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ABSTRACT: In situ and real-time characterization of
protein secondary structures at interfaces is important in
biological and bioengineering sciences, yet remains techni-
cally challenging. In this study, we used chiral sum frequency
generation (SFG) spectroscopy to establish a set of vibra-
tional optical markers for characterizing protein secondary
structures at interfaces. We discovered that the N�H
stretches along the peptide backbones of R-helices can be
detected in chiral SFG spectra. We further observed that the
chiral vibrational signatures of the N�H stretch together
with the peptide amide I are unique to R-helix, β-sheet, and
random coil at interfaces. Using these chiral vibrational
signatures, we studied the aggregation of human islet
amyloid polypeptide (hIAPP), which is implicated in type
II diabetes. We observed in situ and in real time the
misfolding of hIAPP from random coils to R-helices and
then β-sheets upon interaction with a lipid�water interface.
Our findings show that chiral SFG spectroscopy is a power-
ful tool to follow changes in protein conformations at
interfaces and identify interfacial protein secondary struc-
tures that elude conventional techniques.

I n situ and real time characterization of protein secondary
structures at interfaces is important for understanding the

biological function of proteins and developing biomaterials and
biosensors. However, the lack of surface-sensitive and label-free
techniques that can unambiguously differentiate secondary
structures at interfaces poses challenges. Consequently, pro-
blems that require identification of secondary structures at the
interfaces of complex protein systems have not been fully
explored. For example, the aggregation of amyloid proteins into
β-sheet structures is associated with many diseases, such as
Parkinson’s, Alzheimer’s, and prion diseases.1 Although recent
findings reveal the importance of lipid membranes in catalyzing
the aggregation process,2,3 the aggregation pathway of amyloid
proteins on membrane surfaces is not fully understood.

Here, we introduced a concept of using second-order chiral
vibrational optical markers, provided by sum frequency genera-
tion (SFG) spectroscopy, to distinguish protein secondary
structures at interfaces. We studied chiral vibrational structures
of peptide backbones and observed characteristic N�H stretch
and amide I signatures that are unique to randomcoils,R-helices, and
β-sheets at interfaces. Using these signatures, we monitored the
aggregation of human amyloid polypeptide (hIAPP) at a lipid�water

interface and observed the conversion of hIAPP from a random coil
to an R-helix and then to a β-sheet in real time. We found that the
optical markers are free from background of solvents and achiral
solutes at the interfaces. They are in the spectral regions of the amide I
and N�H stretch widely separated at 1600�1700 cm�1 and
3100�3350 cm�1, respectively. Hence, the SFG vibrational
markers are relatively optically clean and background-free. Thus,
they are useful for characterizing interfacial protein secondary
structures that have been difficult to resolve using conventional
techniques.

Conventional techniques for characterizing protein secondary
structures at interfaces have limitations. Although circular dichro-
ism (CD) is often used to characterize secondary structures,4 it
lacks surface sensitivity. Surface plasmon resonance can detect
adsorption of proteins on surfaces,5 but it is not sensitive to
secondary structures. The X-ray scattering method can be used to
probe the ordered protein structures, but it is not suited for
kinetic studies in situ. Raman and infrared (IR) spectroscopy can
provide information about secondary structure by probing amide
I vibrational bands.6�9 However, amide I vibrational bands
overlap with the bending modes of water. Thus, deuterated
water must be used. Moreover, the amide I bands of various
secondary structures are clustered in the spectral region of
1620�1680 cm�1 and the amide I bands of R-helices and
random coils are both approximately at 1650 cm�1, which makes
characterization of complex protein systems extremely difficult.
Both Raman and IR spectroscopy lack surface selectivity and
often require metal substrates to enhance surface signal5,10 or
reflection geometry to suppress bulk signals.11 Two-dimensional
IR spectroscopy has been used to identify secondary structures.12�15

However, it can only be applied to proteins in bulk solution, not at
interfaces.

