005; Zhao et al.,
2003). Previous studies have indicated that planar substrate-supported 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 dynamic properties of membranes
and protein-lipid interactions, using the surface analytical techniques mentioned above
(Castellana et al., 2006; Kalb et al., 1992; McConnell et al., 1986; Sackmann, 1996; Tamm et
al., 1985; Tamm, 1988; Tamm et al., 1997; Tanaka et al., 2005).

In this paper, we will first present a brief introduction of the theoretical background needed to
understand SFG, and then summarize recent studies on the interactions between lipid
membranes (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 papers have summarized details about SFG
theory and research (Allen et al., 2000; Bain, 1995; Belkin, et al., 2005; Buck et al., 2001;
Chen, 2007; Chen and Chen, 2006; Chen and Clarke, 2005; Chen and Shen, 2002; Eisenthal,
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1992; Gopalakrishnan et al., 2006; Gracias et al., 1999; Hopkins, et al., 2005; Koffas et al.,
2004; Lambert et al., 2005; Miranda et al., 1999; Moore et al., 2008; Opdahl et al., 2004; Perry,
et al., 2006; Richmond, 2001; Richmond, 2002; Shen, 1989; Shen et al., 2006; Shultz et al.,
2000; Tadjeddine et al., 1996; Wang and Gan, 2005; Williams et al., 2002; Zhuang et al.,
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 (wv;js) and one with a tunable
frequency in the infrared frequency range (or), 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 = wyis + ®|r. Therefore, the SFG process can be simply viewed
as a combination of infrared (IR) absorbance and Raman scattering, as shown in the energy
diagram in Fig. 1B. The intensity of the sum frequency signal is proportional to the square of

the vibration’s second-order nonlinear susceptibility X(e;,)- (Bain, 1995; Buck et al., 2001; Chen
and Chen, 2006; Chen and Clarke, 2005; Chen and Shen, 2002; Eisenthal, 1992; Lambert et

al., 2005; Miranda and Shen, 1999; Richmond, 2001; Shen, 1984; Shen, 1989; Tadjeddine et
al., 1996; Wang and Gan, 2005; Williams et al., 2002; Zhuang et al., 1999). Different

components of X(e;x)- can be probed using different polarization combinations of the input and
output laser beams. From such measurements, orientation information of surface molecules
and functional groups can be deduced (Hirose and Akamatsu, 1992a; Hirose and Akamatsu,
1992b; Hirose and Yamatoto, 1993; Gautam et al., 2001; Kim and Somorjai, 2003; Shen,
1984; Wang and Chen, 2001). More details about SFG theory and data analysis can be found
in the appendix.

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 X,(;,) Xﬁfq) vanishes when a material has inversion symmetry under the dipole
approximation (Bain, 1995; Buck et al., 2001; Chen and Chen, 2006; Chen and Clarke,
2005; Chen and Shen, 2002; Eisenthal, 1992; Hirose and Akamatsu, 1992a; Hirose and
Akamatsu, 1992b; Hirose and Yamatoto, 1993; Gautam et al., 2001; Lambert et al., 2005;
Miranda et al., 1999; Richmond, 2001; Shen, 1984, Shen, 1989; Tadjeddine et al., 1996; Wang
and Chen, 2001; Wang and Gan, 2005; Williams et al., 2002; Zhuang etal., 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 surfaces
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 membrane-related peptides and
proteins. Such studies have demonstrated that SFG can provide a unique understanding of the
interactions between a lipid monolayer/bilayer and peptides/proteins 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 substrate-supported lipid bilayers are
valid models for cell membranes (Castellana et al., 2006; Kalb et al., 1992; McConnell et al.,
1986; Sackmann, 1996; Steinem et al., 2000; Tamm et al., 1985; Tamm, 1988; Tamm et al.,
1997; Tanaka et al., 2005; Thompson et al., 1988; Zhao et al., 2003). SFG has been applied to
investigate the structures of these lipid bilayer systems (Anglin et al., 2007; Anglin et al.,
2008; Chen and Wang, 2007a; Doyle et al., 2004; Levy et al., 2007; Liu et al., 2004a; Liu et
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al., 2004b; Liu et al., 2005a; Liu et al., 2005b; Liu et al., 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 reiterate the details, but instead will give some brief discussions on how some
fundamental questions regarding the interactions between peptide/proteins and lipid bilayers
can be answered using SFG. For example, knowledge of the conformations of lipids in the
bilayer, 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 carpet, 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 peptides/proteins and lipid bilayers,
knowledge regarding the membrane 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 techniques 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 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 membranes 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 et al., 2004a; Liu et al., 2004b; Liu et al., 2005a; Liu et al., 2005b).
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 et al., 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 bilayer 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 et al.,
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 et al., 2008).

