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ABSTRACT: PAS domains mediate protein−protein interactions that enable
functions such as sensing, signaling, dimerization, and localization. The
photoactive yellow protein (PYP) from Halorhodospira halophila is a model
PAS-domain protein involved in negative phototaxis, yet its signaling partner
remains unidentified. Here, we present a method to resolve protein orientations in
PAS-domain signaling by combining nano-FTIR and chiral vibrational sum-
frequency generation (VSFG) spectroscopy with molecular dynamics simulations
and VSFG spectral calculations. As a demonstration, we used a charged
homopolypeptide, poly-L-lysine (PLL), as a surrogate binding surface to probe
PYP docking. We found that PYP adopts a preferred interfacial orientation driven
primarily by dipole−dipole interactions, despite its water-soluble, i.e., cytoplasmic
nature. Remarkably, the inferred interaction surface and orientation closely match those observed in PYP homodimers and in a
CNBh-PAS heterodimer. This methodology enables in situ determination of protein orientational preferences during protein−
protein interactions and may facilitate identification of binding partners in PAS-domain signaling pathways.

1. INTRODUCTION
Globular proteins often form functional complexes with other
proteins via noncovalent protein−protein bonding. Each
complex has a unique biological function that correlates with
its quaternary structure. Such protein−protein interactions
play a crucial role in many, if not most, biological processes in
living organisms, from signal transduction through enzymatic
and immune reactions to the assembly of cellular compo-
nents.1 Recent studies have shown that abnormal protein−
protein interactions can lead to neurodegenerative diseases,
infections, and even cancer.2,3 Moreover, protein interactions
with larger structures, such as membranes, supramolecular
assemblies, and biocompatible surfaces, also have pivotal
importance in signal transduction processes, folding-unfolding
issues, pathophysiological mechanisms, and, e.g., determining
the properties of the tissue-implant interface.4 Therefore,
elucidating the elementary molecular mechanisms at the
protein interface is vital for developing protein-based
therapeutic agents, functional biomaterials, and biodiagnostic
tools.
While protein−protein interactions are well characterized in

bulk by X-ray crystallography and nuclear magnetic resonance,
interfacial data remain scarce. Yet molecular structure and
dynamics can differ markedly at interfaces compared to the
bulk.3,5 X-ray and neutron-based techniques provide structural
information only under highly controlled conditions, often
unsuitable for strongly scattering, nonuniform protein layers.

In such cases, symmetry- and vibrationally sensitive optical
methods offer access to both secondary structure and
orientation. Scattering-type scanning near-field optical micros-
copy (s-SNOM) combined with nano-FTIR spectroscopy
enables infrared spectroscopic imaging with lateral resolution
of a few tens of nanometers and depth sensitivity by detecting
local optical near-field interactions between a metallic AFM tip
and the sample.6,7 Nano-FTIR spectroscopy is primarily
sensitive to out-of-plane vibrational dipole components
through the vertical near-field polarization.8 Another optical
technique, vibrational sum-frequency generation (VSFG)
spectroscopy, selectively probes noncentrosymmetric, inter-
facial molecular vibrations with sensitivity to both molecular
orientation and symmetry in situ and in a label-free manner.9,10

Its effective probing depth is set by the thickness of the
noncentrosymmetric region, reaching down to a few
angstroms, while its lateral resolution is limited by the
wavelength of the spectrally narrowband upconversion beam
employed in the technique. Even though the VSFG method
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was first employed in 1987,11 it has only recently been used for
the characterization of molecular chirality12−14 and the
secondary structure of proteins,10,15,16 which are crucial
properties for a fundamental understanding of protein folding
and protein interactions at interfaces. Polarization-resolved
VSFG enables the determination of interfacial molecular
orientation and chirality. The amide I region is widely used
to probe protein secondary structure and surface alignment
(ref 10), but its analysis is often complex.17 A common strategy
is to compute VSFG spectra for all possible orientations and
compare them with experiment; the best agreement identifies
the most probable structure. This approach was applied by
Boughton et al.18 to determine the orientation of α-helices at a
lipid bilayer using polarization-dependent signal ratios.
In 2013, the excitonic amide I Hamiltonian model that had

previously been developed for the calculation of IR and Raman
spectra (for its detailed description, see ref 19) was adapted for
calculating VSFG spectra, which facilitated these calculations
even for large proteins.20 This model includes the coupling of
amide I vibrations and the influence of H-bonds related to the
amide groups.20,21 It can also be extended to include the
spectral effects of structural fluctuations on the pico- and
nanosecond time scales using molecular dynamics (MD)
simulations for conformational sampling.22 Recently, Guo et al.
developed a method15,23,24 that combines these two
approaches with a new scoring method derived from the
peak centers and widths of achiral VSFG spectra. This strategy
was applied to determine the surface orientation of super
uranyl binding protein,23 as well as GB1 protein and its
mutants.24

In this paper, we address in situ protein−protein interactions
by studying two proteinaceous partners paradigmatic of their
type via combining experimental chiral VSFG spectroscopy
and nano-FTIR spectroscopy with MD simulations and
spectral calculations. The two partners are photoactive yellow
protein (PYP) from H. halophila, a sensory protein containing
the common “Per-Arnt-Sim (PAS) domain”25−27 known for
mediating protein−protein interactions,28 and a self-assembled
thin film of poly-L-lysine (PLL), a naturally occurring polymer
of the positively charged amino acid, lysine.29 The structure of
PYP consists of a central β-sheet with five strands and helical
connectors on both sides.30,31 The β-sheet sides contain two
hydrophobic cores, which are expected to play a central role in
protein−protein interactions. Homodimers and heterodimers
based on PYP maintain the function of a PAS domain and,
therefore, constitute a crucial model system.32 Nevertheless,
the target protein for the signaling pathway originating from
the photoexcited intermediate of PYP has so far not been
identified.33,34 Furthermore, since PYP is a water-soluble
protein, its orientation at the protein−protein interface is
elusive. Here, the model partner of PYP is PLL, which is often
used in bionanotechnological drug delivery due to its
electrostatic interaction with negatively charged nucleic acids
and proteins,35 and it is widely employed to cover stents and
tissue-culture surfaces as a biocompatible cell-attachment
coating.36 The well-known secondary structure of PLL helps
unravel the favorable alignment of PYP at such an interface. As
representative examples, we examine the structural similarities
between our model system and two distinct protein
architectures: the relatively compact PYP crystal structure
and the substantially larger protein assembly, the KCNH
voltage-gated K+ channel from mice.

