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Abstract
Interfacial peptides and proteins are critical in many biological processes and thus are of interest to
various research fields. To study these processes, surface sensitive techniques are required to
completely describe different interfacial interactions intrinsic to many complicated processes. Sum
frequency generation (SFG) spectroscopy has been developed into a powerful tool to investigate
these interactions and mechanisms of a variety of interfacial peptides and proteins. It has been
shown that SFG has intrinsic surface sensitivity and the ability to acquire conformation,
orientation and ordering information about these systems. This paper reviews recent studies on
peptide/protein-substrate interactions, peptide/protein-membrane interactions and protein
complexes at interfaces and demonstrates the ability of SFG on unveiling the molecular pictures of
complicated interfacial biological processes.

Introduction
Studies on peptides and proteins at interfaces have been found to be extremely important in
the applications of chemical, biological, medical science and engineering.1–7 Interfacial
peptides and proteins contribute to various biological functions such as cell signaling,
immune responses, cell adhesion, and catalytic reactions. Understanding the structures and
properties of these peptides and proteins at interfaces can aid in resolving the mechanisms
they follow during different biological processes. Although it is still a challenging topic, the
study of these interfacial molecules has becoming one of the hot-spots of today’s scientific
research.8–10

A variety of surface sensitive analytical techniques and methodologies have been applied to
explore conformation, ordering and orientation perspectives about the interfacial peptides
and proteins. Ellipsometry, which measures the change of polarization of a circular-
polarized incident light, is very sensitive to surface changes, allowing for the ability to
follow proteins’ adsorption kinetics and coverage.11–13 Surface Plasmon Resonance (SPR)
is sensitive to local refractive index changes and therefore provides real-time information of
interactions including adsorption/desorption between biomolecules and the substrate
surfaces (typically self-assembled monolayers).14–16 Secondary Ion Mass Spectrometry
(SIMS) uses a focused ion beam to fragment the sample surface and mass-to-charge ratios of
these ejected species are used to map out the structures of surface components. It has been
employed to monitor structural changes of peptides and proteins on surfaces.17–19 X-ray
Photoelectron Spectroscopy (XPS) irradiates the sample surfaces, ejecting electrons from the
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surface atoms. It analyzes the binding energy between the atoms to determine their chemical
environment, allowing the study of biomolecule interactions.10,20,21 Atomic Force
Microscopy (AFM) collects the feedback signal from an AFM tip interacting with a sample
surface. It is important in investigating the protein packing and ordering state.22–24

In addition, many techniques focus on using intrinsic vibrational modes of various chemical
species to determine composition and orientation of biomolecules. Attenuated Total
Reflectance-Fourier Transform Infrared (ATR-FTIR) spectroscopy is a vibrational
spectroscopy frequently used due to the shallow penetration depth from the evanescent wave
produced by total internal reflection of IR light. Using different-polarized incident light,
ATR-FTIR can be used to study orientation of interfacial peptide/proteins.25–27 Surface-
enhanced Raman Spectroscopy (SERS) is another useful spectroscopic technique which
enhances Raman scattering signal of molecules absorbed on metal substrates such as gold or
silver. It is exceptionally sensitive and has been used to follow structural changes in various
biological processes.28,29 These experimental tools have the ability to acquire a qualitative
and quantitative understanding at the molecular-level of interfacial peptides/proteins and
their functions. However, it is still very difficult to probe molecular level structural
information of peptides and proteins in situ (e.g., at the solid/liquid interface) with a
monolayer surface sensitivity. As a result, further questions about the molecular interactions
still require more accurate in situ measurements.

Sum Frequency Generation vibrational spectroscopy (SFG) is a nonlinear optical technique
which is intrinsically surface specific. It requires small amount of samples and probing can
be done in situ and in real time. It has been developed into a powerful tool since the 1980s,
demonstrating its ability to resolve crucial questions in the areas of surface catalysis,
electrochemistry, and polymer science.30–43 Recently, SFG has also been employed to study
biomolecules such as lipids, peptides and proteins which further progressed this research
field.44–61 This article presents an overview of studies that have been done in our group that
sheds light on elucidating molecular level information about interfacial peptides/proteins
involved in different biological environments as well as processes.