Briggman and coworkers have employed hybrid bilayer membranes (HBM) as an alternative
for supported lipid bilayers in their research (Anderson et al., 2004; Anderson et al., 2006;
Anderson etal., 2007; Levy et al., 2007; Petralli-Mallow, 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
temperature 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
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effect of cholesterol on phospholipids (Levy etal., 2007). Their research 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 temperatures and effects of cholesterol on monolayers have been
investigated using SFG (Bonn, et al., 2004; Ohe and Sasaki, 2007; Ohe and Goto, 2007; Roke,
etal., 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 and Gurau,
2003). They investigated the orientation of gramicidin A in a DMPC monolayer using the C-
H SFG stretching signals generated from the side chains of gramicidin A. Their results indicated
that the orientation of gramicidin A was concentration dependent (Kim and Gurau, 2003).

Conboy and coworkers studied the effect of gramicidin A on the flip-flop of DSPC lipids in a
substrate-supported phospholipid bilayer (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 observed by ATR-FTIR. The detection of amide signal from the
peptide using ATR-FTIR indicated that gramidicin A was bound to the bilayer. SFG signal of
the lipid C-H stretches could be observed because 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 becomes more symmetric (from interchange
between outer- and inner-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 concentrations. 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 signals 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 functional group composition,
orientation, and ordering at a surface or interface with a submonolayer sensitivity, it has also
been applied to determine the average minimal inhibitory concentration (MIC) of antimicrobial
peptides (or analogue oligomers) in membranes. Chen et al. used SFG to investigate the
molecular interactions between a small antimicrobial oligomer and a single substrate-supported
lipid bilayer with a hydrogenated leaflet (DPPG) and a deuterated leaflet (d-DPPG) (Chen and
Tang, 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
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a threshold concentration 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 indicated 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 |
frequency region

3.3.1. Detection of SFG amide | 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 1 signals from interfacial proteins/peptides was demonstrated by Chen
and his coworkers in 2003 (Wang and Even, 2003). 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 | signals from interfacial proteins and peptides; instead, they can be
detected directly (Clarke and Wang, 2005; Wang and Clarke, 2005; Wang and Even, 2003).
In addition, proteins in the bulk solution do not generate SFG signals, and thus SFG can
selectively probe interfacial proteins/peptides. Moreover, SFG is able to provide more
measurements than ATR-FTIR in studying the orientation of interfacial proteins/peptides. In
SFG studies, our group has also adopted a near total reflection experimental geometry (Fig.
1A) that enables us to obtain very strong SFG amide | signals of interfacial proteins, which
makes the data analysis easier and more accurate (Wang and Even, 2003).

SFG amide | signals of proteins can be affected by the surface coverage, orientation, and
secondary structures of the adsorbed proteins (Clarke and Wang, 2005; Wang and Clarke,
2005; Wang and Even, 2003). The amide | 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 depends heavily on its hydrogen-bonded
environment. The peak center of the amide | band therefore depends on the secondary structure
adopted by the peptide/protein. The Chen group has successfully demonstrated that SFG amide
I signals can be used to distinguish a-helical and B-sheet structures of peptides and proteins on
polymers and lipid bilayers (Chen and Boughton, 2007; Chen and Chen, 2006; Chen and Wang,
2005; Chen and Wang, 2007b; Clarke and Wang, 2005; Wang and Chen, 2005; Wang and
Clarke, 2005; Wang and Even, 2003; Wang and Lee, 2008; Wang and Paszti, 2007). 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 cm~t and 2000 cm™2; this IR beam
can be used to study the amide I signals of interfacial peptides (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 an a-helical
structure in lipid bilayers, Chen et al. were able to detect SFG amide I signals of a-helical
structures centered at around 1650 cm ™1 (Chen and Wang, 2007b). Using model p-sheet peptide
tachyplesin I, Chen et al. also showed that SFG amide | signals from a p-sheet structure has
characteristic peaks at 1635 and 1685 cm™1, corresponding to the B2 mode and B1/B3 modes,
respectively (Chen and Chen, 2006). Recent results in our laboratory on alamethicin indicate
that SFG amide | signals of 31 helical structures have peaks at around 1635 cm ™1 and 1670
cm~L. These results are indeed in good agreement with previous FTIR and Raman studies.
More details regarding the interfacial structures of different secondary domains of proteins/
peptides can be obtained by the careful data analysis of SFG amide | signals collected using
different polarization combinations, which will be presented below.
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3.3.2. SFG studies on a-helical proteins/peptides in lipid bilayers