2. MATERIALS AND METHODS

2.1. Experimental Section
2.1.1. Sample Preparation. CaF2 surfaces were functionalized

using the spray-assisted layer-by-layer (LbL) method.37 First, nm-
thick branched polyethylenimine (PEI, Sigma-Aldrich, molecular
weight of 600,000−1,000,000) was deposited, which was followed by
six pairs of poly-L-glutamic acid (PLGA, Sigma-Aldrich, molecular
weight of 50,000−100,000 incl. sodium salt) and poly-L-lysine (PLL,
Sigma-Aldrich, > 30,000 incl. hydrobromide). The concentration of
the stock solutions was 5 mg/mL for PEI, and 1 mg/mL for PGA and
PLL. After the deposition of PEI on the CaF2 surface, a few minutes
of waiting time was applied, followed by a washing process with
distilled water. In the next step, a PGA layer was deposited, and after a
waiting period of a minute, the residue was thoroughly washed off.
The buildup of this negatively charged PGA layer was followed by the
deposition of a layer of PLL through another adding-waiting-washing
cycle. Up to six pairs of PGA−PLL films were deposited on the PEI-
functionalized CaF2 substrate. As is known from the literature, six
pairs of layers are necessary for creating a very homogeneous
surface.38−41 Based on our AFM studies (Figure S1), the thickness of
the six-pair layer structure was ∼8 nm (Figure S2). The protein layer
was created on the topmost PLL layer of the (PEI-(PLGA−PLL)6)
assembled film by introducing 280 μM of PYP stock solution for a few
minutes, followed by a washing period. This method resulted in a
protein layer formation with a maximum thickness of 19 nm (Figure
S2). After preparing the nm-thick films with and without the PYP
layer, the so-coated CaF2 samples were placed in a homemade sample
holder to provide a > 50% relative humidity environment and left to
equilibrate for 10 min before the VSFG measurements. Use of the Si
wafer results in low-roughness samples required for the nanoscale
investigations, as well as ensures preferential sensitivity of the nano-
FTIR technique to out-of-plane vibrational modes.42 For the s-SNOM
measurements, the same protocol was used on a Si wafer because the
high surface roughness of our CaF2 substrates prevented nanoscale
investigations of the few-nm-thick samples. In the following, we refer
to the PEI-(PLGA−PLL)6 structure as “PLL” and to the PEI-
(PLGA−PLL)6+PYP structure as “PYP on PLL,” or simply “PYP.”
2.1.2. Infrared Nanospectroscopy and Imaging. Infrared (IR)

imaging and nanospectroscopy experiments were done at the IR-
nanospectroscopy end-station at the IRIS beamline, BESSY II storage
ring,43 using an s-SNOM (neaScope, Attocube GmbH, Germany)
coupled to the broadband infrared synchrotron light.44 The
measurements were performed in tapping mode with a Pt−Ir coated
AFM-probe, with 25 nm of tip radius, ∼70 nm of tapping amplitude,
and a resonance oscillation frequency of ≈ 266 kHz. The local nano-
FTIR spectra were acquired by fixing the AFM tip at a specific sample
location, and the spectra were collected in the range of 800−2100
cm−1 with a nominal spectral resolution of 8 cm−1. The typical
acquisition time of a nano-FTIR spectrum was 12 min. For
referencing the collected spectra, a spectrum from a clean part of
the Si wafer was used.
The conversion of the recorded interferograms to infrared

vibrational amplitude and phase spectra was performed by using an
in-house script at the IRIS beamline with an asymmetric apodization
window based on the three-term Blackmann-Harris function, and the
measured signal was reference- and linear baseline-corrected to
determine the optical phase spectra. The optical detector signal was
demodulated at the second harmonic of the AFM cantilever
oscillation frequency to suppress the far-field contribution, yielding
optical amplitude and phase data used to reconstruct the images and
spectra. Preprocessing of the simultaneously collected s-SNOM
images, i.e., topography and mechanical phase, was performed in
Gwyddion.45 All measurements were performed at room temperature
with continuous dry nitrogen purging of the s-SNOM instrument that
is sitting inside an acoustic enclosure.
2.1.3. Vibrational Sum-Frequency Generation Spectrosco-

py. The apparatus is a home-built broadband VSFG spectrometer
described in detail elsewhere.46−48 The driving laser was a 6 W, 100
kHz Yb/KGd(WO4)2 laser oscillator-amplifier system operating at
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1028 nm. The pump pulses were split into two arms. One arm was
used to produce 5 μJ narrowband (picosecond) visible (VIS) pulses at
514 nm or 0.5 μJ narrowband near-infrared (NIR) pulses at 1028 nm,
while the second arm delivered 0.7 μJ and 0.2 μJ broadband mid-
infrared (MIR) pulses in the 2750−3800 cm−1 and 1400−1700 cm−1

spectral ranges to cover the C−H, N−H, and O−H stretching region
and the amide I and II regions, respectively. A home-built purge box
maintaining a consistent dry airflow was used for the MIR beamline to
minimize water vapor absorption. The VIS/NIR and MIR pulses were
spatially and temporally overlapped on the sample, and the reflected
SFG signal was collected by a spectrograph equipped with a Peltier-
cooled CCD. The spectral resolutions were ∼3 cm−1 and ∼5 cm−1 for
applying the VIS and NIR narrowband beams, respectively. The
VSFG spectra were collected in PPP, SSP, and SPP polarization
combinations (the order of polarizations corresponds to the SFG,
VIS/NIR, and MIR beams, respectively) in the C−H/N-H/O−H
stretching range, while the spectra in the amide I region were obtained
in SSP and SPP polarization. Measurements for each polarization
combination were performed on three different samples, with 10−20
sample positions per sample. The measurements were carried out at a
room temperature of 23 °C.
2.1.4. Experimental VSFG Data Processing. After frequency

