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ABSTRACT: Studying hydrogen/deuterium (H/D) exchange
in proteins can provide valuable insight on protein structure
and dynamics. Several techniques are available for probing H/
D exchange in the bulk solution, including NMR, mass
spectroscopy, and Fourier transform infrared spectroscopy.
However, probing H/D exchange at interfaces is challenging
because it requires surface-selective methods. Here, we
introduce the combination of in situ chiral sum frequency
generation (cSFG) spectroscopy and ab initio simulations of
cSFG spectra as a powerful methodology to probe the
dynamics of H/D exchange at interfaces. This method is
applied to characterize H/D exchange in the antiparallel βsheet peptide LK7β. We report here for the ﬁrst time that the rate of D-to-H exchange is about 1 order of magnitude faster than
H-to-D exchange in the antiparallel structure at the air/water interface, which is consistent with the existing knowledge that O−
H/D dissociation in water is the rate-limiting step, and breaking the O−D bond is slower than breaking the O−H bond. The
reported analysis also provides fundamental understanding of several vibrational modes and their couplings in peptide backbones
that have been diﬃcult to characterize by conventional methods, including Fermi resonances of various combinations of peptide
vibrational modes such as amide I and amide II, C−N stretch, and N−H/N−D bending. These results demonstrate cSFG as a
sensitive technique for probing the kinetics of H/D exchange in proteins at interfaces, with high signal-to-noise N−H/N−D
stretch bands that are free of background from the water O−H/O−D stretch.

■

INTRODUCTION
Probing hydrogen/deuterium (H/D) exchange in proteins in
bulk solutions has proven very useful to reveal protein
dynamics and structures.1 NMR,2 mass spectrometry (MS),3
and Fourier transform infrared spectroscopy (FTIR)4 have
been used to probe H/D exchange in protein to yield
information about structures of intermediates of protein
folding,5,6 kinetics and structures of amyloid aggregation,7−11
and conformational changes of proteins upon ligand binding.12−14 Nonetheless, there is a lack of surface-selective
methods that allow real-time and in situ characterization of
H/D exchange in proteins at interfaces. Such characterization is
expected to be useful to reveal interactions among proteins,
water, and biomembranes, enabling investigations, such as
solvent accessibility of proteins embedded in membranes,
proton transfer,15 and intramolecular hydrogen-bonding
interactions16 in membrane proteins, and water channels
formed by transmembrane proteins.17,18
Although the peptide N−H/N−D stretch can directly reveal
proton exchange in proteins, characterization of the N−H/N−
D stretch of proteins in aqueous environments using
conventional vibrational methods has remained challenging.
The challenge comes from the overwhelming O−H/O−D
stretch of water background that overlaps with the N−H/N−D
stretch. We recently demonstrated that chiral sum frequency
© 2013 American Chemical Society

generation (cSFG) spectroscopy can probe peptide N−H
stretch with zero water background.19 On the basis of this
ﬁnding, we introduce cSFG as a method for in situ probing H/
D exchange in proteins at interfaces in real time.
Both experimental approaches19−24 and theory25−30 of sum
frequency generation spectroscopy have been evolving in a fast
pace. These developments have served as a basis to establish
cSFG as a biophysical analytical tool to characterize
biointerfaces. 31 It has been applied to study various
biomolecules, including DNA32,33 and proteins.19,24,31 Recently,
we found that cSFG can provide a set of vibrational optical
signatures for characterizing protein secondary structures at
interfaces,19,31 similar to the use of circular dichroism (CD)
spectroscopy to characterize protein secondary structures in
bulk solution. The N−H stretch along the peptide backbones at
∼3300 cm−1 probed by cSFG is characteristic of β-sheet and αhelical structures at interfaces.31 Using this chiral N−H stretch
together with the chiral amide I signal, we studied the
misfolding of human islet amyloid polypeptide (hIAPP), an
amyloid protein associated with type II diabetes, upon
interactions with a lipid/water interface. We observed the
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misfolding of hIAPP from disordered structures to α-helical
structures and then to β-sheet structures in situ and in real time.
In this study, we used the LK7β peptide, which has a
sequence of LKLKLKL.34 This peptide forms an antiparallel βsheet at amphiphilic interfaces. It has been extensively
characterized by a wide range of methods, including CD,34
FTIR,34 and conventional (achiral) SFG.35−37 Chen and coworkers probed antiparallel β-sheets using cSFG, focusing on
the amide I vibrational modes. They observed a strong amide I
signal.24 In general, antiparallel β-sheets adopt D2 symmetry,
which is proposed to give strong nonlinear optical
response.38,39 Indeed, when we used cSFG to characterize the
structure of LK7β at the air/water interface in this study, we
observed that LK7β at the air/water interface exhibits strong
cSFG signals of peptide backbone in both N−H/N−D stretch
and amide I regions. Using the N−H/N−D stretch signals, we
monitor the H/D exchange of LK7β at the air/water interface
upon H2O/D2O solvent exchange in situ and in real time.
Our cSFG spectra of LK7β in the N−H and N−D stretch
regions exhibit subtle vibrational features, which have not been
observed by conventional vibrational spectroscopies due to the
overwhelming O−H/O−D stretch water background. To
analyze these spectral features, we performed ab initio SFG
simulation and normal-mode analysis to explore various
possibilities of assigning these vibrational features, which
include amide I/amide II combinational band, amide I and
amide II overtones, free N−H group exposed to the solvent
environment, and C−N stretch/N−D bending combinational
band. Understanding these vibrational features can reveal
coupling of various vibrational modes along peptide backbones,
which is fundamentally important for investigations of
vibrational energy redistribution in proteins in aqueous
environments.

