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Cholera toxin, with the B-subunit (below) that binds to the host’s cell
membrane, leading to internalization of the A-subunit (on top) where it
triggers a myriad of enzymatic events that eventually lead to secretion
of H2 O, Na+ , K+ , Cl− , and HCO−
3 into the lumen of the small intestine
and thereby in rapid dehydration of the host (cell).
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Determining In Situ Protein Conformation and
Orientation from the Amide-I Sum-Frequency
Generation Spectrum: Theory and Experiment*

Vibrational sum-frequency generation (VSFG) spectra of the amide-I band of proteins
can give detailed insight into biomolecular processes near membranes. However, interpreting these spectra in terms of protein conformation and orientation can be challenging, especially in the case of complex proteins. In this chapter, we show how the
formalism discussed in section 2.1.2 can be used to calculate the amide-I infrared (IR),
Raman and VSFG spectra for a given protein conformation and orientation. Based on
the protein conformation of the cholera toxin B-subunit (CTB), we set up the amide-I
exciton Hamiltonian for the backbone amide modes that generate the linear and nonlinear spectroscopic responses. By comparing the calculated VSFG spectra with experimental spectra of CTB docked to a model cell membrane, we deduce the protein
orientation. We ﬁnd that the intrinsic uncertainty in the interfacial refractive index —
essential to determine the overall amplitude of the VSFG spectra — prohibits a meaningful comparison of the intensities of the different polarization combinations. In contrast, the spectral shape of most of polarization combinations is independent of the
interfacial refractive index, and provides a reliable way of determining the molecular
orientation. Speciﬁcally, we ﬁnd that the symmetry axis of CTB is oriented at an angle
of 6 ± 17◦ relative to the surface normal of the lipid monolayer, in agreement with ﬁve-

fold binding between the toxin’s ﬁve subunits and the receptor lipids in the membrane.

*
This chapter is based on: S. J. Roeters, C. N. van Dijk, A. Torres-Knoop, E. H. G. Backus, R. K. Campen, M. Bonn,
and S. Woutersen, The Journal of Physical Chemistry A 117 (29), pp. 6311–6322 (2013).
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3.1 Introduction
As discussed in chapter 1, the membrane is one of the most important organs of the
cell. It plays a vital role in the exchange of ions, polynucleotides and proteins, and
provides a barrier against pathogens. Over the length of only a few nanometers, it
contains a complex and dynamic mixture of lipids and proteins that perform many
crucial biological functions.
Obtaining a better understanding of these processes is challenging, if only because
one wants to measure exclusively a limited amount of interfacial molecules that are
surrounded by an overwhelming majority of very similar bulk molecules. One solution to this problem is to label the molecules of interest, but this can perturb the
molecular interactions and spatially averaged membrane properties, e.g. in the case of
isotope 199 or ﬂuorescent 200 labeling. Vibrational spectroscopic techniques (see chapter 2), in which molecules are probed by their intrinsic vibrations, provide a label-free
alternative. For instance, the amide-I (predominantly C=O stretch) mode proﬁle of a
protein directly reﬂects its conformation 127 . Conventional vibrational spectroscopic
techniques, e.g. IR absorbance and Raman scattering, are not interface sensitive and
are thus in general not capable of distinguishing the spectral response of molecules
present at an interface from the much larger number often present in bulk. Attempts to
overcome this problem have been made using attenuated total reﬂection type sample
geometries 201 . In this approach, the spectral response of moieties near the interface,
within a layer of a thickness set by the penetration depth of the evanescent wave, is
probed. This penetration depth is determined by the refractive indices of the relevant media and the wave vector of the incident infrared light. At amide-I frequencies
in most practical sample geometries this penetration depth is approximately 250 nm:
much larger than the few nm thickness of a single membrane.
The nonlinear optical technique of vibrational sum frequency generation (VSFG)
spectroscopy (see also section 2.3.2.1) is by its symmetry selection rules interface speciﬁc 171 and extremely sensitive 202 . By overlapping an infrared and a visible laser pulse
in space and time at an interface, emission is generated at the sum frequency of the two
incident ﬁelds. Like other vibrational spectroscopic techniques, VSFG allows labelfree measurements with high temporal and spatial resolution suitable for most biomolecular processes. Because of its extraordinary sensitivity, short acquisition times are
sufﬁcient to obtain a high signal-to-noise ratio. Finally, in contrast to many conventional surface characterization methods, VSFG experiments can be performed under
biologically relevant conditions, and in principle even in vivo, although such experiments in the amide-I region (analogous to the in vivo experiments by Koelsch et al. in
the CH- and CD-region 203,204 ) will be challenging to interpret due to the complex mixture of amide-group containing molecules in and near the cellular membrane. Previous authors have applied VSFG spectroscopy to investigate biomimetic interfaces in
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general 173,205–209 and to probe proteins at interfaces in particular 210–215 .
The cholera toxin B subunit (CTB) is an ideal protein to demonstrate the calculation
of amide-I VSFG spectra, because of its various types of ordered secondary structure
that lead to characteristic interferences in the VSFG response, and because it binds
strongly to membrane interfaces containing gangliosides, in a well-known fashion.
CTB binds the pentasaccharide head group of speciﬁc ganglioside lipids in a ﬁve-fold
fashion: one GM1 -lipid per subunit 216,217 . This results in a parallel orientation of the zaxis of the protein with the normal of the membrane 216,218 (see ﬁg. 2.10). By comparing
the calculated spectra with experimental IR, Raman and VSFG spectra, we determine
the orientation of CTB with respect to the membrane surface, and by reproducing the
spectra and the protein orientation we validate the formalism for protein identiﬁcation
and orientation determination purposes.