calibration,49 the difference spectra were calculated by subtracting the
spectrum without MIR excitation, i.e., the background spectrum. Each
difference spectrum was divided by the applied acquisition time,
which allowed us to convert the spectral intensity of each spectrum
into a count-per-second (cps) unit. The nonresonant (NR) spectrum
was collected from a silver surface and normalized with the applied
infrared intensity. This normalization method and the usage of the cps
unit allowed us to quantitatively compare the vibrational amplitudes
of various spectral ranges, i.e., for spectral stitching. Each difference
spectrum was normalized with this corrected NR spectrum at a given
polarization combination. The resulting calibrated VSFG spectra at
each polarization combination, the so-called effective value of |χ(2)|,2
were averaged and used for further spectral analysis. In the next step,
the imaginary part of the effective χ(2) was calculated based on the
maximum entropy method (MEM),50,51 which enabled the extraction
of the relevant Lorentzian oscillator resonance frequencies together
with the probable relative signs of the corresponding amplitudes. This
information was, in turn, used for spectral fitting of the normalized
VSFG spectra by the sum of Lorentzian functions

+
=

I A
B

i
( ) ei

i
VSFG NR

1

2

(1)

where the first term on the right accounts for the NR contribution
with an amplitude ANR and a phase Φ, making it possible to describe
both constructive and destructive interference. Bν, ων, and Γν are the
amplitude, frequency, and damping factor of the νth Lorentzian

resonance, respectively. In the data analysis, thin film (Fabry−Perot)
interference effects were not considered, since the optical thickness of
our samples was negligible compared to any of the laser wavelengths
in the VSFG experiment.52

2.2. Molecular Dynamics Simulations

2.2.1. Calculation of VSFG Spectra. The theoretical chiral
(SPP) VSFG spectra of the investigated protein in the amide I region
were calculated using the method described by Roeters et al.20 This
method is based on the local mode description of the molecular
vibrations in which the collective modes of the system are expanded
based on local amide I vibrational modes using separate local
coordinates for each amide group of the main chain of the protein.
The local amide I vibrations are coupled, forming delocalized
vibrational excitons described by the following Hamiltonian

= + +
=

+

=
>

+ +H b b b b b b( )
i

N

i i i
i j

i j

N

ij i j j i
1

0

, 1

(2)

where N is the number of residues in the protein chain, bi
+, bi, andωi

0

are the creation and annihilation operators and the frequency
belonging to the local mode i, respectively. Further, κij is the coupling
constant between local modes i and j. This approach assumes that the
amide I modes are side-chain independent and are mainly determined
by the secondary structure of the protein. The coupling constants of
these oscillators are approximated as the interaction energy of coupled
transition-dipole moments.53 However, this approximation does not
work properly for the nearest neighbors (κi,i ± 1, κi ± 1,i) in a
polypeptide chain, because these residues are mechanically coupled
through the bonds. Therefore, the conformation dependent values of
these coupling constants were directly determined from density
functional full normal mode calculations by Ham et al. 47 using the
Hessian matrix reconstruction method.19,54,55 rather than using the
simplified dipole−dipole coupling model. For this calculation, a
glycine dipeptide analog was used as the simplest peptidic model
system.47 The ωi

0 = Ω0 − δωPro − δωHB,i frequencies are calculated
from the isolated local mode frequency Ω0 using a red-shift for proline
residues (δωPro) and another shift of δωHB,i that originates from the
hydrogen bonds formed between the main-chain amide groups and
the H-bond donors and acceptors of the protein and the solvent.
δωHB,i can be calculated using the empirical formula suggested by
Hamm et al.53 and the parametrization published by Roeters et al.20

and Meister et al.56

From the eigenvalues (ων) and eigenvectors |ν⟩ of the excitonic
Hamiltonian, the frequency-dependent hyperpolarizability tensor of
the protein can be calculated as

Figure 1. Chiral VSFG spectroscopy setup in SPP polarization combination and the definition of Euler angles that give the orientation of the
protein-fixed coordinate frame (x, y, z) in the laboratory frame (X, Y, Z).
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=
i

( )
1

2 ( )
,ijk

k ij(2)
IR

IR (3)

where μk
ν is the transition dipole vector and αij

ν the Raman tensor
calculated for the υ-th normal mode of the excitonic system. These
quantities can be calculated from the transition dipole vector and
transition polarizability tensor of local amide I modes using the
eigenvectors of the excitonic Hamiltonian in eq 2 as described by
Roeters et al.20 Γ is the line width of the Lorentzian, which is assumed
to be equal for all modes. The elements of the second-order
susceptibility tensor can be obtained from βijk

(2) as

=
=

I i J j K kN( ) ( , )( , )( , ) ( ) .IJK
i j k

ijk
(2)

IR
, ,

x, y, z

(2)
IR

(4)

Here, I, J, and K denote the coordinates in the laboratory (X, Y, Z),
and i, j, k in the molecular frame (x, y, z) (see Figure 1).
The same letters in bold are the unit vectors of the corresponding

coordinate axes. The angle brackets ⟨⟩ indicate an average of the
molecular geometries present in the sample, including the possible
orientations on the surface and the large variety of intramolecular and
intermolecular interactions. The effective second-order susceptibility
tensor belonging to the SPP setup is

+

L L L

L L L

cos( )sin( ) ( ) ( ) ( )

sin( )cos( ) ( ) ( ) ( )
SPP
(2)

vis IR YY sum XX vis ZZ IR YXZ
(2)

vis IR YY sum ZZ vis XX IR YZX
(2)

(5)

where LMM (M = X, Y, Z) denotes the Fresnel factors calculated for
the sum-frequency, the visible, and the IR beams.57 After averaging for
the rotation around the Z axis

SPP
(2)

YZX
(2)

XZY
(2)

(6)

From eq 6, the intensity of the SFG signal is

| |I .SPP
(2) 2

(7)