■

cosmic rays, subtracting background, calibrating the wavenumber, and
normalizing to the IR power, as previously desecribed.40 The
processed spectra were then ﬁtted into the following equation:
ISFG ∝

(2)
χNR

+

∑
q

Aq
ωIR − ωq + i Γ

2

(1)

where ISFG is the sum frequency generation intensity, χNR is the
nonresonant second-order susceptibility, ωIR is the input IR frequency,
and Aq, ωq, and Γq are the amplitude, resonant frequency, and damping
factor of the qth vibration mode, respectively.
Ab Initio Simulation of SFG Spectra. We built an antiparallel βsheet model using two peptides. Each contains four glycine residues
and two cysteine residues. The two peptides are linked to each other in
an antiparallel conﬁguration by two disulﬁde bonds at the ends of the
peptides (Scheme 1), forming an antiparallel β-sheet. The Gaussian 09

Scheme 1. An Antiparallel β-Sheet Model Consisting of
Glycine Repeat Units and Two Disulﬁde Bonds Formed by
Cysteine Residues Used for cSFG Simulations

program43 was used to perform geometry optimization and normalmode analysis at the density functional theory (DFT) level for the
antiparallel β-sheet, using the B3LYP functional and the 6-31G* basis
set. With the same DFT method and basis set, the dipole derivatives
∂μn/∂Qq and polarizability derivatives ∂αlm/∂Qq (where n, l, m are the
indexes of directions in the Cartesian coordinate, and Q denotes for
the normal mode coordinate) for the qth normal mode were
computed using the keywords “iop(7/33=1)” and “polar”, respectively.
The computed ∂μn/∂Qq and ∂αlm/∂Qq yield the vibrational hyperpolarizability tensors through βlmn,q ∝ ((∂αlm)/(∂Qq)·(∂μn)/(∂Qq)).
Finally, we computed the second-order susceptibility tensor elements
using Euler transformation, and simulated the psp cSFG spectra as
described in our previous work.44 To compare the calculated SFG
spectra with the experiment spectra, the calculated vibrational
frequencies of all of the normal modes in this study were scaled
using a common factor of 0.9322.