SFG Technique
1. Main Characteristics

The theoretical background and the experimental parameters detailing SFG have been
extensively described elsewhere30–43,62–64 and will not be reiterated here. In this review, we
want to focus on a few unique characteristics of SFG in order to illustrate why it is suitable
for the study of interfacial peptides/proteins.

SFG is a second order nonlinear optical process in which two laser beams of frequencies ωIR
and ωVis are overlapped both spatially and temporally in a medium generating the sum
frequency (SF) beam, ωSF = ωIR + ωVis (Figure 1). Conventionally, the frequency (or
wavelength) of the visible beam is fixed while that of the IR beam is tunable. The sum
frequency process is resonantly enhanced when the frequency of the tunable IR beam
matches a vibrational transition of a functional group in the probed material (Figure 1),
generating a vibrational spectrum characteristic of the sample. Recently, broadband SFG
systems using a femtosecond laser to generate a visible input beam with a narrow frequency
width and an IR input beam with a broad frequency spectrum have been implemented. All
molecular vibrational signatures are enhanced simultaneously and the resulting SFG signal
is spectrally spread and can be collected by a CCD camera. Furthher details have been
reported in previous publications and will not be repeated here.65,66
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The most important property that makes SFG an appropriate tool to study interfacial
peptides and proteins is from its selection rules. SFG is forbidden in materials with inversion
symmetry under the electric dipole approximation. Most bulk materials have inversion
symmetry and thus do not generate an SFG signal. However, at a surface or interface,
inversion symmetry is broken allowing for SFG to occur. As a result, bulk signal is usually
negligible compared to signal from the surface/interface. For peptides or proteins, we have
demonstrated that a thin film model can be applied which allows the study of their structures
at interfaces.67 Since SFG can only detect signals from ordered peptides and proteins at
interfaces, it is difficult to measure adsorption amounts of peptides and proteins at
interfaces. If such interfacial coverage can be measured with complementary techniques,
e.g., surface plasmon resonance or reflection infrared spectroscopy, then SFG signals can be
used to determine more detailed structural information of peptides and proteins at interfaces
(e.g., orientation distribution).

SFG provides characteristic spectral features of different vibrational stretching modes. These
representative peaks or features within each spectrum are assigned to different functional
groups being probed and therefore can paint a molecular picture of the system. Additionally,
SFG is an optical spectroscopy so any materials accessible by laser light can be studied. In
this way, in situ experiment can be performed in real time. In addition to surface sensitivity
and in situ ability, SFG also has very low detection limits which are comparable to
biologically relevant concentrations of peptides and proteins.

2. SFG Analysis
2.1 C-H Stretching and Amide I Signals—Strong SFG signals can be found in the C-H
stretching frequency region (i.e. 2800~3100 cm−1), which consists of contributions from the
side chains of peptides or proteins containing alkyl, aromatic or cyclic groups.58,63,68 They
can be used to monitor the structures of hydrophobic side chains which are associated with
backbone structures.58,63,68 Conversely, SFG signals in the amide I region (i.e. 1600~1700
cm−1), which are mainly from the polypeptide backbone C=O stretching modes, tell us
about the structures of protein backbones.69,70 Different secondary structures exhibit
different SFG spectral signatures, as those detected in the previous FTIR and Raman studies.
For example, our group has successfully determined the SFG peak centers of α-helix, 310-
helix and β-sheet secondary structures by fitting the amide I band.59,70,71 SFG signal is
affected by the surface coverage, orientation and ordering of functional groups and
composition of functional groups (secondary structure in case of amide I band). As a result,
SFG can provide information about the conformation, orientation and orientation
distribution (ordering) of peptides/proteins at interfaces based on spectral features.

SFG signals come from an interface with no inversion symmetry which is usually infinitely
sharp. But an adsorbed protein layer is usually several or tens of nanometers thick and that is
much thicker than an infinitely sharp interface. For this situation, we have successfully
shown that a thin film model can be employed to treat the probed peptides/proteins.67 Under
this model, SFG signals are considered to be generated from the entire adsorbed layer (the
entire peptide/protein) in order to deduce interfacial structure.