2.2.2. Simulation Details and Sampling. An acceptable
sampling of the conformational ensemble of the solvated protein
and the protein−surface complex is inevitable to obtain a good-quality
calculated spectrum. To this end, we used MD simulations with
classical force fields. Namely, the OPLS4 force field58 was applied for
the protein and surface parametrization, and the nonpolarizable SPC
water model for the solvent, as implemented in the Desmond program
of the Schrödinger package.59,60 The Nose-Hoover Chain thermostat
and Martyna−Tobias−Klein barostat were applied to control the
temperature and pressure, respectively.61 The RESPA integrator62 was
used with a time step of 2 fs during the simulation. Long-range
electrostatics were treated with the Particle Mesh Ewald (PME)
method.63 A 200 ns NPT molecular dynamics simulation was
performed, and evenly spaced samples were collected from the second
half of the computation. Based on pioneering works by Roeters et
al.20,64 and other closely related publications in this field,19,56,23,15,24,65

we have developed a Python code for the calculation of VSFG spectra
using the MDAnalysis package66,67 to process MD trajectories. The
3D structure of PYP, obtained by high-resolution neutron
crystallography, has been downloaded from the Protein Data Bank
(PDB ID: 2ZOI).68

Figure 2. Chiral VSFG spectra of the PEI+(PGA+PLL)6 multilayer structure (“PLL”) and the PEI+(PGA+PLL)6+PYP multilayer structure (“PYP
on PLL”), recorded in SPP polarization for the C−H/O-H region (A−C) and the amide I/II region (D−I). Narrowband upconversion
wavelengths were 514 nm (A−F) and 1028 nm (G−I). Panels A, D, and G show normalized homodyne VSFG spectra with best-fit curves (eq 1).
Panels B, E, and H show imaginary spectra for PLL, and panels C, F, and I correspond to PYP on PLL, with black lines indicating fits based on eq 1
and purple lines indicating MEM retrieval results.
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The orientation of the protein on the surface is characterized by the
Euler angles φ, θ, and ψ (see Figure 1). We assume that the sample is
optically isotropic in the XY plane; therefore, we average over the
possible orientations in this plane, that is, for the φ angle. In this way,
the different orientations of the protein can be distinguished by angles
θ and ψ.
2.3. HADDOCK Docking
In order to estimate the binding quality of PYP at the top of the
PLL−PGA layered film, a simplified protein complex refinement
protocol, as implemented in the integrative modeling software
package, HADDOCK, version 2.4, was used.69−71 There are three
stages in the HADDOCK protocol by default. Initially, each protein is
handled as a rigid entity during rigid-body docking (stage 1).
Typically, experimental or anticipated interaction data serve as
guidance for this docking stage. This data is converted into distance
constraints that favor particular protein sections to bind without
defining their relative orientation. The top models from stage 1 (200
by default) then advance to stage 2, where protein−protein
interactions are further refined using a simulated annealing technique
in torsion angle space. In order to maximize intermolecular
interactions and permit minor conformational changes, flexibility is
progressively added to the protein interface, initially for side chains
and subsequently for both side chains and the backbone. The final
stage (stage 3) refines the protein−protein interface by either an
explicit solvent-shell molecular dynamics simulation or an energy
minimization, which is the default in HADDOCK2.4. In our case, we
used a simplified protocol that omits the randomization of the initial
orientations of PYP and halves the number of different PLL−PYP
complexes passed between stages.

3. RESULTS AND DISCUSSION

3.1. PYP Adsorption at the Air-PLL Interface as Revealed
by Chiral VSFG Spectroscopy
Figure 2A−I show the measured chiral (SPP) VSFG spectra of
PLL and PYP adsorbed on the PLL surface in the C−H/O-H/
N−H stretching and the amide I region. Figure 2D−I show
equivalent measurements; the only difference is that the former
spectra were recorded using a narrowband VIS beam, whereas
the latter employed a narrowband NIR beam. Since H.
halophila PYP absorbs mainly in the 400−500 nm range, using
a narrowband NIR upconversion beam ensures no direct
optical or electronic excitation by the incident beams and
avoids that the generated SFG signal itself falls in the
absorption band of the chromophore. However, as shown in
Figure 2D−I, the positions of the vibrational bands and the
sign of Im(χSPP(2) ) remain essentially unaffected by the choice of
the upconversion wavelength within the uncertainty of the data
retrieval procedure. Referring to Figure 2A, the characteristic
out-of-plane and in-plane vibrational stretching modes of the
chiral Cα-H groups appeared both with and without the
protein at 2890 and 2980 cm−1, respectively. At 2938 cm−1, a
shoulder is visible for PYP, which we assigned to the Fermi
resonance of methyl groups. Around 3270 cm−1, a broad chiral
N−H stretching mode was observed both with and without the
protein (Figure 2A), and additionally, the chiral amide I and
amide II modes (Figure 2D,2G) were also detected. Based on
the correlation proposed by Yan’s group, namely that a β-
sheet-rich peptide/protein shows both chiral N−H stretching
and chiral amide I modes,16 these results indicate that PLL
itself already forms a well-ordered β-sheet at the surface.
Circular dichroism (CD) analysis indicates that PLL in
aqueous solution at pH7 adopts a mixed conformation
dominated by antiparallel β-sheet (∼48%), with additional
contributions from turns and disordered segments (Figure S3).
Past experiments by others showed that at the fully charged