EXPERIMENTAL SECTION

cSFG Experiments. We obtained the cSFG spectra of LK7β
peptide at the air/water interface using our broadband SFG
spectrometer,40 which is described in Ma et al. and the Supporting
Information. In this study, the psp polarization setting (p-polarized
SFG, s-polarized visible, and p-polarized IR) was used for cSFG
detection. We ﬁrst obtained the chiral amide I spectra, and then N−H
and N−D spectra using H2O and D2O as the solvent, respectively. To
probe the H-to-D exchange, we added D2O into the H2O solution of
LK7β to initiate the exchange process and then monitored the N−D
stretch spectra. In the experiments, we used a ﬁnal ratio of D2O:H2O
equal to 1:4 (1.00 mL of D2O into 4.00 mL of H2O) or 1:2 (1.67 mL
of D2O into 3.33 mL of H2O). Similarly, to probe the D-to-H
exchange, we added H2O into the D2O solution of LK7β and then
monitored the N−H stretch spectra. D2O or H2O was added along the
side of the Teﬂon beaker without additional stirring to avoid surface
perturbation.
Materials and Data Acquisition. The LK7β peptide was
synthesized and puriﬁed by the W.M. Keck Biotechnology Resource
Laboratory at Yale University. The lyophilized LK7β peptide was
dissolved in deionized water and distributed into vials, which were
frozen in liquid nitrogen and stored at −80 °C. Each vial of the
solution was thawed for one SFG experiment and never frozen again.
In the SFG experiments, a Teﬂon beaker containing phosphate buﬀer
(10 mM phosphate, pH/pD = 7.4) was placed on the sample stage.
The pD values were obtained using a correction of pD = pH + 0.4.41,42
A stock solution of LK7β was added using a microsyringe to give a ﬁnal
concentration of 25 μM. The H/D exchange was initiated by adding
D2O into H2O, or adding H2O into D2O. While each cSFG spectrum
in the kinetic studies was taken with an acquisition time of 1 min,
other spectra were taken with an acquisition time of 10 min. The raw
spectra were processed by the steps of removing the contribution from

■

RESULTS
In this section, we will ﬁrst present the cSFG spectra of LK7β at
the air/water interface in the amide I region, and then the N−H
and N−D stretch regions using H2O and D2O as solvent,
respectively. Subsequently, we will show how cSFG can be used
to monitor the kinetics of H/D exchange in LK7β at the air/
water interface using the chiral N−D and N−H stretch
vibrational modes. Finally, we report the results of ab initio
calculations and peak assignments in the N−H and N−D
stretch spectra of LK7β.
Amide I Spectra at the Air/Water Interfaces. We
obtained the cSFG spectrum of LK7β at the air/H2O interface
in the amide I region. The spectrum shows a peak at 1619 cm−1
and a shoulder at 1690 cm−1 (Figure 1), which are the
characteristic B2 mode and B1 mode of the amide I vibrations of
antiparallel β-sheets, respectively.24 These peak positions agree
with previous characterizations using FTIR and polarized
modulated infrared reﬂection-adsorption spectroscopy
(IRRAS) methods.45,46 We also obtained the chiral amide I
spectrum of LK7β at the air/D2O interface and observed that
3593
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spectrum exhibits a peak at 3268 cm−1 and a shoulder at 3178
cm−1, while the N−D spectrum displays a peak at ∼2410 cm−1
and a shoulder at ∼2470 cm−1. We will discuss the assignments
of these vibrational bands in the spectral analysis section.
H/D Exchange of LK7β at the Air/Water Interface. We
used the chiral N−D and N−H stretch signals (Figure 2) to
monitor the kinetics of proton exchange in LK7β at interfaces.
We initiated the H/D exchange process upon addition of D2O
into the H2O solution of LK7β or addition of H2O into the
D2O solution of LK7β. Figure 3 shows the time-dependent
Figure 1. Chiral amide I spectra of LK7β at the air/H2O interface
(blue) and air/D2O interface (red).

the B2 band shifts from 1619 to 1616 cm−1 (Figure 1). This
kind of red shift in the amide I band is commonly observed in
various protein secondary structures due to the isotope shift of
the N−H/N−D in-plane bending mode that contributes to the
amide I band.47,48 The B1 band in the D2O spectrum becomes
less obvious (Figure 1, inset). The observation of the
characteristic B2 mode (1620 cm−1) and B1 mode (1690
cm−1) of the amide I vibrations at the air/H2O interface
indicates that LK7β forms antiparallel β-sheet structures.
N−H/N−D Stretch Spectra at the Air/Water Interfaces.
We obtained the N−H and N−D stretch spectra of LK7β at the
air/H2O and air/D2O interfaces, respectively (Figure 2). These

Figure 2. Chiral SFG spectra of LK7β (A) in the N−H stretch region
at the air/H2O interface and (B) in the N−D stretch region at the air/
D2O interface.