(a). Data analysis for orientation determination using amide | band: As mentioned above,
it has been shown experimentally that amide | peak centers are different for each type of
secondary structure. Therefore, analyses of amide | signals provide insights into the protein
backbone secondary structures. This section will focus on how to deduce the orientation of a-
helical structures. Conventional polarized ATR-FTIR has been widely applied to study the
orientation of a-helical structures of membrane peptides/proteins (Tamm et al 1997). In ATR-
FTIR studies, the tilt angle of the a-helices can be calculated from the order parameter (Sg),
which is defined as:

_3<cos’6> — 1
= 2 ’ (1)

with 6 being the tilt angle between the helix’s principal axis and the surface normal. The bracket
denotes the time and ensemble average. Theoretically, <cos?0> can be determined from the
measured intensity ratio in ATR-FTIR using p- and s-polarized IR light (Tamm et al., 1997).
If we assume 6 to have the simplest delta distribution, the orientation of the helix can be
determined from this intensity ratio. The orientation in reality can be more complicated and
such asimple distribution may not be adequate enough to describe 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 Sy approaches zero, <cos20> 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 orientation, 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 and Wang, 2007b).

It has been shown that it is possible to deduce the orientation of functional groups, such as
methyl, methylene, phenyl, and carbonyl, by measuring different tensor elements using SFG
spectra collected with different polarization combinations (Briggman et al., 2001; Gautam et
al., 2000; Hirose and Akamatsu, 1992a; Hirose and Akamatsu, 1992b; Hirose and Yamamoto,
1993; Oh-e etal., 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 and Lee,
2008; Wang and Paszti, 2007). They showed that both the amide | A mode and amide | E;
mode of an a-helix can contribute to SFG signals (Wang and Lee, 2008). Using the near total
internal reflection geometry (Wang and Even, 2003), ssp and ppp amide | signals can be
collected. These signals are mainly due to contributions from the y,y, and y,,, susceptibility
components, respectively. The dependence of yyy, and xz, susceptibility components on the
molecular hyperpolarizability is described by the following equations:

For the A mode:

1
KoK pe=5 Nsl (47)<cos6> - (1 - r)<co8°6>1Bece .

X =Nyl r<cos8>+(1 — r)<cos’6> |Bece 3)
For the E; mode:
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3
Xl =X p1yy. = — Ns(<€080> — <c08”0>)Bgcq )

X1 =2Ng(<cos> — <cos® 6>)Baca )

where f5c5 and fec 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 and Wang, 2007b) deduced
the relations among different hyperpolarizability tensor elements to be r = fa4¢/fccc~0.54 and
Paca~0.32fcc (Lee et al.,1998a; Lee et al., 1998b; 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 (~5 cm™1 or more), the A mode and E; mode
cannot be readily resolved in the frequency domain, and therefore, the total susceptibility is
often assumed to be the sum of the susceptibilities from these two modes (Chen and Wang,
2007h):

Xyyz=Xa,:TX Epyyz (6)

X:Z: :XA.::: +XE1 222 (7)

As Egs. (2-5) indicate, only two measurables related to the orientation angle are independent:
<co0s0> and <cos30>. Using different polarization combinations of the input and output laser
beams, <cos®> and <cos36> can be deduced. If all a-helical structures on the surface/interface
adopt the same orientation, <cos6> and <cos30> can be replaced by cosf and cos36.
Subsequently, the relationship between an SFG measurable and the orientation angle of the
a-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.

(b). Example: a-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 lipid DPPG bilayers
(Chen and Wang, 2007b). Chen et al. found that the SFG measurements were not compatible
to those of a §-distribution or a Gaussian distribution. These two distributions were therefore
not adequate to describe 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 orientations
in the lipid bilayer. A fraction (N) of melittin may orient with an angle of 64, and a fraction (1-
N) of melittin can orient with another angle of 6,. By combined ATR-FTIR and SFG studies,
all of these parameters, 61, 62 and N, were successfully deduced. The obtained results from
SFG and ATR-FTIR experiments 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 Fig. 2B.

Inaddition, Chen etal. also introduced the maximum entropy function to deduce the orientation
distribution of melittin inasingle lipid bilayer based on the ATR-FTIR and SFG measurements.
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Such a treatment does not have any assumptions regarding the orientation distribution function,
e.g., assuming two é-distributions. The deduced orientation distribution using the maximum
entropy function was very similar to that obtained from the two 3-distributions, 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 determination results can be correlated
to different modes of action of peptides’ 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 buffered solution with a total ionic strength of 0.14 M and a pH value of 7.4)
interface (Wang and Lee, 2008).