states of PLL, i.e., at pH below 8, ∼60% of the polypeptide
chain is characterized by β-sheet secondary structure and the
remaining ∼40% of the chain stays unfolded. This ratio is
related to the strong electrostatic repulsion between neighbor-
ing charge groups that forces elongation of the polypeptide
rather than a fibril structure.72,73 VSFG measurements also
reveal a predominantly well-ordered β-sheet structure,
suggesting that assembly at the interface keeps the β-sheet
organization. PYP adsorption on the surface of the β-pleated
PLL sheet led to a red shift of the chiral N−H stretching mode
(Figure 2A). However, the chiral amide I and II vibrational
bands remained characteristic (Figure 2D,2G) in accordance
with the dominant presence of β-strands in the huge PAS core
(∼33% of the mass) and β-scaffold (∼33% of the mass)
structural parts of the protein. The extracted chiral imaginary
χ2 spectra for the corresponding PLL (Figure 2B purple line)
and PYP-on-PLL (Figure 2C purple line) system showed a
valley followed by a local peak at higher wavenumbers near
2960/2980 cm−1 and 3260/3310 cm−1, hinting at neighboring
vibrational bands with amplitudes of opposite sign. Since the
Cα-H group governs the chirality of the N−H moiety of the
folded backbone,74 these doublets can be assigned to the
ordered β-sheet secondary structure where the hydrogen
bonds between N−H and C�O groups lie on the surface (XY
plane in Figure 1). When the topmost layer is PLL (Figure
2E,2H), vibrational bands at 1563, 1603/1613, 1625, and 1678
cm−1 were obtained via MEM and spectral fitting methods
(Table S1), which we assigned to COO− asymmetric
stretching (from PGA), NH2/NH3

+ asymmetric deformation
mode (from PLL), B2 and B1 mode of amide I oscillators,
respectively. After the adsorption of PYP on the PLL surface
(Figure 2F,2I), vibrational bands at 1557, 1566, 1592, 1614,
1629, and 1685 cm−1 emerged (Table S2). The resonance at
1557 cm−1 is most probably due to the chiral amide II mode.
Ye et al. reported achiral and chiral SFG spectra of 39-residue
peptide−membrane systems in the amide I/II region; however,
no chiral amide II feature was observed.75 In contrast, a
negative chiral amide II band near 1550 cm−1 was reported for
pepsin at the air−water interface,11 which is particularly
relevant here because pepsin also contains substantial β-sheet
secondary structure. The bands at 1566 and 1592/1614 cm−1

correspond to COO− asymmetric stretching and aromatic
modes (ν(C−C)), for which the aromatic CH stretching bands
between 3000 and 3100 cm−1 are also visible (Figure 2A,2C,
Table S2). Furthermore, we found positive amplitude for the
B1 (ν|) and B2 (ν⊥) modes of the amide I oscillators at 1685
cm−1 and 1629 cm−1, respectively, and negative amplitude for
the amide II band near 1557 cm−1 (Figure 2E,F). These chiral
motives in the VSFG spectra are in accordance with the
previously obtained chiral heterodyne-detected imaginary
spectrum of concanavalin A and LK7β, which are also rich in
β-sheet motifs.14,76 The feature observed near 1660 cm−1 may
arise from an amide I mode associated with helical
components. In the high-wavenumber region, the bands at
3115, 3211, 3282, and 3300 cm−1 are assigned to N−H
stretching vibrations and related and/or coupled O−H
stretching modes. Owing to the strong spectral overlap
between peptide N−H and hydration-water O−H vibrations
in this region, a clear separation of helical and β-sheet
contributions is not possible based on these bands alone.
However, the higher-wavenumber components likely reflect
distinct hydrogen-bonding environments and may contain
contributions from helical structures.16 The feature at 3387
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cm−1 is assigned to the O−H stretching mode of chiral
hydration water, consistent with an ordered hydration-shell
water structure induced by the chiral protein assembly.80

3.2. Nano-FTIR Measurements

To obtain complementary spectral information with nanoscale
spatial confinement, nano-FTIR measurements were carried
out over the 800−2700 cm−1 spectral range at selected
locations across the thin-film samples. Detailed analysis of the
collected spectra in the range of 1250−1800 cm−1 was
performed to reveal protein-related information. Figure 3A
shows the averaged spectra of PLL and PYP on PLL samples
recorded from a ∼ 25 nm spatial region. The spectra were
obtained by plotting the second-harmonic optical phase shift
after preprocessing. This analysis provides further evidence for
interfacial β-sheet formation, as evidenced by the presence of
characteristic vibrational bands at 1632 and 1688 cm−1 (Figure
3, blue line), similar to those observed by VSFG spectroscopy
(see Figure 2D,2G) and CD measurements (Figure S3). The
adsorption of PYP on the PLL surface induced substantial
spectral changes (Figure 3, red line), exhibiting a strong
characteristic amide I (1700−1600 cm−1) and amide II
(1600−1500 cm−1) vibrational bands of PYP, and a strong
symmetric stretching mode of COO̅ side chains around 1400
cm−1. These differences are more visible in the second
derivative traces of Figure 3B, where we concentrate on the
amide I and II regions. The so-obtained bands in this spectral
region are primarily assigned to vibrational modes of the amino
acid side chains and the characteristic secondary structures of
PLL and PYP. Vibrational signatures of β-sheets were observed
with a maximum at 1632 cm−1/1688 cm−1, and 1637 cm−1/
1688 cm−1 for PLL and PYP on PLL, respectively. While the
band corresponding to disordered structures appeared at 1658
cm−1 for PLL, the turns emerged at 1665 cm−1and 1670 cm−1

for PYP on PLL and PLL, respectively. Since PYP consists of
approximately 45−50% β-sheet, 20−25% turns and loops, and
only ∼20% helical content, the broad feature near 1660 cm−1

could plausibly arise from the helical elements of PYP. The
presence of bands near 1560 and 1660 cm−1 further suggests
that these helical segments are oriented at an angle relative to
the substrate, allowing both amide I and amide II modes to be
detected. Accordingly, the nano-FTIR results point to
sensitivity to out-of-plane vibrational components and imply
that the helical units are tilted with respect to the surface rather

than being aligned strictly parallel or perpendicular to it.
Importantly, the minima in the second derivative spectra of
both PLL and PYP on PLL align closely with the frequencies
which we assigned by VSFG spectroscopy (cf. Tables S1 and
S2).
3.3. Orientation of PYP Adsorbed on the PLL Surface