Figure 3. Kinetics of H/D exchange in LK7β at the air/water interface.
Time-dependent N−D stretch spectra of LK7β at the air/H2O
interface upon addition of D2O at a ratio of H2O:D2O equal to (A) 4:1
and (B) 2:1. Time-dependent N−H stretch spectra of LK7β at the air/
D2O interface upon addition of H2O at a ratio of D2O:H2O equal to
(C) 4:1 and (D) 2:1.

spectra were ﬁtted into eq 1, and the ﬁtting parameters are
summarized in Table 1. The ﬁtting results show that the N−H
Table 1. Spectral Parameters Obtained by Fitting the Chiral
N−H and N−D Spectra (Figure 2) into Equation 1
spectra

ﬁtting parameters

N−H stretch (Figure 2A)

χNR (au)
ω1 (cm−1)
A1 (au)
Γ1 (au)
ω2 (cm−1)
A2 (au)
Γ2 (au)
χNR (au)
ω1 (cm−1)
A1 (au)
Γ1 (au)
ω2 (cm−1)
A2 (au)
Γ2 (au)

N−D stretch (Figure 2B)

cSFG spectra of LK7β in the N−D and N−H stretch regions.
Figure 3A and B presents the kinetics of H-to-D exchange
(addition of D2O to H2O) with a ﬁnal H2O:D2O ratio of 4:1
and 2:1, respectively. The N−D signals gradually build up in
the spectra. Similarly, Figure 3C and D presents the kinetics of
D-to-H exchange (addition of H2O to D2O) with a ﬁnal
H2O:D2O ratio of 1:4 and 1:2, respectively. The N−H signals
gradually increase upon addition of H2O. These results
demonstrate the in situ and real-time kinetics of the proton
exchange along the peptide backbone of LK7β at the air/water
interface.
Figure 3 shows that the rates of H-to-D and D-to-H
exchange are diﬀerent. For the systems with a ratio of 4:1
(D2O:H2O or H2O:D2O), the H-to-D exchange (Figure 3A)
takes ∼50 min to complete, while the D-to-H exchange (Figure
3C) takes ∼10 min. Similarly, for the systems with a ratio of 2:1
(D2O:H2O or H2O:D2O), the H-to-D exchange (Figure 3B)

values
0.154
3178
9.6
43.6
3268
29.2
31.6
−0.008
2473
2.6
20.2
2409
21.9
33.4

±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.002
0.8
0.4
1.8
0.1
0.3
0.2
0.002
0.4
0.2
1.0
0.2
0.1
0.2
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that N−H and N−D stretches of the antiparallel β-sheets are
both IR and Raman active, rendering SFG activity. Using a
common scaling factor of 0.9322, the major peak in the N−H
spectrum appears at 3268 cm−1 (Figure 5A), while the major
peak in the N−D spectrum appears at 2405 cm−1 (Figure 5B).
This relative positioning of major peaks between the N−H and
N−D stretches agree with our experimental results (Figure 2).
Besides the major peaks, the cSFG spectra also show
shoulder peaks at ∼3178 cm−1 in the N−H spectrum (Figure
2A) and ∼2470 cm−1 in the N−D spectrum (Figure 2B).
Becauase these spectral features have never been reported
previously, we assigned these peaks based on the normal-mode
analysis from ab initio calculations and additional chiral SFG
experiments. We explored the following possibilities for the
assignments: (i) amide II overtone, (ii) amide I overtone, and
(iii) N−H stretch of free N−H groups (i.e., the N−H groups
exposed to the solvent). However, the results of our
calculations and additional control experiments prompt us to
eliminate these possibilities based on unmatched calculated
frequencies, which are discussed in the Supporting Information.
Subsequently, we tentatively assign the 3178 cm−1 shoulder
peak to the Fermi resonance of the combinational band of the
amide I and amide II modes with the N−H stretch, and the
2470 cm−1 shoulder peak to the Fermi resonance of the
combination band of the C−N stretch and the N−D in-plane
bending with the N−D stretch (Table 2). Below, we elucidate
the rationale for these assignments.

takes ∼30 min, while the D-to-H exchange (Figure 3D) takes
∼5 min. Figure 4 shows the plots of SFG ﬁeld for the N−H

Figure 4. The time dependence of the SFG ﬁeld: (A) D-to-H
exchange with H2O:D2O 4:1 (red) and H-to-D exchange with
D2O:H2O 4:1 (blue), and (B) D-to-H exchange with D2O:H2O 2:1
(green) and H-to-D exchange with H2O:D2O 2:1 (brown).

