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Abstract

This thesis is about Sum Frequency Generation Spectroscopy (SFG) of proteins at different
interfaces. The main goal was to obtain detailed structural information of proteins at interfaces
gained by this method. To obtain protein structural information is important for the
understanding of protein functions. But drawing a molecular picture of proteins at or in cell
membranes remains a rarely reached holy grail in protein biophysics. Hence, finding ways for
solving structures of those proteins can substantially deepen our understanding of the function

of cell membranes.

The results of this thesis are divided into three sections. In the first section, the tilt angle of a
membrane binding protein is determined with SFG spectroscopy. The protein IM30 was
injected below a lipid monolayer, the subsequent binding was followed by SFG spectroscopy.

The protein’s tilt angle was then deduced from protein to lipid peak intensity ratios.

The second section deals with the absolute orientation of peptides at interfaces. Since tilt
angles of molecules measured with non-phase-resolved SFG exhibit a 180° phase
uncertainty, the absolute orientation remains unknown. Phase-resolved SFG provides this
missing information. Here, phase-resolved SFG was employed to study the absolute

orientation of LK-peptides at the water air interface.

And the last section approaches the holy grail of structural information of membrane proteins
with atomic resolution. Here, we describe an approach combining Molecular Dynamic

simulations with SFG spectroscopy to predict and verify structures of membrane proteins.

Interestingly, the experimental ease and the structural information gained are working in
opposite directions. The more the SFG response of a protein is canceled out due to inversion
symmetry, the more information can be deduced from its SFG spectra. IM30, which consists
of more than 50 parallel alpha helices, is experimentally easy to study. Yet, the spectral
information is limited to a rough estimate of the overall tilt angle. On the other hand, GlpF
which mainly consists of anti-parallel alpha helices exhibits an extremely low SFG intensity,

but the spectral information suffices to verify MD-simulations.



Abstract

Das Thema dieser Arbeit ist Sum Frequency Generation Spektroskopie (SFG) von Proteinen an
verschiedenen Grenzflachen. Das Hauptziel war, detaillierte Strukturinformationen von Proteinen an
Grenzflachen zu erhalten. Diese Informationen sind fiir das Verstiandnis der jeweiligen Proteinfunktion
wichtig. Aber trotz der Relevanz bleibt ein molekulares Bild von Proteinen an oder in Zellmembranen
ein selten erreichtes Ziel in der Proteinbiophysik. Das Finden neuer Wege zur Erzeugung von Protein-
Strukturinformation konnte demnach das Verstdndnis der Funktion von Zellmembranen wesentlich

bereichern.

Die Ergebnisse dieser Arbeit sind in drei Abschnitte unterteilt. Im ersten Abschnitt wird der
Neigungswinkel eines membranbindenden Proteins mit SFG-Spektroskopie bestimmt. Das Protein
IM30 wurde unter eine Lipidmonoschicht injiziert, die anschlieBende Bindung wurde durch SFG-
Spektroskopie verfolgt. Der Protein-Neigungswinkel wurde dann aus Protein-zu-Lipid-Peak-

Intensitétsverhdltnissen abgeleitet.

Der zweite Abschnitt befasst sich mit der absoluten Orientierung von Peptiden an Grenzflichen. Da
Neigungswinkel von Molekiilen, die mit nicht-phasenaufgeldstem SFG bestimmt werden, eine 180 © -
Phasenunsicherheit aufweisen, bleibt die absolute Orientierung unbekannt. Dieses lédsst sich mit Phasen
aufgeldster SFG Spektroskopie beheben. Hier wurde phasenaufgelostes SFG verwendet, um die

absolute Orientierung von LK-Peptiden an der Wasser-Luft-Grenzfldache zu untersuchen.

Der letzte Abschnitt beschreibt einen Ansatz, der Strukturinformation von Membranproteinen mit
atomarer Aufldsung bestimmen kann. Hierbei wird das Ergebnis einer Molecular Dynamics Simulation
mit experimenteller und gerechneter SFG-Spektroskopie verglichen, um Strukturen von

Membranproteinen vorherzusagen und zu verifizieren.

Interessanterweise sind die experimentelle Durchfiihrbarkeit, und die dabei gewonnenen
Strukturinformationen gegenlaufige Eigenschaften. Je stirker die SFG-Antwort eines Proteins aufgrund
von Inversions-Symmetrie ausgeldscht wird, desto mehr Informationen lassen sich aus seinen SFG-
Spektren ableiten. IM30, das aus mehr als 50 parallelen alpha-Helices besteht, ist mit SFG
Spektroskopie verhdltnisméBig einfach zu studieren. Jedoch ist die gewonnene Information auf eine
grobe Abschitzung des Gesamtneigungswinkels beschrinkt. Auf der anderen Seite weist GlpF, dass
hauptséchlich aus anti-parallelen alpha-Helices besteht, eine extrem niedrige SFG-Intensitét auf, aber

die Daten reichen aus, um MD-Simulationen zu verifizieren.
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1. Introduction

Proteins play an important role in many biological processes (all basic biological information can be
found in more detail in biochemical textbook like refs. !?). Besides DNA, RNA, lipids and sugars,
proteins are the basic fundament of all living organisms. Almost every biological process involves
proteins. Important examples are enzymes, which catalyze biological reactions by providing a binding
site as a micro environment for chemical reactions. This micro environment facilitates the catalyzed
reaction by providing i.e. the perfect local pH, electron donors or acceptors, molecular orientation of the
reaction partners or just enhances the reaction speed by keeping the educts close to each other. Other

prominent examples of proteins are membrane proteins and the cytoskeleton of cells.

Membranes of all organisms are almost fully covered with protein. Some of them are involved in
processes of the immune system i.e. the recognition of healthy cells. Others are responsible for anchoring
the cell in the surrounding tissue. Furthermore, membrane transport proteins are the gateway for every

large or polar molecule which is inherently not able to cross the membrane.

All living cells exhibit a protein-based cytoskeleton. These highly dynamic structures are involved in

all proliferation processes. Malfunction is thus fatal.

All these functions are determined by the protein’s 3D structure. Hence knowing this structure in detail
is essential for understanding the protein’s function. Knowledge of the structure and function of proteins
allows one to target proteins using pharmaceutical drug applications. Drug design would, for instance,
be facilitated and quickened by specifically searching for compounds which perfectly match the desired

binding site of the protein, which in turn can be inferred from its structure.

1.1 Protein Structures

Proteins are polymers consisting of 21 different amino acids®. The amino acids form a linear chain
wherein the sequence determines the primary structure (Figure la). Depending on the chemical
properties of their sidechains the amino acids are divided into several subgroups: electrically charged,
polar uncharged and aliphatic. Depending on the environment and the amino acid sequence the protein
may fold into a so-called secondary structure which are classified as alpha helices (Figure 1b), beta
sheets, turns and unordered random coils. The chemical and steric properties of amino acid sidechains
are the driving force for those secondary structures. A model peptide family which demonstrates the
importance of the sidechain for its secondary structure is the family of the LK-peptides wherein peptides
with repetitions of leucine (L) and lysine (K) form beta sheets at hydrophobic surfaces like the water/air
interface. At these interfaces, peptides with LKK repetitions form alpha-helical structures®. As soon as
the protein consists of more than one secondary structure unit, the protein adopts a tertiary structure

(Figure 1c). Assemblies of multiple proteins are regarded as quaternary structures (Figure 1d).
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Depending on the environment the protein is embedded in it is further classified as water soluble or a

membrane protein.

Figure 1: Different instances of protein structure: a) the primary structure represents the
linear sequence assembled by the 21 different amino acids. b) the secondary structure is the
basic structure of a protein or peptide. It may be an alpha helix, beta sheet or a random coil.
c) the tertiary structure represents the entire 3D structure of a protein or peptide which
consists in most cases of many different secondary structures. d) the quaternary structure
(human hemoglobin, black = a-subunit, grey = B-subunit) is an assembly of multiple proteins
which are then called subunits. The protein structures have been depicted with UCSF Chimera

Protein structure history and milestones

The first 3D protein structure was derived from crystalized sperm whale myoglobin using X-ray
diffraction in 1958° for which Sir John Cowdery Kendrew, among others, was awarded with the Nobel
Prize in 1962. This has been followed by more than 100,000 protein structures up until now (Figure 2).
Due to difficulties crystalizing membrane proteins — mostly caused by their hydrophobic part which is
typically embedded in the inner core of the membrane — most of the solved protein structures are from
soluble proteins® (Figure 2). To overcome the crystallization issues, the membrane proteins were

crystalized in detergent containing buffer, which shielded the hydrophobic parts of the proteins. The
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first membrane protein was crystalized in 1984 by Deisenhofer et al.”, who was awarded a Nobel Prize

in 1988.
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Figure 2 Numerical progression of solved 3D structures of soluble proteins and membrane
proteins in the protein data base (PDB?®)

Current Methods

Most protein structures have been solved with X-ray diffraction of protein crystals (Figure 3a). But
besides this method there are many other techniques available which can glean information about protein
structures. The information gained varies between the different methods. Circular Dichroism (CD)°,
Infrared (IR) spectroscopies'® and Raman scattering'! give a rough approximation of the amount and
type of secondary structures. Small Angle Neutron Scattering (SANS)'?, Small Angle X-ray Scattering
(SAXS)" and Electron Microscopy (EM)'* provide information about the protein shape. Only Nuclear

716 are able to solve

Magnetic Resonance (NMR)'® and X-ray and Neutron diffraction of protein crystals
protein structures with atomic resolution. In many cases, only the combination of different techniques

yields an atomic picture of a protein'*.,

10
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a Il X-Ray 89.9%
B \VR 9.2%
[ EM and others 0.87%

I Water Soluble Proteins 97.14%
Il Vembrane Proteins 2.86%

Figure 3 a) methods used for solving protein 3D structures in the protein data base (PDB?) b)
estimated percentages of water soluble proteins and membrane proteins available in the PDB.

1.2 IR spectroscopy of proteins

Proteins have been widely studied with different infrared techniques'®. The main focus of IR
experiments studying proteins lies in the amide-I region, which is in the frequency range between 1600
cm! and 1700 cm!. The IR signals of proteins in this region are mainly originating from their backbone
amide C=O stretch vibrations. The strength of each amide bond determines its vibrational frequency
which is called eigenmode. The strength of this bond is influenced by the hydrogen bond between the
C=0 backbone and N-H groups. This is further determined by the type of secondary structure of the
protein. The frequencies of protein backbone oscillations are therefore characteristic for its type of
secondary structure'®. Furthermore, the vibrational frequency can be used to confirm proper folding of
expressed or isolated proteins. Commonly used IR spectroscopies are transmission Fourier transform
infrared (FTIR)!"-'®, Attenuated Total Reflectance(ATR)-FTIR', Surface Enhanced Infrared Absorption
spectroscopy (SEIRAS)? and Infrared Reflection-Absorption spectroscopy (IRRAS)?!.

1.3 Proteins at interfaces

Roughly 30% of human proteins are membrane proteins®>. These membrane proteins, among others,
are involved in signaling processes, cell adhesion or cell respiration reactions. Being exposed to the
surrounding medium membrane proteins are easily accessible for pharmaceutical drugs®. Furthermore,

the drug must not cross the membrane barrier to target a membrane protein.

Every component or particle which is incorporated into the human body must interact with human
proteins. Those will start to adsorb immediately and nonspecifically after incorporation of the artificial
material and form the protein corona, which, from then on, is the particles interaction interface*, and
determines how it interacts with its surroundings. Upon adsorption, the proteins in the adsorbed corona

can undergo conformational changes, like clustering or aggregation. But the problem remains that the

11
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predominant number of those interfacial processes are not yet understood. The design of the surface of
an artificial particle requires therefore a better understanding of the interfacial processes to purposefully

tailor the formed protein corona®.

Studying those interfacial processes brings certain challenges. In most cases the main part of proteins
will be dissolved and ‘inactive’ in bulk medium and must be differentiated from the ‘active’ population
at the interface. Hence, following protein conformation at interfaces equals looking at an active
population, which is hidden behind the vast majority of a similar looking but inactive population in bulk.
There are different approaches dealing with this challenge. Removing the bulk solution after incubation
which is typically used for methods in ultra-high vacuum like X-ray Photoelectron Spectroscopy (XPS),
Secondary lon Mass Spectrometry (SIMS) or Near Edge X-ray Absorption Fine Structure Spectroscopy
(NEXAFS)*. Alternative strategies focus on narrowing the sampling depth of the method, to minimize
the bulk contribution. This is the typical approach for optical methods like ATR-FTIR, IRRAS, SEIRAS
or Sum Frequency Generation spectroscopy (SFG). The latter technique is central to the work described

in this thesis, and will be explained in more detail in the following.

Sum Frequency Generation spectroscopy of proteins

Sum frequency generation (SFG) spectroscopy is an inherently interface specific vibrational technique.
The interface specificity originates from the fact that the SFG response correlates with the sum over all
molecular hyper polarizability vectors. In media, which possesses centrosymmetry or inversion
symmetry, this sum will be zero and, as a consequence, so will be the SFG response. Hence, only ordered
interfaces will give rise to SFG signals (more details can be found in the theory section)?’. Due to the
selection rules of this second order non-linear optical method, SFG spectra are challenging to analyze.
The most basic information one can gain from an SFG peak is that an ordered interfacial layer exists.
Understanding changes in peak intensities is less trivial. An increase in intensity of the peak can
originate either from a higher degree of order, i.e. an increased degree of the collective orientation of a
constant number of molecules, or from a higher density of equally ordered molecules at the interface.
Hence, understanding changes in SFG intensities requires a second method which provides information
about molecular concentration at interfaces. Such information can be obtained from, for example,

measurements of the surface pressure at the water-air interface or by using XPS of solid substrates.

A prominent application of SFG spectroscopy is studying the order of molecules with alkyl chains like
i.e. lipids at interfaces. Here, the methyl and methylene groups are ordered in a very characteristic way.
The methylene groups possess an inversion symmetry which leads to a decreasing SFG intensity of
methylene related peaks with increasing order. On the contrary, the intensity of methyl related peaks is
inversely correlated to the alkyl chain order. Therefore, the ratios of methyl to methylene peak intensities
can be used to determine the molecular order and orientation of the interfacial layer (Figure 4)*%. A
more complex situation arises when doing SFG spectroscopy of proteins in the frequency region

corresponding to the amide-I modes. Here, the SFG response originates from hundreds of different

12
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amide bonds with different orientations, and different binding energies. Therefore, an amide-I peak

consists of multiple overlapping spectral features of hundreds of different eigenmodes of the interfacial

protein layer resulting in a complex pattern of peaks and dips within the spectrum.

SFG intensity

2000 2050 2100 2150 2200 2250 2300

Wavenumber cm™

SFG intensity

AR
G«

o
CQQ, 1 1 1 1 L 1 L 1

1350 1400 1450 1500 1550 1600 1650 1700
Wavenumber cm™

Figure 4 Comparison of deuterated Methyl/Methylene SFG spectra and SFG spectra collected
in the amide region. Both spectra were collected at the CaF, — water interface of a CaF2-prism.
A) SFG spectrum of a hybrid supported DPPC bilayer. One leaflet was protonated; one leaflet
was deuterated. The SFG spectrum in SSP polarization of the deuterated leaflet is depicted
here. The asymmetric and symmetric CD3; peaks are clearly separated. B) SFG spectrum of
the glycerol facilitator protein GlpF in a supported bilayer membrane. CH3 scissoring modes
between 1400 cm™ and 1500 cm™ are dominant making it difficult to differentiate between

peaks and dips in the amide | region.
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Furthermore, the intensities of those amide-I peaks often do not exceed that of the non-resonant
background, leading to many different peak shapes due to interferences of the resonant and non-resonant
signals (Figure 4) and interferences between neighboring peaks. In sum: the interpretation of amide-I
spectroscopy of proteins with SFG is challenging and, in most cases, delivers only a very rough

indication of the secondary structure.
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Figure 5 Calculated SFG spectra of a single alpha helix at phase differences from 0 to 2.
Here, the amplitude of the non-resonant part was set to a higher value than the amplitude of
the resonant part. The broad variety of peak shapes demonstrates the strong influence of the
non-resonant phase to the peak shape and the position of the peak maximum.

The complexity can be reduced by using simplified model systems like small peptides which consist in
most cases of only one single secondary structure. Alternatively, modeling the experimental SFG data
with calculated SFG data of simulated protein structures helps to disentangle the convoluted information
of an amide-I spectrum®*3!. In a regular SFG experiment, the SFG intensity equals the response squared.
Resolving the phase of the SFG response provides the real and the imaginary part of the SFG response.
Thus, one can obtain additional information about the SFG response by constituting an experimental
SFG spectrum and resolving the phase of the response. All three approaches were employed in this

thesis.
1.4 Model membrane systems used for spectroscopies

Lipid Monolayers
A lipid monolayer is a simplified model of a biological membrane. Here, the cell membrane is reduced

to one leaflet which is spread at the water air interface. The fluidity of a lipid monolayer depends on the

14
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lateral lipid packing density in addition to the temperature dependent phase of lipid molecules. The

lateral lipid packing density is also denoted as surface pressure or surface tension.