The VSFG signal of the PLL−PYP system depends on the
orientation of the PYP molecule on the peptide surface. By
comparing the theoretical spectra corresponding to different
PYP orientations with the experimental spectra, we can
determine the actual protein arrangement. In our study, we
used the calculated amide I signal of the backbone amide
groups of PYP for this purpose, similarly to what was proposed
by Roeters et al.20,64 and developed further by Guo et al.15,23 A
minor difference from their approach is that our model is based
on averaging on a statistical sample (obtained from molecular
dynamics simulations) and it takes into account, besides the
intra- and interchain interactions of the amide groups, their
interactions with protein side chains and the surrounding
solvent molecules. Further differences from the above-
mentioned approaches are that, instead of using two or more
VSFG spectra with different polarization combinations, our
method is based on the chiral SPP spectrum alone.
Nevertheless, the most significant difference stems from the

fact that, in our case, not only the protein but also the peptide
layers underneath are optically active, and neither the structure
of these peptide layers nor the orientation of the protein on
their surface is known. We used theoretical calculations to
determine a suitable spatial arrangement of the peptides that
yields an SPP intensity similar to the experimental one. This
spectrum is then combined with that calculated for PYP with
all the possible (θ,ψ) orientations

= ++ ( , ) (1 ) ( , )SPP
PLL PYP

SPP
PLL

SPP
PYP

The actual α parameter is determined for each PYP orientation
(θ,ψ) so that the RSS (residual sum of squares) error
calculated from the experimental spectrum is as small as
possible. The minima of the resulting RSS(θ,ψ) function
indicate the most probable surface orientation of the PYP.
Although this procedure seems conceptually straightforward,

further approximations need to be implemented to overcome
the existing difficulties. Fortunately, based on earlier measure-
ments, two important approximations could be made that

Figure 3. (A) Nano-FTIR spectra of PLL and PYP on PLL normalized by the spectrum of the Si substrate. (B) Second derivative of the near-field
phase spectra in panel A (without any smoothing or additional preprocessing). The characteristic bands corresponding to PLL and PYP are
marked.
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helped us build an effective model. The first is that each layer
of the (PGA−PLL)6-PYP stack is very similar, with almost the
same refractive indices with nm-scale thicknesses (i.e.,
molecular dimensions). Therefore, the peptide and protein
layers can be considered as a single protein-like molecular film.
With this in mind, a computational model was built to include
not only the VSFG signal from the PYP layer, but also from the
other underlying layers. The second approximation is based on
the fact that the PGA layers do not contribute to the SPP
signal due to their random structure,38 so we only need to
include PYP and PLL in our model. In the case of the (PGA−
PLL)6 system, direct structural information is not available;
therefore, a model system must be created to calculate the SPP
spectrum of PLL, whose spectrum closely approximates the

measured one. As a preliminary step, an antiparallel β sheet
consisting of six PLL chains is placed on a surface consisting of
six disordered PGA chains. In selecting the PLL structure,
secondary structural information obtained from experiments
was utilized. A 200 ns molecular dynamics simulation is
performed on the system, as outlined in the Methods section.
Subsequently, we conducted SPP spectrum calculations using
the two PLL chains positioned at the periphery of the β sheet,
employing a data set comprising 200 structures derived from
the latter half of the simulation. Given the absence of
additional information regarding the structure of the PLL
chains beyond their secondary structure, the calculated
spectrum most analogous to the experiment in terms of RSS
is selected through scanning the possible spatial orientations of

Figure 4. (A) RSS deviation of the experimental and theoretical SPP curves of the PLL+PYP system for the different (θ, ψ) orientations calculated
in the amide I region. (B) Net orientation of the N−H bonds of PYP obtained from the simulation.

Figure 5. Results of the molecular dynamics simulation for the PYP−PLL and PLL systems. (A) Orientation of PYP on the PLL surface shown on
the RMSD map from Figure 4A (+). (B) Comparison of the experimental (solid line) and theoretical (dashed line) SPP spectra for PYP on the
PLL surface (black), the PLL surface (red), and the PYP on PLL spectrum obtained from PLL−PYP molecular dynamics simulation (green). The
theoretical SPP spectrum of PYP was obtained for the orientation θ = 130°, ψ = −100°. (C) Dipole vector of PYP for the same orientation of the
protein. (D) HADDOCK scores for the PYP−PLL complex obtained from the contact refinement protocol started with the PYP oriented in
direction (θ, ψ). (E) Normalized distribution of the backbone N−H orientations (see Figure 4B for the definition of angle γ) for the helical and β-
strand regions together (black) and their helical (red) and β-strand (green) components separately.
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these chains. This way, we obtain the approximate complex
spectrum of the peptide layers.
Euler angles (φ, θ, ψ) were used to determine the relative

orientation measured from the laboratory frame (X, Y, Z). For
the reference orientation (φ = 0, θ = 0, ψ = 0), the axes of the
molecular frame ((x, y, z) as defined in the experimental 3D
structure of PYP (PDB ID: 2ZOI)) are parallel to those of the
laboratory frame. Using surface symmetry, the signal was
averaged for rotation around the Z-axis (φ), therefore, the two
remaining Euler angles determine the relative orientation of
the protein on the surface (θ,ψ). For these orientations, we
calculated the RSS error of the theoretical and experimental
curves as a measure of similarity, using an increment of 10
degrees for both angles. These values were plotted against the
angles (θ,ψ) in Figure 4A.
The two dark regions in Figure 4A show the orientations

where the calculated spectra exhibit a high similarity to the
experimental one. Up to this point, we used only one feature of
the SPP spectrum, namely the intensity in the amide I region.
However, for the true orientation, every geometric feature
derived from the spectrum must match the features calculated
from the MD simulation for a selected orientation. Therefore,
we tried to find the proper geometric feature that would pick
out the real orientation or orientations from the above-seen set
of theoretical SPP intensities that is similar to the measured
one in the amide I region. As derived from the MEM
calculation of the imaginary part of the chiral VSFG signal, the
dominant orientation of the N−H bonds from the backbone
amide groups is the ‘upward’ orientation (positive Z direction,
cf. Figure 2C). Assuming that the angle between the i-th N−H
bond and the Z axis is γi, we calculated the sum of the cos(γi)-s
for the helical and β-strand regions of PYP (Figure 4B),
incrementing the θ and ψ angles by 10 degrees. If this sum is
positive, then the “upward” direction is dominant for the
selected protein orientation. Comparing panels A and B of
Figure 4, we can easily see that only one region fulfills this
positivity criterion, namely the one at (θ = 130°, ψ = −100°).
Fortunately, we obtained a single region for our protein, but
for other systems, several regions may contribute to the
spectra.
To verify the calculated orientation of PYP on the surface,