Since the late 1980s, SFG spectroscopy has been developed
into a powerful surface-selective technique to obtain structural
and dynamic information in physical and material sciences,16�20

such as probing chemical physics of small molecules at inter-
faces.21�25 It is a second-order coherent optical technique,
requiring spatial and temporal overlap of an IR beam and a visible
beam at the interface, to produce vibrational optical signals. SFG
is surface-selective due to the intrinsic asymmetry of the interface
such that second-order polarization induced at interfacial mol-
ecules can add up coherently to produce surface selective
signals.16 Simpson et al. derived a chiral SFG theory to show
that signals can be generated even from achiral molecules that are
arranged in macromolecular chiral architectures.26 Such signals
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have been observed experimentally using biomolecules, includ-
ing the C�H stretches of DNA and the amide I of proteins.27�30

Inspired by the chiral SFG theory and detection of the chiral
amide I signal from β-sheets,28,30 we realized that the N�H
groups along chiral peptide backbones of various secondary
structures could also be chiral-SFG active. To test this idea, we
probed both the N�H stretch and amide I regions of model
peptides and proteins. We observed that chiral N�H stretch and
amide I are highly unique to the R-helix and the β-sheet. We
propose using these signals as optical markers to characterize
protein secondary structures at interfaces, similar to the use of
CD signals to identify protein secondary structures in bulk
solution.

To establish the chiral vibrational optical markers, we obtained
the SFG spectra of model peptides and proteins (Figure 1A). For
β-sheets, we used hIAPP, a 37-amino acid peptide hormone
secreted by human pancreatic β-cells. This peptide forms parallel
β-sheets at the air�water interface in the presence of negatively
charged lipids.31 For R-helices, we chose three model systems:
(1) LKR14, a 14-amino acid peptide with the sequence
(LKKLLKL)2;

32 (2) pH-low insertionpeptide (pHLIP), a 36-amino
acid peptide derived from helix 3 of bacteriorhodopsin;33 and (3)
bovine rhodopsin, a 7-R-helical transmembrane G protein-coupled
receptor.34 A combination of techniques, including CD spectros-
copy, IR spectroscopy, and X-ray photoelectron spectroscopy, has
shown that LKR14 and pHLIP can form R-helices in amphiphilic
environments.32,33,35,36 Rhodopsin can form a stable monolayer at
the air�water interface when surface pressure is carefully controlled
in a Langmuir trough.37,38 As a control, we used rat islet amyloid
polypeptide (rIAPP), which differs from hIAPP by six amino
acids.39 It is relatively unstructured in solution and does not form
β-sheet structures even in the presence of lipids.3

To obtain the SFG spectra, we dissolved the peptides in
aqueous solution and probed them at the air�water interface
(Supporting Information). For the hIAPP experiments, we ad-
ded lipid molecules to induce the formation of amyloid at the
air�water interface. For the rhodopsin experiments, we expres-
sed and purified recombinant bovine rhodopsin40 and made a
monolayer of rhodopsin at the air�water interface, as described
by Lavoie et al.38 We used our broad-bandwidth SFG spectro-
meter41 to obtain the chiral and achiral SFG spectrum of each

peptide and protein in both the N�H stretch and amide I reg-
ions. We used psp (p-polarized SFG, s-polarized visible, and
p-polarized infrared) polarization for the acquisition of chiral
SFG spectra (Figure 1) and ssp polarization for the acquisition of
achiral spectra (Figure S1).