The main advantages of lipid monolayers are: monolayers are easy to prepare; one only needs a syringe
or pipette to add a controlled volume of a diluted lipid solution onto the surface of a water-filled trough.
The lipid monolayer then forms automatically. Furthermore, lipid monolayers are very stable: it is
possible to use a lipid monolayer even with high concentrations of membrane perturbing reactants like

i.e. cell penetrating peptides or detergents®>.

The disadvantages of lipid monolayers are: There is no reasonable steady state: In binding experiments,
the binding-molecule will bind to the membrane until an equilibrium surface tension is reached. This
equilibrium state or stoichiometry depends on the strength of the binding-molecule / membrane
interaction and is an arbitrary value which does not necessarily reflect a physiologically relevant
stoichiometry. Using a trough with moving barriers, which makes the surface area adjustable, allows
for binding experiments with constant surface pressure. The drawback of this approach is that the
concentration of binding-molecule will increase with time until the trough surface area reaches its
maximum. Hence, for experiments in which a definite and constant lipid / binding-molecule ratio is
crucial, a constant surface pressure approach is inappropriate. Furthermore, the monolayers lipids are
completely exposed to the surrounding air and oxygen. Therefore, unsaturated lipids must be used in a

nitrogen flushed reaction chamber to avoid oxidation®*.

Planar bilayer
Planar bilayers are the gold standard for protein membrane interaction studies with infrared and laser

based techniques®-’

. They provide a more realistic model for cell membranes than lipid monolayers
while still being comparatively easy to handle and prepare. Supported lipid bilayers can be prepared
either as supported or as tethered bilayers®*°. In supported lipid bilayers, the lipids of the proximal layer
are either cushioned by a 10-20 A water layer or directly in contact with the solid support*!. In tethered
bilayer membranes, tether molecules are covalently linked to the substrate and provide a stable link for
the membrane to the substrate. A general drawback of two dimensional membranes is the small number
of lipid molecules (one molecule per ~10 cm? = 0.1 nM in a typical trough with 1 cm depth) in

comparison to the number of binding-molecules which often makes it impossible to use physiologically

relevant concentrations and stoichiometry.

Supported bilayer:
Advantages: With the Langmuir-Blodgett / Langmuir-Schaefer deposition it is possible to prepare
heterogeneously supported lipid bilayers which allow for spectroscopical differentiation between both

leaflets when one of them is isotopically labeled?®: 4>,

Disadvantages: The proximal leaflet at the solid substrate is very inflexible. i.e. the diffusion constant

for lateral mobility is reduced dramatically**. Additionally, supported lipid bilayers possess a low
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stability towards membrane perturbing molecules. Therefore, it is difficult to find the right concentration
of the interacting-molecule where an impact of the binding is observable and the supported bilayer

remains intact®.

Tethered Bilayer Lipid Membrane (t-BLM)

Tether molecules for t-BLMs are typically thiol or silane functionalized molecules with a spacer region
(i.e. PEG spacer) followed by a hydrophilic group to match the lipid head group and then terminated by
a hydrophobic tail to match the fatty acids of lipid molecules*® %, Alternatively, tethered membrane
proteins can be used as tether molecules too. Then, the system is called protein tethered Bilayer Lipid

Membrane (pt-BLM)*.

The advantages of tethered lipid bilayers over supported lipid bilayers are: A higher stability towards
membrane perturbing elements: Due to the strong interaction of the tether molecules with the substrate,
a (p)t-BLM tolerates interactions with harsher binding-molecules. Also, the tether molecules increase
the distance between proximal leaflet and solid substrate. This gives i.e. integrated membrane proteins
more space so that the parts of the proteins which are sticking out of the membrane are not in contact

with the solid support.

Disadvantages, especially for SFG spectroscopy: The covalent attachment of tether molecules to the
typical substrate for SFG measurements (CaF-) requires a thin layer of noble metal (i.e. Au, Ag or Pt)
or Si0;. This thin layer modifies the optical parameters of the solid / water interface. A surface Plasmon
resonance can be added by the noble metals. Furthermore, noble metals can add an imaginary part to the
refractive index of the interface. Both issues are mostly trouble-free and partially even desirable as
amplifying factors in linear optics studies, but can cause difficulties while analyzing results of a non-

linear spectroscopy.

Vesicles

Lipid vesicles are the model membrane system which is closest to a real cell membrane. The lipid
density, lipid mobility, membrane curvature and phase behavior are comparable to those of cell
membranes when appropriate lipids are chosen*’. Depending on their size, lipid vesicles are categorized
into small unilamellar vesicles (SUV, radius < 50nm), large unilamellar vesicles (LUV, radius < 1pum)
and giant unilamellar vesicles (GUV, radius > 1um). While SUVs and LUVs are used in spectroscopy,

GUVs are mainly used in microscopy experiments.

Advantages: Due to the 3-dimensional nature of vesicles in solution, it is possible to perform
experiments with a physiological relevant stoichiometry. Here, an excess of lipids over the binding-
molecules can be used which mimics physiologically relevant conditions and prevents steric hindrance

due to very high packing of binding molecules.
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Disadvantages: IR light is - except for a few open spectral windows - strongly absorbed by 'H>0 or H>O.
Hence, the penetration depth of IR methods probing lipid vesicles is fairly short and the spectral range

is limited to those spectral windows where the IR light is not absorbed by water.

1.5 Goals of this thesis

The aim of the research described in this thesis is to extract structural information gained from complex
experimental SFG spectra of proteins. To achieve this, we combined experimental SFG spectra with
calculated SFG spectra of modeled peptides and proteins. The main goal was to get a validated or
improved 3D model of a membrane protein which was simulated by molecular dynamics simulation in
its physiological environment. The motivation behind this question was to establish how reliable protein
structures derived from crystalized proteins are in comparison with their structure in physiological
environments, to introduce SFG as a structure solving technique and to inspire future projects using this

technique for protein folding studies with picosecond time resolution.

1.6 Content of this thesis

This thesis consists of 5 chapters.

The first chapter draws a very basic, general overview about the methods, samples and goals of this

thesis.

In chapter 2 the current state of research and theoretical backgrounds of the used methods are explained

in detail.

Chapter 3 is about experimental implementation of the experiments explaining in detail which

difficulties may occur and how to handle them.

In chapter 4 all results are described and discussed in detail. As all results presented here are either

submitted or published in peer reviewed journals this chapter contains a collection of those articles. *

Chapter 5 summarizes the results of this thesis, gives an overview on the goals, the achievements and

an outlook of topics for further investigation.

*In accordance with the MPGC examination regulations §11.1.
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2. Theory

The theoretical background of this chapter is based on reference 48. All vectors in this thesis are

represented in bold typeface.

2.1 Nonlinear Optics
When light interacts with matter it can induce a dipole moment (i) which is proportional to the electric

field (E) and the molecular polarizability tensor (o).

u=aE Eq

Macroscopically this is summed up to the polarization of a molecular ensemble (P).

P =¢yxE Eq

Where € is the permittivity of the free field and y is the linear susceptibility which describes the

macroscopic response of a material to the incoming electric field.

When the strength of an electric field exceeds a certain threshold (typically ~2.5 kW/cm?) the response

becomes nonlinear. In this case Eq 2 must be extended into a power series

P=¢e,(YVE + yPE? + y®E3 + yWE* +...) Eq

Where x1 is the nonlinear susceptibility of i™ order.

2.2 Second order nonlinear optics

In case of three wave mixing processes — two incoming and one generated wave - y @ can give rise to

the following five phenomena:

[ 2(E,E}) ] Eq
+EZexp(—2iw,t) 4
PP = ¢x® +EZexp(—2iw,t)

+2E1Ezexp(—i(wq — wy)t)
+2E{Ejexp(—i(wq + wy)t)

The first term corresponds to optical rectification, the second and third term to second harmonic
generation (SHG), the fourth term corresponds to difference frequency generation (DFG) and the last
term to sum frequency generation (SFG). Only SFG processes are considered in this thesis. They can be
specifically separated from other effects by selecting the right angle and optical filters for the reflected
light.
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The SFG process is considered as a three-wave mixing process. Thus, the susceptibility y® must be a

third order tensor. So, that

2
Psy = €ox PE4E; Eg
Can be written as
xX,¥V,Z XY,z XY,z XY,Z Eq

2 2
PS(F) = Z Pifs% = € Z Z Z Xl(?k E;visExr 6
7 T T %

In a system, which possesses centrosymmetry or inversion symmetry, even order nonlinear

susceptibilities (") are 0. The Neumann principle states:

"The symmetry elements of any physical property of a crystal must include the symmetry elements of the
point group of the crystal." *

Therefore, applying the inversion operator (Iop) to equation 6 leads to:

2 2
IOp (PS(F)) = _PS(F) = _60(_X£2i,)—j,—k(_E)2) Eg
As 12, isa polar tensor, 12, = @ therefore,
— — @ _ @ _ @ _ (2)
IOp(P) =-P= _Xi,j,k = X—i,—j,—k = Xi,j,k = _X—i,—j,—k Eq

which is only true if Xz(i)k =0.

2.3 Sum Frequency Generation

Two temporally and spatially overlapped laser pulses of the frequencies w;and w,impinge on a
nonlinear active material, and can generate a Sum Frequency Signal at the frequency wsr = wy;s + Wyg.
This process can be described as an infrared absorption of one photon followed by an Anti-Stokes
Raman scattering (Figure 6) of a second photon, or in other words an Anti-Stokes Raman scattering
process of a vibrationally excited interface. Thus, a vibration must be both Raman and IR active to be

SFG active.
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Raman scattering SFG )
----------------------------- Virtual
State
hv .
V1S
hv SFG
Y
hv I !
. : V
Rayleigh Stokes  Anti-Stokes 0

Figure 6 Linear and nonlinear excitation of molecules. Infrared absorption and Rayleigh and
Raman scattering processes belong to linear optical methods. Sum Frequency Generation
combines the infrared and Raman processes. An infrared pulse generates a vibrational
resonant polarization which is subsequently upconverted to a virtual state by a second pulse,
so that the emitted photon yields the sum of the energy of both pulses.

The generated SF signal is partially reflected and partially transmitted through the interface. In this

thesis, only the reflected part was analyzed.

Figure 7 reflection geometry of a standardly used homodyne detected Sum Frequency
Generation spectroscopy setup. IR and visible laser pulses are overlapped in time and space
to generate the SFG signal.

The intensity of the reflected SF signal can be described as>

8mlwipsec?Ogp

c3ny (wsp)ny (Wyis)ny (wig)

2
2
)(éf)f | Lyislir

[(e]

Isg

Where c is the speed of light, n; (wsp)n4 (wyis)N1 (w;r) are the refractive indices of the bulk medium
at the frequencies wgp, Wyis and wyg respectively. Osp is the angle of the SF signal in respect to the

surface normal which is defined as:
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sinfsp _ sinBy;s  sinbip Eq
)LSF /lvis /11R 10

The second order effective susceptibility yes® must be related to the Fresnel factors L(w), the unit

electric field vectors é(w) and the second order susceptibility 1@,

22, = [Lwse) - 8(@sp)] X D: [L(yis) - 8(@yi)] - [Llwi) - Ewp)] Eq

The third order tensor )(ﬁ-)k contains 27 different tensor elements. In a non-chiral system, only 7 tensor

elements are non-zero. Those can be further reduced to 4 different tensor elements due to symmetry

reasons in an azimuthal symmetry. It can be probed by 4 different laser polarization combinations:

Xar = x50 = x5, Eﬁ‘
Xsps = Xyey = Xink =
Xoss = 150y = xS Eg
xS == xS+ X2+ 2 - 12 Ej

here, the subscript i.e. SSP stands for the laser polarization combination (S-polarized SFG, S-polarized

vis and P-polarized IR; S = vertical, P = parallel).

In a chiral system )(,(é)z, X 3(;22)2' Xé}z()z’ X ;i)z, X 23{ and ;é?y are also non-zero. The remaining tensor elements

arc zero.

The total SFG response )(S%r of an azimuthal, non-chiral system can thus be simplified to

@ _ @ (2) (2) (2)
Xeff = Xssp + Xsps + Xpss + Xppp Eg
Combining Eq 10 - Eq 14 leads to

& =1 Ly (@yis)L in 6 x50 Eq
Xssp = yy ((USFG) yy (wvzs) zz (wIR) sin g nyz 16
ngg = Lyy (wspe)Lzz (wvis)l‘yy (wg) sin By Xg(zzz)y E;I
X;zs)s =Ly, (wSFG)Lyy (wvis)Lyy (wg) sin Ogpg Xg%; Eq
18
ng)P = —Lyx (Wspe) Lxx (Wyis)Lyz (ig) €OS Ospg €OS B,y SN O X)g:i')z Eg

- Lxx (wSFG)Lzz (wvis)Lxx (wIR) Cos QSFG sin evis cos 91R Xp(cizc

+ Lzz (wSFG)Lxx (wuis)Lxx (wIR) sin QSFG cos gvis cos HIR X;;Zczc

+ Lzz (wSFG)Lzz (wvis)Lzz (wIR) sin QSFG sin avis sin HIR X;Z
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Phase resolved SFG

To perform phase resolved SFG experiments some modifications to a regular SFG setup must be done.
IR and visible beams are focused to a gold mirror which acts as local oscillator. Subsequently both
beams and the generated sum frequency beam are reflected and refocused with a concave mirror to the
sample. At that, the SFG beam is delayed with a fused silica plate so that the local oscillator and the
sample generate an interference spectrum which contains the phase information of the SFG signal
generated at the sample. The phase information can be extracted using the following equations. Here, a
transformation from frequency domain into the time domain is necessary to deal with the introduced

delay of the SFG response. This transformation is done by an inverse Fourier Transformation.

After inverse Fourier transformation of the electric field into the time domain a conventional SFG signal

can be described as

I= |Et0tal(t)|2 Eq
20
The beforehand described modification to a regular SFG setup requires the introduction of the delay T,

and the Local oscillator E; o (t) to Eq 20:

2
I= |Et0tal(t)|2 = |Esample(t —-T)+ ELO(t)| Ei‘

According to the Fourier Shift Theorem, Egampie(t — T) can be described as Egample €xp(iwT) in the
frequency domain. Hence, Eq 21 can be expressed as

. 2
I= |Etot((‘))|2 = |Esample eXp(le) + ELO(t)l Eg

2 . .
= |Esample| + |EL0|2 + ELOEsample exp(ioT) + ELOEsample exp(—iwT)

Now, in a time domain spectrum, |Esample | ? and |ELo|? are well separated — by roughly 2ps — from their

cross terms EpoEgample exp(iwT) and +E LoEsample €Xp(—iwT). Hence, we can select one cross term

2
, |[ELol? and

specifically by applying a filter function which sets the temporally separated|E_c,a,m,1e
E\oEsample xp(—iwT) to zero. After Fourier transforming the spectrum back to the frequency domain,

the remaining signal can be expressed as

I= Esampleﬁio eXp(in) Eg

Here, the electric fields Esample and E{q are representing Esample and Epg after the filter function.

Esample and E{ can be further described as
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~ . 2 ~ ~
Esample = lasample)(gagnpleEvisElR Ej
And
= 2 les leg
Ero = aoxigre Bty P Eir Eg

.. sample sample
Here, ao and aggmpie are real and positive constants and 7, P¥ and rnmP

s R are the samples

reflectivities for the IR and vis pulses.

Dividing Eq by a gold reference spectrum which was collected using the same settings yields

Qo % . sample_sample
EsampleELO exp(le) _ QsampleTyis R )((2) Eg
E E' - exp(ioT gold__gold _(2) sample
gold™LO p(iwT) AgoldTyis TR gold

)(g))l 4 1s considered to be a real constant because of its non-resonant origin. Hence,
F:sampleﬁi‘:o exp(in) 2) Eq
EgoldE£0 exp(ia)T) sample 27

Proving that )((2)

sample €Al be deduced by normalizing the sample spectra with a non-resonant gold

spectrum.

Current state in literature

SFG spectroscopy is a specialized method used for analyzing the interfacial order and orientation of Self
Assembled Monolayers (SAMs)*-3!, lipids®?, proteins®*>* and many more. It is an important tool to infer
molecular structures at interfaces like, for example, ion concentrations at the water air interface or the
orientation of molecules at the air water interface™. Orientational studies can be further improved by
using heterodyne SFG which directly yields the imaginary and real part of the SFG spectrum’®:
specifically, the sign of the imaginary part directly reflects the orientation of the transition dipole. SFG
has been used to analyze and to understand interfacial processes like water surface tension or water
shearing forces>’*®. SFG has also obtained some importance in studying biological systems. Here it can
be used to study the impact of different effectors on membranes®’. It can also be used to explore working

33, 60-61

mechanisms, orientations or conformations of peptides at interfaces . More recently SFG has also

been employed to study the conformation of larger proteins.*!
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2.4 Calculation of SFG spectra

Theory

The VSFG spectra are calculated using the formalism described in ref. 60.