(c). Example: a-helical structure in G protein in lipid bilayer: Heterotrimeric guanine
nucleotide-binding proteins (G proteins) are a family of peripheral membrane proteins that
transduce extracellular signals (e.g. hormones and neurotransmitters), as sensed by G protein-
coupled-receptors (GPCRs), to intracellular effector systems (e.g. ion channels and cell
transcription machinery) (Cabrera-Vera et al., 2003; Neves et al., 2002). Each G protein is
comprised of Ga, GB, and Gy subunits, with G and Gy forming a tightly associated dimer. In
the resting state, a G protein exists in the Gaf0 form. Upon GPCR activation, Gof30 releases
the GDP originally bound to the Ga subunit and the binding of GTP allows dissociation of
Gapo into Ga-GTP and Gy (Gaudet et al., 1999; Lodowski et al., 2003). Ga. and Gy can then
associate with their own effectors and trigger downstream signaling cascades. The cycle returns
to the resting state when Ga hydrolyzes GTP back to GDP (Neves et al., 2002; Oldham et al.,
2006; Koch, 2004; Pitcher et al., 1992).

Recently, Chen et al. (Chen and Boughton, 2007) investigated how the Gy, subunit binds to
and orients on a substrate-supported lipid bilayer using SFG. Both wild-type GB1y2 subunits,
which contain a geranylgeranyl anchor group, and only the soluble domain of the GB1y;
subunits were used in this research. SFG spectra were collected from both types of G protein
subunits in a hydrated POPG/POPG bilayer. These two GB1y, subunits showed very different
SFG spectral properties (Figs. 3C and 3D). Even at relatively high concentrations (125 pg/
mL), soluble GB1y, generated weaker signals than geranylgeranylated GB,yo, with a peak
centered at 1630 cm™1, indicative of B-sheet secondary structure. The presence of the
geranylgeranyl anchor group resulted in a significant enhancement of SFG amide | signal that
was dominated by a peak at around 1650 cm~2, which is characteristic of contributions from
an a-helical structure. Chen et al. (Chen and Boughton, 2007) suggested that without the
geranylgeranyl group, GB1y, 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 and Boughton, 2007; Wang and Even, 2005). On the other hand, for the wild-type
GB1y2 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 p-sheet signal and
causing the amide | signal to be dominated by a peak at 1650 cm~2 (originating from the ordered
helical domains), as shown in Fig. 3A. From the measured SFG ppp and ssp intensity ratio,
Chen et al. deduced the orientation angle of the wild-type GB1y, 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 a-helical
components of a protein.
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3.3.3. SFG studies on 31g 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 et al., 1997). In addition to the regular amino acids, the peptide contains eight
aminoisobutyric acid units. Its crystal structure contains an a-helical domain and a 31 helical
domain (Fox et al., 1982).

An extensive amount of research has been performed to examine the alamethicin action
mechanism on membranes (Cafiso, 1994; Duclohier et al., 2001; Hall et al., 1984; Leitgeb et
al., 2007; Mathew et al., 1983a; Mathew et al., 1983b; Nagaraj et al., 1981; Sansom, 1993a;
Sansom, 1993b; Woolley et al., 1992). It is currently believed that alamethicin interacts with
cell membranes through the barrel stave mode (Duclohier, 2004; Fox et al., 1982; Laver,
1994; Mathew et al., 1983; Sansom, 1993a; Sansom, 1993b) with the resulting conducting
pores in the membrane formed by parallel bundles of three to twelve helical alamethicin
monomers surrounding 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 alamethicin in the membrane in the absence
of voltage have been reported. Alamethicin has been suggested to adopt a transmembrane
orientation (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 et al., 2006), or
both (depending on the experimental conditions) (Chen and Lee, 2002; Huang et al., 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 bilayer are shown in Fig. 4A.
The spectra were collected after 37.5 pug of alamethicin (dissolved in water) was injected into
the water subphase (~1.6 mL) of d-DMPC/DMPC bilayer for 71 minatpH 6.7. The SFG spectra
were dominated by two peaks at 1635 and 1670 cm 2. Peak assignments in the literature
indicate that the 1635 cm™1 peak is due to the 31g-helix, while the peak at 1670 cm ™ has
contributions by both the 31¢ helix and the a-helix (Haris et al., 1988;Haris et al., 2004;Vogel,
1987,Kennedy et al. 1991,Dwivedi et al., 1984). The orientation analysis method for a 31¢-
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 (a). 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 (Archer et al, 1991; Barranger-Mathys, 1994; Hall et al.,
1984; Marsh et al., 2007a; Marsh et al., 2007b; 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 lipid chain is one of the factors that determine the physical phase
in which the bilayer will exist at room temperature: longer chain lipids 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 collected 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 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 ™1
contributed by 3419-helices and a-helices, respectively. When alamethicin was present in gel-
phase lipid bilayers (the lower spectrum in Fig. 4B), only two weak peaks at 1685 and 1720
cm 1 were observed. The peak at 1685 cm™1 was assigned to antiparallel p-sheet or aggregated
strands of peptides (Tamm et al., 1997, see more details in the next section), and the 1720
cm ™1 signal originates from the bilayer. These results suggest that alamethicin is able to insert
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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; lonov et al.,
2000; Mottamal et al., 2006).

