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Summary

The phospholipid bilayers are the primary constituents of the membrane in living cells in
which lipids are hold together in bilayer leaflets through a combination of different forces
into the liquid crystalline (L, ) phase. Despite their thin fragile formations, the phospholipid
bilayers are responsible for performing a variety of important tasks in the cells, some of
which are carried out directly by the lipid bilayers and some by various integral proteins
embedded within the bilayers. There have been continues efforts over the past decades
to replicate the compound biophysical properties of living cell membranes in model lipid

bilayers.

An important question remains unanswered: is it possible to replicate physical properties
under “non-equilibrium” conditions as found in cell membranes in model lipid bilayers? In
almost all previous studies, the model lipid bilayers were under static conditions — for
instance, at zero lateral pressure. However, in living organisms, the cell membranes are
involved in continuous (nonequilibrium) exchange and (or) transport of lipid species with
the surrounding environment which consequently leads them to experience continuous
lateral pressure variations. One suitable in vitro approach is to spatiotemporally control
the model lipid bilayers over a time period during which they can be spatially stimulated
at a level compatible to that found under in vivo conditions. This can be achieved with
high spatiotemporal resolution by making lipids light-dependent through implementation

of azobenzene photoswitch in their structures.

In this study, a specific azobenzene containing photolipid (AzoPC) is integrated into
POPE:POPG bilayers (POPE: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine,
POPG: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)) at ~14 mol% to
construct a photo responsive model bilayers entitled as photoliposomes. Magic angle
spinning solid-state NMR spectroscopy (MAS-NMR) at high field (850 MHz) is the
measurement technique of choice by which it is possible to pursue the dynamics (fluidity)
of the bulk lipids within the photoliposomes at atomistic resolution. It is shown that the
AzoPCs undergo an efficient frans-to-cis isomerization (~85%) within the photoliposomes
as the result of UV light absorption, and thermally relax back to the frans state during a
period of ~65 h under the MAS measurement conditions. The order parameter
measurements based on the C—-H dipolar couplings reveal that the non-equilibrium cis-
to-trans thermal isomerization impact of AzoPC on the fluidity of the bulk lipid is highly
localized — the fluidity perturbations originate from specific order parameter changes in

the middle section of the bulk lipid acyl chains. Further '"H NOESY measurements confirm



the hypothesis that the azoswitch topologies in either cis and trans conformer of the
photolipid is the key parameter in localized alteration of the C—H order parameters along

the bulk lipid acyl chains.

Diacylglycerol kinase (DgkA) from E. coli is an enzyme responsible for the
phosphorylation of diacylglycerol to phosphatidic acid, at the expense of adenosine
triphosphate. Structurally, DgkA is a homo oligomer composed of three symmetric 14 kDa
protomers, each of which has three transmembrane helices and one surface helix. Upon
embedding within the photoliposomes, it is shown that DgkA enhances the AzoPC
localization impact on the fluidity of the bulk lipids. In this regard, the results of a series of
statistical simulations of lipid lateral diffusions along the bilayer leaflets in presence and
absence of embedded proteins are accompanied with those of experimentally measured
based upon which it is justified that membrane proteins markedly limit lipid lateral
diffusions in the bilayers. In case of the DgkA proteo-liposomes with lipid-to-protein ratio
of 50, it is estimated that the diffusion coefficient of lipids is above 2-fold lower compared

to that of the protein free liposomes.

The cis-to-trans AzoPC isomerization and its following consequence in localized alteration
of the bulk lipid fluidity is further investigated on the structural dynamics and enzymatic
functionality of the embedded DgkA within the proteo-photoliposomes. It is revealed that
DgkA structural dynamics are perturbated in a multi-scale, complex manner. The
dynamics of residues located in different regions of DgkA changes with the light-induced
AzoPC isomerization, but their time courses differ from residue to residue. For example,
29Ala, a residue on the hinge between the surface helix and membrane helix-1, exhibits
the steepest time-dependent cross peak intensity changes in time-resolved NCA spectra.
The impact of the lasting membrane fluidity perturbation on the enzymatic functionality of
the embedded DgkA is subsequently measured which demonstrates a significant

variation under cis- and trans-AzoPC conformations within the proteo-photoliposomes.
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Zusammenfassung

Phospholipid-Doppelschichten sind das wesentlichste Strukturelement der Membranen
lebender Zellen. Stabilisiert werden die beiden Lipid-Monoschichten in der
flissigkristallinen (L,) Phase durch eine Kombination verschiedener Krafte. Die
Membraneigenschaften sind von unmittelbarer Bedeutung fur eine Vielzahl zellularer
Funktionen die entweder direkt die Lipide oder eingebettete Membranproteine
involvieren. Fur die Membran und die Zelle ist es von entscheidender Bedeutung ihre
physiko-chemischen Eigenschaften auch unter veranderlichen Umweltfaktoren wie bspw.
Temperatur-, pH-Anderungen usw. beizubehalten. Daher enthalten biologische
Lipidmembranen Phospholipide verschiedener Kettenlangen, um einen breiten Lg — Lq-
Phasenlibergang sicherzustellen und somit u.a. robust auf Anderungen der
Umgebungstemperatur reagieren zu kdnnen. Beispielsweise besteht die innere Membran
in Gram-negativen E. coli Bakterien, die allgemein als Plasmamembran bezeichnet wird,
aus ~80 % Phosphatidylethanolamin (PE), ~15 % Phosphatidylglycerol (PG) und ~5 %
Cardiolipin (CL) und Lyso-PE (LPE). Jeder dieser Spezies enthalt Lipide mit verschieden

langen Kohlenwasserstoffketten.

In den letzten Jahrzehnten wurden kontinuierliche Anstrengungen unternommen, um die
physiko-chemischen Eigenschaften von Modell-Lipiddoppelschichten zu denen von
biologischen Zellmembranen in Bezug zu setzen. Eine besondere Herausforderung
hierbei ist die Frage, ob man ,Nicht-Gleichgewichts“-Bedingungen, wie sie in
Zellmembranen gefunden werden, in Modell-Lipiddoppelschichten emuliert werden
kénnen. Fast alle physiko-chemischen Studien an Modell-Lipiddoppelschichten wurden
unter statischen Bedingungen durchgefiihrt, d.h. ohne zusétzliche Lateraldruck. In
lebenden Organismen sind die Zellmembranen jedoch an einem kontinuierlichen (Nicht-
Gleichgewichts-) Austausch und (oder) Transport von Lipidspezies mit der Umgebung
beteiligt, was folglich dazu fuhrt, dass sie kontinuierlich lateralen Druckadnderungen

ausgesetzt sind.

Ein geeigneter in-vitro-Ansatz zur Emulation einer solchen Situation kdnnte nun sein, in
den Modell-Lipiddoppelschichten eine raumlich und zeitlich begrenzte Stérung zu
induzieren, die eine Lateraldruckanderung hervorruft wie sie unter bestimmten in-vivo-
Bedingungen zu erwarten ware. Eine solche experimentelle Mdglichkeit ergibt sich durch

den Einsatz von Photolipiden mit denen mit hoher zeitlicher und raumlicher Auflésung
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durch die Implementierung eines Azobenzol-Photoschalters in der Kettenregion eine

solche Stérung mittels Lichts induziert werden kann.

In dieser Studie wurden zu diesem Zweck Photoliposomen entwickelt, die ein
spezifisches azobenzolhaltiges Photolipid (AzoPC, 14 mol%), sowie POPE (1-Palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine, 69 mol%) und POPG (1-palmitoyl-2-oleoyl-
sn- Glycero-3-Phospho-(1'-rac-Glycerol), 17 mol%) enthalten (Abb. 1). Mit diesen
Photoliposomen sollte eine photoresponsive Modelldoppelschicht konstruiert werden, an
der grundlegende Effekte der lichtinduzierten Isomerisierung im AzoPC auf die Membran

untersucht werden konnen.
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Abb. I: Schematische Darstellung von DgkA rekonstituiert in Photoliposomen bestehend aus 69
mol% POPE, 17 mol% POPG und 14 mol% AzoPC. Das Photolipid AzoPC isomerisiert nach UV-
Beleuchtung von der trans- in die cis-Konformation und relaxiert thermisch wahrend einer
Zeitdauer A Uber mehrere Stunden hinweg wieder in den Grundzustand zurlck. Bei den in dieser
Dissertation beschriebenen Experimenten konnte eine Isomerisierungseffizienz von AzoPC in
Photoliposomen von 85% erzielt werden.



Die Methode der Wahl um atomar aufgeloste Informationen zu Struktur, Dynamik,
Ordnung, Fluiditat von Lipidmembranen zu erhalten ist Festkérper-NMR-Spektroskopie
insbesondere in Kombination mit Magic Angle Sample Spinning (MAS-NMR) und
Anwendung von hohen Magnetfeldern (600 - 850 MHz) (Abb. Il A).
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Abb. II: Festkdrper-NMR Spektroskopie basierend auf Magic Angle Sample Spinning (A) wurde
verwendet um die Wirkung der lichtinduzierten AzoPC-Isomerisierung auf die benachbarten Lipide
zu untersuchen. Es wurden unter anderem C-H Ordnungsparameter der Lipidketten mittels 2D-
Experimenten bestimmt, in denen H-C dipolare Kopplungen mit '3C chemischen Verschiebungen
korreliert werden. Hier gezeigt sind exemplarische Querschnitte entlang der dipolaren Dimension
dieser Spekiren die den CH2 Segmenten in der Mitte der POPE/POPG Kohlenwasserstoffketten
entsprechen (4-12,4°-7°,12°-15" in Abb. I). Verglichen werden Photoliposomen (B), DgkA-Proteo-
Photoliposomen mit einem Lipid : Protein Verhaltnis von 100 mole/mole (C), 50 mole/mole (D)
nach UV-Bestrahlung der Proben (oben, blau) und nach thermischer Relaxation Uber einen
Zeitraum A (65 h) (unten, grin). Unter Beleuchtung ist eine deutliche Reduktion des
Ordnungsparameters der Lipidketten zu beobachten. Der Effekt wird durch Prasenz des

Membranproteins DgkA noch verstarkt.

In dieser Dissertation (Kapitel 3) wird eine grundlegende MAS-NMR spektroskopische

Analyse dieser Photoliposomen beschrieben. Es wird gezeigt, dass die AzoPCs innerhalb
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der Photoliposomen nach UV-Beleuchtung eine frans-cis-Isomerisierungseffizienz von
ca. 85% aufweisen. Danach relaxieren sie unter MAS-NMR Bedingungen direkt im NMR
Spektrometer Uber mehrere Stunden (ca. 65 h) thermisch zurlck in den frans-

Grundzustand.

Die Isomeriserungseffekte wurden zeitaufgelost mittels 'H, '*C und 3'P-MAS NMR
verfolgt. Anderungen der Ordnung der Kohlenwasserstoffketten der Lipide konnten
mittels dipolarer C-H Ordnungsparameter beschrieben werden, die aus
zweidimensionalen "*C-'H /'®C SLF (Separated Local Field) Spektren extrahiert werden

konnten.