Protein SFG spectra were calculated based on their structure and orientation, which is given by the input
PDB file. In this method, we assume that the amide-I modes originate completely from the protein
backbone amide bonds. This allows us to neglect any sidechain contribution. First, we constructed the

amide I excitonic Hamiltonian. Here the Hamiltonian has the following form:

ho? K, Kiz Kigo Eq
(Ku hw)  Paz Kas \ 28
H=1Ki; K; ol Kau

\K'M, Ku Ksy hol /

Here, w! are the frequencies of the local modes, i and K; ; are the couplings between the local modes i
and j. Couplings between nearest neighbor amide modes were calculated using an ab initio 6-31G +(d)
B3LYP- map. Here, the coupling represents a function of the dihedral angle between the amide groups.
Non-nearest neighbor couplings were calculated using the transition dipole coupling model which

approximates the coupling with a Coulomb-like interaction of the transition-dipole-moments.

The eigenvalues of each amide-I mode depend on the local environment of each amide bond. For
example, a downstream neighboring proline residue induces a red-shift of the eigenvalue. Also,

hydrogen bonds induce amide-I red-shifts.

Now, eigenvalues @' and eigenvectors c°¥ of the delocalized eigenmodes |v) are calculated by

diagonalizing the one-exciton Hamiltonian. The eigenmodes can be described as:

— ov Eq
[v)= "¢ o) -

o

Here, |o) is the localized v = 1 state of each peptide unit’s (o) amide-I mode. The IR and Raman

responses, [y and a;; respectively, of each eigenmode are now calculated by replacing the localized

eigenmode with either the transition-dipole-moment py or the Raman tensor aj}:

= g -
o
aj; = Z cVaj; g?

o

Here, i, j, k=X, y, z is the axis of the molecular frame. Now, IR and Raman intensities can be calculated.

By assuming homogeneous broadening, each eigenmode is represented with a Lorentzian line shape.
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Tig Eq
Iip z Pr— 32
v
oV 2 Eq
framan Z |wv_(wlaser — Wstokes — lT| 33

Here, w;g, Wigser and wseokes are the frequency of the IR field, the frequency of the excitation laser and
the frequency of the Stokes field respectively. iI' represents the linewidth of the Lorentzian which is

equal for all eigenmodes.

Now, the molecular SFG hyper polarizability ;. @ is deduced from the tensor product of the IR and
Raman responses
Bi®’ =i ® a Eq

34
Finally, the effective nonlinear susceptibility y;, «? inthe lab frame I, J, K =X, Y, Z can be constructed.

To transform the molecular frame X, y, z to the lab frame X, Y, Z an Euler transformation over the
orientation distribution of all molecules has to be performed:
G oD . NT . B E
K@ =N Y (R DT D@ 2) fiy® d

X, ¥,z

Here, X,Y,Z and %, ¥, Z are the unit vectors in the lab frame and molecular frame respectively.

Now, that we have calculated the frequency dependent, second order nonlinear susceptibility, we can
apply the formalism described in equation 11-19 to account for Fresnel factors and different laser

polarization combinations.
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3.Experimental Methods and Experiences

3.1 Lipid Monolayer Preparation

Lipid monolayers were spread on top of buffer solutions using a Hamilton syringe with a repeating
dispenser (PB600-1, Hamilton Company, U.S). Lipids were dissolved in chloroform to a final
concentration of 0.1mg/ml and added dropwise until the desired surface tension was reached. The
surface tension was measured using a tensiometer (DeltaPi, Kibron Inc., Finland). Protein solutions were
injected into the aqueous sub-phase using syringes with steel needles. The latter is important to minimize
withdrawing of lipids due to Langmuir deposition of lipids to larger areas of e.g. pipette tips. A
permanent, small water inflow into the sub-phase was realized using a syringe pump (NE-500, New Era
Pump Systems Inc., U.S.) to compensate for water evaporation. The flow rate was fine-tuned to match
exactly the evaporation rate. This step must be done after preparation of the lipid monolayer because the
evaporation rate is altered due to the presence of the lipids on the surface. The height was controlled
either by following the height of the SFG signal at the CCD camera or by a displacement sensor in case

of phase resolved SFG where a constant height level is crucial.

3.2 Lipid Bilayer Preparation

Lipid bilayers were formed at the solid water interface of CaF» prisms which were mounted on a flow
cell. The leaking in of air bubbles was avoided by keeping the container for the effluent flow at a higher
height than the flow cell. Formation of the lipid bilayer was induced by adding lipid vesicles at a final
concentration of 12 uM into the water or buffer filled flow cell. According to literature, bilayer spreading
and the formation of a proper lipid bilayer takes approximately 30 minutes. After an incubation period
of 2 hours the remaining lipid vesicles were removed by rinsing the flow cell with 10ml buffer (D,O)
solution. To allow a complete NH to ND exchange the supported bilayer was exposed to D,O over night.
The latter step is necessary to minimize the H>O bending mode contribution at the water-CaF»-interface.
It should be noted that the amide-II band shifts towards lower frequencies due to the NH to ND exchange
which leads to one large combined peak of CH> and CHj3 scissoring and amid-II modes between 1450
cm! and 1500 cm™. All lipid bilayer experiments were performed in a flow cell (Figure 8) which was

designed as part of this thesis (in cooperation with Johannes Franz).
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Figure 8 Flow cell for SFG measurements at the solid / water interface of CaF.-prisms. The
mountable bridge (blue and yellow) allowed performing a Langmuir-Schaefer deposition in the
trough which helps during the preparation of lipid bilayers with the Langmuir-Blodgett /
Langmuir-Schaefer method. The advantage of this trough is that it helps to protect the lipid
bilayer from contact with air, which would destroy it.

3.3 SFG setup

The SFG setup used in this thesis (Figure 9) is powered by a femtosecond (fs) regenerative amplifier
(Spitfire Ace, Spectra-Physics) which is pumped by a Nd:YLF laser (Empower, Spectra-Physics) and
seeded by a Ti:sapphire oscillator (Mai Tai, Spectra-Physics). The resulting broadband laser pulses,
centered at 791.8nm, have pulse energies of 5 mJ with 40 fs pulse duration. 1.7 mJ is branched out to
pump the optical paramagnetic amplifier (TOPAS-C, Spectra-Physics) which generates the IR pulse by
difference frequency generation (DFG) between the signal and idler beams out of the TOPAS. The
remaining visible beam is guided through a Fabry-Perot Etalon (SLS Optics Ltd.) which narrows the
frequency of the visible pulse to 15 cm™! and reduces the pulse power to 25 uJ. The IR (2 pJ, A=6.1 um,
FWHM 300 cm™) and visible (25 uJ, A=791.8 nm, FWHM 15 cm™) pulses are focused (focal lengths:
IR: 5 cm, vis: 25 cm) to the sample where they are spatially and temporally overlapped to generate the
SF light. The generated SF signal is guided through a short-pass filter (SP720), a half-wave plate, a
polarizer and finally focused by a lens into a spectrometer (Acton instruments) and recorded with a CCD

camera (Newton, Acton instruments).
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BS
Pump Regenerative \ TOPAS %
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Figure 9: Homodyne SFG Setup: Part of an 800nm visible pulse pumps an optical
paramagnetic amplifier (OPA) which generates broadband IR pulses. The remaining visible
pulse is narrowed by an Ethalon and subsequently overlapped in space and time with the IR
pulse. The generated Sum Frequency signal is spectrally dispersed by a spectrometer and
detected by a CCD camera

3.4 SFG spectroscopy in the amide-I region

To acquire SFG spectra in the amide-I region the IR path must be purged with dry air or nitrogen to
avoid absorption of the IR beam due to water vapor. Due to the small differences in wavelength between
the SFG signal (700 nm-710 nm, this depends on the frequency of the visible pulse and may vary
between different SFG setups) and the visible laser pulse (791.8 nm 15 cm™ FWHM) the short-wave
pass filter (SP 720) in front of the CCD camera might need to be fine-tuned to cut off all residual visible
contributions while completely passing the SFG signal. This can be achieved by rotating the filter around

its central axis.

3.5 SFG spectroscopy of prism interfaces at near-total internal reflection

SFG spectroscopy using a CaF»-prism as solid support requires some adaptations of the SFG setup. It
might be necessary to reduce laser intensities to avoid the generation of white light in the prism.
Furthermore, it might occur that residual intensities of the signal or idler beams from TOPAS induce
bulk four-wave-mixing x® processes. This can be avoided by placing additional filters in the IR pathway
which reduces the intensities of residual signal and idler contributions and separates the IR pulse from
residual signal and idler pulses in time. Reference spectra can be obtained either by coating a narrow
silver or gold film at one side of the prism or by using a separate reference prism. Employing the latter
method brings advantages but also requirements. It must be assured that the reference prism and the
experimental prism are mounted at the same position. Using an uncoated prism for the experiments
decreases the non-resonant background in PPP polarization significantly. This is probably due to leaked

silver or gold atoms even at the uncoated clean spots of CaF,-prisms with narrow coated stripes.
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3.6 Data collection and processing
Spectra were collected for 10 minutes at the water/air interface or, for longer timescales, in kinetic mode
for CaF, water interface. The kinetic mode (or accumulation) is important for longtime measurements

to avoid saturation of the CCD camera which occurs above ~20,000 counts.

For all samples and laser polarization combinations a background must be collected. The IR path was

blocked to allow only the visible pulse.

At the beginning of each measurement a reference spectrum for each polarization combination must be
acquired. For water air interface measurements, this could be either a clean gold or silver mirror or a z-

cut quartz crystal. For CaF, water interface a gold or silver coated prism was used for reference spectra.

After subtraction of the background the spectra were divided by the reference spectrum of the according

polarization combination.

If needed the data were fitted using Eq 4 in which the second order susceptibility y® is considered to

have a non-resonant and a resonant part which is considered as a set of Lorentzians:

Aq Eq4

@ = ,@pi¢ 4 Z—
X XNR WiRg — (l)q - qu
q

Here, ¢ is the phase of the non-resonant background, 4,4, w, and T; are the g™ normal mode’s amplitude,

frequency and damping factor respectively.
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4.Results

4.1 IM30 triggers membrane fusion in cyanobacteria and chloroplasts

The experimental SFG part of the following publication was part of this thesis. This publication was
submitted to Nature communications in October 2014 and accepted in March 2015. The work was a
cooperation between the Institut fiir Pharmazie und Biochemie which initiated it, the Institut fiir
Zoologie and the Institut fiir Biophysik (all at the Johannes Gutenberg University in Mainz), the Max
Planck Institute for Polymer Research in Mainz and the Van’t Hoff Institute for Molecular Science at

the University of Amsterdam.
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protein of approximately 30kDa binds as an oligomeric ring in a well-defined geometry
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Results

non-photosynthetic cell resulted in the evolution of present

chloroplasts, the plant-specific cell organelles where photo-
synthesis takes place. Both chloroplasts and cyanobacteria contain
two internal membranes: the inner envelope (IE) in chloroplasts,
which corresponds to the cyanobacterial cytoplasmic membrane
(CM), as well as the thylakoid membrane (TM), a unique internal
membrane system harbouring the complexes of the photosyn-
thetic electron transfer chain. Despite their apparent importance,
remarkably little is known about the biogenesis and maintenance
of TMs. Processes involved in TM biogenesis, such as protein,
lipid and pigment synthesis, as well as their processing, transport
and assembly, have to be controlled and aligned to finally
assemble this complex membrane system. Vesicle fission at the IE
and vesicle fusion have been implicated in the de nove formation
of the TM network in greening chloroplasts'?. Synthesis of
galactolipids, important TM building blocks, is localized within
the chloroplast IE membrane?®, and thus a mechanism ensuring
continuous transport to the TM must exist. In cyanobacteria, the
biogenesis of certain membrane proteins appears to commence
within the cyanobacterial CM but continues in the TM™3,
and thus here too a transfer mechanism must exist. Regulated
material transfer between the IE/CM and the TMs have been
proposed to be mediated by vesicular transport or via
direct connections between the membrane systems®”. Direct
connections between the IE and TM have been observed in
chloroplasts®®, and TM membrane reorganization is also
suggested to involve dynamic fission and fusion events, as
found in the membranes of the mitochondria, endoplasmic
reticulum and the Golgi apparatus!®. In the cyanobacterium
Synechocystis sp. PCC 6803, direct connections between the CM
and TM have also been observed!!. Thus, despite the lack of
definitive proof, the existence of direct membrane connections in
chloroplasts and cyanobacteria cannot be simply dismissed.
Whereas in cold-adapted chloroplasts vesicles alppeared, which
resemble COPII vesicles found in the cytosol'!>!3, the existence
of vesicles in cyanobacteria remains the subject of debate!®.
However, in recent bioinformatics analyses, chloroplast-localized
components of a vesicular transfer system have been identified,
and some of the identified proteins are also conserved in
cyanobacteria!1®, Thus, several recent observations indicate that
vesicular transfer processes are potentially involved in TM
biogenesis and maintenance. It should be noted that both direct
membrane fusion and vesicle transfer likely involve proteins,
which mediate membrane fusion. Although fusion proteins have
been well characterized for the exocytotic pathway in eukaryotes
(for example, SNARE proteins)!” and viral entry mechanisms'®,
a protein-triggering membrane fusion in chloroplasts and/or
cyanobacteria has yet to be identified. Interestingly, depletion of
the protein IM30, a ~30-kDa protein conserved in chloroplast
and cyanobacteria, results in a significant reduction of TMs and
loss of cell viability in both chloroplasts and cyanobacteria'®-2!,
indicating the involvement of IM30 in TM biogenesis and/or
maintenance. Despite the lack of a transmembrane domain, IM30
has been suggested to interact with membranes, initially based on
the observation that IM30 is in close proximity to membranes in
immuno-gold analyses and its co-sedimentation with membranes
during ultracentrifugation®! 2%, However, given that IM30 forms
oligomeric structures, with molecular masses exceeding 2 MDa
(ref. 25), these protein structures will trivially co-sediment with
membranes. The closely related phage shock protein A (PspA) of
Escherichia coli has been demonstrated to bind to the negatively
charged lipid phosphatidylglycerol (PG)?®, and thus IM30
binding to the negatively charged PG appears to be likely®.
Mainly based on analyses of IM30-depleted chloroplasts and
cyanobacteria, diverse functions have been suggested for IM30.

E ngulfment of an early photosynthetic cyanobacterium by a

2 RE

An Arabidopsis thaliana mutant lacking IM30 was not only
defective in TM biogenesis but cold-induced vesicles were also no
longer observed at the IE, indicating involvement of the protein in
vesicle formation!?. Consequently, the name ‘vesicle-inducing
protein in plastids 1" (Vippl) has been suggested. However,
further studies have indicated that IM30 is involved in
maintaining the structure and stability of internal membranes
in chloroplasts and cyanobacteria, similar to its bacterial
homologue PspA, and thus has a more protective function®”?,
In addition, IM30 has been found to enhance protein
translocation via the chloroplast Tat pathway2 and
involvement in photosystem biogenesis has been suggested?!-30~
32 Currently, no model combining these diverse IM30 functions
has been proposed, and the exact role of IM30 remains enigmatic.

Here we show that IM30 binds as an oligomeric ring in a well-
defined geometry specifically to membranes containing anionic
lipids. Triggered by Mg” ™, membrane binding eventually results
in membrane fusion, and IM30-established membrane contacts
and fusion eventually allow dynamic remodelling of TM
liposomes, which we propose may permit regulated exchange of
proteins and/or lipids between internal membranes in cyanobac-
teria and chloroplasts.

Results

IM30 binds to the negatively charged TM lipids PG and SQDG.
As the exact mode of IM30 binding to membranes still is
unknown, we first investigated the co-localization of IM30 with
TMs more dependably by sucrose density (SD) gradient cen-
trifugation (Fig. 1a). Although the IM30 oligomers were found in
the pellet fraction, a significant portion of the protein co-localized
with TMs, pointing to a direct interaction of IM30 with cyano-
bacterial membranes. Similarly, heterologously produced IM30
(Supplementary Fig. 1) co-migrated consistently with urea-
washed TMs (Fig. 1b), whereas in the absence of TMs, IM30 was
found exclusively in the pellet fraction (Fig. 1c). Clearly, the
membrane-binding properties are preserved in the recombinant
IM30, so that the IM30-binding affinity to liposomes with dif-
ferent lipid compositions could be readily determined, using this
purified IM30.

Binding of IM30 to model membranes derived from natural
TM lipids was analysed by centrifugation on 5-50% SD gradients.
The fluorescent  probe  [(25)-3-[2-aminoethoxy(hydroxy)
phosphoryljoxy-2-[6-[(4-nitro-2,1,3-benzoxadiazol-7-yl)amino]
hexanoyloxy]propyl] hexadecanoate (C6-NBD-PE) was always
incorporated into the liposomes, to allow optical detection of the
liposomes. The main TM lipids are the uncharged galactolipids
monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylgly-
cerol (DGDG), which account for 50-60% and ~20% of the
lipids, respectively, whereas the two negatively charged lipids
sulfoquinovosyldiacylglycerol (SQDG, ~12%) and PG (~8%)
constitute minor fractions**~>>. IM30 alone localized within the
lower half of this SD gradient, mainly pelleting, because of its
propensity to form high-molecular-mass oligomers (Fig. 1d).
However, a fraction of the protein consistently co-localizes with
liposomes, containing either solely the anionic lipids SQDG and
PG or a combination of neutral and anionic lipids (Fig. le, f). In
contrast, co-localization of IM30 with liposomes composed of the
two neutral galactolipids MGDG and DGDG was not observed.
Thus, IM30 interaction with membranes appears to be mediated
by the anionic lipids PG and SQDG.