3.2 Results and discussion
3.2.1 Benchmarking the calculations
To benchmark the employed formalism (2.1.2) we compare various calculated spectral
variables with literature values.
To test the calculation of the Raman spectra from the Hamiltonian, we have applied
the formalism to the Hamiltonian of the tetraalanine-peptide presented in ref. 176, and
obtained exactly identical values for the isotropic Raman scattering ratios. The underlying conversion of the local Raman tensors into the molecular frame (eq. 2.19) is thus
employed correctly, which also directly affects the VSFG response, which is the outer
product of the IR and the Raman response (eq. 2.21).
To test the calculated couplings, we applied the formalism to a 170 amino acids long
perfect polyalanine α-helix, and obtained similar polarization combination ratios for
βijk (see eq. 2.22) for the A and E1 mode† as reported previously 220 : the authors of ref.
(2) ν

220 calculate βxxz /βzzz =0.31 and βxzx /βzzz =0.59, where we ﬁnd 0.33 and 0.58, respectively. Our approach differs from ref. 220 and ref. 221 in that we do not use analytical
calculations of the eigenmodes of perfect secondary structure motifs, but instead construct the eigenmodes from the interacting local modes of an arbitrary protein conformation‡ . The calculated A—E1 -frequency splitting also matches the splitting observed
in ref. 223.
†
The A mode of an α-helix is the mode in which all amide groups vibrate in phase 126,219,220 . The associated
IR transition-dipole moment and major principal Raman axis are oriented parallel to the α-helical axis. The
other two Raman-active α-helical modes of an inﬁnitely long ideal α-helix, E1 and E2 , have the major principal
Raman axes perpendicular to the helical axis, with a much smaller Raman cross section. The E2 is IR inactive.
Therefore the A and E1 mode are the only two α-helical amide-I modes that are SFG-allowed.
‡
If we do not use the transition charges to position the transition-dipole moments of the local modes, but
ﬁx the transition-dipole moments in the amide-plane at a ﬁxed angle of 20◦ with respect to the C=O dipole
instead 143,222 , the ratios change to 0.24 and 0.58, respectively.
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3.2.2 Experimental spectra
In order to compare the results of the spectral calculations with the vibrational spectra
of an arbitrary protein, we recorded the IR, Raman and VSFG spectra of CTB (see 3.1).
The IR spectrum is relatively broad, which is typical for a protein as large as CTB. There
are two peaks visible at ~1630 and 1682 cm-1 that are generally assigned to antiparallel β-sheets, and another peak at 1655 cm-1 , which is generally assigned to α-helices 127 .
The Raman lineshape is equally broad, but the small Raman cross section of the protein
prevents further interpretation of the spectrum. Finally, the VSFG spectrum shows a
broad and a narrow protein amide-I peak centered at 1645 and 1690 cm-1 , respectively,
and a broad lipid C=O stretch peak centered at 1732 cm-1 . The fact that there is a dip in
the VSFG spectrum where the IR spectrum contains the high-frequency antiparallel βsheet peak is probably because SFG spectroscopy is a coherence-based technique (see
also section 3.2.4.4). Therefore, eigenmodes can interfere destructively (as appears
to be the case for the high-frequency antiparallel β-sheet and the α-helical mode) or
constructively (which appears to be, at least partly, the case for the low-frequency antiparallel β-sheet and the α-helical mode), depending on the relative phase.