(3268 cm−1) and N−D (2410 cm−1) stretch as a function of
time. The plots can be ﬁtted into a stretched exponential
function (Supporting Information), which reveal the empirical
relaxation of the D-to-H exchange in 1 order of magnitude
faster than that of the H-to-D exchange. We realize that this
empirical comparison is qualitative; however, a quantitative
comparison requires a development and validation of a kinetic
model, which is out of the scope of our current study that is to
develop cSFG as a new method for probing real-time kinetics of
proton exchange in proteins at aqueous interfaces.
Spectral Analyses and Ab Initio SFG Simulations. We
performed ab initio SFG simulation and normal-mode analysis
to reveal the origin of experimentally observed chiral N−H and
N−D stretch vibrational bands in Figure 2, where the N−H
spectrum (Figure 2A) shows a major peak at 3268 cm−1 and a
shoulder at 3178 cm−1, while the N−D spectrum (Figure 2B)
shows a major peak at 2410 cm−1 and a shoulder at 2470 cm−1.
We started by assigning the major peaks in the cSFG spectra
of LK7β (Figure 2). We ascribe the major peaks at 3268 cm−1
(Figure 2A) and 2410 cm−1 (Figure 2B) to the N−H and N−D
stretches of the peptide backbone, respectively. These assignments are consistent with Rozenberg and Shoham’s assignment
for nondeuterated and deuterated antiparallel β-sheets.49 They
used FTIR to study antiparallel β-sheets formed by poly lysines
and found that the N−H stretch frequency is at 3270 cm−1,
while the N−D stretch frequency is shifted to 2410 cm−1.
Moreover, we performed ab initio calculations to simulate the
cSFG spectra (Figure 5). The normal-mode analysis suggests

Table 2. Experimental Observed and Calculated Vibrational
Frequencies
peak assignment
N−H stretch
amide I
amide II
N−D stretch
C−N stretch
N−D bending

combination

combination

exp. (cm−1)
3268
1619
1563
2410
1470
N/A

3178

2473

calc. (cm−1)
3268
1626
1545
2416
1422
1044

3171

2466

First, we discuss the 3178 cm−1 shoulder peak in the N−H
spectrum (Figure 2A). According to previous studies, the
∼3178 cm−1 peak can possibly be due to the Fermi resonance
of the combinational mode of amide I and amide II.50 To test
this possibility, we performed normal-mode analyses in the N−
H stretch regions of the antiparallel β-sheet model (Scheme 1).
The computed vibrational frequency is 1626 cm−1 for amide I
and 1545 cm−1 for amide II. The combination band should
have a frequency of ∼3171 cm−1, which is close to the
experimental value (3178 cm−1). To conﬁrm this assignment,
we further obtained the amide II spectrum of LK7β (Figure S1),
which shows an amide II band at 1563 cm−1. Because the amide
I band is at 1619 cm−1 (Figure 1), the combination band of
amide I and amide II is at 3182 cm−1, which is close to 3178
cm−1. Hence, we attribute the shoulder peak at 3178 cm−1
(Figure 2A) to the Fermi resonance of a combination band due
to amide I and amide II with N−H stretch.
We then discuss the assignment of the 2473 cm−1 shoulder
peak (Figure 2B). The peak can possibly be due to the Fermi
resonance of a combinational band of C−N stretch and N−D
in-plane bending with the N−D stretch, as suggested by Krimm
and co-workers.51,52 We performed ab initio calculations to
examine this assignment. Our calculation shows that the C−N
stretch is at 1422 cm−1 and the N−D in-plane bending is at

Figure 5. Calculated psp cSFG spectra (i.e., red curves) of
nondeuterated and deuterated LK7β: (A) N−H stretch region and
(B) N−D stretch region, where the gray circles are the experimental
spectra, and the blue sticks denote the eﬀective psp 2nd susceptibilities
squared44 contributed by individual normal modes. The scaling factor
is 0.9322 for the calculated spectra.
3595