Die erhaltenen Daten zeigen, dass die AzoPC Isomerisierung einen besonders grof3en
Effekt auf die mittleren Kettensegmente von POPC und POPG hat (Abb. Il B-D). Deren
Ordnungsparameter wird beim Ubergang von trans- zu cis-AzoPC deutlich reduziert und
relaxiert mit der thermischen Riickkonversion von AzoPC zum Ausgangszustand zuruck.
Diese spezifische und lokalisierte Anderung der Lipidordnungsparameter ergibt sich aus
der Interaktion des Azoschalters in AzoPC mit den CH>-Segmenten der benachbarten
Lipide, was durch 2D '"H-NOESY MAS NMR Experimente untermauert werden konnte.
Mit diesen Daten konnte erstmals die genaue Ursache der Wirkung von Photolipiden in

Liposomen visualisiert werden.

Diese Experimente wurden im nachsten Schritt auf Proteoliposomen erweitert, d.h. auf
Liposomen in denen ein integrales Membranprotein eingebaut ist. Verwendet wurde hier
Diacylglycerinkinase (DgkA) aus E.coli, ein Enzym, welches fur die Phosphorylierung von
Diacylglycerin zu Phosphatidsdure unter Verbrauch von Adenosintriphosphat
verantwortlich ist (Abb. ). Strukturell ist DgkA ein Homooligomer, das aus drei
symmetrischen 14-kDa-Protomeren besteht, von denen jedes drei Transmembranhelices
und eine Oberflachenhelix aufweist. In Gegenwart von DgkA in Photoliposomen konnte
gezeigt werden, dass sich der Einfluss der AzoPC-Lokalisation auf die Kettenordnung der
Hautlipide noch verstarkt (Abb. Il C, D).

Untermauert werden diese Messungen durch die Ergebnisse statistischer Simulationen
zur Lateraldiffusion von Lipiden innerhalb einer Monoschicht in Gegenwart und
Abwesenheit von eingebetteten Proteinen. Die Simulationen zeigen, dass
Membranproteine die seitliche Diffusion von Lipiden in Doppelschichten deutlich
begrenzen, was vermutlich zu einer Verstarkung der Wirkung der cis-trans Isomerisierung
des AzoPCs flihrt. Im Fall der DgkA-Proteoliposomen mit einem Lipid-zu-Protein-
Verhaltnis von 50 wird geschatzt, dass der Diffusionskoeffizient von Lipiden mehr als 2-

mal niedriger ist als der von proteinfreien Liposomen.
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Abb. Illl: Effekt der lichtinduzierten AzoPC-lsomerisierung auf das in die Photoliposomen
rekonstituierte Membranprotein DgkA. Die cis-frans Isomerisierung bewirkt eine Reduktion der
Kettenordnung in POPE/POPG was die strukturelle Dynamik und enzymatische Aktivitat von DgkA
beeinflusst. (A) Exemplarische Ausschnitte aus NCA-MAS NMR Spektren von 3C-15N-DgkA. Die
Kreuzpeaks von 29Ala und 30Ala zeigen eine deutliche Signalreduktion nach Beleuchtung (blau:
cis-AzoPC, grin: trans-AzoPC), was auf eine hohere Dynamik dieser Reste hinweist. (B) Die
enzymatische Aktivitat von DgkA kann mittels zeitaufgeloster 3'P-MAS NMR direkt verfolgt werden.
ATP wird abgebaut, DAG wird zu PA phosphoryliert und es entsteht auch ADP und anorganisches
Phosphat (free-P). Nach Beleuchtung in Gegenwart von cis-AzoPC l|auft die Reaktion deutlich

langsamer ab (links), als mit trans-AzoPC (rechts).

Aufbauend auf diesen Daten wurde weiterhin der Einfluss der cis-zu-trans-AzoPC-

Isomerisierung auf Struktur, Dynamik und Aktivitdt von DgkA untersucht (Kapitel 4).
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Mittels 2D-MAS NMR Spektroskopie wurden NCA Fingerprint-Spektren von DgkA direkt
nach der Isomerisierung und wahrend der thermischen Relaxation bis zurlick in den
Grundzustand aufgenommen. Im Rahmen der erzielten spektralen Auflésung konnten
keine signifikanten Anderungen in den chemischen Verschiebungen der NCA-
Kreuzpeaks detektiert werden. Jedoch gab sehr spezifische Anderungen in
Peakintensitaten. Fur einige der Kreuzpeaks konnten sehr deutliche Reduktionen
beobachtet werden, was auf eine erhéhte Dynamik hinweist. Diese Effekte sind deutlich
unterschiedlich ausgepragt in verschiedenen Segmenten von DgkA. Zum Beispiel zeigt
29Ala, ein Rest im Verbindungssegment zwischen der Oberflachenhelix und der
Membranhelix-1, die steilsten zeitabhangigen Kreuzpeak-Intensitatsanderungen in
zeitaufgelosten NCA-Spektren (Abb. Il A). Interessanterweise andert sich auch die
enzymatische Aktivitat von DgkA, welche mit zeitaufgeloster 3'P-MAS NMR
Spektroskopie verfolgt werden konnte (Abb. 1l B).

Zusammenfassend ist festzustellen, dass mit dieser Studie erstmals ein mechanistischer
Einblick in die Wirkungsweise von Photolipiden in Liposomen und deren Effekte auf Lipide

und integrierte Membranproteine gewonnen werden konnte.
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1. Introduction

1.1. Lipid bilayers: The primary building block of cell

membranes with numerous functions

In living cells, phospholipid bilayers are the main building blocks of the cell membranes,
the so called ‘plasma membrane’ (1). According to the fluid mosaic model (FMM), lipid
bilayers are considered as fluid, two-dimensional sheets of “solvent” in which globular
membrane proteins are embedded (2). Although cell membranes are very thin, e.g. in
case of E. coli with a width of ~5-10 nm (3) compared to cylindric diameter of the bacteria
of ~1 um (4) (Figure 1.1), their responsibilities support a wide ranges of crucial cell

activities (3):

¢ Compartmentalization barrier: The main responsibility of the cell membranes,
and more precisely lipid bilayers, is to partition the cell interior from the external
environment. Rather than protecting the cell inside, it is a matter of importance
as the compartmentalization give the cells the ability to proceed some special
activities independently. To achieve this role, the lipid bilayers have to have
certain physical properties which will be explained later in this chapter.

o Framework for catalyzing certain chemical reactions: The cell inside
compartmentalization is also important for some certain cellular chemical
reactions to be taken place. These reactions can only be accomplished by
cooperative role of the cell membranes in directing the chemical solutes
inside/outside towards specific positions.

e Gating barrier: Cell membranes have the capability to provide selective
passage of certain elements and components through the lipid bilayers. The
transport mechanism of various components such as ions, nutrition, peptides,
waste etc. are essential for cell activity. Although some small ions such as proton
might pass directly through the lipid bilayers, the transportation of elements and
components of various types throughout the membranes are mainly
accomplished by a wide range of integral membrane proteins such as pores,
channels and transporters. Their proper functions are often regulated through

direct interactions with the membrane itself.
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Fig. 1.1: The E. coli cell membrane. (A) An electron microscope image of an E. coli cell on which
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the thickness of cell membrane composed of both “inner” and “outer” lipid bilayers is marked by
the arrows. The bar length is 500 nm. The image is taken from ref. (5) under Creative Commons
Attribution-Noncommercial-NoDerivatives 4.0 International license. (B) The inner and outer lipid
bilayers of the E. coli cell membrane is schematically illustrated. The different lipid composition in



either the bilayers as well as various integral membrane proteins within them is demonstrated by

different colors.

¢ As signal transmittance: An important capability of cell membranes is to react
and respond to the different environmental stimuli which expand to mechanical,
thermal, optical, and chemical sorts. To be able to flexibly responds to external
stimuli, likewise that of the membrane proteins, cell membranes also contain a
broad range of other biomolecules called receptors. Each receptor is responsible
to counter with a specific external stimulus. The cell response to the environmental
stimuli is interpreted as an acceleration/deacceleration, or even prohibition of
unique chemical reactions carrying out by the cell.

o As energy transferal: Cell membranes involved in another vital activity in the cell
which is energy conversion from one another. An important example is the
phosphorylation reaction over which one phosphate is taken from an adenosine
triphosphate (ATP) in cytoplasm and subsequently either is transferred to another
cell membrane species or released for further reactions in the cell (ATPase). In
cells, the ATPase is accomplished by different types of integral membranes
proteins, transporters, etc. ATPase is a common source of energy production for
a wide range of living cells as it is thermodynamically favorable (AG decreases

because it simply causes an increase in the entropy of the cell’'s adiabatic system)

().

In E. coli cells, the membrane consists of two distinct inner and outer membranes whose
lipid bilayer compositions differ one another (7-8); while the inner membrane is composed
of only phospholipids, the outer membrane involves two different leaflets of inner
phosphoglycerate and outer polysaccharide lipids (9). The Outer membrane is majorly
acts as a shield for the cell preventing entry of antibiotics, detergents, and dyes into the
cell (10). The inner membrane which is commonly entitled as plasma membrane, provides
a “castle-wall” shield for the cell in which numerous integral membrane proteins,
transporters, etc. act as the gates (11), whose functionalities are summarized above. The
phospholipid composition of the inner cell membrane is of ~80%
phosphatidylethanolamines (PE), ~15% phosphatidylglycerols (PG), and ~5% Cardiolipin
(CL) and Lyso PE (LPE) with various acyl chain lengths (12). Considering all these vital
activities that cell membranes endure to regulate the proper function of the entire cell, it

is highly important to understand the impacts of the cell membranes physical properties



on such regulations as most of the abovementioned tasks, if not all, are the direct
outcomes of the cell membranes physical interactions with integral proteins (13). In the
following, it is discretely concentrated on explaining the most important physical
properties of phospholipid bilayers as model systems to replicating those of the E. coli
inner cell membrane. It is due to the fact that one of the major objectives in this project
was to studying the relation between the structural dynamics and functionalities of the
integral membrane protein diacylglycerol kinase (DgkA) within native phospholipid

membrane.

1.2. The physical properties of cell membranes depend on their

lipid compositions

As the name implies, lipid bilayers are resulted as the “self-assembly” of two sheets of
lipid molecules positioning reversely towards each other in a way that the lipids acyl
chains gather inside of the bilayers and the lipids head-groups define the two outer
boundaries of the bilayers. The self-assembly is a result of the amphiphilic character of
the lipid molecules with a polar head group and two apolar acyl chains. This intrinsic
duality in the polarity of lipids induces a range of forces including electrostatic repulsion,
van der Waals attraction, hydrophobic interaction, and hydrogen bonding (but not for all
lipids) which together lead the lipids to be self-assembled in the form of bilayers in an
aqueous environment (as the dominant medium in all living cells). Nevertheless, the ways
by which cell lipid bilayers are shaped and interact with numerous integrated proteins
within them depend, first, on their own lipid compositions by which their characteristic
physical properties are defined, and second, on the environmental factors such as
temperature, pH, osmotic pressure (different concentration of components in either side
of the cell membranes), etc. From the lipid aspect, there are a vast variety of lipids in
nature which can be categorized into three main subgroups as phospholipids,
sphingolipids, and cholesterols. Phospholipids are the building blocks of the lipid bilayers
(3), which mainly occur in form of phosphatidylcholines (PC, zwitterion),
phosphatidylethanolamines (PE, zwitterion), phosphatidylserines (PS, negative charge),
phosphatidylglycerols (PG, negative charge) and phosphatidylinositols (PI, zwitterion) of
different acyl chain lengths and saturations (14). In nature, a vast variety of different
phospholipid combinations compose the membranes of different cell types (14-16). For
instance, E. coli inner cell membrane is mainly made of PEs and PGs and has no PC
involved (12), while Golgi cell membranes have 25% PCs and the rest is made of some

low contribution of all other lipids (14). This diversity in the compositions of different cell



membranes is a prevailing factor for cells to adopt optimized physical properties, which fit

to their individual cell functions.