2.2 Orientation Analysis—From the previous section, we know that SFG is able to
detect signals from the side chains (C-H region) and the main backbones (amide I region) of
peptides/proteins. Our group has done extensive studies on orientation analysis of functional
groups in the C-H stretching frequency region.63,68,72,73 Also, compared to the side chains,
backbone structure is a better indicator for the orientation of the entire peptide/protein. As a
result, this review will only discuss about the orientation analysis of amide I band.
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In our previous publications, we have developed methodologies to determine the orientation
of different secondary structures of peptide/protein backbones such as α-helix, 310-helix and
β-sheet secondary structures.71,74–78 Since α-helix is the most common secondary structure
in peptides and proteins, this review will mainly focus on how to obtain the orientation
information of an α-helix.

The orientation information can be obtained by using group theory and projection operators
when analyzing the SFG spectra collected with different polarization combinations.75 It has
been shown that both amide I A mode and amide I E1 mode are SFG active.74–77 Using the
near-total-reflection geometry (shown in Figure 1A), ssp (s-polarized sum frequency signal
beam, s-polarized input visible beam, p-polarized input IR beam) and ppp spectra of the
amide I band can be collected corresponding to the χyyz and χzzz second order nonlinear
optical susceptibility components respectively.74 The dependence of χyyz and χzzz
susceptibility components on the molecular hyperpolarizability is described by the following
equations:74

For the A mode,

where r = βaac/βccc

For the E1 mode,

where βccc and βaca are the molecular hyperpolarizability elements, Ns is the number density
of an ideal α-helix, and “< >” means average. The A mode and E1 mode cannot be
completely resolved in the frequency domain because of the limitation of the SFG spectral
resolution. The total susceptibility is often assumed to be the sum of the susceptibilities from
these two modes.74 The hyperpolarizability elements of an α-helix are the product of the
components of the Raman polarizability and IR transition dipole moment. Theoretically, we
deduced the ratios r=βaac / βccc = 0.59 and βaca / βccc = 0.31.74 Also, if we assume all α-
helical structures at the surface/interface adopt the same orientation, <cos θ> and <cos3 θ>
can be substituted by cos θ and cos3 θ. Therefore, we can deduce a function relating χyyz /
χzzz with the orientation angle for an ideal α-helix. Experimentally, χyyz/χzzz can be
measured. Combining these values and the equations above, the orientation angle θ of an α-
helix on a surface or at an interface should be able to be deduced.

There are some deviations from this ideal situation.74 First of all, the calculation model
discussed above is perfect α-helical structure which either has a unit cell with 18 peptide
units or is infinitely long. In nature, it is not always the case. To address this problem, we
have done a thorough discussion in previous publications and have shown that “extra” or
“missing” amino acid residues from the 18 (or multiple of 18)-unit cell play minimal role in
data analysis. Also the deviations from an ideal helix can be corrected by considering the
helix length in the orientation analysis.74 On the other hand, one peptide or protein may
have more α-helical segments pointing at different directions. We have successfully
calculated the overall hyperpolarizability of such bent helical components, which can be
used to determine the orientation of entire proteins.79 Finally, peptides or proteins do not
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necessarily adopt a single orientation in biological systems; they can stay in multiple
orientations. For this situation, the maximum entropy function has been introduced to
calculate the orientation distribution of the target peptide or protein in combination of both
SFG and ATR-FTIR orientation analysis results.76,77

Example Applications
1. C-H Stretching Frequency Region

Early SFG studies of interfacial peptides/proteins looked at the C-H stretching frequency
region which is believed to be generated from the amino acid side chains of peptides or
proteins. Because SFG signals are related to the number density, ordering and orientation of
the functional groups, our group has demonstrated interfacial peptide/protein responses such
as conformational changes in interfacial environments of different hydrophobicity and of
different pH values in situ.58,63,68

Alternatively, C-H stretching signals from the species that peptides/proteins interact with
can also provide crucial information about the properties of the acting peptides/proteins. The
interaction between peptides/proteins and lipid bilayers is a great example. By monitoring
the lipid bilayer signals in real time, we were able to show the integrity, deformation, and
flip-flop of the lipid bilayers.80–82

For both of the aspects mentioned above, isotope-labeling from C-H to C-D is important in
order to differentiate spectral confusion from different components of the system under
study. We used isotope-labeled proteins and polymers to study protein adsorption behavior
onto different polymeric substrates.83,84 Using uniform labeling (isotope throughout the
protein), we can see a protein in a site-independent manner. Using selective labeling, we can
specifically monitor one single residue of a protein.83 Isotope-labeling is frequently used to
study the interaction between peptides/proteins and lipid bilayers. Through deuteration, we
have been able to probe either the bilayer behavior or the response from each leaflet.82,85