3.2.3 Calculating the IR, Raman and VSFG spectra of CTB
To calculate the IR, Raman and VSFG spectra of CTB (ﬁg. 3.2), we apply the formalism
to PDB-entry 2CHB, the cholera toxin B subunit complexed with GM1 pentasaccharide.
We ﬁrst optimize and solvate the structure in a 10 ps MD simulation to obtain realistic
hydrogen-bond lengths, including bonds from solvating water molecules (see Experimental details section for details on the MD simulation). We then construct the Hamiltonian (see eqs. 2.3 and 2.4), in which we estimate the hydrogen-bond induced localmode amide-I frequency shifts on the diagonal of the Hamiltonian using an adapted
form of the empirical algorithm used in ref.145:
n

δωHB,i =

HB
*

j=1

∆ωHB,j (3.5Å − rO· · · H,j )

(3.1)

with i the local-mode index, nHB the number of hydrogen bonds that amide group i
participates in, ∆ωHB,j the empirical proportionality constant of hydrogen bond j and
rO· · · H,j the distance between the accepting oxygen atom and the donating hydrogen
atom 145 .

There are ﬁve possible types of hydrogen bonds that peptide bonds can participate
in: they can accept two hydrogen bonds to the oxygen atom in case of non-proline
residues, two hydrogen bonds to the oxygen atom of peptide bonds upstream of proline
residues, and donate one from the hydrogen atom. For each of these cases we assume
a different ∆ωHB,j value.
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We choose the values of ∆ωHB,j such that eq. 3.1 is a linear approximation of the
distance dependency of the redshift obtained with ab initio calculations at the RHF/6311++G** level by previous authors 148 . For hydrogen-bond accepting secondary amides
this approach results in ∆ωHB, acc. = 20 cm-1 . For tertiary amides (i.e. the peptide bonds
located upstream of a proline residue) ∆ωHB,

proline acc.

is downscaled to 16 cm-1 accord-

ing to the ratio reported in ref. 224. If we apply all proportionality constants as derived
from ref. 148, the calculated splitting between the two protein peaks in the experimental SSP spectrum is too small, and only one protein peak is calculated. Hence, to match
the spectrum of CTB we set ∆ωHB,
reported in ref. 148, and ∆ωHB,

donor

2nd acc. ,

to 13 cm-1 , approximately two times the value

the hydrogen bond shift for the second accepted

hydrogen bonds, to 10 cm-1 , approximately half the value reported in ref. 148 (similarly
scaled to 8 cm-1 for peptide bonds upstream of proline bonds). These adjustment are
probably required because Hartree-Fock methods, like the one used in ref. 148, generally do not predict hydrogen-bond shifts very well 225 . We assume that a hydrogen
bond does not signiﬁcantly inﬂuence the local-mode frequency if it does not meet the
requirements described in ref. 226. The software package Chimera 36 is used to perform
this assessment.
As discussed in section 2.1.2, the off-diagonal elements of the Hamiltonian are determined using a parametrized map of quantum-chemical calculations 134 for the nearest neighbors and the TDC model 145 for non-nearest neighbors (we ﬁnd that using the
transition-point-charge model 137 for non-nearest neighbor couplings results in significantly worse agreement with the experimental data; see appendix ﬁg. 3.A.1). Subsequently, the Hamiltonian is diagonalized to attain its eigenvectors and eigenvalues.
We then construct the transition-dipole moments and the principal Raman axes in the
molecular frame for the conformation obtained from a time slice of the equilibrated MD
simulation, and combine them with the eigenvectors to obtain the IR and Raman responses of the eigenmodes. From these, using eqs. 2.13, 2.20, 2.24, and 2.27, we calculate
the IR and Raman spectra and the orientation dependent VSFG spectra. As the measured VSFG spectrum is a sum of the protein response and the C=O-stretch response
of the ester in the lipid head groups, we perform the calculation both for the amide-I
eigenmodes of the protein and for the lipid C=O-stretch mode.
The formalism is thus based on a number of parameters that determine the shape of
the calculated spectra: the orientational distribution functions P (θprotein , φprotein , ψprotein )
and P (θlipid-C=O

dipole , φlipid-C=O dipole , ψlipid-C=O dipole )