1.3. Physical properties of lipid bilayers

1.3.1. Lipid structural phases and phase transitions

Depending on their physical characteristics and environmental parameters, lipids are
intrinsically capable of arranging themselves in macromolecular structures other than
liposomes and bilayers (phase behavior, thermotropic polymorphism). The lipid phases
can be thermodynamically transferred to one another (phase transitions) in respond to
temperature variations of the surrounding environment. The lipid phase transitions are
dependent on the structural nature of the constituent lipid molecules — head group
bulkiness, acyl chain length, acyl chain degree of saturation, and the lipid headgroup
charges. In case of phospholipids, the lipid phases can be categorized as monolayers
(non-bilayers), such as cubic, hexagonal, inverted-hexagonal, etc., and bilayers. The lipid
bilayer phases occur over a wide range of temperatures. At phase transitions, the lipid
bilayers are either transformed to another lamellar bilayer phase or to one of the non-
bilayer phases. In the former, the lipid bilayers undergo a transition from a rigid, gel-like
phase denoted as Lg or Lg- (depending to the lipid structure) to a fluid-like liquid crystalline
phase denoted as L, phase (17). Figure 1.2 depicts a schematic phase diagram of a
model lipid membrane in which the phase behavior dependency of the lipid molecules
ensemble to temperature and water content is illustrated. The Lg — Ly phase transition is
usually denoted as the bilayer melting point or T,,. Pure lipid bilayers made of a single
lipid type undergo first order phase transition — sharp phase transitions at specific
temperatures (18). However, because the lipid bilayers in biological cells contain various
forms of lipids with different individual phase transitions of their own which could vary in
scale of tens of degree Kelvin, lipid bilayers in living cells exhibit a broad, continues phase
transition (second order phase transition) during which numerous phases are coexisting
(16). This supports cell survival as their biological activities proceed under specific phase
conditions of their cell membranes. In fact, the broadened phase transition in the cell

membranes helps cells to resist to environmental temperature changes.
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Fig. 1.2: A schematic phase diagram plotted for a model lipid membrane depicts the various
structural conformations of the lipids ensemble in correlation to changes in temperature and water

content. The Figure is adapted from ref. (19) with permission from the publisher.

1.3.2. Lateral pressure

In lipid bilayers at equilibrium, the sum of the attraction forces cancels out that of the
repulsive forces (20). This basically means no lateral pressure is felt by the lipids within
the bilayers under stable phase conditions — the surpass of the sum of the forces
(attractive and repulsive) is spontaneously converted into the curvature of the bilayers
which could be either negative, zero, or positive depending on the structural nature of the
lipids (21).

There are three main forces playing dominant roles in shaping the bilayers lateral

pressure and curvatures (21-23):

e The attractive forces mainly resulted as the interaction between the hydrophobic
acyl chains and water. The other attractive forces include the dipole-dipole
interactions between the polar headgroups along the bilayer leaflets, the long-

range van der Waals (vdW) forces between the acyl chains ensemble in the
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opposite leaflets of the bilayers (24), as well as the hydrogen bonds, which in
some lipids such as PGs, are established in the headgroup region of the bilayers.
The repulsive pressures which are mainly caused by the short-range steric
forces and exist in both the headgroups and the acyl chains regions of the
bilayers (21). Between the headgroups, steric, electrostatic, and hydration
effects generate repulsive lateral pressure. The expanse of the steric and the
electrostatic forces are dependent on the bulkiness and the ion extent of the
head group, respectively. For instance, while both PCs and PEs are part of the
zwitterionic lipids, PCs’ large head groups oblige higher level of steric forces
compared to PEs’ smaller headgroup.

The repulsive pressure within the acyl chains is mainly caused by the rotational
isomerization of the carbon-carbon bonds along the lipid acyl chains as well as

the steric forces between the acyl chains.
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Fig. 1.3: The lateral pressure profile of the lipid bilayer mixture 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG)

(4:1) calculated by molecular dynamic (MD) simulation (25). The sum of the negative attractive

forces mainly resulted by the water-acyl chains interactions (colored in red) is counterbalanced by

that of the positive repulsive pressures spanned between the headgroups and the acyl chains

(colored in blue). The figure is taken from ref. (25) under Creative Commons Attribution License
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Accordingly, the lateral pressure profile, m(z), is defined along the lipid bilayers normal as
(16),

n(z) = {(2) — A(2) (1.1)

where {(z) and A(z) are respectively the sum of the attractive and repulsive forces
operating between the lipids within the bilayer. In Figure 1.3, the lateral pressure profile
of a model lipid bilayer is depicted. As discussed earlier, the net lateral pressure of lipid
bilayers in equilibrium is zero since the surpass of the counterforces, the attractive and

repulsive pressures, has redeemed into the bilayer intrinsic curvature.

1.3.3. Lateral diffusion

According to the FMM model, lipid bilayers in cell membranes form a two-dimensional
viscous fluid (2) in which lipids and integral membrane proteins undergo rotational and
translational diffusion (26-28). The diffusion of lipids (and the proteins) in the membrane
is subjected to the Brownian motion which characterized by random fluctuation in their
position within the two-dimensional membrane leaflets (27-28). This is schematically

illustrated in Figure 1.4.

Fig. 1.4: Lipid lateral diffusion within the bilayer leaflets. A simulation of lipid lateral diffusions

along the bilayer leaflets is illustrated. In the simulation, one single lipid presented by the black star
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undergoes 600 diffusion steps in three different arbitrary paths colored by blue, green, and orange

continues lines. Each of the junction in the lines represents a single diffusion step along the paths.

The diffusion of different components within the membrane due to the Brownian motion
is theoretically described by rotational and translational diffusion constants (Dr and D,
respectively) for displacements in the two-dimensional plane of the membrane and

rotations perpendicular to the plane normal:
r2 = 4Dt (1.2)
02 = 4Dt (1.3)

where r2 and 62 are the mean displacement and angular rotation in time ¢, respectively

(28). According to the Einstein’s description of Brownian motions in 2D dimension (26),
DT = kBTbT (14)
DR = kBTbR (15)

the translational and rotational diffusion coefficients are related to the corresponding
mobility parameters, by and bg, where kg is the Boltzmann’s constant and T is the
absolute temperature. For cylindrical objects, as it can be estimated for the membrane

proteins, the b; and by are defined as:

1 uh
_ P ) (1.6)
br 4nuh<nu’a 4
1
- (1.7)
br 4mua’h

where u and y” are the viscosities of the planer fluid and its exterior with y > u’, h is the
thickness of the viscose fluid sheet, y is the Euler’s constant (0.5772), and a is the radius
of the cylindrical particle (28). Equations (1.6) and (1.7) are developed by Saffman, P. et
al. (27-28) on the basis of the Einstein’s mathematical description (26) of spheric particles
diffusion in two-dimensional viscous fluid sheets. By comparing the translational and
rotational mobilities of the particle in the planer fluid (membrane), one can obtain:

br _ (ln ph _ y> 2 (1.8)
bg 'a
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which demonstrates that the correlation between the two mobilities is related
logarithmically to the viscosity ratio. Furthermore, assuming h = a for a given membrane
protein and u =~ 102y’, one can obtain by /by ~ 4a?, elaborating that the translational
mobility of the membrane protein increases parabolically relative to the a compared to the
corresponding rotational mobility within the membrane. Saffman, P. et al. (28) rationalizes
this by comparing the energy dissipation of the two components of the protein diffusion:
while the energy dissipation of the rotational diffusion is highly localized, that of the
translational diffusion spreads over a larger surrounding environment. Saffman, P. et al.
also compared the Equation (1.8) result with that of the experimentally measured for the
membrane protein rhodopsin (29-30). The authors proved that the outcomes of the two
techniques stand significantly close to each other. Later, Peters, R. & Cherry, R. J. (31)
also measured the diffusion constants of bacteriorhodopsin reconstituted in 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) with different lipid to protein ratios and
used their results to examine the validity of the Saffman, P. et al. equations. They
confirmed that that the margin between the experimental measurements and the
theoretical calculations is narrow, implying that one can estimate a and in turn, the
oligomeric state of a given protein in the membrane by combining the experimental

measurements of D and D and using them into Equation (1.8).

1.3.4. Order parameter

The order parameters which are defined by solid-state nuclear magnetic resonance
spectroscopy (ssNMR) for different CH bonds along the lipids acyl chains within the
bilayer in L, phase deliver unique information about the segmental dynamics of the lipid
bilayers (16). For instance, based on the mean-torque model (24), the measured order
parameters can be used to calculate the area per lipid and the acyl chains volumetric
thickness (20). There are two major ssNMR methods by which one can determine the CH
bonds order parameters of the lipid acyl chains within the bilayers. The first well-stablished
H static ssNMR spectroscopy method in based on measuring the carbon—deuterium
quadrupolar coupling of the perdeuterated lipids and in turn, determine the 2H-C order
parameters along the acyl chains (32). Due to its rather less complex instrumental
requisites, the technique has been commonly used in biophysical studies of lipidic
systems over the past decades. However, the necessity to use the ?H labelled lipids, the
vast broadness of the spectra line-shapes which could reach up to tens of kHz in case of
2H and even up to MHz in "N ssNMR spectroscopy of solids (33) is the intrinsic drawback

of the technique. It is subsequently makes it necessary to either provide high amount of

14



sample or spend rather long time for the signal acquisition. For the same reason, the
acquired spectra are averaged over all ?H along the structure of molecule of interest, and
thus, have lack of information about the individual positions. In this matter, a “smoothed”
methodology is commonly used in order to assigning the ?H-C order parameters for
individual carbon positions. The second, more recently developed method is based on
the direct measurement of the H-C dipolar couplings through separated local field (SLF)
NMR spectroscopy under magic angle spinning (MAS) condition. The MAS in principle,
causes the spectra line-shapes of solids get significantly narrow. This is achieved through
heteronuclear decoupling as well as unifying the chemical shift anisotropies (CSA) of
individual spins in the samples which make it possible to acquire some liquid-state like
NMR spectra of solids. As comparison, the H-C dipolar coupling measurements under
MAS has all abovementioned drawbacks of the 2H-C quadrupolar measurements as
advantages. Detailed description of the H-C dipolar coupling measurements under MAS

will be introduced in the following sections in this chapter.

In both cases, the 2H-C quadrupolar coupling measurement and the H-C dipolar coupling
measurement under MAS, the order parameters of different segments along the lipid acyl

chains are defined as:

Scu = %(3 cos? Oy () — 1) (1.9)

where 8.4 (t) is the time-dependent angle between the CH bond vector in the ith segment
along the acyl chains and the lipid bilayer normal. In case of the quadrupolar
measurement of the perdeuterated samples, the angle is 8.,. The angular bracket
indicates to a time or ensemble average (20). In the following in this chapter, it will be only
focused on the technical description of the H-C dipolar coupling measurement under
MAS as it has been the preferable method for measuring H-C dipolar couplings of lipids

within (proteo)-photoliposomes during this PhD project dissertation.