2. Amide I Band
Further developments of SFG have extended the detectable range past C-H stretching
frequency region. In 2003, our group, for the first time, demonstrated that SFG can be used
to detect amide I band which contains various information about the secondary structures of
interfacial peptides and proteins at solid/liquid interfaces.69

A near-total-reflection geometry, as shown in Figure 1A, was used in the study. SFG is a
noninvasive and surface sensitive vibrational technique having several unique
characteristics: (1) Background subtraction is not required to generate an amide I spectrum
because water bending mode does not contribute noticeable signal in this range. (2) Near-
total-reflection geometry generates very strong SFG amide I signals allowing for easy and
reliable SFG data analysis.

Based on IR and Raman studies, we were able to assign the SFG amide I signals to different
secondary structures of peptides/proteins.70 A peak centered around 1650 cm−1 is attributed
to α-helical structures. β-sheet structure has characteristic peaks at 1635 cm−1 and 1685
cm−1 (Figure 2).70 A recent study on alamethicin suggested that peaks centered 1635 cm−1

and 1675 cm−1 are from α-helical/310 helical structures.71 SFG is known for its ability to
provide orientation information from polarization sensitive measurements. Our group has
shown the orientation analyses of different secondary structures of the interfacial peptides
and proteins.71,74–78 But due to space constraint, we will focus on α-helical structures in this
review.
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3. Peptide/Protein Surface Interactions
3.1 Interactions between Peptides/Proteins and Polymer Substrates
3.1.1 Physical Adsorption: Peptide/protein adsorption onto the substrate surface is the first
reaction between a biomaterial and a biological system. The subsequent interactions such as
inflammation or blood coagulation are greatly affected or controlled by this first adsorption
step. It has been shown that the changes during adsorption process and the final structure of
the peptide/protein on biomaterials affect whether a material can perform its intended
function or not. A lot of effort has been put into probing the adsorption process but due to
instrumental constraints, few details about the molecular changes occurring at the interfaces
have been obtained.

Our group has been able to provide valuable information on the adsorbed peptides/proteins
with the use of SFG. Fibrinogen is a common blood protein and its conformation after
adsorption onto biomaterials is thought to be greatly related to the further reactions that lead
to thrombosis.86 Our group studied adsorption of fibrinogen onto a series of polymer
surfaces using SFG.86 This study focused on Amide I signals generated from the secondary
structures of fibrinogen. The major peak observed around 1650 cm−1 in the spectra was
attributed to the α-helices of the coiled coils within the fibrinogen molecule. Due to the
intrinsic inversion symmetry possessed by the molecule (as shown in Figure 3), it was
deduced that fibrinogen must adopt a bent structure when adsorbed to the polymer surfaces.
By varying the hydrophobicity of polymer, time-dependent changes in α-helical signal were
observed (Figure 4). Based on the results from complementary techniques, we concluded
that this difference was attributed to different orientational changes of fibrinogen on the
polymers. It is believed that fibrinogen interacts with hydrophobic surfaces via the D
domains and interacts with hydrophilic surfaces via the αC domains as shown in Figures 5b
and 5c. SFG results demonstrate the differences in the initial binding and post-adsorption
changes of fibrinogen onto substrates of different hydrophobicity (Figure 5).

Further study on fibrinogen adsorption was carried out in both amide I and C-H stretching
frequency regions using a deuterated polystyrene surface.87 Adding to the information from
the previous research, this study demonstrated that the time dependent signal first increased
due to an increase in fibrinogen adsorption to the surface and then decreassed because
fibrinogen adopted a more linear structure. Comparing spectral changes of C-H and amide I
band, we found the changes in hydrophobic side chains were more localized. It does not
affect the secondary structure and it reorients to a stable state much faster than the secondary
structure.

3.1.2 Chemical Immobilization: Peptide/protein immobilization is the process of binding
peptides or proteins onto solid substrates in order to add biological functionalities to these
substrates. The structure and orientation of the immobilized peptides/proteins control the
biological functions. As a result, molecular-level control and characterization of such
interfacial peptides and proteins are important to the development of many biological and
biomedical applications such as implant devices and biosensors.