To further elucidate whether co-localization with membranes
was caused by a direct membrane interaction, we investigated
interaction of IM30 with liposomes by using the fluorescent probe
Laurdan, which monitors changes in the membrane lipid order,
for example, caused by peripheral binding of a protein (Fig. 1g).
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Figure 1 | IM30 interaction with membrane lipids. SD gradient flotation analysis of (@) native IM30 attached to Synechocystis membranes,

(b) heterologously expressed IM30 added to urea-washed membranes and (e) solely heterologously expressed IM30. Samples were separated on
34-68% SD gradients, fractionated and analysed by SDS-PAGE and western blot analyses, using an anti-IM30 antibody. Localization of the membranes
within the gradient was determined by monitoring chloraphyll absorption (shown on top of the western blot in ab). (d-f) Liposomes mixed with IM30
(e,f) as well as solely IM30 (d) were separated on a 5-50% SD gradient prior to analysis. The fluorescent probe C6-NBD-PE was incorporated into the
liposomes (1:500) for detection, and the position of the liposomes within the gradient was determined by fluorescence spectroscopy. The localization of
the liposomes is shown for MGDG/DGDG-containing liposomes and thereafter only indicated above each western blot. The analyses were repeated three
times and representative western blots are shown. Full scans of western blots are shown in Supplementary Fig. 8. (g) Peripheral binding of IM30 to
liposomes was additionally followed by monitoring changes in the Laurdan fluorescence emission after excitation at 350 nm. Normalized fluorescence
emission spectra are shown in the absence (black) and presence of 2.5 uM IM30 (red). Decreased fluorescence emission at 490 nm, that is, increased lipid
acyl chain order, indicates peripheral binding of IM30. The experiment was performed four times. See also Supplementary Fig. 2.

The decrease of the Laurdan fluorescence emission at 490 nm
indicates that IM30 affects the lipid order by binding to pure PG
membranes. In contrast, addition of IM30 did not significantly
influence the Laurdan signal monitored in pure SQDG mem-
branes, probably due to the fact that the acyl chain order is
already high in SQDG membranes, and binding of IM30 might
therefore not induce a further decrease in the 490-nm emission.
Nevertheless, when using another (non-physiological) neutral
lipid as a background, interaction of IM30 with both, PG- and
SQDG-containing membranes, was again observed, but not with
MGDG- or DGDG-containing membranes (Supplementary
Fig. 2). Together, the SD-gradient and Laurdan experiments
strongly indicate that IM30 directly interacts with negatively
charged TM lipids, and that membrane-bound IM30 remodels
the membrane structure.

IM30 affects the membrane order and promotes liposome
fusion. As peripheral binding of IM30 to membrane surfaces is

expected to affect surface properties, we monitored liposome-
liposome interactions in the absence and presence of IM30, with
increasing concentrations of Na™, K™, Ca> ™ or Mg?> ™ (Fig. 2a).
Divalent cations severely affect galactolipid-containing liposomes
and are known to induce liposome aggregation%’”. As expected,
addition of increasing Ca>* and Mg’ T concentrations resulted
in liposome aggregation, starting at 6 and 17.5mM, respectively.
Although addition of IM30 alone had no visible effect, the
simultaneous addition of IM30 and Ca** or Mg?>™ caused
interactions to start at significantly lower ion concentrations.
However, Mg” ' -induced liposome contacts differed dramatically
in the presence of IM30, as the scattering signal decreased at
further increasing Mg® " concentrations until it levelled off.
In contrast, Na ™ and K™ had no significant effect on liposome
aggregation. Together, these results indicate that IM30
functionally cooperates with Mg®> " at membranes. However,
liposome aggregation could simply reflect liposome-liposome
contacts but could also indicate liposome fusion.
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Figure 2 | IM30 influences MGDG/PG liposome aggregation induced by
divalent cations, (a) MGDG/PG (60:40) liposome aggregation determined
in the presence or absence of IM30 and increasing Ca2 ™ and Mg2*
(left) or Nat and K (right) concentrations. Error bars: s.d. (N=4).

(b) Dye-loaded MGDG/PG (60:40) liposomes were mixed with 3.9 pM
IM30 and increasing Mg? * concentrations as indicated, and the increase in
ANTS fluorescence emission due to content release or vesicle fusion was
monitored over 1,600s (left). In ¢, fluorescence emission was monitored
after mixing liposomes with 7.5mM Mg2* and increasing IM30
concentrations (left). In the right panels of b and ¢, the increases in
fluorescence emission in the initial phases, calculated by linear regression,
are shown. Error bars: s.d. (N=3).

To further probe the impact of IM30 on the membrane
structure and stability, we next monitored the release of soluble
liposome content upon IM30 addition (Fig. 2b). Adding only
IM30 to MGDG/PG liposomes loaded with a fluorophore/
quencher pair without the addition of ions resulted in membrane
binding, but did not significantly destabilize the membrane.
Furthermore, over a concentration range of 0-10mM, the
addition of solely Mg>* also did not induce liposome leakage.
However, the addition of increasing Mg?>™ concentrations
to IM30-containing liposomes resulted in an increased
destabilization of the membrane and in liposome content release.
The observed leakage rates strongly depend on both Mg?*
and protein concentrations (Fig. 2b,c). Clearly, IM30 and
Mg? ™  destabilize the vesicular membrane structure in a
cooperative manner. Sum frequency generation (SFG) vibrational

4 \

spectroscopy of a PG lipid monolayer further corroborates the
IM30-induced perturbation of the lipid layer structure
(Supplementary Fig. 3) by showing that the interaction with
IM30 decreases the lipid acyl chain ordering and affects the lipid
orientation. In summary, the above observations show that IM30
interacts with membranes and together with Mg?® promotes
membrane destabilization.

Interaction with and the destabilization of membranes are both
essential for an effective trigger of membrane fusion. Thus, to
explore a potential fusogenic activity of IM30, we performed a
membrane fusion assay using labelled MGDG/PG liposomes.
Fusion of labelled with unlabelled liposomes resulted in an
increase of the donor fluorescence (Fig. 3). Neither IM30 nor
Mg?*t alone induced liposome fusion, whereas IM30-mediated
membrane fusion was observed above 5mM Mg2+ (Fig. 3a,b).
Higher Mg?t concentrations resulted in a dramatic increase of
the fusion rates, and fusion efficiencies of ~ 100% were reached at
10mM Mg>* and 2.5uM IM30. Thus, the membrane fusion
activity of IM30 clearly depends on Mg? ™. It is interesting to
note that this membrane fusion activity was not observed for an
IM30 mutant, which still forms the oligomeric ring structures
at membrane surfaces observed for the wild-type protein
(Supplementary Fig. 4).

IM30-triggered liposome fusion was further analysed by single-
particle tracking analysis (Fig. 3c). Before addition of Mg?* and
IM30, the liposomes had a mean diameter of 130 nm. Addition of
Mg? ! and 1.3 pM IM30 immediately resulted in a slight increase
of the mean vesicle diameter, and with increasing incubation
time, the liposome size distribution shifted to larger diameters
due to liposome fusion.

IM30 triggers membrane fusion by membrane destabilization.
Cryo-electron microscopy revealed that the diameter of the
analysed MGDG/PG liposomes is typically less than 200nm
(Fig. 4a), in agreement with the single-particle tracking analysis.
Upon addition of either IM30 or Mg® T, the structure of these
liposomes did not change significantly (Fig. 4b,c). Despite the
observation of loose contacts between different liposomes in the
presence of IM30, strong aggregation or fusion was not visible. As
depletion of IM30 in A. thaliana chloroplasts has caused
decoupling of TMs and the IE*®, IM30 potentially mediates a
loose contact between neighbouring membranes. Notably, in the
presence of high Mg® " concentrations, liposomes were
essentially no longer found inside the holes of the holey carbon
film, but mostlg on the carbon itself. However, upon addition of
IM30 and Mg"", the liposomes were found in large amounts
inside the holes (Fig. 4d,e), suggesting that attachment of IM30
affects the surface properties of the liposomes. Furthermore, the
size of the liposomes had increased significantly, indicating fusion
events, and extended contact surface areas between vesicles were
apparent.

Thus far, the observations indicate that IM30 is surface active,
perturbs the structure of lipid bilayers and induces membrane
fusion. However, although membrane fusion is clearly observed,
the assays presented in Figs 2 and 3 cannot distinguish between
membrane fusion directly controlled by IM30 and spontaneous
fusion induced by membrane destabilization. The formation of
large multilamellar liposomes upon addition of IM30 and Mg? *,
as observed by cryo-electron microscopy (Fig. 4d.e), indicated
that IM30 is not a canonical membrane fusion protein. Liposome
fusion mediated by classical membrane fusion proteins would
result in unilamellar liposomes with increased size. In contrast,
IM30 appears to enable membrane fusion by membrane
destabilization and remodelling. To test whether liposome fusion
is indeed caused by IM30-triggered membrane destabilization, we
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Figure 3 | IM30 and Mg? * -mediated vesicle fusion. (a) MGDG/PG
liposomes, containing the donor and acceptor dye, were mixed with non-
labelled liposomes, and the increase in donor fluorescence emission was
monitored over 1,600 s after addition of 2.5 uM IM30 and increasing Mg? *
concentrations (left). In b, the liposomes were mixed with increasing IM30
concentrations in the presence of 7.5 mM Mg2 . 0 and 100% fusion rates
were determined in control experiments to calculate the fusion efficiency
for each sample. The right panels of a and b show the increases in
fluorescence emission in the initial phases calculated by linear regression.
Error bars: s.d. (N=3). (c) The size distribution of MGDG/PG liposomes
was determined by nanoparticle tracking analysis. The liposomes prepared
by extrusion had a mean diameter of 130 nm (black). Addition of i‘v\ngr and
1.3uM IM30 immediately slightly increased the mean diameter (red,

QO min). With increasing incubation time (red curves), the liposome size
distribution shifted to larger diameters. The experiment was repeated

two times.

prepared liposomes labelled with NBD in both leaflets of the lipid
bilayer. As shown in Fig. 4f, the addition of sodium dithionite to
the liposomes selectively quenched the NBD fluorescence in the
outer membrane leaflet. In contrast, the NBD probes of the inner
leaflet are not quenched by sodium dithionite as the membrane is
impermeable for the quencher. In contrast, when the membrane
is solubilized by addition of a detergent, the fluorescence is
completely quenched. Also, addition of IM30 further reduced the
NBD fluorescence, indicating that the fluorescent probes located
in the inner membrane leaflet were reached by the quencher.
Thus, addition of IM30 disturbs the membrane structure

sufficiently to allow sodium dithionite to enter the liposomes.
Apparently, IM30-triggered membrane remodelling and destabi-
lization results in spontaneous membrane fusion, which explains
the formation of multilamellar liposomes.

IM30 binds as a ring to lipid bilayers. Throughout the samples
analysed by cryo-electron microscopy, side views of areas with
additional electron density at the membrane surface are visible
(arrows in Fig. 4d,e). This extra electron density matches in size
and shape oligomeric IM30 rings attached to the membrane
surfaces, as shown in Fig. 5a,b. To further corroborate this
membrane-binding structure, the structure of IM30 bound to
model MGDG/PG lipid monolayers at the air-water interface was
studied using SFG vibrational spectroscopy (Fig. 5c). The peak
near 1,740cm ! in the surface-specific vibrational spectra is
caused by lipid carbonyls; the peak near 1,650 cm ~ ! by backbone
amide vibrations of IM30. The large magnitude of the protein
signal with respect to the lipid signal confirms stable and ordered
binding of IM30 to the surface of MGDG/PG monolayers,
and the 1,650cm ! peak position indicates a mostly helical
secondary structure. The SFG-spectrum can only be reproduced
by simulation with the IM30 protein monomers oriented pre-
dominantly perpendicular to the membrane surface, indicating
that IM30 binds as ring structures to membrane surfaces
(Supplementary Fig. 5). In the transmission electron microscope
images, superimposition of the extra electron density at the
vesicle surface with a three-dimensional (3D) reconstruction of
an IM30 ring agrees very well with the concept of perpendicular
binding of rings (Fig. 5d). However, in case of the wild-type IM30
protein, we observed IM30 rings only in a few sparse areas of the
liposome. In contrast, in case of the fusion-incompetent IM30
mutant (Supplementary Fig. 4b), the liposome surface is more
extensively decorated with IM30 rings. This indicates that the
oligomeric ring structure is destabilized and disassembles during
or after liposome fusion. The role of the Mg? ™ in the binding,
alignment and ring formation of IM30 at the membrane surface
cannot be determined with certainty yet. However, the observed
decrease (by a factor >3) of the protein SFG-response in the
absence of Mg?* (Supplementary Fig. 6) suggests that Mg® * is
able to provide the critical membrane-protein link in the surface-
binding process.

Discussion

Understanding membrane fusion mechanisms has been an
important focus of biochemistry and biophysics research in the
past years. Accordingly, proteins involved in fusion processes,
such as exocytotic pathways in eukaryotes (SNARE proteins) and
viral entry have received substantial interest and are the topics of
increasingly dynamic fields of research. Membrane fusion
typically not only requires the tethering activity of proteins but
also involves significant membrane remodelling.

Membrane fusion/fission processes in the endoplasmic reticu-
lum, the Golgi apparatus or in the mitochondria involve well-
defined protein machineries, which help to overcome the energy
barrier associated with such processes®® 4%, Although it is clear
that fusion proteins are essential for the formation and
maintenance of TMs, surprisingly, not a single fusion-inducing
protein has been identified in TM-containing organisms yet.
Fusion of individual TM sheets and of the CM and TMs has
previously been observed in chloroplasts and cyanobacteria®!!,
and in chloroplasts, with changing light conditions the
architecture of the TM network rearranges, involving
membrane fission and fusion events!®, As in chloroplasts, also
in cyanobacteria, the TM network can be highly interconnected®!,
and it is thus likely that the TM system of cyanobacteria is as
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Figure 4 | IM30 disturbs the membrane structure and thereby triggers membrane fusion. (a-e) Cryo- transmission electron microscope images of pure
MGDG/PG liposomes (a), of liposomes mixed with solely IM30 (b) or Mg? * (), as well as of liposomes mixed with both, IM30 and Mg? * (d,e). Notably,
at high Mg? © concentrations, vesicles were essentially no longer found inside the holes of the holey carbon film, but mostly on the carbon itself.

In contrast, with both IM30 and J‘\."Lg2 T present, the vesicles were found in large amounts inside the holes (d,e), suggesting that attachment of IM30 affects
the surface properties of the liposomes. Furthermore, note the large compartmentalized liposomes in d and e, as well as the extended connection between
two liposomes in d. Arrows indicate extra electron density found at the liposome surface. The area boxed in d is enlarged in Fig. 5. Scale bar, 200 nm.
The magnification was identical in a-e. EM micrographs were taken after 1min incubation with Mg?* and/or IM30. (F) Sodium dithionite was added to
NBD-labelled MGDG/PG liposomes (1), resulting in immediate quenching of the NBD fluorescence of the outer membrane leaflet. (2) When nothing
further (light grey), solely 0.94 pM IM30 (light blue) or solely 11 mM MgCl; (dark blue) was added to the liposomes, the fluorescence did not considerably

decrease further. After addition of increasing IM30 concentrations at a constant MgCl, concentration of 7.5 mM (red curves), the NBD-fluorescence
decreased further in an IM30 concentration-dependent manner. Addition of Triton X-100, which dissolves the liposomal membranes, results in an
immediate quenching of the entire NBD-fluorescence (black). The experiment was repeated two times.

dynamic as in chloroplasts and undergoes remodelling under
changing growth conditions or in the course of development®.
However, proteins involved in this dynamic rearrangement of
membranes in chloroplasts have not yet been identified*?. The
recent observation that in maize mesophyll cell chloroplasts,
which harbour a rather extended TM network, the amount of
IM30 is ~ 10-fold higher than in maize bundle sheet chloroplasts
indicates a crucial involvement of IM30 in TM biogenesis and
maintenance®’, Our results show that IM30 is indeed a potential
key player for TM formation, rearrangement and maintenance in
chloroplasts and cyanobacteria, by triggering membrane fusion.
IM30 is clearly able to bind, assemble and manipulate TMs and
thereby triggers fusion of membrane structures. A central role of
IM30 in triggering membrane fusion explains the various
pleiotropic functions ascribed to IM30 in the past, mainly based
on studies using higher plants, algae or cyanobacteria with
decreased IM30 contents. Lipid transport?**4, vesicle budding or
fission'?, protein translocation and insertion®***¢, membrane
modification®®#, as well as biogenesis of photosystems®!-¥0:48
have been ascribed to IM30. Our study now provides a unifying
explanation for the observations and proposed functions: As its
homologue PspA?6, IM30 binds to negatively charged lizpid
bilayers and affects the membrane structure. Initiated by Mg” ",
IM30 can mediate membrane contacts and triggers membrane
fusion, and thereby enables regulated exchange of proteins and/or
lipids throughout different internal membranes. After membrane
attachment, the IM30 ring structures appear to disassemble on
the membrane surface during or after the membrane fusion event.
The observation that impaired ring disassembly, as seen in case of
the IM30 mutant (Supplementary Fig. 4), coincides with inhibited
membrane fusion, indicates that ring disassembly is essential for
initiating membrane fusion. In our in vitro system, membrane
fusion is initiated by destabilization of the lipid bilayer structure

6 NATURE COMMUNIC

resulting in spontaneous membrane fusion. However, it appears
likely that additional proteins with tethering activity are involved
in vivo to induce and control selective membrane fusion. These
proteins might involve dynamin-related GTPases, such as FZL, or
SNARE-like proteins, which have been identified in chloroplasts
and cyanobacteria'>!64%50, The notion that the TM30 fusion
activity depends on Mg agrees well with the observation
that Mg is generally involved in enzyme regulation within
chloroplasts and cyanobacteria®!. As IM30 is conserved in both
chloroplasts and cyanobacteria, the biogenesis and maintenance
of TMs may well be controlled by IM30-mediated membrane
remodelling.