1.4. The azobenzene photoswitch: An ideal tool for the
spatiotemporal control of biomolecules
Over the past two decades, there has been a great interest in how to control individual
cellular events in reversible manner, since many complex biological organisms do

function under out-of-equilibrium physical-chemical conditions (34-37). The reason is that

living cells are not isolated organisms but rather open systems with constant exchange of
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energy, materials, and information with the surrounding cells and environment (34). In this
regard, an ongoing challenge is to spatially and temporally control cellular processes to
understand their complex mechanisms of growth, or malfunctions (38). Although the
spatiotemporal details of a biomolecule in vivo cannot be easily replicated into in vitro
experiments, the closest approach to track the role of a specific biomolecule in its
environment, as Woolley and coworkers state (39), is to control its spatiotemporal modes
over a time length during which the biomolecule can be spatially agitated in a level equal
to that of in vivo conditions. Photoswitches are light sensitive molecules that undergo a
reversible conformational change upon light absorption (40). Photoswitches pass almost
all the criteria needed for the spatiotemporal control of biomolecules: 1) effective light
absorption in the biologically compatible wavelengths — above 340 nm up to 800 nm, 2)
efficient photoconversion under ambient light, 3) impact on the biomolecular activities,
and 4) stable and reversible photoconversion without harming the biologically required
conditions (39). The very first and most used photoswitch in the biological application is
azobenzene (41). From the photochemical aspect, azobenzene undergoes a “frans-to-
cis” conformational change as the result of UV light absorption (Figure 1.5 A). As seen,
frans azobenzene has a strong m — * absorption band at ~320 nm and a much weaker
n — " absorption band at ~440 nm. The n — n* band of cis azobenzene overlaps with
that of the frans azobenzene but shows stronger absorption. It has been reported that
intact azobenzene absorptions in its either trans/cis conformers take place in ps timescale
in different organic solvents (42-44). The photochemical properties of azobenzene,
however, can be significantly tailored by substitution of hydrogens on the phenyl rings
with various other chemical attachments (45-52). Extensively used in biological
applications, it has been shown that azobenzene containing molecules can be perfect
candidates for the photo-control of a wide range of biomolecules. As a few examples, it
was shown that azobenzene-modified biomolecules from peptides (53-56) and
carbohydrates (57-58) to proteins (59-67) and nucleic acids (68-74) are capable of
adjusting various biological events as the result of the precise spatiotemporal alteration

needed in such applications.

Another important, widely studied area of research is the biophysics of lipid membranes
in which different naturally occurred lipid species, or artificially synthesized amphiphilic
molecules, were structurally modified with azobenzene to investigate the impact of
azobenzene ftrans-to-cis conformation change on the membrane physical properties

and/or the function of the targeted membrane proteins (75-87).
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Fig. 1.5: Azobenzene absorption spectrum. (A) Schema of azobenzene trans/ cis isomerization
(left), and the corresponding absorption spectra of either the conformers in ethanol (right). The
figure is adopted ref. (39) with permission from the publisher. (B) Molecular structures of various

azobenzene containing lipid substrates, all in trans conformers.

As such, Kuiper, J. M. and Engberts, J. B. (83) studied the effects of a 5 mol% double-
chain-modified azobenzene containing amphiphile on 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) liposomes. Their UV spectroscopy results of the mixed
liposomes indicate to the formation of two types of “H-aggregates” with different
absorption maxima in the bilayers — with 4,,,,, 0of ~300 nm and 305-320 nm. The authors
elaborated that the H-aggregates corresponded to two various kinds of domains within
which different degrees of azobenzene containing molecules located. In fact, while the

domains with 4,,,, of ~300 nm included some densely-packed degrees of azobenzenes
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which are subsequently unable to change the conformation upon light absorption, those
azobenzene domains with 4,,,,,, = 305-320 are seemingly loosed-packed as thus, be able
to demonstrate frans-to-cis isomerization. Later, Ishii, K. i., et al. (82) used an especially
designed azobenzene containing amphiphile to cause bilayer “undulation” in giant
unilamellar liposomes (GUL) DOPC. The authors observed that the azobenzene
amphiphiles caused reversible budding in the DOPC bilayers as a result of the photo-
isomerization. More recently, T. Lohmuller and coworkers (77-78) used an azobenzene
containing analogue of phosphocholine (AzoPC) to study the impact of azoswitch photo-
isomerization on the mechanical properties of lipid bilayers. They initially demonstrated
that liposomes entirely composed of AzoPC undergo severe, but reversible shape
transformation including tube formation, budding, and pearling due to the AzoPC photo-
isomerization which could reduce the bending rigidity of the bilayer by a factor of two (78).
The authors made further investigation on the impact of AzoPC of different ratios on the
elasticity properties of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) bilayers
(77). They showed that the AzoPC ratio has solid impact on formation of H-aggregate in
the DPhPC bilayers, shifting the trans-to-cis 1,4, of AzoPC embedded in the bilayers up
to 20 nm towards lower wavelengths compared to that of free AzoPC in organic solvents.
The author also measured the elasticity of the DPhPC/AzoPC bilayer mixtures using
micro-pipetting technique, showing that the bilayers bending moduli dropped sharply
when the AzoPC ratio in the bilayers was more than 20 mol% and it was in cis
conformation. By synthetizing azoswitsch containing ceramides of different chain lengths
(ACe), D. Trauner and coworkers (79) studied the impacts of photo sensitive ceramides
and their photo-isomerization on raft (domain) formation in
DOPC/cholesterol/sphingomyelin (SM)/ACe bilayer mixtures with 10/6.7/X/Y mol% ratios
while the SM/ACe ratios differed from 9/1 to 0/10. Using atomic force microscopy and
confocal fluorescent microscopy, the authors visualized formation of raft-mimicking
domains entitled as liquid-ordered (L,) phase in the bilayers. They also showed that the
ACes in trans state were mainly localized within the L, domains. However, upon UV
illumination, the ACe molecules caused, though reversibly, creation of liquid-disordered

(Lq) “lakes” within the L, domains.

There have been also a plenty of studies in which the impact of azoswitch-modified, lipid
membrane components of different types and their photo-isomerization under light
irradiation were investigated on the function of various embedded membrane proteins.
Fatty acids (FA) are cell membrane components which are essential in cell signaling (88).
By synthesizing a range of fatty acids of different chain lengths carrying azobenezene

along their chains (FAAZzo), Frank, J. A., et al. (81) used patch-clamp electrophysiology
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to investigate the optical control of vanilloid receptor 1 (TRPV1), a non-selective cation
channel involving in temperature regulation (89) and pain transduction in nervous system
(90), by trans-to-cis photo-isomerization of FAAzos directly in the human embryonic
kidney cells. Their results show that FAAzos act as photosensitive agonists, being able to
spatiotemporally control TRPV1 function by reversible transferring to inactive and active
states corresponding to the trans and cis conformation, respectively. In another paper
(80), Frank, J. A., et al. presented how azobenzene-modified diacylglycerols of different
chain lengths (PhoDAGs) were able to reversibly control a series of various biological
events in different human cells. Protein Kinase C (PKC) is a family of kinases involving in
cell cycle regulation, proliferation, apoptosis and migration (91). For instance, the authors
showed that PhoDAG-1, the longest chain azobenzene containing DAG, was able to
trigger the fluorescently-labeled PKC translocation towards the plasma membrane in
Hela cells after UV illumination of the cells. The PKC translocation was back to cytosol
after termination of the UV illumination. As another example, the authors also
demonstrated how PhoDAG-1 could reversibly control synaptic transmission in an
ON/OFF fashion trough light illumination. As such, they presented the light control of
Munc13 proteins which function as essential priming factors for synaptic vesicles (92), by
PhoDAG-1 photoisomerization, triggering their translocation towards plasma membranes
in HelLa cells. Sphingosine phosphate is a key membrane lipid that activates
lysophospholipid receptors S1P (93-94), a class of G-protein-coupled receptors (GPCR)
which are essential for the immune, vascular and nervous systems (95). Morstein, J. et
al. (76) measured the effects of azoswitch containing sphingosine phosphate (PhotoS1P)
on the functionality of S1P receptor in human embryonic kidney cells using whole cells
electrophysiology. They showed that PhotoS1P in trans state was able to trigger the
activity of the S1P receptor in the cell. However, the cell membrane current was reversed
when the PhotoS1P changed the conformation to cis state as the result of UV illumination,
indicating to the inactivity state of the S1P receptor. More recently, J. A. Frank and
coworkers expanded their prior study (79) in using photosensitive ceramides, here entitled
as caCer, to reversibly creating mixed lipid ordered/disordered domains (L,/Lg) in lipid
bilayers, to examine how the altered bilayers fluidity caused by the caCers
photoisomerization may impact the sphingolipid metabolisms in living cells (75).
Sphingomyelin (SM) is one of the main classes of sphingolipids in mammals (96). In cells,
SM biosynthesis is mediated by SMS enzyme, SMS1 and SMS2, which catalyze the
phosphocholine transfer from PCs to ceramides, resulting in SM and diacylglycerol
production (75). In this work, the authors showed that caCers photoisomerization was

able to impact the SM production by SMS2 in yeast cells. Their results demonstrated that
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caCers in cis conformation was successfully converted to SM by SMS2, while trans-

caCers resisted to the conversion.

1.5. Diacylglycerol kinase; a complex membrane protein with

important function

Membrane proteins are essential parts of living cells as they play key roles in signaling,
transport, trafficking, and recognition (97). Diacylglycerol kinases (DGKs) are members
of the intracellular lipid kinases, responsible for catalytic hydrolysis of adenosine
triphosphate (ATP) to converting diacylglycerol (DAG) to phosphatidic acid (PA) within
the cell membrane (98). Both DAG and PA are considered as second messengers. DAG
is mainly responsible for activation of protein kinase C (PKC) which is a critical mediator
in some important cellular activities such as proliferation and cell differentiation (99). As
such, DAG controls the PKC state in the membrane, and thus, its downstream signaling
pathway (100). On the other side, PA interacts with a couple of membrane proteins which
verifies its important role in cell signaling (101-103). Therefore, it is crucial for the cell to
keep tracking of DAG and PA levels in the cell, which is achieved by diacylglycerol kinase
(DGK). There have been identified 10 DGK subtypes in different mammalian cells (104)
which all feature a large catalytic domain, which is sometimes divided into two parts — a
catalytic and an accessory domains (105). Furthermore, all the DGK subtypes have
minimally two cystine rich domain (CRD) which enable the kinases to bind the lipid
substrate within the membrane (105). From the functionality aspect of DGKs in
mammalian cells, they are involved in some crucial cell mechanisms including signal
transduction, seizure activity, immune responses, cardiovascular responses and insulin
receptor-mediated glucose metabolism (106). Besides mammalian cells, DGKs are also
presentin many other living organisms (107-109). Almost all DGKs found in the eukaryotic
membrane of these organisms are encoded by dgkB gene. There is only one prokaryotic
membrane integral DGK encoded by the dgkA gene, which does not share any sequence
features with other eukaryotic DGKs (110-112). Gram-negative bacterium Escherchia coli
(E.coli) is among a few in which dgkA gene codes is present in its corresponding
membrane DGK (113). Diacylglycerol kinase from E. coli, denoted as DgkA hereafter, is
the membrane protein of interest in this project. In E. coli, DgkA plays key role in
membrane-derived oligosaccharide (MDO) cycle (114). In fact, DAG which is a biproduct
of phosphoglycerol transfer from phosphatidylglycerol (PG) to MDO in the periplasm side
of E. coli cell membrane, and has destructive tendency to accumulate in non-bilayer

phases is phosphorylated to some sort of non-harmless-to membrane PA by DgkA.
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Structurally, DgkA is the smallest known kinase of only ~43 kDa and 121 residues per
monomer (113). Despite the fact that DgkA is considered among relatively small
membrane proteins, its structure, functionality mechanism, and folding pathway displays
challenging degree of complexity, which in turn, make it a suitable candidate for
biophysical studies (113). The DgkA folded structure consists of a homotrimer of three
membrane helices (MH) with MH1 as the shortest, and one surface helix (SH) connected
to MH1 (Figure 1.6). The MH2 and MH3 are in a position such that they are sticked out of
the membrane towards the cytoplasm. Using X-ray crystallography, solution NMR, and
biochemical assay techniques, it has been shown that the active sites of DgkA in either
the monomers are gathered around the membrane-cytoplasm interface (115-117). The
main difference between the DgkA structure defined by solution NMR spectroscopy and
X-ray crystallography is the position of the SH compared to the MHs. Van Horn, W. D. et
al. (116) who studied the DgkA structure within dodecylphosphocholine (DPC) micelles
by solution NMR spectroscopy showed that the SH directions are pointed out from the
MHs triangular bundle towards the solution. Based on their finding, the authors
hypothesized that the active sites of DgkA are comprised of the MH2 from one monomer
plus the MH1 and MH3 from the adjacent monomer. However, the X-ray crystallography
studies of DgkA within the monoacylglycerol (MAG) cubic phase demonstrated the
position of the SHs differently, showing that the SHs are tilted over the MH trimers, getting

in close contact with the MH3 from the adjacent subunits (115).