SFG has demonstrated to be a suitable technique to investigate this interfacial phenomenon
and it has recently been employed in our group to study the immobilization between
peptides/proteins and solid substrates. A study on the immobilization of an α-helical
antimicrobial peptide (AMP) cecropin P1 (CP1) was performed.88 CP1 has been used to
capture and sense bacterial pathogens and as such, the fabrication of it onto substrates is of
great importance to biosensor development. In this study, a polystyrene (PS) surface and a
maleimide-functionalized polystyrene (PS-MA) surface were used as solid substrates. The c-
terminus of CP1 was modified by a cysteine residue so that it can be chemically bound to
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PS-MA and only physically adsorbed to PS. The SFG spectra in the amide I region were
dominated by the α-helical peak centered at 1650 cm−1. After performing a washing
procedure which removed the loosely bound peptides, the signal retained for the chemically
immobilized CP1 and almost disappeared for the physically adsorbed CP1. These results
directly indicate that physical adsorption of CP1 creates a weak interaction with its substrate
and therefore is not ideal for immobilization due to poor stability. On the other hand, the
chemically tethered peptides develop a strong interaction with their substrate, allowing for a
well-defined orientation. Therefore chemical immobilization leads to a more stable and
effective biofunctionalized surface. Also, we showed that different chemical environments
(e.g. air and water) resulted in different peptide orientations.

To better understand how the chemical environment affects peptide immobilization process,
we further researched the effects of peptide concentration, solvent composition and
assembly state (monomer or dimer).89 Chemical immobilization was stressed in this study
using the same procedures as mentioned above. Taking the ratios between amide I spectra
collected under ppp and ssp polarization combinations, we were able to deduce that as
peptide concentration increased, CP1 tended to stand up more which was attributed to the
peptide-peptide interaction. We also demonstrated that immobilization reached equilibrium
faster with higher peptide concentration through the time-dependent spectra. By using
solvents with different ratios between 2,2,2-trifluoroethanol (TFE) and phosphate buffer
(PB), we found that TFE induced α-helical content in solution which made the
immobilization simpler than in PB solution alone. This resulted in a preferential orientation
rather than multiple orientations.89 From the time-dependent spectra in TFE environments, it
was clear that CP1 molecules underwent orientational changes (tilted more to the surface)
after immobilized to the substrates.

3.2 Peptide-Cell Membrane Interactions—Interactions between cellular membranes
and peptides have been well studied due to their importance in antimicrobial activity,
material transport and cell signaling. Every peptide is designed to interact with membrane
bilayers in a specific manner. Certain peptides such as AMPs are designed to interact
strongly with certain types of membrane bilayers and effectively disrupt bilayer function.82

It is of fundamental importance to gain a molecular understanding of how membrane lipid
bilayers behave during such interactions. With the ability for submonolayer sensitivity, SFG
has shown to be very successful in monitoring these interactions.

One intrinsic difficulty involved in studying such interactions is the extreme sensitivity
required for a biophysical/analytical technique to follow the interactions at a molecular level
in real time. The minimum inhibitory concentration (MIC) of a peptide, or the concentration
where it is an effective AMP, is near the µM range, which may be below the detection limit
for some widely used spectroscopies such as Fourier transform infrared (FTIR) spectroscopy
and nuclear magnetic resonance (NMR) spectroscopy. It has been demonstrated with various
types of membrane-associating peptides that SFG has the capability to not only provide a
complete picture of the interactions and mechanisms of these various systems, but is capable
of doing this in real time in situ for concentrations representative of typical biological
interactions.

Various experimental techniques have been used with SFG to determine the action mode of
various peptides. Since SFG is a vibrational spectroscopy and therefore signal is a result of
intrinsic molecular vibrations in the system studied, it is important that shared species
between lipid and peptide can be independently measured and analyzed. The most common
technique to resolve this issue is by using isotope-labeling schemes to selectively decouple
the spectra generated by the lipid bilayer from that of the peptide or between two leaflets of
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one lipid bilayer. For example, this labeling scheme was used in the investigation of
melittin.80