Methods

IM30 expression and purification. The Synechocystis IM30 was heterologously
expressed in E. coli BL21 (DE3) cells as an N-terminally deca His-tagged protein,
using the plasmid pRSET-SynVippl (refs 21,25). When the liquid E. coli culture
had reached an ODgy, of ~ 0.8, protein expression was induced by addition of
0.5 mM isopropyl-p-D-thiogalactopyraneside. After 4 h, cells were harvested,
resuspended in buffer (300 mM NaCl, 50 mM sodium phosphate, 20 mM imidazol,
PpH 7.6) and broken by ultrasonification. After centrifugation (10,000g, 4 °C,

15 min), the supernatant was loaded onto a nickel-nitrilotriacetic acid agarose
column (Qiagen). The column was washed three times with buffer containing
increasing imidazol concentrations (20, 50 and 100 mM), and the protein was
finally eluted with buffer containing 500 mM imidazol. Before subsequent analyses,
the protein was dialysed against 20 mM HEPES (pH 7.6). IM30 purity was
confirmed on 14% SDS polyacrylamide gels (Supplementary Fig. 1). After pur-
ification, the protein was dialysed against 20 mM Hepes-KOH, pH 7.6 (HEPES).

SD gradient centrifugations. SD gradients were produced and fractionated using
the Gradient Station (Biocomp). For analyses, all gradients were centrifuged at
100,000g for 6 h and immediately fractionated. Individual fractions were analysed
by fluorescence spectroscopy and fractionated proteins were separated on 14%
SDS-PAGE gels with subsequent immunoblot analysis, using an anti-IM30
antiserum® (dilution 1:1,000) and a peroxidase-coupled anti-rabbit secondary
antibody (#A0545, Sigma; diluted 1:10,000). The ‘ECLTM Prime Western Blotting
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Figure 5 | IM30 rings bind perpendicularly to membrane surfaces.

(a) Cryo-TEM image showing IM30 as extra electron density attached to a
liposome. Scale bar, 20 nm. (b) Superposition of the extra density with the
side-view of a 3D reconstructed IM30 ring being depicted in projection
view (approximately 30 nm in diameter). (¢) Experimental (circles) and
calculated (line) SFG-spectra of IM30 bound to a model MGDG/PG
monolayer at the air-water interface using the ssp polarization combination.
The experiment was repeated two times. The calculated spectra match the
experimental data well for upright monomer orientations. A tilt angle of
0° with respect to the surface normal was used for the calculation shown.
(d) Magnification of the box in b, depicting the 3D reconstruction in an
isosurface view. Note that the 3D reconstruction matches the extra electron
density in size and shape, indicating perpendicular binding of IM30 to the
membrane surface.

Detection Reagent’ (GE Healthcare) was used following the manufacturer’s
instruction, to visualize the secondary antibody using a STELLA imaging system
(Raytest).

Membrane purification. Synechocystis PCC 6803 cells were cultivated photo-
mixotrophically in liquid BG11 media supplemented with 5mM glucasezl.
Erlenmeyer flasks were incubated at 30 °C on an orbital shaker (150 r.p.m.) under
fluorescent white light at a light intensity of 30 pmol photons per m* per s!

(ref. 21). Cells were harvested in the mid-log phase (OD;3, of ~ 1). After cell lyses,
the cell lysate was split into two fractions: one was further purified in HEPES buffer
and the other one in HEPES buffer containing 4 M urea. Soluble and membrane-
associated proteins (MF;; = HEPES sample; MFy; = urea sample) were separated by
ultracentrifugation at 100,000¢ for 30 min at 4 °C. The supernatant was discarded
and the MFy; pellet was resuspended in HEPES and washed twice. Finally, the
pellet was resuspended at a final chlorophyll concentration of 1 mg chlorophyll
per ml and mixed with 85% sucrose in HEPES buffer to reach a final sucrose
concentration of 68%. Membranes, containing 200 g chlorophyll, were loaded
below a linear 34-68% SD gradient. All gradients were fractionated after
centrifugation at 4 °C, followed by absorbance measurements and immunoblot
analyses.

The MF; pellet was resuspended and incubated for 30 min in HEPES buffer
containing 4 M urea. Afterwards, the sample was pelleted and washed twice with
HEPES buffer as described before. Subsequent sample preparation and analysis
were performed as described, except that 3 pg of the purified recombinant IM30
was added to the sample before adjusting the sample to 68% sucrose.

Liposome preparation. The lipids DGDG, DOPC (dioleoylphosphatidylcholine),
DOPG (dioleoylphosphatidylglycerol) and MGDG were purchased from Avanti
Polar Lipids, Inc. SQDG was from Larodan Fine Chemicals.

The fluorescence dyes NBD-PE (1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)) and LissRhodPE
(Lissamin Rhodamin PE; 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamin-
N-(lissamin-rhodamin-B-sulfonyl) were purchased from Avanti Polar Lipids, Inc.

NATURE CC

For liposome preparation, lipids were dissolved in organic solvents. The organic
solvent was removed under a gentle stream of nitrogen gas and final traces of the
solvent were removed by vacuum desiccation overnight. The dried lipid films were
hydrated in HEPES buffer, resulting in formation of multi-lamellar liposomes.
Unilamellar liposomes were prepared by five cycles of freezing and thawing,
followed by 15 times extrusion through a 100-nm filter, using an extruder from
Avanti Polar Lipids, Inc.

SD gradient analyses of IM30 binding to liposomes. A measure of 0.4 mg of the
individual lipids or of lipid mixtures (50%:50%, w/w) were dissolved in organic

solvent together with NBD-PE (1:500 molar ratio) before liposome preparation.

After preparation of unilamellar liposomes, the size of the liposomes was adjusted
to 50 nm by extrusion. Three-micrograms of protein were added, and the samples
were incubated for 10min prior to loading the sample onto the SD. For flotation
analyses, 5-50% SD gradients were run at 25 °C and analysed as mentioned above.

Laurdan fl To determine the concentration of the
non-bilayer forming lipid MGDG tolerated in mixed liposomes, MGDG was mixed
with DOPG in increasing concentrations, in 10% increments (compare
Supplementary Fig. 7). The fluorescence probe Laurdan (6-Dodecanoyl-N,
N-dimethyl-2-naphthylamine, from Sigma, Taufkirchen, Germany) was added to
each sample at a 1:500 molar ratio. The lipid concentration was adjusted to 0.1 mM
by addition of HEPES buffer. Laurdan fluorescence emission was monitored on a
Horiba Scientific FluoroMax-4 at 25 °C, from 400 to 550 nm after excitation at
350 nm with both the excitation and emission slit-width set at 4nm.

For the experiments shown in Supplementary Fig. 2, 80% DOPC lipid was
mixed with 20% of one of the four thylakeid lipids (w/w). Laurdan was added to
each sample at a 1:500 molar ratio. A final sample concentration of 0.1 mM lipid
was reached after adding 2.5 pM IM30 or an equal volume of HEPES buffer before
the measurement. Generalized polarization (GP), a measure for membrane fluidity/
structure, was calculated as described in Parasassi ef al.”2.

Liposome aggregation monitored by light scattering. As addition of divalent
cations to thylakoid lipids results in membrane aggregation and an increased
turbidity of the lipid solution®®7, we have determined whether addition of IM30
influences the turbidity. Liposomes containing 60% MGDG and 40% DOPG were
prepared as described. The final lipid concentration was 0.1 mM for each sample.
2.5 M IM30 was added to each sample or solely HEPES buffer (control). Cations
were added to the desired concentration (Mgu', Ca?t:0-30mM; Nat. K™
0-250 mM), the sample was gently mixed by pipetting. After incubation for 5 min
at 25 °C, changes in turbidity were monitored at 600 nm.

Liposome content release. ANTS (8-aminonaphtalene-1,3,6-trisulfonic acid) and
DPX (p-xylene-bis-pyridinium bromide) were purchased from Life Technologies.

To determine whether release of soluble liposome content might be induced by
addition of Mg?* or IM30 (or bath), release of soluble liposome content was
monitored following the procedure described in refs 53,54. LissRhodPE was added
at a molar ratio of 1:350 to the lipid mixture (MGDG/DOPG (60:40 (w/w)) before
evaporation of the organic solvent. The dried lipid film was resuspended in HEPES
buffer containing 12.5 mM ANTS (fluorescent donor) and 45 mM DPX (quencher),
and 100 nm unilamellar liposomes were prepared by extrusion. Free fluorophore
and quencher were removed by gel filtration using a Sephadex-25 column. The
lipid concentration was determined by measuring the LissRhodPE absorbance at
568 nm using the extinction coefficient &; sgnoqpr: (88,0001 mol ~'em = 1), 0.17 mM
lipid was used in the final measurements. ANTS fluorescence at 530 nm was
monitored at 25 °C after excitation at 360 nm with both the excitation and emission
slit-width set at 8 nm.

Complete leakage was induced by adding 1% (v/v) Triton X-100 to preformed
liposomes. The measurements were performed either in the presence of 3.9 pM
IM30 and increasing MgCl, concentrations (0-10 mM from a 1 M stock solution),
or in the presence of 7.5 mM MgCl, and increasing IM30 concentrations (0-3.9 pM
from a 15 uM stock solution). The leakage rate was calculated by

Ii—low (1)

Leakage(t) -100 %

T o — Lo w

where [, is the ANTS fluorescence after time f, I, jop5 is the maximal ANTS
fluorescence determined using the control sample for complete leakage at time ¢
and I, g, is the ANTS fluorescence of the negative control sample at time #.

For the quantification of the leakage rates, the first 100s of the measurement
were fitted by linear regression and the initial slope was calculated.

Liposome fusion. To determine whether IM30-induced liposome fusion depends
on the Mg> " concentration, fusion assays were performed and evaluated essen-
tially as described in Meers et al.”>, 0.8 pM LissRhodPE (FRET-donor) and 0.8 pM
NBD-PE (FRET-acceptor) were added to 0.1 mM lipids (60% MGDG, 40% DOPG,
w/w) and liposomes were prepared as described. Unlabelled liposomes were
produced without the fluorescence probes. Labelled and unlabelled liposomes were
mixed at a ratio of 1:9 (v/v) to achieve a final lipid concentration of 0.1 mM for
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each sample. The measurements were performed either in the presence of 2.5 M
IM30 and increasing MgCl, concentrations (0-10 mM) or in the presence of
7.5mM MgCl, and increasing IM30 concentrations (0-2.5 uM). NBD-PE
fluorescence emission at 535 nm was followed at 25 °C after excitation at 460 nm,
with both the excitation and emission slit-width set at 5nm. To determine the
FRET value for 100% fusion, 0.1 mM mock-fused liposomes were prepared,
containing 0.08 uM of both, LissRhodPE and NBD-PE™,

rticle tracking lysis. Unilamellar liposomes (60/40 MGDGD/DOPG
with LissRhod-PE added in a molar ratio of 500:1) of 100 nm size were prepared by
extrusion in HEPES buffer, as described. A 100-pl reaction stock, containing
0.15mM lipid, 1.3 uM IM30 and 7.5 mM MgCl,, was prepared. After the desired
reaction time, 10 pl from this stock was diluted 1:2,000 into buffer in order to stop
the reaction. Particle size distributions were determined by single-particle tracking
based on the fluorescence signal (NanoSight LM10, Malvern Instruments,

ey = 532 nm, emission filter 565 nm long-pass, 25 °C). For each sample, 305 of
particle movement were recorded ten times and the size distribution was calculated
as the average from the distribution for each single measurement, as calculated by
the software (NTA2.3). The final distribution for each sample was normalized with
respect to the derived particle concentration,

Membrane destabilization followed by NBD fluorescence. For measuring
IM30-induced membrane destabilization, unilamellar liposomes (60%/40%
MGDG/DOPG (w/w) with NBD-PE added in a molar ration of 500:1) were
prepared as described. The measurement was performed at 10 °C using a lipid
concentration of 0.15mM. The time-resolved NBD-PE fluorescence was recorded
at 535 nm after excitation at 460 nm with the slit-width set to 4 nm. After 120s,
sodium dithionite was added from a 1 M stock to a final concentration of 10 mM.
After 300s, IM30 and/or MgCl, were added, respectively, and fluorescence was
recorded for further 300s. As positive control, 1% (v/v) Triton X-100 was added
before the measurement to dissolve the membranes. All samples were incubated at
10°C for 5min before the measurement.

Transmission electron microscopy. Preparation of samples for cryo-electron
microscopy was conducted using 3.5 pl of sample on C-flat CF-2/2-2C-T holey
carbon grids (Protochips Inc.). Before sample preparation, the grids were washed
for 45 min in chloroform, rinsed in acetone, dried and finally glow discharged for
30s at 25mA in an Emitech K100X glow discharge system (Quorum Technologies
Ltd). Samples containing MgCl, were vitrified for either 1 or 30 min after the
addition of MgCl, to the respective samples. Images were taken on a FEI Tecnai 12
transmission electron microscope (acceleration voltage: 120 kV; Cs: 6.3; nominal
magnification: x 71,540; nominal underfocus: 1-3 pm) equipped with a TVIPS
TemCam-F416 4K CCD camera.

A low-resolution structure of IM30 rings was provided by 3D electron
microscopy of negatively stained recombinant protein, as described in Saur et al. 5
For negative staining, continuous carbon EM grids (Protochips Inc.) were
negatively glow discharged at 25 mA for 30s in an Emitech K100X glow discharge
system (Quorum Technologies Ltd). Five microlitres of the sample were placed
onto an EM grid and incubated for 1 min. Subsequently, the sample was washed
three times with water by dragging three 20 pl water drops across a strip of
Parafilm (Bemis Europe). After side-blotting the grid with Whatman filter paper
No. 4 (GE Healthcare Europe GmbH), a 5-ul droplet of 2% uranyl formate was
taken up with the grid and side-blotted after 1 min. Subsequently, the sample
was imaged in a FEI Tecnai 12 microscope (120kV, Cs = 6.3, nominal
magnification = > 71,540; nominal underfocus: 0.5-1.5 pum; FEI Company)
equipped with a TVIPS TemCam-F416 4K CCD camera (TVIPS GmbH). Particles
were manually selected from the micrographs and classified in IMAGIC5 (Image
Science Software GmbH) using reference-free alignment, multivariate statistical
analysis and multiple reference alignment. The heterogeneous data set was initially
separated using simulated models of different ring sizes—which were built using
stacked 2D class averages—as references in the multirefine procedure of EMAN1.9
(ref. 57). For further separation, one ring monomer of the resulting 3D
reconstructions was excised and used in differently sized simulated rings as
references. The depicted reconstruction has been calculated in a total of 120
iterations in the EMAN1.9 and IMAGICS software packages and symmetrized with
a 18-fold cylindrical point-group symmetry. Its resolution is approximately 25 A
according to the 0.5 criterion.

SFG spectroscopy. SFG spectra of IM30 interacting with lipid monolayers were
collected at room temperature after 30 min incubation time of 12.6 pM IM30 in
HEPES (pH 7.2, 10 mM) with a binary lipid monolayer (60% DOPG, 40% MGDG)
in a 25-ml Teflon-coated metal trough. The lipid monolayer was prepared by
spreading the lipid mixture, which was dissolved in chloroform, onto a HEPES-
buffered solution to a final surface pressure of 14 mNm ~ I, The surface pressure
was measured with a DeltaPi instrument (Kibron inc.). The protein solution was
injected beneath the lipid monolayer.