It is suggested that the DgkA position in the membrane is in such a way that the SHs is
located on the cytoplasmic side, anchoring the protein at the membrane interface (Figure
1.6 B). Accordingly, the authors included the SHs into the active domains of DgkA,
deliberating that the active sites covered the polar-apolar interfaces of the three MHs of
one monomer and the SH of the adjacent monomer (115). Based on this speculation, M.
Caffrey and co-workers defined a sensory role for the SHs in detecting the osmotic
pressure and in-turn, the lateral pressure variation over the cell membranes and
consequently, triggering the DgkA phosphorylation process (115). Given that the surface
helix is a part of the putative active site, adjustments in its conformation and position
relative to H1, and to the rest of the trimer as the membrane responds to hypo-osmotic

stress, will alter active site architecture and lead to enhanced kinase activity.

Most recently Mobius, K. et al. (118) from the Glaubitz Lab took advantage of solid-state
NMR spectroscopy to investigate the structure of DgkA directly within model lipid bilayers;
the closest environment to that of the natural E. coli cell membrane. They were able to
show that DgkA preserves its C3 axis of symmetry both in apo state and under substrate

binding (118). This finding is on the contrary of what it had been shown by the X-ray
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crystallography structure of DgkA (115) where the authors claimed an inherit structural

asymmetry between the three monomers.
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Fig. 1.6: DgkA structure and function within the membrane. (A) A schematic illustration of
DgkA structure according to the X-ray crystallography PDB 4UXX (119) is illustrated within the
membrane. The three monomers colored differently to be clearly distinguishable. Either the three
membrane helices (MH) and the one surface helix is marked by arrows on the front-view monomer.
The DgkA phosphorylation of DAG to PA within the membrane is also illustrated by bold-blue
arrows. (B) The top-view from the cytoplasm side of DgkA structure within the membrane (A) is

presented. The Active sites (AS) of the protein is highlighted by red circles.

The inconsistency in the symmetry of DgkA structures provided by the X-ray
crystallography and solid-state NMR spectroscopy studies most probably stem from the
different membrane-like environments used in either technique and/or from crystal
packing effects. As mentioned earlier, an essential prerequisite for the X-ray
crystallography of membrane proteins is to fix them within a lipidic monolayer cubic phase
(LCP). Although LCP is suited well from the X-ray crystallography aspects, it is not able
to mimic the natural cell membrane conditions; LCP is monolayer and hence, highly
curved. Solid-state NMR spectroscopy has the advantage of acquiring the structure of
membrane proteins directly in the lipid bilayers. Therefore, the structural details provided

by solid-state NMR spectroscopy are considered to correspond better to the native state.

1.6. The aim of thesis

Over the past decades, numerous studies have been carried out in which different aspects
of cell membranes were investigated. Regarding the biophysical properties, most of the
efforts have been initially concentrated in replicating the natural cell membranes in some
forms of model lipid bilayers using common phospholipids. Although, the most important
aspect of the natural cell membranes, namely the lipid bilayer structure, is fulfilled in that
way, the level of complexity is considerably reduced as the model lipid bilayers are usually
made by a very limited combination of phospholipids with “moderate” chain length with no

ability to undergo physical property changes.

However, an important question still remains unanswered: how can one replicate the “out
of equilibrium” variation in physical properties of cell membranes in model lipid bilayers?
In almost all previous studies, the static conditions were considered — for instance, at zero
lateral pressure. On the contrary, the cell membranes in living organisms are involved in
continuous (nonequilibrium) exchange and (or) transport of lipid species with the
surrounding environment which consequently leads them to experience continuous lateral

pressure variations.
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Thus, the aims of this PhD project can be categorized as:

24

e To replicate membrane lateral pressure variation in living cells into model lipid

bilayers,

O

This is achieved by accommodation of azobenzene containing photolipid
(AzoPC) within model lipid bilayers to making photoliposomes. The
AzoPCs in the photoliposomes undergo frans-to-cis conformation change
as the result of UV light absorption which is subsequently expected to alter
the lateral pressure along the lipid leaflets in the photoliposomes. Over the
course of AzoPC thermal relaxation back to trans state which could take
up to days at room temperature, one can measure in time resolved manner
the decaying impact of AzoPC conformation change on mobilities
(dynamics) of the bulk lipids within the photoliposomes. The results could
be subsequently interpreted as continues, out of equilibrium, alteration in

the lipid bilayers lateral pressure.

e To develop the most biologically relevant yet robust model lipid bilayers for the

photoliposomes,

O

It is a matter of high importance to construct a “biologically-and-
experimentally” suitable liposome system as the model cell membrane. An
important parameter needed to be considered is to develop a liposome
system with close resemblance to that of the E. coli cell membrane. The
AzoPC-to-bulk lipids molar ratio should be optimized within the
photoliposomes in a way that photolipids’ conformation change can induce
considerably high alterations in the mobility of the bulk lipids, but does not
leave disruptive impacts on the homogeneity/stability of the

photoliposomes.

¢ To measure the mobility changes of lipid bilayers within the photoliposomes using

MAS-NMR spectroscopy,

e}

Magic angle spinning solid-state NMR spectroscopy (MAS-NMR) at high
magnetic field (850 MHz) is the measurement technique of choice. In this
regard, it is highly advantageous to measure the order parameters of
different CH bonds along the bulk lipids acyl chains before the illumination
of the sample, after the illumination when the azoPC is in cis conformation
state, and over the course of AzoPC thermal relaxation back to frans state.
Highly advantageous compared to the static H NMR spectroscopy
technique, MAS-NMR can provide atomistically resolved CH order

parameter profiles of the bulk lipids under different illumination status of



the sample. It is thus, makes it possible to pin point the effects of AzoPC
conformation change on the dynamics of the bulk lipids within the
photoliposomes. Another crucial aspect needed to be investigated is to
figuring out the level of AzoPC-bulk lipids interactions in the corresponding
conformational states of the photolipids by using nuclear Overhauser effect
spectroscopy under MAS (MAS-NOESY).

e To reconstitute membrane protein diacylglycerol kinase into the photoliposomes,

O

The next is to reconstituting the membrane protein diacylglycerol kinase
(DgkA) within the photoliposomes (entitled as proteo-photoliposomes
hereafter) to investigating the impacts of the AzoPC induced mobility
alteration throughout the lipid bilayers on the structure, dynamics of
motions, and function of the embedded membrane protein. DgkA is a
relatively small membrane proteins, yet exhibits challenging levels of
complexity in the structure, functionality mechanism, and folding pathway.
Here, the initiative methodology of photoliposomes described above is
hired to monitor the response of SHs (and other proposed critical segments
of DgkA structure) to the AzoPC induced lateral pressure alteration of the

lipid bilayers within the proteo-photoliposomes.

o To study the impact of the AzoPC induced mobility changes in the lipid bilayers

within the proteo-photoliposomes on the structure and function of the embedded

membrane protein,

O

MAS-NMR spectroscopy at high magnetic field is the technique of choice.
Correspondingly, the CH order parameters of bulk lipid within proteo-
photoliposomes are measured under different AzoPC conformational
states. The results could provide unique hint in role of the embedded
protein on disturbing the lipid lateral diffusion along the membrane. In
parallel, 2D *C-"°N dipolar correlation spectra of the fully spin-labeled
DgkA reconstituted within the photoliposomes are acquired over the
course of cis-to-trans thermal relaxation. Having fully assigned DgkA MAS-
NMR structure in hand, one can closely track DgkA responses to the non-
equilibrium lipid bilayers mobility changes. It is also highly revealing to
study the effects of AzoPC generated lipid bilayers lateral pressure
alteration on DgkA functionality (DAG phosphorylation) within the proteo-

photoliposomes.
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1.7. Magic angle spinning solid-state nuclear magnetic

resonance spectroscopy (MAS-NMR)

1.7.1. Interactions in Solid-State NMR Spectroscopy (ssNMR)

NMR spectroscopy is one of the most powerful technique capable of providing detailed
information about the structure and the dynamics of motions of the complex biomolecules.
Technically, NMR spectra are acquired from samples in strong magnetic field by recording
their response to the applied RF pulses. The ensemble Hamiltonian of nuclei under such

circumstance is defined as:

Hymr = Hz + Hgp + Hs + Hy + Hp + Hq (1.10)

A, describes the Zeeman effect of the nucleus—external magnetic field interaction and
contributes largely to the Hyur. The applied RF pulses (Hgp) causes the nuclear spins
undergo shifts in their direction of nutation which in turn, generate magnetic fields that
interrupt with the external magnetic field. The remains are those of internuclear
interactions (H; = indirect interaction, Hp = dipolar interaction, Hy = quadrupolar
interaction which usually cause splitting in the spectra of the sample, plus Hg = shielding
interaction which modifies that of H;). These four interactions are called internal and
provide information about the chemical structure of the sample. Noted that all internal
interactions in the sample in the applied magnetic field are anisotropic. It means that the
shielding effect, indirect, dipolar, and quadrupolar interactions in the sample are all
dependent on the orientation of the molecular level fragments according to the external
magnetic field. This fact makes a huge difference between the spectra acquired by
solution-state and solid-state NMR spectroscopies. The reason simply relies on the
motion of the atoms in their surrounding environments which intrinsically differ between
solids and liquids. In liquids where the atoms tumble and move extremely fast, all
anisotropic internal interactions average over all orientations. On the contrary, the atoms
in solids are bound to some kind of fixed lattice and thus, uncapable of having the same
free thumbling as that of liquids. Therefore, the orientation of atoms according to the
external magnetic field leaves strong impacts on the internal interaction energies, giving
rise to some more complex situations needed to be determined in order to acquire
resolved NMR spectra of the solid samples. In the following of this section, the shielding
and dipolar coupling interaction are further described; the indirect coupling and

quadrupolar coupling were not involved among the subjective defined for this project.
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1.7.1.1. Shielding

Placed in external magnetic field, nuclei are subjected to an internal shielding magnetic

field resulted from the electrons spinning around the nuclei. The shielding magnetic field

is proportional to the external magnetic field (§0) as:
Bg = gﬁo (1.11)

where § is the chemical shift tensor. Since é is a vector, it is defined by a 3 x 3 matrix with

nine components. The Hamiltonian of the chemical shift interaction is defined as,
Aes = —yhié B, (1.12)

where y is the gyromagnetic ratio, & is the reduced Planck constant, and [ is the spin
operator. To reduce the number of variables in the chemical shift tensor, one can
transform & into the principal axis system (PAS) where there are only three diagonal
components, 5825, 6545, and 6245, and the rest are zero. It is then common to introduce
three other quantities defined by different combination of the & PAS components to

providing universal information about the orientation of atoms in the crystal structure of

the samples. The first one is i,

1
Siso = 5 (8xx + Syy + 872) (1.13)

which is the isotropic average corresponding to that of § measured in solution-state NMR
spectroscopy as it is independent of rotational transformation. Noted that the PAS
indication is removed from the chemical shift components for the sake of simplicity. The

second and third parameters are anisotropy, J,4is0, @and asymmetry, # which are defined

as,
Saniso = 02z — Biso (1.14)
n:5YY—5xx (1.15)
5aniso

Saniso @nd n are orientation dependent and thus, are exclusively measured in ssNMR
spectroscopy of static solids. The relation between the principal axis components is

expressed as,
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|RZZ - Risol = |RXX - Risol = |RYY - Risol (1 -16)

as the three principal components are defined in alphabetical order: R;; = Ryy = Rxx Or

vice versa.