We also studied the pH effects on alamethicin in the lipid bilayer 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 K3POy), after adjusting the pH
to 11.9, the SFG amide | intensity from alamethicin increased by ~10 fold and the peak at
~1720 cm~1 disappeared. 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.

3.3.4. SFG studies on B-sheet peptides in membrane bilayers: tachyplesin I—
After having discussed the a-helices and 31 helices studied by SFG, we will now present SFG
results on another important secondary structure, the p-sheet. Tachyplesin | has been widely
used as a model antimicrobial peptide (AMP) that has a -sheet structure (Katsu et al., 1993,;
Matsuzaki et al., 1993; Miziguchi et al., 2003; Nakamura et al., 1988). The antiparallel p-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 analogs with cysteines mutated to other residues,
indicated that the rigidly held disulfide-bonded p-sheet structure may not be absolutely required
for antimicrobial activity (Miziguchi et al., 2003). The exact mode of action for tachyplesin |
is therefore still controversial.

Recently, the Chen group discovered that tachyplesin I induced bilayer structural changes that
also exhibited concentration dependence (Chen and Chen, 2006). The SFG results indicated
that tachyplesin | was very active in disrupting DPPG bilayers (more details in section 3.4).
To carry out the SFG data analysis on B-sheet structures, Chen et al. first studied tachyplesin
| at a polystyrene/peptide solution interface (Chen and Wang, 2005; Wang and Chen, 2005).
Due to the D, symmetry of B-sheets (Fig. 5), which differs from that of helical structures, one
angle 0 is not enough to determine -sheet interfacial orientation because the twist angle ¢
cannot be random. For D, symmetry, SFG measured parameters (nonlinear susceptibility
tensor components) can be relate to molecular properties of B-sheets (hyperpolarizability tensor
components) through orientation parameters (Wang and Chen, 2005):

B1 mode:
Xzzz=2N (<cosfsingcosg> — <cos3(9$ingocos<p>)ﬁabc (8)
Xxxz=Xyyz=Xxzx
=Xyoy=Xzx=Xzyy= — Ny(<cosfsingpcose> — <cos36)singacos<p>)ﬁa,,C ©)
Xoy=—Xow= — ,\/_\.;\-=,\/_m.=O.5N.;(<sinzé)cos2<p> - <sinZHsin2<p>),BabC (10)
B, mode:
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Xoxy= — Xox™= — X.\';X=X.x:)'=0~5Ns'(<COS2H> - <Sin29C05290>)ﬁacb (11)
B3 mode:
Xoy= — Xox™= — Xyax=Xagy= — 0~5N.v(<00529> - <Sin293in2¢>)ﬁbca (12)

where Ng is the surface number density of the repeating units of the B-sheet. The standard (or
achiral) susceptibility components yxxz, xyyz» Xxaxs Xyzys Xzxxs Xzyy @1d xzz; can be obtained by
fitting achiral SFG spectra, and chiral tensors yxy, xzyx: Xyzx and xxzy can be deduced from chiral
SFG spectra. The achiral susceptibility tensor elements for the B, and Bz modes have the same
form as the B; mode, except that B4 should be replaced by Bacp and Syca, respectively. The
molecular hyperpolarizability components of B-sheets can be calculated from literature values
in IR and Raman measurements and confirmed by ab-initio calculations. Therefore, for SFG
experiments, orientation parameters such as <cos20>, <cosfsingcose> and <sin20cosZ> of
[B-sheets can be measured.