The SFG setup has been described previously in detail®®. Briefly, a 5-m] pulse
centred at ~ 800 nm was generated by a Tisapphire fs-laser oscillator (MaiTai,
Spectra-Physics) and a regenerative amplifier (SpitFire Pro, Spectra-Physics), which
8 NATL
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was pumped by a Nd:YLF laser (EMPower, Spectra-Physics). One part of the
amplifier output (0.5 mJ) was branched off and spectrally narrowed by an etalon to
generate a narrow band pulse (~15¢m 1), The second part was used to generate a
tunable infrared pulse with an optical parametric amplifier system (TOPAS, Light
Conversion). To generate the SFG signal, the infrared and visible beams were
spatially and temporally overlapped on the sample. The SFG signal was then
focused onto an emCCD camera (Newton, Andor). The sample stage was purged
with nitrogen until the relative humidity was lower than 10%. The SFG spectra
were normalized using a reference spectrum obtained from silver in PPP
polarization (P-polarized SFG, visible and infrared radiation, respectively). The
energy scale of the spectra was calibrated by using the ~ 1,737 cm 1 lipid C=0
stretch peak®®.

VSFG spectra calculations. The VSFG spectra are calculated using the formalism
described in ref. 60. The IM30 monomer structural model for which the spectra are
calculated is obtained from Bultema et al.%! The intramolecular hydrogen bonds
and contacts with surrounding water were calculated using a short, 1 ns molecular
dynamics (MD) simulation in the software package GROMACS. In this simulation,
the modelled IM30 monomer used for the VSFG spectra simulation was hydrated
and relaxed using the TIP3 and CHARMM27 force fields for the waters and the
protein, respectively.

We construct the amide-I excitonic Hamiltonian for the amide backbone modes
that generate the experimentally observed VSFG response from the protein
conformation. The couplings between the nearest neighbour amide-I modes are
obtained using an ab initio 6-31G + (d) B3LYP-calculated map that gives the
coupling as a function of the dihedral angle between the amide groups®. The other
couplings, between non-nearest neighbour amide-1 modes, are estimated using the
transition dipole coupling model®®. The hydrogen bond-induced frequency shifts
of the local amide-I modes are calculated using the empirical model described in
Roeters et al.®® We diagonalize the Hamiltonian to obtain the delocalized amide-T
normal modes (eigen vectors) and frequencies (eigen values) of the system. After
calculating the infrared and Raman response of the normal modes, we determine
the VSFG hyperpolarizability by taking the tensor product of the two responses. To
account for homogeneous broadening, we convolute the result with a Lorentzian
line shape. The response is transformed from the molecular frame to the lab frame
by averaging the Euler transformation between the two frames over the
orientational distribution of the molecules® 5, which gives the nonlinear
susceptibility #prhyein-

We calculate the C = O stretch VSFG response of the lipids Zwt.zg,‘,d with the same
formalism, except that no hydrogen-bond shifts are taken into account, as this
gives the most accurate results for the calculation of the SSP and SPS VSFG spectra
of a pure 60/40% DOPG/MGDG binary lipid monolayer.

The total VSFG intensity is proportional to the modulus square of the weighted
sum of the lipid and protein response:

I5kG ol o |PLR - Z:igumn +Z:\i:d - (2

with PLR being the protein oscillator-to-lipid oscillator ratio near the interface.
Thus, the calculated VSFG response is dependent on the orientation and
magnitude of the transition dipole moment p and Raman polarizability tensor o of
the local modes of the system, the protein and lipid orientation distribution, the
line widths of the Lorentzians of the protein and lipid normal modes, T protein amide-1
and ipig ester-c— 0» the overall frequency offsets for the amide-T and ester C=0
stretch modes, Vo, protein amide-1 a1d Vo, lipid ester-c— o» and on the PLR. To fit the
model to the experimental data, we include an overall scale factor for each
polarization combination.

‘We estimated the magnitude of the transition-dipole moment |p| of the MGDG
lipid to be 0.39 D by measuring the FTIR spectrum of the similar lipid DOPC and
used the previously determined transition dipole moment of the amide-1 mode
(0.37 D)%, We determine the orientations of the local-mode ps based on the
transition charges in the amide plane®®®” and the orientations and magnitudes of
the as based on previous work of Tsuboi et al.®®

The orientation distribution of the ester groups in the MGDG/PG lipid
monolayer layer was determined from a published MD trajectory®”.

IM30 was treated as a cylindrical protein that most likely has an azimuthally
isotropic distribution at the lipid monolayer, so that its VSFG response is only
dependent on the Euler angle @ (the angle between the helical axis and the surface
normal of the monolayer), as the other two Euler angles ¢» and 1 average out in the
orientation-distribution averaged Euler transformation from the molecular frame
to the lab frame.

By least-squares fitting the calculated VSFG spectra of IM30 and the lipid
monolayer to the experimental SSP and SPS data, we determined the optimal
values of rprmin amide-I» rUpld ester-C =0 V0, protein amide-1 and Vo, lipid ester-C = O-
Assuming that at most a single full protein monolayer coverage is possible, the PLR
has an upper limit as a function of ¢ (see Supplementary Fig. 5). We estimate this
limit from the surface density of lipid monolayers, and assume a cylindrical shape
for IM30. If there is less than a full monolayer protein coverage (for example, due
to an empty space in the middle of a ring structure comprised of IM30 molecules),
the PLR decreases, so PLR values below the line in Supplementary Fig. 5b are also
physically plausible.

ONS|6:7018 | DOI: 10.1038/ncommsB8018 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.

38



NATURE COMMUNICA

Results

ARTICLE

Only calculated SSP spectra for 0/ 3° and SPS spectra for 0% 15 match the

experimental spectra well (see Fig. 5¢ and Supplementary Fig. 5).

The observation that only small values of O30 are consistent with the

experimental data is because, for both the SSP and the SPS polarization
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Supplementary Fig. 1: Purification of heterologously expressed IM30.

IM30 was expressed and purified as described in Methods. 2 pg of the isolated protein was
analyzed by SDS gel electrophoresis on a 12% SDS polyacrylamide gel. The IM30 sample is
inserted between a protein standard, and the molecular masses of the protein standards are
indicated on the left. Please note that the IM30 protein frequently runs as a double band on SDS-

PAGE gels.
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Laurdan fluorescence emission were observed. The experiment was performed four times.

Results

Supplementary Fig. 2: IM30 binds to model membranes in presence of negatively charged TM

Peripheral binding of IM30 to model membranes was followed by monitoring changes in the
Laurdan fluorescence emission after excitation at 350 nm. Fluorescence emission spectra are
normalized to the emission at 430 nm and are shown in absence (black) and presence of 2.5 pM
IM30 (red). Decreased fluorescence emission at 490 nm indicates an increased lipid acyl chain
order, caused by peripheral binding of IM30. IM30 binding was monitored using PC as a neutral
background, to which IM30 does not bind (e), in presence of PG (a), SQDG (b), DGDG (¢) or

MGDG (d). Only in the case of PG or SQDG-containing membranes, significant changes in
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Supplementary Fig. 3: IM30 interaction with a lipid monolayer decreases the lipid acyl chain

ordering and affects the lipid orientation. The blue lines represent fits of the data.

SFG spectra of deuterated DMPG-D54 (Dimyristoyl-d54-phosphoglycerol) lipid monolayers in
presence of 7.5 mM Mg were recorded in the C-D stretching range, before (black lines) and
after (red lines) addition of IM30. Deuterated lipids were chosen to avoid possible contributions
to the signal from IM30. The monolayer was prepared at a pressure of 22 mN/m. IM30 was
injected to a total concentration of 5 uM in the sub-phase, after which the system was allowed to
equilibrate for 60 minutes. (a) The ssp spectra show a significant reduction of overall signal,
which implies the acyl chains are less ordered and aligned after IM30 adsorption. (b) The ppp
spectra indicate reorientation of the lipid chains: the ratio of asymmetric methyl stretching modes
(near 2220 cm™) and symmetric methyl modes (near 2070 cm™) is reduced from 1.3 before to 0.8
after IM30 injection. This indicates a more tilted orientation of the methyl groups in the IM30
covered DMPG-D54 film. Together, ssp and ppp spectra reveal a significant interaction of IM30

with the lipids, causing increased disorder in, and reorientation of the lipid acyl chains.
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Supplementary Fig. 4: An IM30 mutant that binds to membranes but does not induce membrane

fusion.

Three amino acids of the IM30 wild-type sequence have been mutated by side-directed

mutagenesis (A76S, A79S, L80A). The mutated protein was expressed and purified as described

for the wild-type protein.

(a) The IM30 mutant forms large oligomeric ring structures as the wild-type protein, as visible in
the EM micrographs. (b) Cryo-TEM image of MGDG/PG liposomes in presence of Mg”* and the
mutated IM30 taken after 30 minutes of incubation. Arrows indicate extra electron density at the
liposome surface, matching in size and shape oligomeric IM30-rings. The magnification was
identical in (a) and (b). (¢) Peripheral binding of the mutated IM30 (2.5 uM) to PG-containing
MGDG membrane surfaces was followed by monitoring changes in the Laurdan fluorescence
emission after addition of IM30 (compare Fig. 1g). Addition of the mutated protein (blue)

influenced the fluorescence signal, as observed after addition of the wild-type IM30 protein (red),
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suggesting that both IM30-variants have similar membrane binding properties. For comparison,
the Laurdan fluorescence signal of membranes in absence of IM30 is shown (black). The
experiment was repeated three times. (d) MGDG/PG liposomes, containing a donor and an
acceptor dye, were mixed with non-labelled liposomes (1:9), and the increase in donor
fluorescence emission was monitored over 1600 s after addition of 2.5 uM IM30 in presence of
7.5 mM Mg*" (compare Fig. 3a, b). 0% and 100% fusion rates were determined in control
experiments to calculate the fusion efficiency for each sample (see Methods). While the wild-
type protein mediated membrane fusion, the mutated IM30 protein was fusion incompetent. The

experiment was repeated three times.
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Supplementary Fig. 5: IM30 orientation at lipid monolayer surfaces.

Results

Comparison of experimental and calculated SFG-spectra of IM30 self-assembled onto

MGDG/PG (60/40) mixed monolayers for ssp (s polarized SFG, s polarized VIS, p polarized IR)

and sps polarization combinations. (a) Schematic drawing of the dependency of protein-to-lipid

oscillator ratio (PLR) model we used in the calculations. (b) PLR upper limits for the tilt angles

used in the spectra calculations. (¢) Comparison of spectra calculated for different orientations of

model IM30 units on the monolayers with experimental spectra in ssp-polarization. Calculations,

using an average tilt angle of the long helix axis versus the surface normal of 0°-3°, agree well

with the data and are in line with an upright orientation of the IM30 monomers on the membrane

surface and a ring-type binding geometry. (d) Calculations of SFG-spectra collected with sps-

polarization combination. Calculations performed with a tilt angle of 0°-15° agree well with the

data. The experiments were repeated twice.
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Supplementary Fig. 6: Less IM30 is bound at the membrane in absence of Mg”".

When IM30 is allowed to bind to a lipid monolayer in the absence of Mg2+, a significantly lower
IM30 signal is observed in the SFG-spectra (compare Fig. 5¢). Thus, Mg2+ ions promote the

interaction of IM30 with a MGDG/PG monolayer. The experiment was repeated twice.
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Supplementary Fig. 7: Formation of stable MGDG-liposomes by addition of DOPG.
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The fluorescent probe Laurdan was added to MGDG-lipids, containing increasing DOPG

concentrations, to monitor formation of lamellar lipid bilayer structures. (a) The increase in the

Laurdan fluorescence emission with increasing DOPG concentrations indicates formation of lipid

bilayer structures. In (b), the GP-values are summarized for each % DOPG. Error bars: SD (N=3)

Noteworthy, the DOPG content at which lamellar bilayer structures form (here ~40% DOPG)

strongly depends on the buffer conditions, and in the glycerol-containing buffer (SD gradients),

lamellar structures formed only at ~50% DOPG.
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Supplementary Fig. 8: Uncropped membranes of anti-IM30 immunoblots.

Proteins fractionated by SD gradient centrifugation were separated on 14% SDS-PAGE gels with
subsequent immunoblot analysis, using an anti-IM30 antiserum and a peroxidase-coupled anti-
rabbit secondary antibody. Due to the high number of samples, the fractions of one SD gradient
were loaded on two separated SDS-gels. Equal volumes of the respective fractions were loaded,
and after SDS-PAGE, the two corresponding gels were blotted in parallel onto a single membrane
for subsequent analysis. Full scans of Western blots are shown. The vertical line marks the
boundary of the two individual SDS-gels used for separating the individual fractions of a single
SD gradient. The position of the molecular weight markers are indicated on the left or right side
of each blot, respectively. The molecular weights of the individual molecular weight marker

bands are (from the top): 95, 72, 55, 43 (red), 34, 26 and 17 kDa.
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4.2 Refining the X-ray crystal structure of aquaporin with sum frequency generation
spectroscopy

The experimental and calculated SFG spectra were part of this thesis. This manuscript was submitted to
Proceedings of the National Academy of Sciences in October 2016. The proteoliposomes used for
generating the supported lipid bilayer were produced by Margareta Trefz and Dirk Schneider at the
Institut fiir Pharmazie und Biochemie (at the Johannes Gutenberg University in Mainz) the Mathematica
script and the theory for calculating the SFG spectra were provided by Steven Roeters and Sanders
Woutersen from the Van ’t Hoff Institute for Molecular Science at the University of Amsterdam and the
MD simulation of GlpF in a lipid bilayer membrane was done by Wesley Beckners and Jim Pfaendtner
at the Department for Chemical Engineering at the University of Washington.
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Refining the X-ray crystal structure of
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Abstract

High-resolution structural information on membrane proteins is essential for
understanding cell biology and for structure-based design of new medical drugs and
drug delivery strategies. The foremost technique for determining membrane protein
structure has been X-ray diffraction (XRD), which routinely provides Angstrom-level
information about the atomistic structure and conformation of membrane proteins. Yet,
for XRD experiments, proteins are removed from their native membrane environment,
chemically stabilized and crystalized, all of which can cause conformational changes
compared with the native membrane structure. Here, we describe a combination of
molecular dynamics (MD) simulations and surface-sensitive vibrational spectroscopy to
refine XRD structures and account for the membrane environment. We refine the XRD
structure of glycerol facilitator channel (GlpF), an aquaporin membrane channel finely
tuned to selectively transport water and glycerol molecules across the membrane
barrier. We find that the membrane structure of GlpF differs significantly from the XRD
structure PDB 1lda. The combination of spectroscopic and computational techniques
described here provides a framework to improve XRD structures of proteins in non-
native environments.
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Significance Statement

Protein structure dictates protein function. Protein structures solved by X-ray
diffraction have been critical for progress in molecular biology and pharmacology. One
drawback of X-ray structure analysis of large and fragile membrane proteins is they
have to be removed from their native lipid environments, chemically stabilized and
crystalized. This treatment can cause significant changes in the structure of a protein
and, hence, its function. We report an approach which allows the refinement of X-ray
crystal structures of membrane proteins within a native lipid environment.

Introduction

Technologies for elucidating the atomic-level structure of membrane proteins are
essential for advancing our understanding of cell biology: knowledge of membrane
protein structure provides insights into the mechanical properties of cell membranes,
the transport of molecules across the membrane barrier, cell sensing and
communication. Approximately 30% of the human genome encodes for proteins
associated with membranes!.

By far the most successful methods for experimentally solving membrane protein
structures with atomic resolution are nuclear magnetic resonance (NMR)? and X-ray
diffraction (XRD)3*. NMR can provide high-resolution data for proteins when
incorporated in lipid vesicles and lipid stacks, but is limited to smaller (typically about
20 kDa5) proteins and peptides. X-ray crystallography can solve the structure of very
large proteins with Angstrom resolution but requires high quality crystals, in which
proteins are removed from their native and hydrated membrane environment, and
artificially stabilized. Molecular dynamics (MD) simulations can take the XRD
determined structures as starting points and compensate for the non-physiological
environments within crystals by relaxing the protein structure within a more ‘native’
biological environment.

While MD simulations have provided a wealth of information on membrane proteins
with molecular detail, a caveat of the simulations is that the obtained, refined structures
have not been directly experimentally verified. Feedback from experimental data would
be important not only to test the validity of the obtained results, but also to provide
feedback to improve force fields, water models and sampling methods.

Vibrational sum frequency generation (SFG) spectroscopy is an inherently surface
sensitive and non-invasive approach, allowing the study of membrane proteins in a
hydrated membrane environment.®? SFG makes use of the fact that infrared/Raman
vibrations of molecular groups in the proteins depend strongly on both protein
structure and orientation. For an SFG experiment, infrared and visible laser beams are
overlapped in time and space at an interface to produce sum frequency photons of those
two incident beams by nonlinear optical frequency mixing. Any vibrational modes in
resonance with the IR beam will enhance the signal and lead to distinct spectral
features. In analogy with IR and Raman methods, SFG spectra in the amide [ region
(1500-1800 cm) allow the analysis of the secondary and tertiary structure and
orientation of proteins. Contrary to IR and Raman, because of the non-linear nature of
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SFG, the spectral contributions of individual folding motifs and orientations within SFG
spectra will interfere and therefore, result in complex spectra. The challenge to
‘disentangle’ the spectra and recover the rich structural information contained in the
spectra has been the white whale in the SFG community for years and has recently led to
protocols to calculate theoretical SFG spectra from structure files, which can be used to
interpret SFG data of large interfacial proteins.89 Calculated SFG spectra of proteins and
peptides have shown good agreement with experimental SFG spectra 11. The method
has been used to determine the orientation of proteins®19 and to differentiate between
different folding states within membrane proteins®. However, these studies use crystal
structures obtained from proteins in non-native environments as the basis for the

Formation of
supported bilayer

Figure 1 a) The Glycerol facilitator GIpF (1lda, red) embedded in a lipid bilayer (grey) with
surrounding water molecules (blue), b) model of the formation of a supported lipid bilayer using
liposome spreading, c) experimental setup for the SFG experiments. The lipid bilayer was formed at
the solid-water-interface of an equilateral CaFz prism.

spectra calculations, and, thereby, make no use of the potential for in situ studies with
SFG.