(which enter into eq. 2.23, see also ﬁg. 2.10), Γprotein , Γlipid , an overall frequency offset,
and the intensity ratio of the lipid response with respect to the protein response.
In order to obtain orientational information from the VSFG data, one has to assume
a certain functional form of the orientational distribution in terms of the Euler angles,
e.g. a delta function or a Gaussian, for θ, φ and/or ψ. Depending on the symmetry of
the protein, the distribution can be dependent on one, two or three of the Euler an47
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Figure 3.1. The experimental (a) IR spectrum of 20 μM CTB, (b) the Raman spectrum of a 0.2 mM
solution of CTB, and (c) the VSFG spectrum of 43 nM CTB under 1:9 GM1 /d75 -DPPC monolayer with a
surface pressure of 30 mN/m. In all experiments CTB was dissolved in a D2 O buffer solution of pH =
7.4 to create a biologically relevant environment.
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Figure 3.2. The calculated (a) IR and (b) Raman spectrum of CTB, and (c) lab frame second-order
susceptibility of CTB summed with the C=O stretch peak of a monolayer of DPPC lipids. All VSFG
spectra are scaled such that the ZZZ spectrum is normalized to unity.
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gles. CTB, like many membrane proteins, is expected to be distributed independent of
ψ (due to approximate cylindrical symmetry of the protein) and φ, but dependent on θ
(see also ﬁg. 2.10). If a protein does not have cylindrical symmetry, the orientational
probability distribution in general depends on all three Euler angles. Hence, the number of parameters that describe the orientational distribution is larger, which makes
it more difﬁcult to uniquely determine these parameters from the experimental data.
However, if one assumes a not too complicated form for the distributions, it may still
be possible to derive the average angles (and, if applicable, Gaussian widths) characterizing the orientation distribution from the VSFG spectra, as we expect the total set
of band structures of multiple polarization combinations to be unique for a protein.
If we assume a delta-function distribution P (θprotein ) = δ(θ−θprotein ) for the θ-distribution
of the protein and average over all possible values of ψ and φ in eq. 2.23, we obtain the
dependency of the VSFG-signals of CTB on θprotein (by solving the equations in appendix
II of ref. 181):

χ(2)
=
XXZ

1 ! (2)
(2)
(β̃xxz + β̃yyz ) cos θprotein sin θprotein
2

(3.2a)

1 (2)
(2)
(2)
(2)
(2)
(2)
(2)
− (β̃xxz + β̃xzx + β̃zxx + β̃yyz + β̃yzy + β̃zyy + 2β̃zzz ) cos θprotein sin3 θprotein
2
1 ! (2)
(2)
χ(2)
=
(β̃xzx + β̃yzy ) cos θprotein sin θprotein
XZX
2
"
1 (2)
(2)
(2)
(2)
(2)
(2)
(2)
− (β̃xxz + β̃xzx + β̃zxx + β̃yyz + β̃yzy + β̃zyy + 2β̃zzz ) cos θprotein sin3 θprotein
2
1 ! (2)
(2)
(β̃zxx + β̃zyy ) cos θprotein sin θprotein
χ(2)
=
ZXX
2
"
1 (2)
(2)
(2)
(2)
(2)
(2)
(2)
− (β̃xxz + β̃xzx + β̃zxx + β̃yyz + β̃yzy + β̃zyy + 2β̃zzz ) cos θprotein sin3 θprotein
2
1 (2)
(2)
(2)
(2)
(2)
(2)
χ(2)
= (β̃xxz + β̃xzx + β̃zxx + β̃yyz + β̃yzy + β̃zyy )
ZZZ
2
"

(3.2b)

(3.2c)

(3.2d)

(2)

cos θprotein sin3 θprotein + β̃zzz cos3 θprotein sin θprotein .

For CTB, assuming a delta-function distribution for θprotein is valid due to the very
strong ﬁve-fold binding between CTB and GM1 216,218 . Furthermore, if we ﬁt the spectra
assuming that P (θprotein ) is a Gaussian distribution, we obtain a very narrow width of
this distribution, indicating that it is valid to assume a delta distribution. We also assume a delta-function distribution for the lipid C=O dipoles, because applying a Gaussian distribution instead of a delta distribution does not improve the ﬁt signiﬁcantly.
We assume θlipid-C=O