The Chen group successfully collected SFG amide | signals from tachyplesin | at the
polystyrene/solution interface (Fig. 6A) (Chen and Wang, 2005). The fitting results showed
three major peaks at 1645, 1664 and 1688 cm™1, respectively. A large number of reports have
stated that amide | signals at 1688 and 1633 cm™1 can be ascribed to the B1/B3 and B, modes
of antiparallel B-sheets, respectively (Barth et al., 2002;Hilario et al., 2003;Krimm et al.,
1986;Vass et al., 2003). The 1664 and 1645 cm™~ peaks in the tachyplesin | SFG spectra are
due to turns, random structures or a combination thereof (Barth et al., 2002;Krimm et al.,
1986;Vass et al., 2003). Following the addition of dithiothreitol (DTT), the 1688 cm™1 peak
disappeared, confirming that this peak was due to p-sheet structure of tachyplesin I at the
interface (Fig. 6B). The addition of DTT broke the two disulfide bonds in tachyplesin I, which
are essential for it to maintain its p-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 | solution interface (Fig. 6C) (Wang and Chen,
2005). Their intensities were comparable to those in the ssp spectrum, but with distinct spectral
features. For the spp and psp spectra, only two peaks at 1635 and 1685 cm™1 were observed
from the spectral fitting results, showing that SFG chiral signals were dominated by
contributions from B-sheet structures. Such signals can provide more measurements to
determine B-sheet orientation.

Chen and colleagues have also collected SFG amide | signals from tachyplesin | in a DPPG/
DPPG bhilayer. These spectra indicated the presence of antiparallel B-sheet structure, with a
dominant band around 1685 cm~ (Fig. 6D) (Chen and Chen, 2006). Some differences in the
spectral features in these spectra compared to the spectra in Fig. 6A and Fig. 6C indicated that
tachyplesin | adopted a different conformation at the bilayer interface compared to that
adsorbed onto a polystyrene surface (Chen and Wang, 2005;Wang and Chen, 2005). Chen and
colleagues observed that the addition of DTT to the solution caused no changes to the spectrum
of tachyplesin | already adsorbed onto a bilayer, as opposed to the changes observed when
tachyplesin | was adsorbed onto a polystyrene surface, where addition of DTT led to the
disappearance of the 1685 cm ™1 peak of tachyplesin | (Chen and Chen, 2006;Chen and Wang,
2005;Wang and Chen, 2005). It appeared that the membrane, in contrast to the polystyrene
surface, offered protection to the B-sheet structure, either by shielding the interfacial
tachyplesin | from the reducing agent or by inducing the p-sheet structure even without the
presence of the disulfide bonds. Currently we are investigating the detailed orientation of
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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
themselves, or as they are interacting with membrane proteins/peptides (Liu et al., 2004a; Chen
and Chen, 2006; Chen and Wang, 2007a). 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 temperatures (Liu et al., 2004a). Chen
et al. applied SFG to monitor the time-dependent interactions between antimicrobial peptides
and lipid bilayers (Chen and Chen, 2006; Chen and Wang, 2007a). Different modes of actions
were observed between lipid bilayers and different molecules such as melittin, tachyplesin I,
D-magainin 2, MSI-843, and a synthetic antibacterial oligomer (Chen and Chen, 2006).

For example, Chen et al. (Chen and Wang 2007a) 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 CD3 symmaetric stretching peak at
2070 cm~1 as a function of time after injecting melittin at time 0 seconds (Fig. 7). At high
melittin solution concentrations (2.34 uM to 7.8 uM), the peak intensity reached a maximum
immediately after the injection of melittin, and then decreased. The initial signal increase 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
uM, the CD3 peak intensity underwent a gradual increase after the initial increase/decrease
pattern. For concentrations even lower (e.g., 0.156 pM), 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. monitored the SFG intensity of
CDj3 and CH3 symmetric stretching peaks at 2070 and 2875 cm™2, respectively. It was found
that the d-DPPG/DPPG bhilayer 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 concentrations, while a much longer time was required for the intensity 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
peptide-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 | solution interface 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 decreases 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
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interactions between DTT-treated tachyplesin | and a dDPPG/DPPG bilayer were different
from those observed for the untreated tachyplesin 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 actually more potent in causing the signal
intensity decrease during 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 | region investigated by our group. As discussed above,
the peptide/protein secondary structures (a-helical, 31g-helical and p-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, almethicin, and tachyplesin I) and lipid
bilayers using SFG. These 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 monolayer/bilayer and peptides/proteins without any
exogenous labeling in real time and in situ.
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The intensity of the sum frequency signal is proportional to the square of the vibration’s second-

. . 2
order nonlinear susceptibility Xiﬁ)

81wy, 2sec’ o

Hwg;)=

Ii(wy)h(wy)

c3ny (Wgp)n (Wy )W) g (A1)

where nj() is the refractive index of medium i at frequency o, B is the reflection angle of the
sum-frequency field, 11(wyis) and lo(w|gr) are the intensities of the two input fields. The

. . - 2.
effective nonlinear susceptibility X(eﬁ) is:

ng)': [?(wSF) ’ L(wSF)] '/\/(2): [L(wm) "e\(ww.‘)] [L(wm) '?(wlk)] (A2)

with é(w) being the unit polarization vector and L(®) the Fresnel factor at frequency . Details
about Fresnel factors have been discussed extensively and will not be repeated here (Zhuang
etal., 1999).