In the presence of the negatively charged lipid dipalmitoylpho-
sphoglycerol (DPPG), hIAPP aggregates into a parallel β-sheet
structure at the air�water interface. The hIAPP aggregate shows
a peak at 1622 cm�1 and a shoulder at 1660 cm�1 in the amide I
chiral spectrum, corresponding to the antisymmetric and symmetric
amide I modes, respectively (Figure 1),30,42 but it does not show a
signal in the chiral N�H spectrum. In contrast,R-helical rhodopsin
and pHLIP show chiral N�H signals at about 3280 cm�1 and
LKR14 shows a chiral N�H signal at about 3300 cm�1. However,
all are silent in the amide I chiral spectra (Figure 1). Conversely, the
achiral SFG spectrumof every peptide or protein, obtained using ssp
polarization (Figure S1), shows both amide I and N�H stretch
signals regardless of their secondary structures. Similar to conven-
tional IR and Raman spectroscopy, achiral SFG spectroscopy does
not allow direct identification of secondary structures. Moreover,
the rIAPP control shows an achiral signal in the amide I spectrum
(Figure S1), indicating that rIAPP adsorbs at the interface. How-
ever, we could not detect a chiral N�H stretch or amide I signal
(Figure 1), suggesting that not every protein or peptide at interfaces
can generate a chiralN�Hor amide I signal under our experimental
conditions. It is likely that rIAPP adopts a largely disordered struc-
ture or a partially folded structure43, which does not generate
detectable chiral signals. Our results indicate that parallel β-sheets
exhibit chiral amide I signals but are silent in the chiral N�H stretch
spectrum, whereas R-helices display chiral N�H stretch signals but
are silent in the chiral amide I spectrum. Because random coils do
not have a chiral peptide backbone, they should not show a chiral
N�Hor amide I signal at the interface. Taken together, these results
identify a set of chiral vibrational SFG optical markers that can be
used to characterize protein secondary structures at interfaces.

To demonstrate the use of these optical markers, we studied
hIAPP as a model system, which aggregates into β-sheet-rich
structures44,45 deposited onto pancreatic β-cells and causes type
II diabetes.46 The aggregation of hIAPP is catalyzed by interac-
tionswith negatively charged lipids2,3 and is thought to undergo an
R-helical intermediate before aggregating into β-sheet structures,

Figure 1. Chiral SFG spectra of the model peptides and protein. (A) Schematics of secondary structures of the hIAPP aggregate, LKR14, rhodopsin,
pHLIP, and rIAPP. The chiral SFG spectra at the air�water interface in the (B) amide I region and (C) N�H stretch region.
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based on extensive biophysical studies using a combination of
techniques, including CD, fluorescence, and IR reflection ab-
sorption spectroscopy.31,47

Following addition of DPPG, we monitored chiral SFG
spectra of hIAPP in the N�H stretch and amide I spectral
regions at the air�water interface (Figure 2A). The signal of the
N�H stretch gradually increases to its maximum in 3 h and
disappears by 10 h after the addition of DPPG. In contrast, the
amide I signal appears approximately 4 h after addition of DPPG
and reaches its maximum in 10 h. Because the kinetics of amyloid
formation is difficult to reproduce due to variations in factors such
as nucleation and agitation,48we repeated eachmeasurement three
times and plotted the N�H stretch and amide I intensity as a
function of time (Figure 2B). Our findings show that the N�H
stretch signal consistently disappeared prior to accumulation of the
amide I signal. As control experiments, we studied hIAPP in the
absence of DPPG (Figure S2A�B) and rIAPP in the presence of
DPPG (Figure S2C�D) because neither peptide aggregates into a
β-sheet under these conditions in the time scale of hours.1,30 In
both experiments, we observed the achiral amide I signals,
suggesting both peptides adsorb at the interface.30 However,
monitoring the N�H and amide I chiral spectra for approximately
10 h, we could not detect any chiral signal (Figure S2). Our results
indicate that neither hIAPP nor rIAPP forms a β-sheet and that
neither hIAPP nor rIAPP folds into an R-helical structure that can
be detected in our experiments.

On the basis of the N�H signal at 3285 cm�1, which corres-
ponds to an R-helix, and the amide I signal at 1620 cm�1, which
corresponds to a parallelβ-sheet, the results presented in Figure 2
show a transient R-helical intermediate and a final parallel-
β-sheet product in the amyloid aggregation process. The initial
absence of an amide I signal could mean that hIAPP begins in
either an R-helical or a random-coil structure. However, the
initial absence of the N�H stretch signal reveals that hIAPP is a
random coil. Due to spectral overlap in the amide I region, it is
difficult to distinguish random coils and R-helices using IR and
Raman spectroscopy. We conclude that hIAPP adsorbs at the
lipid�water interface as a random coil and begins folding into an
R-helix within 1�1.5 h. It converts fully to an R-helix at approxi-
mately 3 h and folds into parallel β-sheets at approximately 9 h.
Given these findings, we can use the SFG optical markers to

explicitly identify the R-helical intermediate and follow the
kinetics of changes in the secondary structure of hIAPP at the
lipid�water interface.