In this study, hydrogenated and deuterated 1,2-dipalmitoyl(D62)-sn-glycero-3-
phosphoglycerol (DPPG and d-DPPG) were used to make asymmetric bilayers as model cell
membranes. Melittin is composed of 26 amino acid residues with the 20 residues starting
from the N-terminus having hydrophobic properties and the remaining 7 amino acids having
highly charged groups. This makes melittin a potent AMP. When the DPPG (or d-DPPG)
leaflet was disrupted by melittin, the SFG C-H (or C-D) stretching signal would decrease.
Time dependent SFG intensity measurements shown in Figure 6 demonstrate the
concentration dependence of melittin. By individually isolating each leaflet, it is clear that
melittin has a weak interaction at low concentrations (0.156 µM and 0.78 µM, Signals
decreased slowly). Intermediate concentration (3.9 µM) show that melittin interacts with
each leaflet individually (or signal decrease from one leaflet was slower than the other),
indicative of toroidal pore mechanisms. At high concentration (15.6 µM), melittin has
detergent-like interactions with DPPG/d-DPPG, disrupting both leaflets immediately after
the interactions.

In addition to isotope-labeling schemes, it is also possible to determine the orientation of
peptides as they interact with various bilayers by collecting polarized SFG spectra. A more
thorough discussion about the calculations necessary to analyze such spectra has been added
into section 2.2. To review, SFG measures <cosθ> and <cos3θ> where “< >” represents
average value.90 By taking the ratio of two measured second order nonlinear optical
susceptibility component values at different polarizations, it is possible to generate a curve
as shown in Figure 7. The results shown in this figure are representative of MSI-78,91 an
analog of magainin 2,81 both of which are AMPs that target charged bilayers characteristic
of bacterial cell membranes. From this plot, it shows that at low concentrations of MSI-78
(400 nM and 500 nM), the peptide adopts a near parallel orientation and lays on the surface
of the bilayer. With the addition of more peptide (600 nM and 800 nM), the AMP starts to
insert into the bilayer. Finally after reaching the critical concentration, MSI-78 begins to
form toroidal pores within DPPG bilayers (e.g., 2000 nM).91 In contrast, bilayers prepared
with zwitterionic 1,2-dipalmitoyl-sn-glycero-3-phosphocholin (DPPC) showed almost no
interaction with MSI-78.76

Situations may arise where one measurement is insufficient to adequately explain the data.
As shown in Figure 7, at much higher concentrations of MSI-78, around 2000 nM, a δ-
distribution does not accurately describe the possible orientation values. A more
complicated distribution curve (e.g., a Gaussian, or a dual δ-distribution) need to be used.
However, the determination of such a more complicated distribution curve requires more
measurements. The use of ATR-FTIR spectroscopy not only provides complementary
spectra, but when taken with polarized light, can also be used as a tool for orientational
analysis. It measures <cos2θ>, which provides an independent measurement from SFG
results.90 For the studies on melittin, a dual δ-distribution was used and the combined SFG
and ATR-FTIR results indicated that around one quarter of melittin peptides would insert
into the bilayer while the rest remained at the surface.76 This result was confirmed when
using a maximum entropy trial function to determine the melittin orientation distribution.76

A proposed model is shown in Figure 8.

From this discussion, SFG has shown to be a powerful tool to characterize interactions of
peptides with lipid bilayers. A few of the techniques used in experimental design and
analysis were discussed above. These include techniques such as isotopic labeling,
polarization measurements and using complementary spectroscopies. Various AMPs were
looked at to determine their modes of action and their orientations near their MIC. Analysis
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methods used for peptides can be building blocks for larger proteins discussed in the next
section.

3.3 Protein Complexes at Interfaces—It is possible to use these same tools and
techniques discussed above to look at larger systems such as protein complexes. Proteins
themselves can be quite complex with many amino acids and structures spanning from
globlular to very ordrered. However, substantial fundamental questions regarding function
and orientation are still obtainable by SFG.

G proteins are membrane associated proteins that are involved in a wide variety of
biological processes. Little is known about how they interact and order at the bilayer
surface.79 SFG has been used to characterize the orientation of the Gβγ subunit of the G
protein.92

By monitoring the amide I SFG signal, orientational analysis on all the α-helical components
in the protein complex discussed above can be used to determine how Gβγ orients at the
surface. Figure 9 below shows both the collected SFG spectra in different polarization
combinations and a proposed orientation deduced on the SFG intensity ratios from such
polarized SFG spectra, by assuming the twist angle of the Gβγ is fixed.92 Recently, to
deduce the orientation of complicated proteins with many α-helices, a computer program
was developed. Along with collected SFG spectra, this software was used to study the
orientation of Gβγ-GRK2 protein complex associated with the lipid bilayer.79 This research
demonstrated the feasibility to determine the possible orientation range of large protein
complex associated with cell membrane using SFG.79 Similarly, we developed a computer
program to determine orientation range of interfacial proteins according to polarized ATR-
FTIR measurements. By combining the possible ranges calculated from the software based
on SFG and ATR-FTIR results, we can quantify the spatial orientation of large protein
complexes in the future.