Fig. 1.7: Schematic illustration of the chemical shift anisotropy patterns of powder samples with

different asymmetric parameters (n). The dash line marks the position of the isotropic chemical

shift (8.c).
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According to Equation (1.15), n is a dimensionless parameter whose value varies between
0 and 1. In case of nuclei located on the axis of symmetry of the molecules (as is it the
case for instance for 3'P of the glycerol in phospholipids within lipid bilayers in L, phase)
n = 0 as dyy and dxx are essentially equal and thus cancelled out each other. Andn =1

is that of crystalline samples in which &yy = (6xx + 677)/2.

In a polycrystalline sample in which crystallites are randomly spread in various directions,
a range of resonances are detectable whose spectrum ensemble entitled as the “powder
pattern”. Depending on the asymmetry value, n, different powder pattern spectra can be
observed (Figure 1.7). The corresponding CSA patterns of powder crystallites are defined

as:

1
87700, ) = 8igo + §5aniso(3 cos?6 — 1 —nsin? 6 cos 2¢) (1.17)

where 6 and ¢ are the polar angles of shielding of the crystallites in accordance to the
Bo.

1.7.1.2. Dipolar Coupling

When located in an external magnetic field By, nuclei generate a small magnetic field
around as the result of the fast nutation around their axes. These induced magnetic fields
can interact with those of the other nuclei nearby. The magnetic field interactions of nuclei
entitled as dipole-dipole (DD) interactions can be established between those of the same
(homonuclear) or different (heteronuclear) type. In case of the homonuclear DD

interaction between two nuclei, I and S, the Hamiltonian is defined as,
ﬁD - d15(3TZ§Z—T§) (118)

where 1, and S, are the Z components of spin operators I and S, respectively. The DD
coupling interaction between two nuclei is directional dependent relative to that of B,. In

eqn. (1.18), d;s is the DD coupling constant given by,

1
dIS = bISE(B COS2 QIS - 1) (119)

where 65 is the I — S vector angle with respect to B,. In egn. (1.19), b is the DD coupling

constant in (Hz), defined as,
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Mo (-3) 1.20
bis = —Wm/sh Nis (1.20)

In Equation (1.20), u, is the vacuum permeability (47 x 1077 js2 C"2 m™1), y; and yg are
the gyromagnetic ratios of spins I and S in (10° rad T~! s™1), respectively, and 75 is the

IS inter-spin distance in m.

The Hamiltonian of DD coupling between two heteronuclei, I and S, is given by,

ﬁD = dIS(ZiZ§Z) (121)

0,=m/2

b b,s /2 0 - b,s /2 -b
IS Dipolar coupling (Hz)

Fig. 1.8: (A) Schematic dipolar coupling Pake pattern of an isolated pair of spins in a solid sample.
The dotted lines indicate the individual signals of the spins corresponding to that of a positive

(parallel) and a negative (anti-parallel) 1,5, spins.

It should be noted that according to Equation (1.19), both homo- and heteronuclear DD
couplings of spins are orientation dependent. It means that d;s = 0 if 6;5 ® 54.74° which

entitled as the magic angle.

In isotropic liquids, the DD interaction between nuclei is almost averaged to zero duo to

the fast motion of nuclei in all possible directions. This can be shown by,

Vs
J sin GIS (3 COS2 GIS - 1)d9]s =0 (1 22)
0
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The factor sin ;5 is introduced to provide equal probability for all directions. However, in
solids and more precisely, in polycrystalline powders, the overall DD interaction

Hamiltonian of the sample is that of the sum for every single pair of spins:

Hp = Z His (1.23)

i<k

since their nuclei are fixed within the crystalline frames and thus, unable to exhibits the
fast motion as in isotropic liquids. For instance, for a pair of isolated coupled homonuclear
spins, the dipolar spectrum entitled as Pake Doublet is that of shown in Figure 1.8. As
seen, the spectrum is a superimposed of two mirror-imaged patterns (similar to the one
shown in Figure 1.6). In each pattern, the intense “horn” corresponds to 6;5 = 90° and the
outer limit is for that of 6;5 = 0°. The reason is understood bearing in mind that there are
only two possible directions parallel to B, while the ensembled perpendicular directions

to B, assign a strongly higher probability.

1.7.2. Magic Angle Spinning Solid-State NMR Spectroscopy (MAS-
NMR)

As described in sections 1.7.2 and 1.7.3, both shielding (Hs) and dipolar coupling (Hp),
as well as, indirect (Hj) and first-order quadrupolar coupling interactions (Hg) (which were
out of subjective in this project and thus, were not described here) are orientation
dependent with respect to that of B. In other words, all four internal interactions in NMR

Hamiltonian in egn. (1.10) are proportional to (3 cos? 8 — 1)/2.

In isotropic liquids (solutions), the fast motion of molecules in all directions averages out
this orientation dependency to zero, as shown in eqn. (1.22). But in solids where nuclei
are tightly fixed within the crystal frames, the impacts of §,,is, and d;g in case of CSA and
DD interactions, respectively, are highly significant. An intellectual solution is to physically
spin the sample at § = 54.74° (entitled as the magic angle, or MAS) with respect to B, to

makes the term (3 cos? 8 — 1) be averaged to zero:

(%(3C0529— 1)) =%(3C052B— 1) x%(3 c0s?20—-1)=0 (1.24)
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Fig 1.9: NMR spectroscopy under MAS. The impact of MAS at different rate on the resolution of
"H and 3P spectra of phosphatidyl ethanolamine (POPE) in L, phase at 300 K. Both 'H and 3'P

spectra are acquired using direct polarization (DP) technique. At very low MAS rates, the crowded

“spinning side-bands” cover the resolution of §;,, chemical shifts.
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In Equation (1.24), © is the molecular-level directions in the solid which likewise 8, can
take any possible value. But because of the spinning angle of f = 54.74° which makes
the first term to be zero, the orientational dependencies of all four internal interactions are
diminished. As the result, only a narrow §;s, line-shape is recorded. It should be noted
that the spinning rate of the solid at the magic angle must be practically higher than that
of the dipolar coupling constant of the nuclei of interest, in order to acquire some well

resolved spectra of the sample.

The impact of the spinning rate on the resolution of the spectra is illustrated in Figure 1.9.
As seen, the 'H and 3'P spectra of phosphatidylethanolamine (POPE) in L, phase at 300
K are both in fairly high levels of resolutions at even low MAS rates. Theoretically, the b;g
for 3'P-*'"P and 3'P-'H couplings are calculated to be ~1.8 kHz and ~17.0 kHz,
respectively. In case of "H-"H, the bg is ~295 kHz! These values are upper estimations
as there is neither 3'"P-3'P nor 3'P-'H nor 'H-'H direct bonds in POPE and thus the
corresponding rg are larger than those lengths used in these calculations. For instance,
the DD coupling between protons on the amino group on top of the POPE structure is ~29
kHz which is almost three times larger than the highest MAS used in this measurement.
Nevertheless, the 'H spectra are still well resolved at as low MAS rate as 5 kHz. The
reason is explained by considering the nature of lipids in bilayers in L, phase. On the
contrary of stiff crystalline frames (and even that of existing in macromolecules such as
proteins), lipids in L, phase undergo very fast molecular rotation around their axes which
coupled with the rapid tumbling of their acyl chains as well as their lateral diffusions along
the bilayer 2D plain — a especial phase of matter entitled as “anisotropic liquids”. These
intrinsic conditions, can somehow average the (3 cos? 8 — 1) term of the DD coupling to
near zero. Hence, one can record some high resolved proton spectra of lipids in L, phase

even at low MAS.

1.7.3. Polarization transfer under MAS

Spin polarization in MAS-NMR spectroscopy can be achieved by using either the following

methods:

e Direct Polarization (DP)
e Cross-Polarization (CP)

¢ Insensitive Nuclei Enhanced by Polarization Transfer (INEPT)
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1.7.3.1. Direct Polarization (DP)

Direct Polarization (DP) is the simplest spin magnetization among the others. A schematic

pulse sequence for DP acquisition of spins is illustrated in Figure 1.10.

H DC

(2),

FID

Fig. 1.10: The DP pulse sequence. The polarization of spin of interest (X) involves a direct 90°
pulse on X channel which is followed by FID acquisition during which the proton channel ('H) is

usually decoupled using one of DC schemes.

As seen, DP pulse sequence simply involves a 90° pulse on X channel and continues by
FID acquisition of the X nutation to Z direction. To not interrupt with the X channel, it is
usually necessary to apply a proton decoupling pulse scheme (DC) on the 'H channel
during the FID acquisition. The DP method is practically suitable to acquiring NMR spectra
of naturally abundant spin nuclei, such as 3'P; otherwise, it is necessary to either spin-
label the sample, or record the acquisition with very high number of scans in order to gain

some satisfactory S/N in the acquired spectra.

1.7.3.2. Cross-Polarization (CP)

Cross-polarization is a common RF pulse program technique in MAS-NMR by which the
polarization is transferred from an abundant, highly polarizable nucleus, i.e., 'H, to other
nuclei. The main advantage of using CP is to resolve the issue about DP method
explained in the last section: to significantly reduce the acquisition time. This is achieved
considering the fact that the magnetization recycle delay under CP conditions is

dependent on the 'H recovery (T{) which is evidently shorter than those of other nuclei.
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The other advantage of CP is to obtain S/N enhancement for the less abundant nuclei
without spending long periods in order to record some very high number of scans. The
reason is that the "H gyromagnetic ratio (y) is multiple folds higher than other nuclei
which results in a superior '"H polarization so if it is transferred to those nuclei of lower

gyromagnetic ratios, one can expect to significantly increase the S/N.

The right condition under which the CP can be established is to match the nutation
frequency (w, ) of either the "H and X (the nucleus with low y) spins, a so-called Hartmann-

Hahn matching:

ol = ¥ (1.25)
or,
yHBH = XX (1.26)

where B, is the magnetic fields of the RF pulses applied on either the nuclei. Under MAS,

however, the matching condition should include the MAS frequency (v,.), as well,

ol = ¥ +nv, (1.27)

where n = 1 or 2. As it is realized from eqn. (1.27), the Hartmann-Hahn matching at fast
MAS gets increasingly dependent to the spin rate and consequently, could be largely
shifted from that of zero MAS (center-band). As the result, the optimization of CP matching
condition at fast MAS is narrowly delicate which makes it difficult to obtain the maximum
CP efficiency. A solution to this issue is to use “ramped” CP in which the RF spin-lock
varies the nutation rate on one channel (usually for 'H nucleus) over the matching duration

(contact time). In Figure 1.11, the pulse sequence of ramped-CP is illustrated.