Interestingly, the amide I and N�H stretch behave differently
in the chiral SFG spectra. At present, a quantitative description of
the chiral N�H and amide I signals from R-helices and β-sheets
is being developed. Our observed chiral amide I response is in
qualitative agreement with the theory developed by Perry et al.,49

which predicts a larger contribution of the chiral amide I
response from β-sheets and a smaller contribution from R-helices.
The observed differences in the chiral SFG signals may be
originated from the symmetry of the vibrational modes and the
coupling of the vibrational modes in the peptide backbones. It is
known that individual N�H stretches are highly localized,50

while individual amide I modes are strongly coupled in the
peptide backbones.9 We speculate that the vibrational coupling
can play a role in the SFG chiral-optical response.

Moreover, we argue that the chiral SFG signals that we
observed originate from the interfaces due to the chiral macro-
molecular arrangement of the peptide backbones.26 Although the
SFG chiral-optical response could be observed from the bulk of
chiral liquid,51 this bulk chiral signal is due to the asymmetry of
the Raman tensor, which is very weak and needs the visible beam
to be in resonance with the electronic transition of the molecules.
In addition, this bulk chiral signal was detected by the transmission
optical geometry from the bulk of pure chiral liquid as reported
previously.51 In contrast, the chiral SFG signal observed in our
experiment is comparable to the achiral signals, and these relatively
strong chiral signals were detected at low concentration (1�5 μM)
using reflective geometry without electronic resonance. Hence, it is
not likely that our observed chiral SFG signals are from the bulk.

Overall, our results show the advantages of using chiral SFG to
probe interfacial protein structures. First, the chiral SFG vibra-
tional signatures are optically clean. The amide I signal from a
β-sheet and the N�H signal from an R-helix do not interfere
with each other. The chiral SFG signal is also insensitive to the
presence of achiral solvents and achiral solutes at interfaces.
Hence, the SFG markers are optically clean and relatively
background-free. Second, kinetic information can be readily
obtained by monitoring the SFG optical signals, which enables
kinetic studies of protein folding and misfolding at interfaces and

Figure 2. Aggregation of hIAPP. (A) The time-dependent chiral SFG spectra in the vibrational regions of N�H stretch (left) and amide I (right) after
addition of DPPG. (B) The intensity of the N�H stretch and amide I signals as a function of time. Results of triplicate experiments are shown. (C) The
aggregation model of hIAPP on a membrane surface as observed in the SFG experiments: adsorption as a random coil leads to formation of R-helical
intermediates, which are converted to β-sheet aggregates.
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surface characterizations of biomaterials and biosensors, without
the use of spectroscopic labels. Because SFG is surface-selective,
only a monolayer of protein in the amount of micrograms is
needed to obtain SFG spectra. This small sample size allows the
study of most proteins that can be purified from natural sources
or recombinant expression systems, including membrane pro-
teins, which are difficult to obtain. Moreover, SFG can be used to
measure the orientation of secondary structures at interfaces,52

and thus can be used to study biological processes, which often
involve subtle conformational changes in proteins. Furthermore,
SFG can be used to probe distinct vibrational structures of
individual side chains and other biomolecules, allowing studies
of highly specific protein interactions at interfaces. Finally, as
SFG uses ultrafast lasers, which provide nanosecond to femto-
second time resolution, it enables studies of ultrafast vibrational
dynamics of proteins. For all these reasons, chiral SFG spectros-
copy is expected to be useful for solving a variety of problems
related to structures, functions, and dynamics of proteins at
interfaces that conventional techniques cannot adequately address.
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