In this review, we summarized recent applications of SFG techniques on the studies of
interfacial peptides and proteins. SFG is proven to be a versatile tool to elucidate the
molecular interactions involving peptides and proteins because molecular level
understanding such as conformation and orientation of the interfacial peptides and proteins
can be provided without harsh treatment or tedious sample preparation. Most importantly,
these signals can be monitored in situ and in real time, allowing for experiments to be
performed in near biological conditions. Both SFG signals in the C-H stretching and amide I
frequency regions were introduced and analyzed. This review has focused on analysis of α-
helical structures, however SFG has been successful in studying other secondary structures
as well such as β-sheets and 310-helices.59,71,78 These SFG results provide important
information in determining the working mechanisms and conditions of the peptides/proteins.
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Figure 1.
A: The near-total-reflection geometry used in SFG experiment; B: SFG energy level
diagram (Reproduced with permission from J. Struct. Biol. 20009, 168, 61–77. Copyright
2009, Elsevier)
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Figure 2.
SFG spectra and fitting results for 0. 1mg/ml MSI594 (left) and 0.1mg/ml Tachyplesin I
(right) adsorbed at the peptide solution/PS interface and with squares representing the actual
spectra, dotted line the fitted spectra and solid lines the component peaks used to fit the
spectra (Reproduced with permission from Langmuir 2005, 21, 2662–2664. Copyright 2005,
Am. Chem. Soc.).
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Figure 3.
Structural representation of fibrinogen (Reproduced with permission from J. Phys. Chem. B
2005, 109, 22027–22035. Copyright 2005, Am. Chem. Soc.)
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Figure 4.
SFG spectra of fibrinogen adsorbed to (a) a polyurethane, (b) a polyurethane-silicone
copolymer and (c) a fluorinated polymer in PBS buffer in the amide I range collected at
different times (in minutes). Alpha-helix SFG signal as a function of time (d) from fitting
SFG spectra for fibrinogen adsorbed to the polyurethane (open circles), the polyurethane-
silicone copolymer (closed circles) and the fluorinated polymer (closed triangles).
Representative error is shown for the fibrinogen/polyurethane sample (Reproduced with
permission from J. Phys. Chem. B 2005, 109, 22027–22035. Copyright 2005, Am. Chem.
Soc.).
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Figure 5.
a: Net transition dipole moments of fibrinogen in different configurations. Schematic of
fibrinogen structural changes with time after adsorption onto b: a polyurethane and c: a
polyurethane-silicone copolymer and a fluorinated polymer (Reproduced with permission
from J. Phys. Chem. B 2005, 109, 22027–22035. Copyright 2005, Am. Chem. Soc.).
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Figure 6.
Signal intensity change at 2070 cm−1 and 2875 cm−1 monitoring melittin interacting with d-
DPPG/DPPG bilayers on CaF2. Melittin stock solution was injected into the subphase at 200
s. Four solution concentrations were used, and dramatically different patterns were observed
(Reproduced with permission from Biophys. J. 2007, 93, 866–875. Copyright 2007,
Elsevier).
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Figure 7.
Relation between the χppp/χssp ratio and the orientation angle of MSI-78 molecules in a
DPPG/d-DPPG bilayer (Reproduced with permission from Langmuir 2011, 27, 7760–7767.
Copyright 2011, Am. Chem. Soc.).
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Figure 8.
Proposed mechanism of melittin interaction with a DPPG bilayer (Reproduced with
permission from J. Am. Chem. Soc. 2007, 129, 1420–1427. Copyright 2007, Am. Chem.
Soc.).

Liu et al. Page 20

Langmuir. Author manuscript; available in PMC 2013 January 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
(Left) SFG amide I spectra of interfacial Gβγ (25 µg/mL) adsorbed into a POPC/POPC
bilayer; (right) Gβγ orientation deduced based on the SFG intensity ratio. Summary
(Reproduced with permission from J. Amm. Chem. Soc. 2007, 129, 12658–12659. Copyright
2007, Am. Chem. Soc.).
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