Here, we combine knowledge of protein structures obtained from crystal XRD with MD
simulations of that protein in a membrane environment and SFG measurements of the
protein in a model membrane. In brief, we take an XRD structure as the starting point,
then relax the protein structure within a membrane environment using MD simulations,
calculate SFG spectra from the relaxed structures and then compare with experimental
spectra. In other words, we refine the XRD structure by experimentally verified MD
simulations.

We chose an aquaporin as a model system because these membrane channels form an
important family of membrane proteins. Water is a major component of life, and
aquaporins are involved in osmoregulation of a variety of tissues in all living
organisms!?, Besides facilitating a transmembrane water flux, the subfamily of
aquaglyceroporins additionally facilitates the flux of glycerol and other small, polar
solutes. Aquaporins are found in all domains of life, e.g. 13 aquaporins are expressed in
humans where they regulate the water homeostasis according to the individual
requirements of the organs and cells!31% Based on their important roles in cell biology,
they have great potential in diagnostics and therapeutics!5-18,
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All aquaporins form oligomers composed of four identical chains, each with its own
channel at the center of the subunit. The channel is filled with a single-file queue of
water (or glycerol) molecules passing through the protein. The aquaporin shown in
Figure 1a (PDB 1lda), is the well studied glycerol facilitator channel (GIpF) of E. coli. A
recent very high resolution structure (PDB 3zo0j)!% revealed how sensitive aquaporin
function depends on structural fidelity: the exchange of only two amino acids at the
entry to the water channel play the deciding role to ensure that water, and not
hydronium or hydroxyl ions, can pass the channel. 19 In this study, we refine the XRD
structure of the GIpF aquaglyceroporin shown in Figla.20

] SSP ©  Experimental
51&‘ —Fit

SFG intensity

1450 1500 1550 1600 1650 1700 1750

-1
Wavenumber cm

Figure 2: Experimental SFG spectra of a GIpF including lipid bilayer which was formed by
proteoliposomes on the solid water interface of a CaFz-prism mounted on a flow cell. The two
different laser polarization combinations SSP and PPP have been measured. The spectra have been
fitted (red line) using a Lorentzian line width model (Eq1 and Eq2).

Results and discussion

To collect SFG spectra of GIpF under biologically relevant conditions, we spread GlpF-
loaded proteoliposomes, prepared with E. coli polar lipid extract, on one side of a CaF:
prism (Figure 1b). The liposomes spread at the surface to form a supported lipid bilayer,
which was then probed through the backside of the prism with SFG in near total internal
reflection geometry (Figure 1c). The spectra were corrected for the IR intensity profile
using reference silver spectra (also see Methods section). Representative experimental
spectra in ssp (s-polarized SFG, s-polarized visible and p-polarized infrared) and ppp
polarization are shown in Fig. 2. The spectra could be described very well using a
Lorentzian line shape model?122 wherein each vibrational resonance is represented by a
single Lorentzian:
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Here, Ispc(@ir), Lpishig » X (wr) , Age'®, A, and il,, are the SFG intensity, the
intensities of IR and visible laser beams, the second order susceptibility, the phase and
amplitude of the non-resonant contribution, the amplitude of resonant contribution and
the line width of the resonant contribution respectively.

The spectra are dominated by a prominent peak near 1480 cm-!, which can be attributed
to CHz and CH3 scissoring modes?3. A feature near 1650 cm-! is representative of the a-
helical structure of the membrane protein?3. In addition, there is a smaller peak near
1720 cm-, which likely originates from carbonyl groups of membrane lipids. The feature
observed near 1600 cm- is not well described in literature and might be a contribution
that is not discerned in linear spectra because of overlap with neighboring modes and
which becomes visible here due to pronounced cancelation of the main vibrational
modes in the far field.

The observed spectra are a typical example of the entangled, complex signal expected
from large, structurally rich proteins, where direct spectral analysis and peak fitting
reach their limits. We have first calculated SFG spectra from GIpF structure files
obtained with XRD from protein crystals (PDB 1lda).2* The calculation followed the
procedure described by Roeters et al.? The model takes into account all CO, CN, NH and
CC bond vibrations along the peptide backbone (see Methods section for more details).
The theoretical spectra for the protein crystals are shown in Figure 3 (blue dashed line).
To compare with the experimental protein backbone data, we plott the backbone related
components of the fit to the experimental data in Figure 3 (solid line) and exclude any
non-protein CO, CN, NH and CC modes from the experimental data, for example lipid CO
and CH scissoring modes, which could obscure the protein peaks. While the theoretical
spectra correctly predict intensity near 1650 cm-! for both ssp and ppp polarization
combinations, yet the main feature near 1600 cm-! is not captured correctly by the
calculations. For both polarization combinations we observe a 25 cm-! blue-shift for this
main spectra feature. This indicates that the structure of GIpF within the stabilized
protein crystal used for XRD## differs substantially from its structure when incorporated
in a lipid bilayer.

To attempt to resolve the discrepancy between the observed SFG response from the
protein in a lipid bilayer environment and the response calculated from the measured
crystal structure, we investigated the degree to which the protein may change
conformation, when going from the crystalline state to the situation in a lipid
membrane. Using the XRD structure as the starting point, we ran MD simulations of GlpF
within a POPE bilayer until the structure was equilibrated (after ~100 ns, see inset in
Figure 3). Indeed, substantial changes in the structure were apparent. Spectra calculated
from this ‘relaxed’ structure yielded theoretical spectra with a substantially improved
match with the experimental data (Figure 3 and S3, red dashed line). The spectra based
on the simulated model capture the spectral shape of the experimental data very well.
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The 1600 cm-! peak and also the intensity at higher energies now match much better
compared with the spectrum calculated using the crystal structure. The root mean
squared deviation (RMSD) of the computed spectra from the experimental data
decreased by 55% for the relaxed structures compared with the crystal structure (see
SI). The RMSD values between relaxed structures taken at different time points of the
simulation varied only by approximately 5-10% (see Figure S4). A mode analysis shows
that the modes contributing to the signal are evenly distributed across the protein (see
Figure S2) and any changes to the calculated spectra are a result of changes within the

SSP  =——Experimental
== +Crystal
L +Relaxed (100ns)

SFG intensity

- 0 50 00
Time ns
1 . 1 . ]
1550 1600 1650 1700 1750

Wavenumber cm”

Figure 3: comparison of protein specific SFG spectra extracted from fits of experimental data (solid
lines) and calculated SFG spectra of different MD simulation snapshots (dashed lines). The inlet
represents the root-mean-square deviation of atomic positions plotted against the simulation time
showing that a stable conformation was already reached after a few ns.

global protein structure, not only local restructuring of isolated protein sites. Note that,
apart from an overall amplitude scaling factor, there are no adjustable parameters when
comparing the experimental and theoretical results.

The remaining minor differences between experimental and MD-derived theoretical
spectra might be explained by the absence of inter-molecular coupling between
neighboring proteins within the theoretical model and the fact that the spectra are
calculated from a single snapshot. Future studies will be aimed at including more of
these computationally expensive details. Combining all these parameters into the
calculation will require significantly higher computational power both for the MD
simulation and also for the calculation of SFG spectra but it should further improve the
quality of the calculated SFG spectra. However, even the straightforward model used can
produce robust, reliable spectra, which match the experimental data very well.

Figure 4 shows the crystal-based GIpF structure along with the refined structure that is
consistent with the SFG results. There are marked differences between the two
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structures: both in the loop regions, and particularly in the helix orientations there are
subtle but clearly visible variations. It is well known that aquaporin action depends on
such minute structural details.2> Mutations of single amino acids within the
transmembrane region can drastically affect the structure and - consequently - the
function of aquaporins 26-30, Also the loop regions are involved in the aquaporin activity
and especially in aquaglyceroporins a specific structure of the loop region appears to be
crucial for proper protein activity 31. Knowledge of structural details is therefore crucial
for interpreting the changes in the substrate conducting mechanism induced e.g. by
mutations in aqua(glycero)porins and in membrane proteins in general. The SFG
response is very sensitive to the fairly subtle changes in the protein structure shown in
Fig. 4, which can be attributed to changes in the orientation of the helices of the protein.

Figure 4: Structural differences between the the crystal structure (1lda, blue) and the refined
protein structure (red) The refined structure was obtained from a MD simulation after 100 ns and
directly verified by SFG.

The method described here uses the resolving power of MD simulations to study subtle
structural details of protein channel structure and the interface specificity and structure
sensitivity of SFG to directly experimentally test the simulation results. Such hybrid
experimental and theoretical structures allow refining existing XRD protein crystal data
to include the influence of the biologically more relevant environment of a hydrated
lipid bilayer. In addition to refining the protein structure in contact with a lipid layer,
this method can also be used to determine the impact of small molecules or therapeutic
drugs on aquaporins in situ. As such, we expect the combination of MD simulations and
SFG to be an asset to future studies of selective molecular transport within aquaporins,
and the function of a broad variety of membrane proteins.
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Methods
Expression and purification of GIpF into proteoliposomes

GIpF expression and purification were performed as described in detail in26. The
concentration of purified GlpF was determined by absorption measurements at 280 nm,
using a calculated extinction coefficient of 37930 M-t cm-! (ExPasy ProtParam tool).

Liposomes prepared from E. coli polar lipid extract (EPL: 67% PE, 23.2% PG and 9.8%
CL) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (diC18:1-PC, DOPC) were used for
GIpF reconstitution3?. Chloroform lipid solutions were purchased from Avanti Polar
Lipids (Alabaster, AL). To remove the organic solvent, 5 mM of the dissolved lipid was
set under a stream of nitrogen gas. Remaining organic solvent was removed by
overnight vacuum desiccation. The resulting lipid film was rehydrated in 30 mM n-octyl
f-D-glycopyranoside (OG; Roth, Karlsruhe, Germany), 50 mM MOPS pH 7.5 (Sigma-
Aldrich, Munich, Germany), 150 mM N-methyl D-glucamine (Acros Organics, Morris
Plains, NJ) and 50 mM NaCl (Roth, Karlsruhe, Germany) at 37 °C for 45 min. Purified
GIpF was added to the rehydrated lipids to reach a final lipid concentration of 12 pM and
a molar lipid/GlpF ratio of 400:1. The final sample was adjusted to a volume of 0.5 mL
and an OG concentration of 30 mM by addition of buffer (50 mM MOPS, pH 7.5, 150 mM
N-methyl D-glucamine, 50 mM NaCl). Subsequently, the sample was dialyzed for 48 h at
4 °C against 500 mL MOPS buffer. The dialysis buffer was exchanged three times.

SFG experiment

The SFG setup has been described in detail before.32 Briefly a 40 fs, 5 m], 800 nm visible
pulse was generated by a regenerative amplifier (Spitfire ACE, Spectra Physics) using a
Nd:YLF pulse laser (Empower, Spectra Physics) and a Ti:sapphire seed laser (MaiTai,
Spectra Physics). One part of the 800 nm beam was branched out to pump an optical
parametric amplifier (TOPAS, Spectra Physics), which generates a 40 fs broadband IR
pulse. The remaining 800 nm beam was spectrally narrowed to a 25 pJ 15 cm! FWHM
pulse using a Fabry-Perot Etalon (SLS Optics Ltd.) and temporally and spatially
overlapped with the IR pulse. IR and visible laser pulses were both focused on the
sample. The laser polarization combinations SSP(S-polarized SFG, S-polarized visible
and P-polarized IR) and PPP were obtained using polarizers and half-wave-plates in
each beam path. The generated SFG signal was collimated using lenses and separated
from the visible light using low pass filters. The focused SFG signal was directed onto a
spectrograph (Acton Instruments) and finally detected by a CCD camera (Newton, Andor
Technologies).

The SFG experiments were performed in a nitrogen-flushed chamber to avoid
absorption of the IR pulse due to water vapor. The experiments were done in a flow cell
with a volume of 1 ml. The flow cell was sealed on one side with an equilateral CaF.
Prism. 400 pl of proteoliposome solution was injected into the flow cell and incubated
for at least 2 h. Remaining proteoliposomes in bulk were rinsed with D:0 followed by an
overnight waiting step to allow hydrogen to deuterium exchange. SFG spectra were
collected in SSP and PPP polarization combination and normalized using reference
spectra of a CaF: prism, which was coated with a 100 nm silver film at the CaF, water
interface.
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Theory of calculation

First we obtain the atom coordinates of the amide groups from the PDB file of the crystal
structure or of the MD simulation. We use the coordinates both to calculate the
transition dipole moments of the local modes (by determining the transition charge of
each atom33, as this gives more accurate spectra than the conventional approach as well
as the Raman polarizabilities similar to refs.3+35, and to construct the one-exciton
Hamiltonian:

ho", Kia K3 Ky L
Kia ho" Ky Ky
H=| k; &, ho «x,
Ky Ky K34 hw““

M 0]

3)

with @’; the gas phase frequency of local mode i and K, the coupling between local

mode i and /.

The diagonal terms are determined with using an empirical model that gives the local
mode frequency as a function of the strength of the three possible hydrogen bonds that
each amide group can form? comparable to the model used in ref.3s,

For the off-diagonal terms, the couplings between the normal modes, we discriminate
between nearest-neighbor and non-nearest-neighbor coupling. As the former is
dominated by through bond charge flows we use a parameterization of the coupling as a
function of the two dihedral angles between the two neighboring amide groups
calculated for the “glycine dipeptide” (Ac-Gly-NHCH3), using the 6-31G+(d) basis set and
B3LYP-functional?7.

The non- nearest-neighbor couplings are dominated by through-space (Coulomb)
interactions, so we estimate these with the Transition Dipole Coupling method38:

| rr (I' r )(r r )
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with g the transition dipole moment of local mode i, ;’!-,- the distance between local

mode i and /, and &, the dielectric constant.

Subsequently the Hamiltonian is diagonalized to obtain the normal mode eigenvalues
and eigenvectors, from which the IR, Raman and VSFG responses are calculated,
according to ref. ¢ in which also other details regarding the formalism used here for the
spectral calculations can be found.
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The non-resonant phase and its amplitude were adapted to yield the best match
between the experimental data and the calculated ones. Otherwise, all calculations were
done using the same settings.

MD simulation

Simulations of the porin tetramer (1lda?*) and phosphatidylethanolamine (POPE) lipid
bilayer were performed using the GROMACS3? molecular dynamics (MD) engine and
explicitly solvated using the TIP3P#? water model. Force fields for the lipid bilayer were
taken from Tieleman and Berendsen*! and adapted into the GROMOS96 53A6 force
field*2, which is extended to include Berger lipid parameters and has been verified to
perform as well or better than previous versions for protein simulations*3. 2.0 fs time
steps in the MD simulation were integrated using a leap-frog algorithm**. For distances
exceeding 1.2 nm, van der Waals interactions were shifted to 0 with a switching function
applied at 1.0 nm and electrostatic forces were treated with particle mesh Ewald (PME)
summation. Bond lengths between Hydrogen and heavy atoms were fixed with the
LINCS linear constraint solver*s.

The tetramer and lipid bilayer were centered in an overall charge-neutral system with
periodic %, y, z dimensions of 11.49, 11.38, and 10.39 nm, respectively. The system was
restricted from lateral-diffusion of the membranes by restraining the relative motion of
the protein and bilayer to the solvent. Following energy minimization, a 100 ps NVT
simulation was conducted at a temperature above the phase transition temperature (T =
298 K) of the lipid membrane* to allow the equilibration of water and ions. Protein,
lipid, and solvent/ions were temperature coupled independently at 315 K using a
stochastic global thermostat*” and a 0.1 ps coupling constant.

A 1 ns NPT equilibration step was conducted after NVT equilibration. The thermostat
was switched to Nose-Hoover#® with a 0.4 ps coupling constant to more realistically
capture temperature fluctuations*®. Semi-isotropic pressure coupling was used to allow
the membrane to deform in the xy plane independently of z. Following NVT and NPT
equilibration, position restraints on the tetramer and lipid bilayer were relaxed and the
system underwent 100 ns of production MD in the NPT ensemble, Coordinates of the
resulting structure were used for SFG analysis from time point 100 ns.