(n/2),

]
H CP DC

FID
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Fig. 1.11: The ramped-CP pulse sequence. The polarization is initiated by a 90° pulse on the 'H
channel which is then transferred to X channel over spin-locked period. The FID is finally recorded

on X channel while is decoupled from 'H.

As seen, the CP is initiated by a 90° pulse on 'H channel which angles the 'H
magnetization to Y axis. Then during the spin lock, the magnetization is transferred from
H to the X nuclei by simultaneously pulsing on both channels. Finally, the free induction
decay (FID) is acquired on X channel. Because the moderate MAS rates is unable to fully
decouple the strong homo/heteronuclear network of proton, it is important to achieve the
'H decoupling over the FID acquisition either by applying continuous wave (CW) RF or
one of the pulse-sequence blocks, such as SPINAL64, designed specifically for 'H

decoupling.

1.7.3.2.1. Dipolar coupling based heteronuclear correlation NMR

spectroscopy under MAS

One of the most central experiments routinely used in MAS.NMR is the spectral
correlation by which one can correlate the 1D spectra of different (or similar) nuclei to
generate a spectrum of higher dimensions. This is particularly an important tool in bio-
NMR (both solution and MAS-NMR) which is commonly used for residue assignment of
biomolecular structures, such as membrane proteins, RNAs, etc. The concept of 2D NMR
correlation spectroscopy pulse scheme illustrated in Figure 1.12 involves two 90° pulses
of different phases (¢, and ¢,) and an interval (t;) in between during which the
magnetization evolves. The t; duration changes incrementally during the experiment.
After the second 90° pulse, the FID is recorded through t, duration. Since the t; + t, is

fixed, the t, duration also changes in accordance to t;.

(w12),, (w2),,

Y

A4
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Fig. 1.12: The concept of the correlation spectroscopy pulse sequence. The pulse sequence
involves two 90° pulses of different phases separated by an interval (t;) during which the
magnetization evolves. The t; duration starts from zero and changes incrementally through the
experiment. The FIDs acquired for each t; and t, set are stored separately into a £ x £ matrix with
£ the number of increments. The matrix is then processed into a 2D signal surface, s(t;, t,) which

is subsequently converted to a 2D spectrum by applying a 2D Fourier transformation on it.

For each increment, the acquired FIDs are stored separately into a £ x £ matrix with £ =
increment number. By processing the FIDs matrix, a 2D signal surface, s(t;,t,), is

obtained, as,

s(ty, ty) = aexp[(iQ; — At + ((Q, — A9)t,] (1.28)

where a is the complex amplitude for each ¢ with Q,; = frequency in the t; dimension,
Q, = frequency in the t, dimension, and 4, and 4, are the peak width parameters in either

the dimensions. Finally, by calculating a Fourier transformation (FT) on the s(t4,t,), as,

S(Ql, Qz) = f dtl f dtz S(tl, tz) eXp[—i(Q.ltl + taz)] (1 29)
0 0

the 2D spectrum, S(Q4,,), is obtained.

(w/2),
" o DC, DC, DC,
iy, Fo
X2 cP,
t2
t1
X1 CP, | CR,
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Fig. 1.13: DCP pulse sequence. The pulse sequence designed specifically for the NCA and NCO
experiments of the '3C/'N labeled membrane proteins reconstituted within the lipid bilayers.

Details are brought in the text.

In MAS-NMR, instead of the 90° pulses, CPs are used in the pulse program for
magnetization transfer from a high gyromagnetic ratio spin (mostly 'H) to those of lower
ones, such as C, N, etc. The NCA (NCO) MAS-NMR measurements whose pulse
sequence are illustrated in Figure 1.13 are among typical heteronuclear correlation
spectroscopies broadly used in structural studies of membrane proteins. The pulse
program is initiated by an 90° pulse on the 'H channel in order to magnetize the high
gyromagnetic 'H spin nuclei. The 'H magnetization is then transferred to "®N channel
through the first ramp CP under Hartmann-Hahn condition. As discussed above, the "N
spin magnetization (CSA) evolves through an interval time (t;) whose duration
incrementally changes during the whole measurement. The >N magnetization is
subsequently transferred to '*C channel over a second ramped-CP. The Hartmann-Hahn
matching conditions upon which the '®N-to-'*C ramped-CP is established are very
delicate, requiring to be precisely optimized. The N frequency is set to the protein
backbone amides resonance at ~120 ppm and the corresponding RF power is optimized
in accordance to 2.5 v, with v, = MAS rate. Depending on kind of measurement, the *C
frequency is set ~58 ppm and ~178 ppm in case of NCA and NCO experiments,
respectively, and the matching RF power is optimized with respect to 1.5 v,.. Finally, the
FID is acquired on "*C over t, duration. The NCA experiment is an intramolecular dipolar
correlation spectroscopy as it links "N spin from residue to *C spin of the same residue.
On the contrary, the NCO experiment correlates ®N and '*C spins of two adjacent

residues and thus, is one of the intermolecular dipolar correlation spectroscopies.

1.7.3.3. Insensitive Nuclei Enhanced by Polarization Transfer
(INEPT)

INEPT is the most common polarization transfer in solution NMR as it is achieved under
J-coupling (through bond) condition between the spins. Beside isotropic solution NMR, it
has been also implemented in case of anisotropic solution such as lipid bilayers in L
phase to acquire the naturally abundant *C signals of the lipids in the liposome
suspension (120-121). In conventional INEPT experiments, the magnetization is started

by a 90° pulse on the proton channel. After an interval time, two 180° pulses are applied
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on both channels, H and X, which are then followed by a second interval time. In the end,
two 90° pulses are applied on both channels and the FID is subsequently recorded on the
X channel. Under MAS condition, the interval times are set to integer multiples of the rotor
period, and are proportional to the 'H-X J-coupling with the typical range of micro-to-

millisecond.

Before the magnetization, the density operator of the HX ensemble is defined by the
thermal equilibrium terms of the two-spin system, namely By H, and ByX,, corresponding
to |aa) and |BS) energy levels, respectively. The By and By are the Boltzmann factors of

either the spins defined as,

_vuBo (1.30)
By = kT

L= ¥xBo (1.31)
kT

After applying the second 90° pulses on both channels, the thermal equilibrium terms
become IB%HZFIZ?}, entitled as “transferred” term which is antiphase X magnetization, and
[EBXXY entitled as “non-transferred” term which is negative, in-phase magnetization of X

spin (Figure 1.14). In most cases, it is advantageous to merge the two X signals to acquire

one enhanced single band.

Transferred

Non-Transferred

Total
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Fig. 1.14: INEPT spectrum components. The antiphase transferred term and the negative, in-
phase non-transferred term of the density operator of the HX system underwent through INEPT
pulse sequence are shown.

To achieve that, it is necessary to decouple X spin from proton before FID acquisition.
However, one cannot simply accommodate a DC block into the pulse sequence similar to
that of CP, as in INEPT, it does breakdown the J-coupling and causes the anti-phase
signals almost to be canceled out. Therefore, one needs to modify INEPT in a way that

the transferred term of the X magnetization to be in-phase before the FID acquisition.

(n/2), (7), (wf2), (7).

X (TE) X

X
A
A4
A
N4

Transferred

A Non-Transferred
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Priae
.

'H Decoupled
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Fig. 1.15: Refocused INEPT pulse sequence. (A) The Refocused INEPT pulse sequence is
schematically illustrated. Noted that the t; and 7, are set to integer multiples of the rotor periods,
and are typically proportional to the "H-X J-coupling. (B) The positive, in-phase transferred term
and the antiphase non-transferred term of the density operator of the HX system underwent

through the Refocused INEPT pulse sequence are shown.

In “Refocused” INEPT whose pulse sequences is illustrated in Figure 1.15 A this matter
is considered. As seen, in Refocused INEPT pulse sequence, two 180° pulses (refocused
pulses) are implemented before the final interval time and FID acquisition. These
refocused pulses convert the final transfer and non-transferred density operators of X to
]B%Hiy and ]szﬁziy, respectively. Therefore, the transferred term which is proportional to
the Boltzmann factor of proton becomes in-phase, and thus, is in a right condition to be
decoupled from the proton spin. Then by applying proper proton decoupling pulses, one
can collapse the H-X J-coupling to merge the in-phase transferred term and acquire an

enhanced unique X signal (Figure 1.15 B).

1.7.4. Separated local field (SLF) spectroscopy for 'H-13C dipolar

coupling measurement in lipid bilayers

Placed in external magnetic field B, the dipolar splitting for a pair of "H-"3C spins in lipid

bilayers in L, phase under static condition (MAS = 0) is characterized by,

1 1
Av = 2bcy X S X 3 (cos? Opy — 1) X 3 (cos? Oy, — 1) (1.32)

where bcy is the CH dipolar coupling constant defined by egn. (1.20), S is the molecular
order parameter, 0py is the angle between the CH bond vector and the molecular axis,
and 6y, is the angle between the average molecular symmetry axis (bilayer normal) with
respect to B,. In case of oriented lipid bilayers in which S can be defined in accordance

to the molecular and bilayer normal angle, 6y, One can rearrange eqn. (1.30) as,

1 1 1
Av = 2bcy X E(cos2 Opm — 1) X E(cos2 Oun — 1) X E(cos2 O, — 1) (1.33)

As discussed in the dipolar coupling section, above moderate MAS rates are essentially

capable of averaging the hetero/homonuclear dipolar couplings of spins to zero (except
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homonuclear "H-"H coupling as the abundant proton nuclei can form a strongly coupled
network of spins which require a very high MAS rates to recoupling). However, there are
cases in which the dipolar coupling of spins could provide unique information about the
segmental dynamics of motion of the system. An important example is the lipid bilayers
in L, phase. In cell membranes, the lipid mobility and dynamics is vital for cell activities.
In this matter, it would be desirable to specifically measure the "H-"3C dipolar couplings
of various segments along the lipid acyl chains right within the proteoliposomes to
investigate the impacts of different factors of importance on the dynamics of the lipid
bilayers. The perfect method should then be capable of homonuclear decoupling of

protons, and heteronuclear recoupling of the directly bound 'H-"3C spins.

It was already mentioned in section 1.3.4. that CH order parameters of different segments
along lipid molecules in bilayers in L, phase delivers critical information about the local
mobilities of lipids in the membrane. Besides the ?H quadrupolar spectroscopy which is
intrinsically be useful in case of perdeuterated samples, the carbon—proton order
parameters, Scy, can be measured through separated local field (SLF) spectroscopy
(122). In principle, SLF separates by means of 2D the 'H-"3C dipolar splittings of different
segments along the sample molecular structure with respect to the corresponding *C
chemical shifts. Three major techniques, SLF, PDLF, and CP-SLF have been developed
for effectively measuring "H-"3C dipolar couplings under static and MAS-NMR conditions
(122-124). One advantage of 'H-"3C dipolar coupling measurements under MAS is that
it does not require one to undergo tedious prerequisite step to preparing oriented samples.
All these methods in principle involves two time-intervals: in the first one (evolution, t;)
the "H-"3C dipolar couplings are evolved and over the second time period (detection, t,)
the separation of '*C chemical shifts is sorted out. The main difference in between is how

the dipolar couplings evolve during t;.