we performed molecular dynamics simulations with a model
system composed of a single PLL layer in an antiparallel β-
sheet structure (in accordance with the experimental
information obtained for the PLL structure) and a properly

oriented PYP on its surface. As a first check, we determined the
dipole vector of PYP in its initial (θ = 130°, ψ = −100°)
orientation (Figure 5C), which is almost parallel to the positive
Z direction, as expected for a protein on a positively charged
surface. Using this initial position, we carried out a 200 ns-long
NPT explicit water molecular dynamics simulation using Br-
ions to compensate for the positive charges and NaBr at an
additional concentration of 0.5 M. The Cα atoms of PLL were
kept fixed during MD simulation, but the PYP molecule could
move freely on the surface. We calculated the actual values of
(θ,ψ) for 200 evenly spaced snapshots from the second half of
the simulation (see Figure 5A), which remained close to the
initial position, demonstrating the stability of this orientation
on the surface.
In addition, we also calculated the VSFG spectrum of PYP

from the MD simulation of the PYP−PLL system. In this case,
in addition to the intramolecular and PYP-water interactions,
the PYP−PLL interactions were also taken into account in the
calculation of the Hamiltonian in eq 3. Similarly to our first
PLL−PYP calculation, these PYP and PLL signals were also
superimposed. The spectrum obtained shows acceptable
agreement with the experimental curve (see Figure 5B).
Although the calculated curve (green) for the PYP−PLL
system is somewhat blue-shifted and shows also differences in
the 1650−1700 cm−1 region compared to the measured
spectrum, leaving space for further parameter optimizations.
The dominant orientation of the backbone N−H bonds in

the helical and β-strand regions remained also unchanged in
the PYP−PLL simulation, as demonstrated in Figure 5E. The
N to H vector of these bonds dominantly points to positive Z
directions, as it is demonstrated by the distribution curves of
cos(γ) in Figure 5E. Separating contributions from the helical
and the β-sheet regions, we can also see that the asymmetry
stems dominantly from amide groups of the helices.
The contact of the PYP molecule with the PLL surface can

also be considered as a protein−protein interaction and can be
characterized using well-established computational tools of this
field. In the present study, we used the HADDOCK program
package, which is primarily designed for protein−protein
docking but is also applicable for refining protein−protein
contacts, which fits our present goal. We positioned the PYP
molecule near the PLL surface used in our PLL−PYP MD
simulation in all possible orientations using a 20° step grid in
(θ, ψ) space. Each complex was refined using the protocol
described in Section 2.3. The final HADDOCK scores are

Figure 6. (A) Comparison of the PYP−PLL structure (PYP: red, PLL: tubes in rainbow coloring) with the relative orientation of a neighboring
PYP−PYP pair in the crystal structure (PDB ID: 2ZOI). One of the PYP molecules (red) coincides with the PYP molecule from the PYP−PLL
complex. (B) Comparison of the PYP−PLL structure with the X-ray structure of interacting PAS (blue) and CNBh (green) domains of the mouse
KCNH channel (PDB ID: 4LLO).77 Atoms of the positively charged residues on the upper surface of CNBh domains close to PYP are shown in
ball representation.
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shown in Figure 5D. Although these scores do not directly
represent binding energies, the more negative scores indicate
more stable complexes. Importantly, the minimum of the
HADDOCK score surface is very close to the value determined
from the SPP VSFG spectrum (cf. Figure 5A).
Although the structural information from our model agrees

well with the information derived from the chiral SPP VSFG
measurement, we sought further experimental data to confirm
that the interaction surface of PYP identified by us also occurs
in other complexes and can be confirmed by other methods.
Unfortunately, we could not find direct information on the
complex-forming properties of PYP, thus, we collected indirect
information from the crystal structure of PYP and the contact
properties of an analogous PAS domain in a larger protein.
First, we checked PYP−PYP interactions, as an example of

homodimerization typical for sensory proteins, in a PYP crystal
that was identified by combined neutron diffraction crystallog-
raphy (PDB ID: 2ZOI).68 Figure 6A presents a neighboring
PYP−PYP pair from this crystal structure in which the upper
PYP in red was aligned with the PYP in the PYP−PLL
complex.
As can be seen, the interaction surface of PYP with PLL

shows a clear overlap with one of the contact surfaces of PYP
in the crystal structure. PYP belongs to the PAS domain family,
often appearing in larger proteins. From these proteins, here
we present a KCNH ion channel in which a PAS domain is
located near the N-terminus, while the cyclic nucleotide-
binding domain (CNBh) is positioned close to the C-terminus
of the protein (see the inset in Figure 6B). The sequence of the
PAS domain shows 45% similarity with PYP. The X-ray
structure of the PAS-CNBh complex of the mouse KCNH ion
channel is available in the Protein Data Bank (4LLO).77 Figure
6B shows two CNBh domains that interact with the PAS
domain. One of them is the biological interaction partner of
PAS (indicated by bolding its name), and the other belongs to
a neighboring PAS-CNBh dimer in the crystal used in the X-
ray crystallographic study. This structure is compared with the
PYP−PLL complex by fitting the backbone of PYP and the
PAS domain. This figure clearly demonstrates that the
interaction surface of PYP in the PYP−PLL system closely
resembles those of the PAS and CNBh domains.
3.4. Opposite Water Orientation at PLL and PYP Surfaces