For Visible-IR SFG, if the IR frequency (w)r) is near vibrational resonances, the effective

. S 2
surface nonlinear susceptibility Xff’ can be enhanced. The frequency dependence of Xiﬁ) can
be written as:

Aq

2 2,,2_ 2 _
7 W — wgtily

X (OI=X 0 +X 0 =X +
(A3)

where Ag, @q, and I'q are the strength, resonant frequency, and damping coefficient of the

vibrational mode ¢ respectively, ,\/‘AZR) is the nonresonant background, and ,\/f) is the resonant

contribution (Hirose and Akamatsu, 1992a; Hirose and Akamatsu, 1992b; Hirose and
Yamatoto, 1993; Gautam et al., 2001; Kim and Somorjai, 2003; Shen, 1984; Wang and Chen,
2001).

The components of XL,? can be probed by using different polarization 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 x(? defined in the lab coordinate system. For an azimuthally
isotropic interface only four independent components of ¥ are nonzero from Eq. (A2). If the
lab coordinate system is defined as the z-axis being along the surface normal and the x-axis
being in the incident plane (Fig. 1A), these four components will have the following properties:

Yxxz=Nyyzs Xxzx= Xyzy, Xzxx= Xzyy» aNd ¥zzz. The xiﬁ,’- expressions under ssp, sps, pss and ppp
polarization combinations are then (Miranda et al., 1999;Shen, 1984;Wang and Chen,
2001;Zhuang et al., 1999):

(2) : 2)
Xeff.ssp =Lyy(Ws ) Lyy(Wy;, ) Loz (W1 )SINB Xy (A4)
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Xeﬁ'..s‘p.y_ ,‘l"(wSF) Zi(wm) ,\',\‘(wlR )Slnﬂm/\/y:y (A5)
2  _ L L L iz ()
Xeff pss— (W ) Lyy (W ) Lyy (0 )SINB 1 X 2y (A6)
@ __p (wy, ) Lyx(w,, ) L.(w,, )cOSB .cOsB,. sinS @
X eff ppp oWy p ) Lxx( Wy Jozz (W JCOSP g COS, \2@‘ RXxxz
L@y L@y Lo (@, )C08By SN, COSB o o
. 2
+L (W ) Lix(Wy ) Lix (W )SInSg . COS By, COS[))IR/\; (-x)\
+LZ:(wSF)L::(wwx)LZZ(wIR )SinBSFSin:Bw.\Sinﬁlk/\/i:g (AT)

where Bsg, Byis and B are the angles between the surface normal and the sum frequency beam,
the input visible beam, and the input IR beam, respectively; and Lji’s (i = X, y or z) are the
Fresnel coefficients.

The tensor components X;jz; of () defined in the lab coordinate system are macroscopic
properties of a surface or interface. They can be directly related to the microscopic
hyperpolarizability tensor components f;,,,, of molecules on the surface or interface. In certain
papers, microscopic hyperpolarizability tensor components have also been referred to as

affﬂ)w In short, each Xf»jzk) is a transformation of individual microscopic hyperpolarizability tensor
components f3;,,,, in the molecular coordinate system to its macroscopic quantity of the
ensemble average over all possible orientations in the lab frame (Miranda and Shen, 1999;
Shen, 1984; Wang and Chen, 2001; Zhuang et al., 1999):

X =N Y <G DG DE - 9>Boyn
Apv (A8)

where N is the number density of molecules and the brackets denote averaging over the
molecular orientation distribution. Both »(? and B 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, f3;,,, is a product of the IR transition dipole
moment component and Raman polarizability component, which can be measured

. . 2). . . .
experimentally or calculated. Therefore, by measuring Xf»jk) in SFG experiments, the orientation
and the number density of interfacial molecules in a sample may be deduced.

J Struct Biol. Author manuscript; available in PMC 2010 October 1.



1duosnue Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Yeetal. Page 27

virtual state

Peptide solution X ground state

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.
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Fig. 2.

A. Schematic of melittin’s two orientations in the lipid bilayer. B. Orientation distribution
function derived based on a dual 6—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.
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Fig. 3.