dipole

= 64◦ , the average angle between the dipole moment and the

surface normal, as reported in ref. 227. We assume that the non-resonant amplitude
(see eq. 2.25) is negligible compared to the resonant amplitude, as an experimentally
measured concentration series shows that the spectral lineshape does not signiﬁcantly change for different concentrations 228 .
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3.2.4 Deriving the protein orientation distribution
3.2.4.1 Challenges in extracting protein orientation from polarization dependent VSFG
measurements
Ideally, it should be possible to use the relative magnitude of different polarization
combinations to determine the protein orientation, similar to the orientation determination of uncoupled modes by previous authors 141 . However, for CTB, with the assumptions regarding the interfacial refractive indices used in ref. 141, there is no orientation or orientational distribution that is consistent with either the observed relative
magnitudes of the different polarization combinations, or the lineshape of the PPPpolarization combination. This is probably both due to the uncertainty in the value
of the interfacial refractive indices n′ and due to the uncertainty of how to correctly
model the surface when applying the Fresnel factors.
In previous VSFG papers all three n′ values are assumed to be similar 141,179 and/or
assumed to be similar to one of the bulk phases 229 . Zhuang et al. have derived a lower
limit for n′ from a simple estimate of the local-ﬁeld correction at the interface using a
modiﬁed Lorentz model 141 . However, the n′ values can vary strongly as a function of
molecular density and orientation, especially for interfaces consisting of large chromophores 179,230 , e.g. from 1.4 to 1.9 for a 10◦ change in orientation of the interfacial liquid
crystal molecule 48-n-octyl-4-cyanobiphenyl.
Because each of the polarization combinations is dependent on one or more interfacial indexes (n′ (ωIR ), n′ (ωVIS ) and n′ (ωSF )), incorrect values of n′ lead to wrong calculations of the intensity ratios of the SF signal of different polarization combinations
for a given orientation (distribution). Inversely, incorrect n′ values lead to false orientation distributions as derived from the measurements. Furthermore, oversimplifying
the interface as only consisting of one boundary between air and water, where maybe
multiple boundaries should be taken into account, also leads to incorrect orientation
distributions.
3.2.4.2 Deriving the protein orientation distribution based on the spectral VSFG lineshape
As an alternative for using the intensity ratio between different elements of the effective second-order susceptibility tensor (i.e. different polarization combinations), which
requires accurate handling of the reﬂections at the interface (via the Fresnel factors),
the lineshape of the molecular second-order susceptibility of some elements can be
ﬁtted to the experimental data. This only works for polarization combinations that
originate from a single molecular second-order susceptibility lab frame element, as
the Fresnel factors constitute only an overall scaling factor in this case (for example
for the SSP, SPS and PSS elements; see section 2.3.2.1 for the deﬁnitions). This approach cannot be applied to the PPP element due to the more complex dependency on
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Figure 3.3. Calculated spectra as a function of protein orientation, assuming θlipid C=O dipole = 64◦ 227 .
This assumption is derived from an IRRAS measurement, so a value of -116◦ is equally likely. Spectra in which θprotein and θlipid C=O dipole do not point in the same direction resemble the experimental
spectra worse (see ﬁg. 3.A.2). As homodyne SFG is not sensitive to an overall inversion of the orientation distributions over θ = 90◦ (i.e. it cannot distinguish a single dipole pointing up or down; only
the relative orientation of different dipoles determines the signal), only spectra for θprotein < 90◦
are shown.

the Fresnel factors (see eq. 2.26d). In the case of CTB, the SSP response is well-suited
to this approach, as the protein spectrum comprises two peaks: one high-frequency
peak at 1690 cm-1 that originates from non-hydrogen-bonded amide moieties, and a
low-frequency peak at 1645 cm-1 that originates from hydrogen-bonded moieties. As
the corresponding parts of the protein have different orientations with respect to the
membrane surface, the peak ratio is a function of the protein orientation (see ﬁg. 3.3).
Hence the 1645 cm-1 / 1690 cm-1 -peak ratio can be used to derive the protein orientation,
without any assumptions regarding n′ , nor on the implementation of Fresnel factors.
3.2.4.3 Comparison of experimental and calculated spectra
The calculated spectra reproduce the experimental data reasonably well, as is evident
from a comparison between ﬁgs. 3.1 and 3.2. While the IR and Raman spectrum are
independent of orientation of the protein, for the calculation of the lab frame SFG susceptibilities, knowledge of speciﬁcally the angle θ is required to relate the molecular
(x, y, z)- to the lab (X, Y, Z)-coordinate frame. By least-square ﬁtting the experimental
SSP spectrum to the calculated XXZ -spectrum we ﬁnd that θCTB = 6◦ ± 17◦ . The resid-