Figure 7A shows the measured and fitted VSFG spectra of PLL
with and without the adsorbed PYP layer on top in the spectral
range of 2800 and 3700 cm−1 obtained in achiral, SSP
polarization combination. The spectrum shows characteristic
signatures of the methylene stretching bands of the Lys side

chain, which shifted with PYP adsorption on the surface due to
the nonpolar side chains of PYP. Additionally, the Cα-H
stretching band, which appears as a shoulder at 2980 cm−1, is
also detected for both the polyelectrolyte and the protein top
surface, but with a much higher vibrational amplitude in the
case of the PLL−PYP system. As shown in Figure 7A for
wavenumbers above 3000 cm−1, the interfacial water structure
is very different when PYP is adsorbed on the PLL surface
compared to the bare PLL interface.
The dominant water orientation at the PLL and the PLL−

PYP surface can be determined using MEM decomposition of
the corresponding experimental achiral SSP intensity spectrum.
Alternatively, and to validate the MEM results, the imaginary
part of χ 2 can also be calculated from the best-fit curve based
on eq 1 (Figure 7B,7C). Above 3000 cm−1, a positive/negative
sign of the broad O−H stretching band in the imaginary part
of χ 2 represents a net hydrogen-up/down orientation.78,79

Thus, the bands at 3200 cm−1 and 3450 cm−1 for PLL suggest
that water above the top of the polyelectrolyte exhibits a
hydrogen-up orientation. Since PLL is positively charged and
its side chains pointed upward in the experiments, such a
hydrogen-up orientation at the PLL surface is expected,
considering simple electrostatic effects. Upon PYP adsorption
on the PLL surface, the O−H orientation flips to a hydrogen-
down direction (cf. Figure 7C), most probably due to the side
chains of PYP. Remarkably, a positive amplitude was also
observed for the chiral O−H bending mode (Figure 2A−C),
which in turn flipped to negative amplitude after PYP was
adsorbed on the surface (Tables S1 and S2).
To cross-check the experimental observation of an opposite

orientation of the water O−H orientation at the bare PLL
interface compared to that at the PLL−PYP surface, we
employed MD simulations. This provides an additional
possibility to validate our model independently of our
chiroptical results discussed above. For this purpose, we used
finer sampling with 1000 snapshots from our PYP−PLL
simulations to properly represent the water arrangements
around the PLL and the PYP-covered PLL surface. Although
the achiral VSFG signal of the water molecules does not
originate exclusively from the first hydration shell (unlike the
chiral water signal as it was revealed by Kontantinovsky et
al.80), the distortion of the orientational distribution induced
by the PLL or PYP surface is the strongest here, and therefore,
we used this for comparison with the experimental results. The
PLL surface is positively charged, which is compensated by Br−
ions in our case. The negative ions are often directly attached
to the surface. Therefore, we considered the Br− ions to be part

Figure 7. Achiral VSFG spectra of the PEI+(PGA+PLL)6 multilayer structure (“PLL”) and the PEI+(PGA+PLL)6+PYP multilayer structure (“PYP
on PLL”), recorded in SSP polarization for the C−H/O-H region. Panel A shows normalized homodyne VSFG spectra with best-fit curves (eq 1).
Panel B (C) shows imaginary spectra for PLL (PYP on PLL), with black lines indicating fits based on eq 1 and purple lines indicating MEM
retrieval results. The insets show the molecular arrangements of the model systems.
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of the surface, and their first hydration shell was added to the
pool of water molecules that contact the PLL directly. We
assume that the PLL surface was homogeneously covered by
PYP with the same orientation as we described in Section 3.3.
Nevertheless, due to packing effects, only the upper part of the
protein (farther than 13 Å from the PLL surface in our case)
could interact directly with water molecules. The orientation
distribution of these water molecules (that is, the distribution
of the cosine of the angle ξ between the dipole vector of the
selected water molecules and the Z axis) is presented in Figure
8 for PLL and PYP, showing a well-defined, oppositely
distorted shape that fits well with the experimental findings
(Figure 7). Additionally, the distributions where the surface-
associated Br− ions are not taken into account are also
presented. In the case of a PYP-covered surface, these negative
ions have a minor influence. In contrast, when these ions at the
PLL surface are to be ignored it gives rise to an even more
distorted orientation distribution of the water molecules.

4. CONCLUSIONS
We studied in situ protein−protein interactions by combining
nano-FTIR spectroscopy and chiral VSFG spectroscopy with
MD simulations and calculations of VSFG spectra to assess
macromolecular orientation at the interface. As a model for
protein−protein interactions, we chose the adsorption of the
photoactive yellow protein to a surface of poly-L-lysine. We
found that both the bare PLL and the PYP-covered PLL
surface exhibited ordered β-sheet secondary structure where
the hydrogen bonds between N−H and C�O groups lie on
the surface. The adsorption of PYP on the β-pleated PLL sheet
led to a red shift of the N−H stretching mode. The root-mean-
square deviation between measured and calculated chiral SPP
VSFG spectra revealed two likely orientations of the PYP
molecule on the PLL surface. The sign of the imaginary part of
the measured χ(2) was consistent with the calculated net
orientation of the N−H bonds of PYP, and provided additional
information that, in general, can help pick out the real
orientation from the various possible alignments derived from
the intensity spectrum alone. Our MD simulations confirmed
that the extracted orientation of the adsorbed PYP molecule is
consistent with stable docking on the PLL surface, and the
changes in the calculated VSFG spectrum during molecular
dynamics up to a duration of 200 ns remained small compared
to the measured spectrum. Additionally, employing the

HADDOCK protein−protein docking procedure for the
PYP−PLL system also led to a very similar orientation.
Furthermore, the interaction surface of PYP identified by us is
consistent with the contact surfaces in (i) PYP−PYP
interaction and orientation in homodimerization obtained for
PYP crystals using neutron diffraction crystallography and (ii)
the PAS-CNBh complex of the mouse KCNH ion channel,
where the sequence of the PAS domain shows 45% similarity
with PYP. Finally, our experiments revealed a flip of O−H
orientation in the first hydration shell of PYP and the PLL
surface compared to that of the bare PLL surface, which was
confirmed by the net water dipole direction obtained from our
MD simulations. Our combined experimental and theoretical
strategy has high potential for determining the interfacial
orientation of peptides and proteins and for identifying partner
proteins in situ during protein−protein interactions.
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