Schematics of GB4y, adsorbed onto a POPG/POPG bilayer deduced from SFG spectra: A.
wild-type GB1y2 with geranylgeranyl group, B. soluble GBy, without geranylgeranyl group.
SFG amide | spectra of the interfacial GB1y, adsorbed onto a POPG/POPG bilayer. C. 250
ug of the soluble form of Gy, was first injected into the subphase (~ 2 mL) of the bilayer.
Only relatively weak signals indicative of B-sheet were observed. D. After the spectra in panel
C were collected, 50 pg wild type GB1y, was injected into the subphase and stronger SFG
signals indicated of a-helix structure were observed. Reproduced with permission from J. Am.
Chem. Soc., 2007, 129, 12658 -12659. Copyright 2007, American Chemical Society.
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A. The SFG spectra of the alamethicin after 37.5ug alamethicin was injected into the subphase
(~ 1.6 mL) of d-DMPC/DMPC bilayer for 71 min at pH 6.7. B. The ppp SFG spectra of the
alamethicin after 37.5 pg alamethicin was injected into the subphase (~ 1.6 mL) of the bilayers
for 60-80 min at pH 6.7. Top: POPC/POPC; Bottom d-DPPC/DPPC.
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» C

b

Fig. 5.

Molecular coordinate for an antiparallel B-sheet. Reproduced with permission from Proc. Natl.
Acad. Sci. USA. 2005, 102, 4978-4983. Copyright 2005, The National Academy of Sciences
of the USA.
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Fig. 6.

SFG Spectra and fitting results for 0.1 mg/mL tachyplesin | adsorbed at solution/polystyrene
interface with squares representing the actual spectrum, dotted line the fitted spectrum and
solid lines the component peaks used to fit the spectra. A. SFG spectra before contacting with
10 mM DTT; B. SFG spectra after contacting with 10 mM DTT. Reproduced with permission
from Langmuir 2005, 21, 2662-2664. Copyright 2005, American Chemical Society. C. SFG
spectra of adsorbed tachyplesin I at the polystyrene/solution interface with different
polarization combinations. Reproduced with permission from Proc. Natl. Acad. Sci. USA.
2005, 102, 4978-4983. Copyright 2005, The National Academy of Sciences of the USA. D.
Amide | SFG spectrum of tachyplesin I (5.6 pg/mL) adsorbed onto a DPPG/DPPG bilayer
collected using ssp polarization combination. Reproduced with permission from Biochim.
Biophys. Acta. 2006, 1758, 1257-1273. Copyright 2006, Elsevier B.V.
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Fig. 7.

Signal intensity change at 2070 cm ™1 monitoring melittin’s interaction with a dDPPG/dDPPG
bilayer on a CaF, prism. Melittin stock solution was injected into the subphase of the bilayer
at time 0 seconds. Four solution concentrations were used and dramatically different kinetics
were observed. Reproduced with permission from Biophys. J. 2007, 93, 866-875. Copyright
2007, the Biophysical Society.
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Fig. 8.

Signal intensity changes at 2070 cm™! and 2875 cm™1 monitoring melittin’s interaction with
dDPPG/DPPG hilayers on a CaF, prism. Melittin stock solution was injected into the subphase
of bilayer at 200 seconds. Four solution concentrations were used and dramatically different
kinetics were observed. Reproduced with permission from Biophys. J. 2007, 93, 866-875.
Copyright 2007, the Biophysical Society.
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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-d83 1,2-Distearoyl-D70-sn-Glycero-3-Phosphocholine-1,1,2,2-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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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

Polymyxin B

FGF-1
Antimicrobial Oligomers
Antimicrobial peptides

Gramicidin A

Melittin

Melittin
Heterotrimeric

G Protein By Subunit

DMPC-d54 monolayer

DPPC monolayer
DPPG monolayer

DSPG hybrid bilayer membranes
DPPG/d-DPPG bilayer
DPPG/d-DPPG bilayer

DSPC/DSPC-d70
DSPC-d83/DSPC-d83

dDPPG/dDPPG
dDPPG/DPPG

DPPG/DPPG
POPC/POPC bilayer
POPC/POPG bilayer

CH
CH

CH

CH, CD, Amide |
CH, CD, amide |
CH, CD

CH,CD

Amide |
Amide |

Kim and Gurau, 2003
Ohe et al., 2004

Doyle et al., 2004
Chen and Tang, 2006
Chen and Chen, 2006
Anglin et al., 2007

Chen and Wang, 2007a

Chen and Wang, 2007b
Chen and Boughton, 2007

J Struct Biol. Author manuscript; available in PMC 2010 October 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Yeetal.

The interaction between alamethicin and different lipid bilayers.

Page 37

Transition temperature
of outer layer lipid (°C)

Phase of outer layer
lipid at experimental

Inner layer Outer layer 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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