dx.doi.org/10.1021/ja3119527 | J. Am. Chem. Soc. 2013, 135, 3592−3598

Journal of the American Chemical Society

Article

1044 cm−1. Hence, the combination band is at 2466 cm−1,
which is close to the experimental value of 2473 cm−1. To
further test this assignment, we obtained the cSFG spectra of
LK7β in the C−N stretch region (Figure S1) and observed a
vibrational band at ∼1470 cm−1. This frequency is deviated
from the calculated value (1422 cm−1). The red-shift of the
calculated C−N stretch (amide II′) frequency could be
attributed to the lack of explicit solvent interactions between
amide groups and water as discussed in the literature.53 We also
attempted to experimentally obtain cSFG spectrum of LK7β in
the N−D bending region (∼1000 cm−1). Nonetheless, we were
not able to observe the N−D bending band, which is perhaps
due to our experimental limit of the lower IR energy in the
1000-cm−1 region, and/or the weak chiral SFG signal of the N−
D bending mode as shown by the ab initio SFG simulations
(Supporting Information). We also explored other possibilities
of assigning the 2473 cm−1 peak, including the overtone of
amide II′. Nonetheless, we eliminated these possibilities due to
the poor agreement between the calculated and experimental
frequencies (see the Supporting Information). Therefore, we
ascribed the appearance of the 2473 cm−1 shoulder peak to the
Fermi resonance of the combination band of C−N stretch and
N−D in-plane bending with the N−D stretch.

which aligns with our interpretation. Moreover, Englander and
co-workers also measured the H-to-D and D-to-H exchange
using NMR for bulk solutions.42 According to their results, the
D-to-H exchange rate constant is about ∼5 times faster than
that of H-to-D exchange at pH 6, which is also in agreement
with our observations of proton exchange at interfaces.
Increases versus Decreases in the N−D/N−H Stretch
Signals. In our experiments, we chose to monitor the increase
of the N−D/N−H stretch signals rather than the decrease of
the N−D/N−H stretch signals to study the kinetics of proton
exchange in LK7β (Figure 2). When we examined the decrease
in the N−H (N−D) signals in the H-to-D (D-to-H) exchange
process, we indeed observed a substantial decrease of the N−H
(N−D) signal toward the end of the exchange process (Figure
S3 in the Supporting Information). However, at the beginning
of the exchange, we observed ﬂuctuations of the cSFG signal
(Figure S4), which could be due to perturbation to the interface
upon addition of H2O/D2O, and/or nonhomogeneous solution
during the acquisition time. Nonetheless, when we monitored
the increase of the N−H (N−D) signal in the D-to-H (H-to-D)
exchange process, we detected the N−H (N−D) signal
accumulating on top of zero background, which allows an
observation of a steady increase of the N−H stretch signals that
can reveal the kinetics of the exchange process.
N−H Stretch in the Lysine Side Chain. Although it is
possible to assign the N−H/D−H stretch to the amine group
of the lysine residue in LK7β,55 this assignment does not apply
to our observed chiral N−H/N−D stretch signals under our
experimental conditions, which is based on three considerations. First, the H/D exchange in charged side chains is
known to be instantaneous or diﬀusion limited,1 while the H/D
exchange on the amide backbone has been previously shown to
be on the time scale ranging from minutes to days.1 Because we
observed the exchange rates are on the time scale of minutes in
our studies, the chiral N−H signal is not likely due to the lysine
residue. Second, the −NH3+ group has the asymmetric N−H
stretch at 3000−3200 cm−1 and the symmetric N−H stretch at
2100−2600 cm−1. The cSFG spectrum (Figure 2) shows the
chiral N−H stretch at 3300 cm−1, which does not match with
the N−H stretch frequencies of the −NH3+ group. Moreover,
the phosphate buﬀer in our experiments maintained the bulk
pH at 7.4, and the −NH3+ group of lysine has a pKa at 10.5.
Although the surface pKa of lysine may change, a previous study
performed by the Eisenthal group shows that the pKa of
CH3(CH2)21NH3+ only changes from 10.7 to 9.9 at the air/
water interface.56 Thus, the lysine side chain should remain
protonated at the air/water interface. Third, we previously
showed that the α-helical LK14α (LKKLLKL)2 also exhibits
chiral N−H signals. Because both LK14α and LK7β contain only
the lysine and leucine residues, if our observed chiral N−H
stretch is due to the Lys residue, we would expect the N−H
stretch frequency of the LK14α and LK7β peptides to be the
same. Nonetheless, the chiral N−H stretch of LK14α is at 3304
cm−1,19,31 while that of LK7β is at 3268 cm−1. We previously
attributed this 40 cm−1 shift in the chiral N−H stretch
frequency to the diﬀerent hydrogen-bonding environments of
the peptide N−H group in diﬀerent protein secondary
structures. On the basis of these considerations, we assign the
observed cSFG signals to the peptide backbone N−H stretch.
Sensitivity of cSFG in Detecting N−H/N−D Stretch in
Aqueous Environments. Our results demonstrate that cSFG
has the selectivity of chirality and interface to probe the N−H/
N−D stretch of peptides free of the O−H stretch background