Data availability
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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Supporting information:
Refining the X-ray crystal structure of
aquaporin with simulations and surface
vibrational spectroscopy

Lars Schmiiser?, Margareta Trefz®, Steven Roeters®, Wesley Beckner?, Jim Pfaendtnerd,
Sander Woutersen®, Mischa Bonn?, Dirk Schneider® and Tobias Weidner® ©*

Figure S5 Comparison between the crystal structure (1lda, purple) and MD snapshots
after 100ns (red), 75ns (green) and 50ns (blue). The structural overlays were created
using the chimera tool matchmaker. Relaxing the protein with MD simulation changed
slightly the tilt angles of its alpha helical elements.
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Figure S6 Averaged contributions of amino acids to the eigenmodes around 1600 cm'!
proving that the origin of the main peak at 1600 cm-! is broadly distributed over the
whole protein. Blue and red spheres are indicating a high contribution with a negative
(blue) or positive (red) amplitude. This figure is plotted using Chimera (UCSF). The
amplitudes for each eigenmode are derived from the Mathematica script, which
calculates the SFG spectra.
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Figure S7 Comparison of the experimental SFG spectra (black solid line) with calculated
SFG spectra of the crystal structure (dashed purple line) and of different snapshots of
the MD simulation (green 100 ns, red 75 ns, and blue 50 ns, see S1). The inlet represents
the root mean square deviation of atomic distances between the starting structure (the
crystal structure) and structures of the MD simulation, plotted against the simulation

time.
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Figure S8 Quantification of the structural agreement between the aquaporin GIpF in
physiological condition with the X-ray crystallography structure (PDB: 1lda) and with
the structures derived from MD simulations. The differences between the experimental
SFG spectra and those which were calculated from the PDB file 1lda and the MD
simulations were determined using the root mean square deviations (RMSD) between
experimental and calculated SFG spectra. The RMSD was calculated using the following
equation:

= (I exp,, — I calc,,)?

200

RMSD =

w=1550

Here, w is the wavenumber and / exp. and I calc. are the experimental and calculated
SFG intensities respectively. The calculated SFG spectra in Fig S3 were scaled to match
the experimental spectra.
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4.3 Orientation analysis of a-helices at interfaces using heterodyne detected SFG
spectroscopy

The following manuscript was submitted to The Journal of Physical Chemistry Letters in November

2016. Here, the experimental and the calculated SFG spectra were part of this thesis. The MD

simulations of the peptides at the water / air interface have been done by Helmut Lutz at the Max Planck

Institute for Polymer Research in Mainz.
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Abstract.

Understanding the structure of proteins at surfaces is key in fields such as biomaterials research,
biosensor design, membrane biophysics and drug design. A particularly important factor is the
orientation of proteins when bound to a particular surface. The orientation of the active site of
enzymes or protein sensors, the availability of binding pockets within membrane proteins — these
are important design parameters for engineers developing new sensors, surfaces and drugs.
Recently developed methods to probe protein orientation, including immunoessays and mass
spectrometry, either lack structural resolution or require harsh experimental conditions. We here
report a new method to track the absolute orientation of interfacial proteins using phase resolved
sum frequency generation spectroscopy in combination with molecular dynamics simulations
and theoretical spectra calculations. As a model system we have determine the orientation a
helical lysine-leucine peptide at the air-water interface. The data show that the absolute
orientation of the helix can be reliably determined even for orientations almost parallel to the

surface.
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A molecular understanding of the interaction of proteins or peptides with surfaces is essential
for the rational design of biomaterials for use in implants and sensors but also for comprehending
the interfacial biology at lipid membranes and mineralized tissue'*. An important question for
biologists, bioengineers and pharmacologists is the orientation of proteins when bound to
surfaces: Is the enzyme active site within a protein chip pointing towards the solute for effective
detection?® Which parts of a membrane protein are accessible for interaction with therapeutic
drugs?® Which sites are in contact with minerals and control the nucleation of hard tissue?”
Despite the importance, the experimental observation of protein orientation is still challenging.

7 where the

The most established methods are based on enzyme-linked immunoassays,®
accessibility of antibody binding sites is observed. While this method provides important
practical information for bioengineers, the detail of structural information obtained is limited.
Time of flight secondary ion mass spectrometry (ToF-SIMS) has recently been developed to
probe protein orientation using its extremely shallow probing depth to detect asymmetries in the
amino acid distribution within ordered protein films to determine the molecular orientation®. A
drawback of ToF-SIMS is that the experiments require ultra-high vacuum conditions, which
makes sample preparation difficult and can alter or destabilize protein structures. Nuclear
magnetic resonance’ and electron paramagnetic relaxation'” can determine the orientation of
proteins but need series of isotope and spin labeled proteins, which are time consuming, often
difficult to produce and limit the size of proteins that can be studied.

Over the past decade sum frequency generation (SFG) spectroscopy has been developed into a
reliable method to probe proteins of arbitrary size at interfaces in situ and in real time without the
need for labels. In an SFG experiment, infrared and visible laser beams are overlapped in space
and time at an interface to generate sum frequency photons by optical frequency mixing.'" When
the IR light is in resonance with a vibrational mode of molecules at the interface, this leads to an
enhancement of the SFG process and corresponding features in the resulting spectra. In analogy
to IR and Raman spectroscopy, SFG in the amide I region (1500-1800 cm™') allows to determine
the secondary and tertiary structure of proteins. SFG has been used to determine the structure of
proteins on membranes, polymers, self-assembled monolayers and inorganic surfaces'>',

Reliable protocols have been developed to determine secondary structure and tilt angle of entire

proteins or individual protein sites'® with respect to the surface.
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However, published methods for determining the orientation of protein backbones are based on

homodyne SFG intensity spectra'’-!”

, and as such provide tilt angles modulo 180°, i.e. are
unable to tell the absolute orientation of the protein, pointing up’ or down’, relative to the
surface. As discussed above, for applications the absolute orientation is often a key factor. The
inability to infer absolute orientation from SFG intensity spectra, originates from the fact that the
intensity is proportional to the square of the SFG response of the protein ensemble. The SFG
response is a complex variable, and in particular the sign of the imaginary part, or, equivalently,
the phase of the SFG response directly reflects the absolute orientation. Oppositely oriented
moieties are precisely 180° out of phase. The phase of a signal can be determined by interfering
the SFG signal with a reference signal of known phase.

Phase-resolved SFG has been used to determine the chirality, but not orientation of interfacial
proteins>*%’, It has been used to infer the absolute orientation of small molecules at interfaces,
which requires, however, knowledge of the orientation of the transition dipole moment relative
to the molecular axis; for methyl, carbonyl and water molecules?*->*, this relation is well known.
However, for proteins, the transition dipole moment across all backbone carbonyls relative to the
orientation of the protein is unknown. In other words, for protein systems, even knowing the
phase of the signal does not directly provide absolute orientation information. This requires, in
addition, knowledge of the directionality of the transition dipole moment in the protein molecular
frame. Here, we show that for a model protein, combining heterodyne SFG with transition dipole
moment calculations, we can determine the absolute orientation of proteins at an interface.

The experiments were performed with the well-established model peptide LKal4, which is
based only on leucine (L) lysine (K) side chains and an acetylated N-terminus (Ac-
LKKLLKLLKKLLKL) and has been designed to adopt an a-helical secondary structure at the

air-water interface (see Scheme 1)%*%,
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Scheme 1. Model leucine (L) lysine (K) peptides LKal4 are designed to adopt a-helical
secondary structures at interfaces. LKal4 peptides are amphiphilic with hydrophobic leucines

and hydrophilic lysines orienting to opposite sides of the helix.

To determine the amide transition dipole moment LKal at the air-water interface, we have first
performed molecular dynamics simulations (MD) of the assembly of the peptides at the air-water
interface. A snapshot of the MD simulation, taken at 100 ns, is shown in Figures la,b. The
snapshot illustrates that the peptides assume a mostly a-helical secondary structure at the
interface. The hydrophobic leucines point out of the water phase and the lysines are in contact
with the water. This general conformation is in agreement with previously published
experimental and theoretical studies of LK peptides at water surfaces and other hydrophobic
interfaces.[cite PNAS, Weidner Langmuir, Sayar, Pfaendtner, Marmut2006]

The simulation indicates the peptides are oriented largely parallel to the water surface, in good
agreement with previous experimental and theoretical results. However, a more quantitative
analysis of the orientation of the peptide backbone orientation and the average amide transition
dipole moment (TDM) orientation shown in Figure Ic show that the peptides are not oriented
entirely parallel to the water surface (see SI for more details about the analysis). The amide TDM
and the long peptide helix axis are tilted, with angles of 80° and 82°, respectively, with respect to
the surface normal and the N-termini pointing towards the water phase.

Phase-resolved SFG spectra for a monolayer of LKal4 at the air-water interface are shown in
Figure 2: Panels a and b display the imaginary and real SFG spectra, respectively. The imaginary
spectrum exhibits a pronounced peak near 1630 cm™'. The real spectrum shows the related zero

crossing close to 1630 cm™.
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Figure 1. Snapshot of the MD simulation of LKal4 at the air-water interface at time point 100
ns. (a) Side view and (b) top view of the simulation box. The LKal4 peptides predominantly
assume a-helical secondary structures. While the leucine side chains are oriented away from the

water surface, the lysine side chains are interacting with the water. (c) Orientation analysis if

the amide bonds and the helix axes of the peptides.

For a close comparison of the experimental SFG data with the simulation, we calculated
theoretical imaginary and real SFG spectra from the 100 ns MD snapshot shown in Figure 1. The
results are included in Figure 2 (red lines). Clearly, the calculated spectra capture the spectral
shape and polarity of both the imaginary and the real experimental spectra well. The sensitivity
to the peptide absolute orientation, even at a ‘flat’ angle of 82° becomes apparent when
calculating the related spectra for a 180° rotated snapshot as a reference. The spectra of the
inverted snapshot (black line) neither match the spectra original simulation nor the experimental

spectra.
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Figure 2. Experimental and theoretical SFG spectra for LKal4 at the air water interface. (a)
Experimental (dots) imaginary spectrum along spectra calculated for the MD snapshot (red) and
the snapshot rotated by 180° (black). (b) Calculated real SFG spectra. (c) Absolute squared
spectrum calculated from the simulation spectra (d) Absolute squared spectrum constructed from

the experimental heterodyne spectra. (e) Homodyne detected SFG spectrum as reference.

To verify the consistency of the measured phase resolved spectra with the related and well-
known homodyne detected spectra we calculated the absolute square of the imaginary and real
spectra parts and compared with experimental homodyne spectra and homodyne spectra
calculated from the simulation. The results are summarized in Figure 2¢. The heterodyne and
homodyne spectra as well as the calculations are in excellent agreement and exhibit a peak near

1645 cm’', which agrees well with literature values.

In summary we have determined the absolute orientation of the model peptide LKa 14 at the air
water interface using a combination of phase-resolved SFG data, MD simulations and spectra
calculations. We found, that the widely studied model peptide LKo.14 on average adopts a rather
planar orientation at water surfaces and is slightly tilted (82°) with the N-terminus oriented
towards the water phase (Scheme 2). Orientation measurements of water molecules,
hydrocarbons and protein components have been successfully used for years to answer questions
in physical chemistry. Knowledge of the absolute orientation of proteins is essential for protein-
based biosensors, drug design and the development of new biocompatible coatings. The
procedure presented here allows direct assessment of absolute protein orientation by a

comparison of simulated structures with SFG spectroscopic data.
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Scheme 2. Illustration of the average orientation of the LK peptides at the air water interface as
determined from the MD simulations and phase resolved SFG experiments. The N-terminus is

pointing into the water phase.
Experimental Methods

Details of the phase specific SFG setup have been described before. Briefly, a 10 mJ laser pulse
with a pulse duration of 40 f5s is generated by a Ti:Sa amplified laser (Spitfire Ace, centred at
800). 2 mJ of the amplifier output is branched out to pump an optical paramagnetic amplifier
(TOPAS, light conversion) which generates 2 pJ broadband pulses centered at 6.1 pm with a
bandwidth of roughly 300cm™'. Another 1mJ is guided through a Fabry-Perot Etalon (SLS Optics
Ltd.) to narrow the broadband 800 nm pulses to a bandwidth of 25 cm™ with 3 uJ pulse energy.
IR and visible pulse are focused on a gold mirror with a 100 cm (visible) and a 5 ¢cm (IR) focal
length lens and overlapped in space and time to generate the local oscillator. Local oscillator, IR
and visible pulses are refocused to the sample using a concave mirror. The local oscillator is
either delayed by a Imm thick fused silica plate for phase specific heterodyne detected SFG
spectra or blocked with a metal plate for homodyne detected SFG spectra. The local oscillator
and the samples SFG pulses are collimated and focused to a spectrometer and finally detected by
an EMCCD camera. Subsequently, the imaginary and real parts are deduced from the
interference spectrum by Fourier transformation. The formalism explaining this procedure has

been described in detail before?> .

The spectra are calculated with an amide-I exciton model for the backbone amide groups, based
on the formalism described in ref.'”. Briefly, the Hamiltonian is constructed with (I) the local

mode gas phase frequencies modulated by a hydrogen-bond induced red-shift on the diagonal,
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(1) for the nearest neighbors, a through-bond coupling model based on parameterized quantum-
chemical calculations with the 6-31G+(d) basis set and B3LYP-functional that correlates the
dihedral angles between the neighboring amide groups to the interaction strength®, and (III) for
the non-nearest neighbors, the Transition Dipole Coupling (TDC) model is used that calculates
the through-space coupling between to amide groups based on their relative orientation and
distance®. By diagonalizing the Hamiltonian, the eigenvalues and eigenmodes of the normal
modes are obtained, from which the IR, Raman and SFG responses are calculated, and the

heterodyned spectra using:

_ Re Z Xijk,vm
Xijk,RE = ~ wy, +w— i(FExC+Fv)

p — Im Z thkv JTExc+Ty
kIm wy + 0 — (T 1)

, with yikv, I'v and oy the hyperpolarizability, linewidth and frequency of normal mode v. We

assume all T’y are 5 cm™' and set 'k, the width of the visible pulse, to 7.5 cm™'.

Molecular Dynamics Simulations: Simulations were carried out using the GROMACS 4.6
simulation package.’® Peptide parameters are defined in the AMBER99SB-ildn force field,*
parameters for phosphate ions were adopted from ref.*> and the TIP3P Water model was used.
The initial state was packed using Packmol,*® with 23 peptides at the vacuum-water interface of
8 x 8 x 7 nm of vacuum and 8 x 8 x 6.8 nm of water, containing 10 phosphate anions and
sufficient chloride anions to neutralize the simulation box. Thereby the system can be described
as 6.8 nm slabs of water separated by 7 nm of vacuum. Topology and coordinate files were
generated with Tleap and subsequently converted to GROMACS-type files using Acpype.’’®
Constraining all bonds with the LINCS algorithm the simulations were run at a 2 fs timestep with
periodic boundary conditions in all three dimensions for 100 ns, using the particle mesh Ewald
(PME) method for long range Coulomb interactions.*” The distance for Lennard-Jones potential

cut-off was set to 1 nm and the temperature was maintained at 300 K using velocity rescaling

with a stochastic term.*” The tilt of the peptide chain at the vacuum-water interface was
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calculated using a python implementation of a method developed by Kahn, based on the alpha

carbon atoms along the peptide chain, disregarding the first and last 2 amino acids.*!
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5.Conclusion and Outlook

The goal of the work presented in this thesis was to establish a way to maximize the information gained
from complex SFG spectra of proteins in the amide-I region. The comparison of the experimental SFG
spectra with calculated spectra helped with the interpretation of the experimental SFG spectra.
Furthermore, phase resolved SFG was employed to obtain information on the absolute orientation of
proteins at interphases. Both approaches were employed successfully and have led to publications or

submissions to peer reviewed journals.

For the future, these methods could be further improved by extending the MD simulations to multiple
proteins to account for intermolecular couplings and further intermolecular interactions. This would
require significantly higher computational power for the MD simulation and for calculating the SFG
spectra. This is mainly because of the slow data processing of an interpreter language like the currently
used Mathematica. Translating the current script to a compiler language like C, C++ or Fortran would

increase the calculation speed dramatically.

In this thesis, the used lipid model systems evolved from a very basic lipid monolayer system to a more
advanced supported lipid bilayer. However, both membrane model systems cannot be considered as a
perfect choice for protein membrane interactions since in both cases only one lipid monolayer exhibits
the full flexibility of a physiological membrane. Furthermore, the extremely low number of lipid
molecules in a two-dimensional membrane renders it impossible to work in a physiological relevant
stoichiometry. Over time, all binding sites will be occupied by proteins or the membrane will be even
partially replaced. A completely covered membrane could possibly prevent refolding or reorientation
events of the bound proteins due to steric hindrance®. Therefore, a three-dimensional model membrane
system like vesicles, in which a physiological protein to lipid ratio can be achieved, would be the next

logical step towards more physiological conditions.

A structural picture of a protein says more than a thousand words — imagine what a movie could do. The
Holy Grail remains a molecular movie of protein folding, refolding or membrane interaction confirmed
with time resolved SFG spectroscopy with ps or even sub-ps time resolution. This must be achieved
with pump probe SFG setup, where an arrested state of a protein is optically activated (pump) followed
by a probe pulse with an adjustable time delay. A possible intermediate step for protein membrane
interactions could be the implementation of a stopped-flow mechanism which would allow for sub-ms

time resolutions.
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Infrared reflection absorption spectroscopy
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X-ray photoelectron spectroscopy
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