ual sum of squares (RSS) increases by 10% if θCTB is ﬁxed to a value larger than 30◦ , and
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increases monotonously for increasing values of θCTB (see ﬁg. 3.3, and also appendix
ﬁg. 3.A.4 for a graph of the RSS as a function of θCTB for ﬁts to the SSP, SPS, and PSS
susceptibility, and a global ﬁt to all three hyperpolarizabilities ). All ﬁts indicate that
the experimental data is best ﬁt with similarly small angles of θCTB . The RSS values
increase in the same manner for the SPS and PSS ﬁts as for the SSP ﬁt for increasing
values of θCTB . A θCTB close to 0◦ , as determined by previous authors 216,218 , can be expected from the ﬁve-fold binding between the toxin’s ﬁve subunits and the receptor
lipids in the membrane.
The spectra in ﬁg. 3.2 are calculated with the same isolated local-mode frequency Ω0
and linewidth Γ for the IR, Raman and VSFG spectra that we obtained by ﬁtting the
VSFG-SSP spectrum. The central frequencies of the three peaks in the IR spectrum
(at 1630, 1655 and 1685 cm-1 ) are reproduced correctly by the formalism. However, the
relative magnitudes of the peaks at 1630 and 1655 cm-1 are not very well reproduced.
This may be a result of the comparatively simple estimation of the hydrogen bondinduced amide-I redshift that we apply here. Due to the very small Raman cross section
of the protein it is difﬁcult to obtain a good signal-to-noise ratio in the measurement,
but the lineshape of the experimental Raman spectrum appears to be well-predicted
by the formalism.
The formalism does not reproduce the polarization combination dependency of the
VSFG spectra very well, probably as a result of the uncertainty in the precise values of
the interfacial refractive indices and about how to model the interface correctly when
applying the Fresnel factors. However, the XXZ -, XZX - and ZXX -molecular hyperpolarizabilities in the lab frame (ﬁg. 3.2), show a remarkable similarity in spectral shape
with the experimental SSP-, SPS- and PSS-VSFG spectra, respectively. The amplitudes
of the calculated signals are determined by the refractive index at the interface, but
the spectral lineshape is not dependent on assumptions regarding the values of n′ or
the functional form of the Fresnel factors (see previous sections). The fact that the
calculated spectral shapes correspond so well to the measured ones illustrates that
the model correctly captures the vibrational sum frequency response of the interfacial protein. A better comparison between theory and model can be made by scaling
the calculated to the experimental spectra, as shown in ﬁg. 3.3 for the SSP spectrum,
for several calculated spectra with a varying angle θCTB . The deviation on the red side
of the SSP spectrum is probably again largely due to the comparatively simple algorithm we apply for the hydrogen-bond induced redshifts. Employing a more sophisticated hydrogen-bond shift algorithm 132,149 or an approach in which intermolecular
interactions with the C=O and amide-groups in the lipid monolayer are also taken into
account, may render the agreement even better.
The formalism allows for easy decomposition of the spectra into the contributions
from different types of secondary structure motifs, as the different contributions can
simply be turned on and off in the Hamiltonian. By performing such an analysis for
53
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CTB, we ﬁnd that the most intense modes are the α-helical ones. This can partly explain the relatively large calculated ZZZ -molecular second-order susceptibility of CTB
for small values of θCTB (see ﬁg. 3.2). For such an orientation, there is a much larger contribution of the molecular-frame hyperpolarizability β̃zzz to the lab-frame susceptibil(2)

ity χZZZ as compared to the other lab-frame susceptibilities (see eq. 3.2). This reﬂects
(2)

the fact that the polarization of the incoming and outgoing optical ﬁelds is parallel to
the β̃zzz modes if θCTB ≈ 0. The β̃zzz modes are particularly strong because the A modes
(2)

(2)

of the alpha helices are oriented parallel to the helical axis 220 , which in turn are parallel

with the z-axis of the protein (see ﬁg. 2.10).
The χ(2)
spectrum contains three major peaks at 1632, 1660 and 1690 cm-1 . The highZZZ
frequency peak appears to be the result of α-helical residues that are near the end of
the α-helices and are thus less strongly hydrogen bonded. This peak is probably enhanced by the presence of antiparallel β-sheet modes at 1682 cm-1 (see section 3.2.2)
which interfere destructively with the modes that have eigenvalues in the same frequency range. The peak at 1660 cm-1 may be a result of α-helical residues that are
more strongly hydrogen bonded. These hydrogen bonds can be both intramolecular to
α-helical residue i+4 (i being the residue index), and intermolecular to water. Finally,
there are also a few very exposed peptide bonds (and thus possibly hydrogen bonded
to multiple water molecules) that, together with perpendicular β-sheet modes 126 , give
rise to the peak at 1632 cm-1 (see appendix ﬁg. 3.A.7 for a graphical representation of the
local mode contributions to these different eigenmodes). Interestingly, the intensity
of the PPP-polarization combination is not much larger than that of the other polarization combinations that, for θCTB ≈ 0◦ , hardly contain any molecular zzz-contribution