■

DISCUSSION
Summary. We have used cSFG to monitor the N−H/N−D
signals of the peptide backbone upon H2O/D2O solvent
exchange and observed an in situ H/D exchange in LK7β at the
air/water interface. We found that the rate of D-to-H exchange
is faster than that of H-to-D exchange. Because cSFG is free of
the background of water O−H stretches, we have observed
subtle vibrational features that were diﬃcult to observe using
conventional vibrational methods. We found both the N−H
and the N−D spectra show a major peak and a shoulder. The
N−H spectrum exhibits a major peak at 3268 cm−1 and a redshifted shoulder peak at 3178 cm−1, while the N−D spectrum
displays a major peak at 2410 cm−1 and a blue-shifted shoulder
at 2473 cm−1. We performed ab initio normal-mode analysis
and assigned the shoulder peaks to the Fermi resonance
between the N−H stretch and the combination band of amide I
and amide II, and the Fermi resonance between the N−D
stretch and the combination band of C−N stretch and N−D inplane bending, respectively.
Diﬀerences in the Rates of D-to-H and H-to-D
Exchange. We observed that the rates of D-to-H exchange
are faster than the rates of H-to-D exchange by roughly 1 order
of magnitude. This result suggests that the rate-determining
step of the H/D exchange in LK7β at the air/water interface
involves breaking the water O−H/O−D bond rather than the
N−H/N−D bond of the peptide. Because the zero-point
energy of the O−D stretch is lower than that of the O−H
stretch, it needs higher energy to break an O−D bond than an
O−H bond. For the H-to-D exchange in peptide, the ratedetermining step is to break the O−D bond in water; thus, the
activation energy is higher and the rate is slower. For the D-toH exchange in peptide, the rate-determining step is to break the
O−H bond in water. Hence, the activation energy is lower and
the rate is faster. Ribeiro-Claro et al. used Raman spectroscopy
to monitor the O−H/O−D stretch of crystalline α-cyclodextrin
upon exposure to the H2O/D2O vapor. They found that the Dto-H exchange is 7−10 times faster than the H-to-D exchange
and concluded that the rate-determining step of the H/D
exchange is to break the O−H/O−D bond in water vapor,54
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of water. Because water molecules do not form chiral structures
at interfaces, cSFG is muted to water O−H stretch signals.
Thus, cSFG can provide N−H/N−D stretch spectra of
proteins at interfaces in a high signal-to-noise level free of
water background. Consequently, cSFG can be used to study
detailed coupling of various vibrational modes of the peptide
backbones in the N−H/N−D regions. These vibrational modes
include the amide I, amide II, C−N stretch, and their various
overtones and combinational modes. Except in the gas
phase,57,58 the studies of vibrational coupling in the N−H/
N−D region in aqueous solution have been diﬃcult using
conventional vibrational methods because of the overwhelming
broad O−H/O−D stretch band of water. Here, our results
show that cSFG can tackle this problem, introducing a method
for probing vibrational couplings and vibrational energy
distribution along peptide backbones.
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peptide N−H/N−D groups are diﬀerent in diﬀerent secondary
structures. Because cSFG can be used to detect the N−H/N−
D stretch frequencies in aqueous environments, cSFG can
provide a new tool for characterizing protein secondary
structures at interfaces. Moreover, being an optical method,
cSFG can be used to characterize the N−H/N−D peptide
stretch in situ and in real time. Thus, it can provide kinetic
information to reveal protein stability and protein folding at
interface. We expect that further experimental developments of
the cSFG method can allow investigations of solvent
accessibility of proteins embedded in membranes, proton
transfer across membrane mediated by proteins, and intermolecular and intramolecular hydrogen-bonding interactions in
transmembrane proteins.
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