(see eqs. 2.26 and 3.2). This is probably because the magnitude of the Fresnel factor for

the XXZ -contribution is comparable to the ZZZ -contribution, and the two elements
interfere destructively. Numerical evaluation of eq. 2.26d shows that for a large range
of values of n′ this is indeed the case.
If the hydrogen bonds are not taken into account, the formalism predicts a single
broad peak for the SSP spectrum of the protein (see appendix ﬁg. 3.A.5 for the inﬂuence of hydrogen bonding and solvation on the calculated spectrum). Running an MD
simulation in which the protein is solvated results in a red-shifted and broadened lowfrequency peak, as the hydrogen bonds between the water molecules and the protein’s
backbone amides create a distribution in the redshifts and a high-frequency peak that
is less hydrogen bonded. This shows the strong dependency of the amide-I VSFG spectrum on the protein hydration, which can be used as a (time-dependent) probe of protein hydration near a membrane.
3.2.4.4 Experimental and theoretical considerations in performing protein VSFG-experiments
Apparently, for CTB the SSP lineshape is not very sensitive to the protein orientation for
small values of θprotein (see ﬁg. 3.A.4 of the appendix). If more elaborate theoretical and
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experimental studies improve our understanding of the local ﬁeld effects that occur
at a biomolecular interface (that determine the effective interfacial refractive index),
also the lineshape of the PPP spectrum and the relative magnitudes of the different
polarization combinations can be used in combination with the presented formalism
to determine protein distributions more accurately.
One way to obtain a more accurate description of these local ﬁeld effects is using a
CaF2 crystal as the medium above the interface, to decrease the contributions of nonZZZ elements to the measured PPP signal 210 . Although this renders the shape of the
PPP spectrum only dependent on the ZZZ susceptibility, the relative magnitude with
respect to the other polarization combinations is still a function of n′ . Alternatively,
using the polarization null angle method 179 to derive the ratios between different lab
frame hyperpolarizabilities from the measured SFG signal, is another way of reducing
the inﬂuence of uncertainties in n′ . Also, the information content of the measurement
can be increased by performing heterodyne SFG experiments. In such experiments,
the information loss that takes place in the observation of homodyne SFG signals (proportional to the modulus-square of the hyperpolarizability, see eq. 2.24), is eliminated
by measuring the interference between the homodyne signal and a local-oscillator
signal instead 231–235 . From the resulting signal, the imaginary part of χ(2) can be reconstructed, which is directly sensitive to the molecular orientation. Finally, with the
advent of 2D-SFG 180,236,237 , a new experimental method is available to enhance the certainty of θprotein determination. This technique, analogue to 2D-IR, reveals new structural information, e.g. through off-diagonal peaks that result from couplings between
modes. Calculation of the imaginary and 2D spectra based on the protein conformation
is a straightforward extension of the formalism presented here.
As can be seen by comparing ﬁg. 3.1 (a,b) with (c), VSFG spectra have more informative lineshapes than IR absorption or Raman spectra. This is due to the fact that it is
a coherence-based technique, i.e. the response is determined by a coherence between
the v=0 and the v=1 state, induced by the IR ﬁeld. This is in contrast to the IR absorption
and Raman scattering processes. These are population-transfer based techniques, in
which the signal intensity is proportional to the sum of the modulus-squared eigenmode transition-dipole moments and Raman polarizabilities, respectively (see eq. ??
and 2.20). However, in the case of SFG one is sensitive to the modulus-squared sum
ν
of the product of the transition-dipole moment µνk and the Raman polarizability αij
of

the eigenmodes (see eq. 2.24). Hence, interference between different eigenmodes can
strongly inﬂuence the observed spectra. This can for example be noted in the spectrum
of CTB, where the relative orientation of the protein with respect to the C=O dipoles in
the lipid head groups determines the shape of the spectrum in between their peaks:
two modes pointing either in the same or in opposite directions give rise to a different spectrum 238 . By ﬁtting the spectra we ﬁnd that the C=O dipoles in the DPPC head
groups are oriented in opposite direction of the protein’s central z-axis (as deﬁned in
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ﬁg. 2.10, see also ﬁg. 3.A.2).
3.3 Conclusions
We have developed a formalism to predict the infrared, Raman and VSFG amide-I spectra of proteins in and near interfaces, based on their conformation. This formalism,
which can be applied to any protein of which the conformation is known, makes it
possible to identify surface-bound proteins and to determine their orientation with
respect to the membrane. As a ﬁrst application of the formalism we measure and calculate the VSFG spectrum of membrane-bound cholera toxin B subunit. To determine
the orientation of this protein with respect to the surface, we use the dependence of
the predicted VSFG spectral shape on the orientation. The strength of such an approach is that it does not rely on knowledge or estimates of the interfacial refractive
indices at the three wavelengths relevant for the SFG process. Such knowledge is required when comparing signal intensities for SFG signals using different polarization
combinations. Rather, our approach relies on optimizing the agreement between the
calculated and measured spectral response at one speciﬁc polarization combination.
The VSFG spectra can be well reproduced, and the orientation of the membrane-bound
cholera toxin B subunit (CTB) is determined to have its main axis oriented perpendicular to the surface normal of the membrane. Since the formalism presented here makes
it possible to directly interpret amide-I VSFG spectra in terms of the protein conformation and orientation, we expect that it will signiﬁcantly increase the potential of VSFG
as a tool to study interfacial biomolecular processes.

56

3.4 Experimental details

3.4 Experimental details
Cholera toxin B subunit (CTB) is purchased as a lyophilized powder at Sigma-Aldrich, as well as
the D2 O (99.96% purity), which is used instead of H2 O to rule out any potential spectral inﬂuence of
the H2 O bending mode. The GM1 and d75 -DPPC lipids are purchased from Avanti Polar Lipids. The
bulk IR spectrum is measured on a Bruker Vertex 70 FTIR spectrometer, in a CaF2 sample cell with
a 50 μm Teﬂon spacer, at a concentration of 20 μM in D2 O at pH 7.4, containing 0.5 M Tris buffer,
2 M NaCl, 30 mM NaN3 , and 10 mM sodium EDTA (the buffer salt constituents of the lyophilized
powder). The Raman spectrum of a 200 μM solution of CTB in D2 O-PBS buffer is measured with
a Bruker SENTERRA Raman Microscope ( λexc =785 nm). The VSFG spectra are obtained after
incubation of a planar ∼30 mN/m binary lipid monolayer (consisting of 1:9 GM1 :d75 -DPPC) with a
12.5 nM toxin solution of pH = 7.4, for 30 minutes. We assume the docking process is completed
after this period as the signal equilibrated after 15 minutes of incubation, and remained largely
the same for 24 hrs of incubation. The sample is measured in a 20 mL coated teﬂon trough. The
incident angles of the 800 nm and IR beams are 62◦ and 58◦ , respectively.
The lengths of the intramolecular hydrogen bonds and the hydrogen bonds to surrounding
water molecules are obtained by performing a 10 ps MD simulation in GROMACS in which the
2CHB PDB-entry was solvated in a 90 x 90 x 90 Å box (with 10 Å water around the protein), using
the TIP3 force ﬁeld for the water molecules and the CHARMM27 force ﬁeld for the protein.
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3.A Appendix
In this appendix, we ﬁrst show how the choice of the through-space coupling model
(the transition-charge coupling model, or the transition-dipole coupling model) inﬂuences the calculated XXZ spectrum (ﬁg. 3.A.1). The dependency of the calculated XXZ
spectrum on the protein orientation for all possible relative angles of the protein and
the lipid C=O peak is shown at representative angles in ﬁg. 3.A.2. The presented formalism can be used to determine the orientation distribution of cholera toxin B subunit
(CTB) through the ratio of the two protein peaks in the SSP spectrum. In ﬁg. 3.3 of the
main text we show how the protein orientation of CTB inﬂuences the spectral shape
for θCTB smaller than 90◦ . In ﬁgure 3.A.2, we also show the spectrum for orientation
distributions in which θCTB and θlipid-C=O

dipole

point in the same direction (i.e. θCTB and

θlipid C=O dipole are both either more or less than 90◦ ). Note that with homodyne SFG only
the relative orientation inﬂuences the interference pattern, not their absolute orientation: the homodyne spectra for angles of +θ are equal to those for angles of 180◦ − θ.
In ﬁg. 3.A.3, the spectra obtained by performing a global ﬁt of the calculated XXZ , XZX

and ZXX hyperpolarizability to the experimentally observed SSP, SPS and PSS susceptibility are given. The residual sum of squares (RSS) of the ﬁt of the XXZ , XZX and
ZXX susceptibility to the experimentally measured SSP, SPS and PSS susceptibility,
respectively, as a function of protein orientation is plotted in ﬁg. 3.A.4. In ﬁg. 3.A.5 the
calculated XXZ spectrum is plotted using various hydrogen-bond induced frequencyshift models.The addition of water molecules and subsequent equilibration leads to a
splitting, a broadening and a redshift of the protein’s VSFG response. Applying these
steps decrease the spectral mismatch between the calculated and experimental spectrum. To show the dependency of the PPP spectrum on the values of the assumed
interfacial refractive indices n′ , the PPP spectrum is plotted as a function for three
assumptions for n′ used in the literature. When applied to CTB for our experimental
conﬁguration (see the Experimental details section), there are pronounced differences in
the spectra calculated with the three different assumptions. Finally, in ﬁg. 3.A.7, the
eigenmodes of the three major peaks in the ZZZ spectrum are visualized, which serve
as the basis for the peak assignment of each of the three peaks to eigenmodes that are
delocalized over various secondary-structure elements. The fact that in a real proteins
nearly all eigenmodes are delocalized over multiple secondary-structure elements is
a recurring ﬁnding throughout this thesis.
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