In the conventional SLF technique (122), the "*C polarization evolves in parallel to "H-3C
dipolar couplings during t; interval. On the contrary, in the proton-detected local field
(PDLF), the 'H magnetization evolution is accomplished during t; which is subsequently
transferred to '*C spins for detection (123). And in CP-SLF (124), the 'H-"*C dipolar
couplings are stablished under 'H to *C coherent polarization transfer oscillation. Using
efficient '"H-"H homonuclear decoupling methods, such as BLEW (125), LG (126), and
FSLG (127) is the center part in all these techniques for acquiring high resolution "H-"3C

dipolar coupling spectra.
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1.7.4.1. 'H-"3C dipolar coupling measurement under MAS using R-
type spin recoupling PDLF (R-PDLF)

Over the past two decades, several RF pulse schemes have been introduced (128-136)
for synchronizing the initial CH dipolar coupling measurement methods discussed in the
last section to more natural, challenging experimental conditions. Among those methods,
R-type recoupling proton-detected local field (R-PDLF) (128-129) which is developed
upon the standard R-SLF (133) scheme stands out to be promising in CH dipolar coupling
measurements of lipid bilayers in L, phase. Beside the individual specificities which is
necessary for such measurements, R-PDLF also provides technical stability requirements

for lengthy kind of experiments.

n Complete Sample Revolutions
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Fig. 1.16: (A) The construction of the RN; pulse schemes, a subgroup of the RNY symmetry

classes, is schematically illustrated. The figure is taken from the ref. (137) with permission from
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the publisher. (B) The R-PDLF pulse program. As noted in the text, after the two R185 pulse
schemes, the 'H polarization modified selectively through 'H-'3C dipolar couplings is transferred
to the '3C channel by Refocused INEPT which is depicted by a vertical rectangle connecting the

two channels on the figure.

The R-PDLF center piece is the symmetry-based R183 pulse sequence window which is
a member of the RN,, symmetry classes. As schematically illustrated in Figure 1.16 A, the
RNy involves N/2 pairs of Ry /R_4 wWhere R are RF pulses which rotate the nuclear spins
180° about the x-axis and ¢ is an overall phase shift, ¢ = m’/N. Also n indicates the

number of rotor period during which the recoupling is accomplished. For instance, in case
of R183, each R duration is set to 1/18 of two rotor periods, and the phase shift is ¢ =
+50°.

The R-PDLF pulse sequence is illustrated in Figure 1.16 B. As seen, and on the contrary
of the frequency-switched Lee-Goldburg (FSLG) pulse schemes, such as (130), the
proton decoupling as well as the selective proton—carbon recoupling are evolved on 'H
nuclei whose modulated polarization is then transferred to '*C via Refocused INEPT. It is
noteworthy that the CSA of the recoupled 'H is not suppressed by R185 pulse scheme
which can then be removed by applying a refocusing 180° pulse on *C between the two
R183 pulse schemes and shifting the second R block 180° in accordance to the first one.

The "H-"3C dipolar splitting observed by R-PDLF (4v&;PPLF), is measured as,

AvE PP % 0.315 dcy (1.34)

where 0.315 is the scaling factor and d.y is the dipolar coupling of an isolated 'H-"3C

measured from the corresponding powder pattern.

1.7.5. Nuclear Overhauser Effect Spectroscopy (NOESY)

The NOESY experiment is an important NMR spectroscopy technique westly used in
solution NMR. The implementation of NOESY experiment has been later demonstrated
for anisotropic liquids such as that of the lipid bilayers in L, phase by MAS-NMR (138-
139). In NOESY measurements, the cross-relaxation phenomenon between weakly
coupled homonuclear spins-1/2 is explored. The main relaxation mechanism dominantly

occurred in spins-1/2 is the through space dipole-dipole relaxation. Figure 1.17
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schematically illustrates the (A) single- and (B) double- and zero-quantum transition

probabilities of a pair of coupled homonuclear spins.
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Fig. 1.17: The single-quantum, W, (A), and double- and zero-quantum, W, and W, (B) transition

probabilities of a pair of weakly coupled homonuclear spins. The subscripts + and — indicate to an

increase and decrease, respectively of the spin angular momentum along Z axis. The Figure is

adopted from (140).

In case of the single-quantum transitions, the probability is calculated as,

3
W = %blzsﬂ(wo)

(1.35)

where J(w?) is the spectral density of the dipolar couplings at frequency w®, and b5 is

the dipolar coupling constant introduced in Equation (1.20). The corresponding

probabilities of the double- and zero-quantum transitions are defined, as,

3 2 0
Wz = EbISJ(Za) )

1 2
Wy = Ebls[](o)

(1.36)

(1.37)

where J(2w®) and J(0) are the spectral density at twice the «°® and 0 frequencies,

respectively. As seen, in all cases, the transition probabilities are proportional to bk, and
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thus to r=%. Another important aspect needed to be considered is how the rotational
correlation time (z.) of the molecules in the medium affects different transition
probabilities: while at short z, the relation is W, > W; > W,, at long t, W, is the largest as
Wy > W, > W,.

According to a simplified model of the Solomon equations in which the thermal equilibrium

expressions are neglected,
d (1:12) :<_Raut0 Rcross) (1) (1.38)
dt \(I,) Reross  —Rauto (izZ)

the magnetization relaxation of a two-spin system, I; and I,, can be described by a 2 x 2
matrix of the corresponding auto-relaxation (leakage) and cross-relaxation constants,

Raut0 @nd Riross, times the corresponding matrix the spins, where,
1
Rauto = Wo + 2W + W = =5 b[J(0) + 37 (w°) + 67 (20°)] (1.39)

Rcross = WO - Wz = 1_1()b2[J(0) - 6J(2w°)] (1 40)

According to the Equation (1.38), R..oss IS Negative for short rotational correlation times
(small molecules in isotropic non-viscous liquids) and becomes positive for long

correlation times (large molecules). Also, must be considered the critical correlation time,

.L.grit — |\/§/2a)0

, in which R¢;oss = 0.

(7r/2)¢] (7r/2)¢2 (:rr;f2)¢3

\ A

o =

'
=y
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Fig. 1.18: The NOESY pulse sequence. The phase cycling resulted by the 90° pulses is illustrated
on the bottom.

The NOESY pulse sequence which is schematically illustrated in Figure 1.18 can be
analyzed now using the notions discussed above. As seen, a common NOESY
experiments involves three consecutive 90° pulses. While t; duration is variable, 7., is a
fixed time duration called as the mixing time. Before applying the first 90° pulse, the

density operator of the two-spin system, I; and I, ensemble is considered as,
ﬁ:ilz'i'iZZ (141)
which turns to,

p = (—Iiycos(Q0ty) + [y sin(Q9ty) )exp[—At,] (1.42)

+ (—Lyy cos(Q9ty) + Iy sin(Q3ty) Jexp[—At, ]

after the t, duration. The Q? and Q9 are the chemical shifts frequencies of I, and I,,
respectively. By neglecting the terms corresponding to the transverse relaxation
mechanism (as the phase cycling during the t,, is able to suppress the signals which do
not originate from the longitudinal relaxation), one can rewrite the Equation (1.40) after

the second 90° pulse as,

p = (I cos(Qty) + I, cos(Qlty))exp[—At,] (1.43)

During the 7,,, the spin magnetizations evolve which can be calculated according to the

Equation (1.36), as,

p = 1,011 () cos(Q7t;) exp[—At;] (1.44)
+ 11,051 (Tm) cos(Q9t;) exp[—At,]
+ 11,015 () cos(Q7t;) exp[—At4]
+ 1,055 (Tm) c0s(Q9t;) exp[—At,]

where the transfer amplitudes derived by the longitudinal relaxation are defined, as,

a151(Tm) = a252(Tm) = c0sh(Reross Tm) €xP[—Rauto Tml (1.45)

a152(Tm) = az51(Tm) = SINh(Rcross Tm) €Xpl—Rauto Tml (1.46)
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Finally, after the last 90° pulse, the density operator of the spin ensembles is defined, as,

p= _i1ya1—>1(Tm) cos(Q9t;) exp[—At,] (1.47)

— fya;1 (ty) cos(QIt;) exp[—At4]
— [1ya1,(tm) cos(QPt) exp[—At,]

— [y035 (1) cos(Q3t,) exp[—At, ]

and the signals, the diagonal- and cross-peaks, on the signal surface are characterized,
as,

s(ty, tp) = ay51 (1) cos(Qty) exp[iQft, — At] (1.48)

+ ap1 () cos(QDty) exp[iQt, — At ]
+ a1, (1) cos(Q9t,) exp[iQ9t, — Aty]
+ ap.,2(Tm) cos(Q9ty) exp[iQft, — At ]

where the amplitude of the diagonal- and cross-peaks, a,.; = a,., = agjag and
152 = A1 = Aeross, FESpPectively, are similar to that of introduced in Equation (1.43) for

the aqi.g and Equation (1.44) for the across-

Taking into account the range of 7., the a..,ss Can be categorized into three different

regimes which are schematically illustrated in Figure 1.19:

Peak Amplitude

T (ms) A 7_(ms)
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Fig. 1.19: The plots (estimations) of a4;,e (sOlid lines) and a..oss (dash lines) versus the mixing

time duration (7). The plots are graphed for 7. > 7.4 (A) and 7. < 7 (B). The figure is adapted
from (140).

1. At long rotational correlation time where 7. > t£™t; under this condition R g5 > 0
and according to Equation (1.44), acoss > O.

2. At short rotational correlation time where 7, < t&™t; under this condition Ryoss < 0O
and according to Equation (1.44), acoss < O.

3. At critical rotational correlation time where 7. = t™'t; under this condition Reross =

0 and accordingly a . oss = O.
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2. Materials and Methods

2.1. Liposome preparation
2.1.1. Preparation of POPE:POPG mixture liposomes

The based form of liposomes used here were composed of two phospholipids — 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE / Avanti Polar Lipids,
Alabaster, AL, USA) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
(POPG / Avanti Polar Lipids, Alabaster, AL, USA). The liposome preparation procedure
was as following: 10.4 mg (11.2 ymole) POPE and 2.2 mg (2.8 umole) POPG (overall
molar ratios of POPE:POPG=4:1) were dissolved in 2 ml chloroform (Fisher Scientific,
Loughborough, UK) and then rotary-evaporated in a 50 ml round-bottom flask overnight.
The resulting thin layer of the dried lipid mixture was then suspended in 2 ml of 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (25 mM HEPES (Carl
Roth GmbH + Co. KG, Karlsruhe, Germany) and 10 mM MgCl. (AppliChem GmbH,
Darmstadt, Germany) at pH=7.2 in the flask. To ensure a homogeneous size distribution
of the photoliposomes, the suspension was subjected to 10 freeze-thaw cycles (liquid
nitrogen / 37°C water bath). The liposomes sample was then collected by centrifuging the
suspension in an Optima LE-80K Ultracentrifuge (Beckman-Coulter, USA) at 50k rpm and
4°C for 20 minutes right after the freeze-thaw cycles. The liposomes pellet was finally
transferred into the 3.2 mm zirconium MAS rotors using a bench centrifuge for 1 min for

NMR acquisition experiments.

2.1.2. Preparation of AzoPC containing liposomes (photoliposomes)

The photoliposomes had one additional lipid component compared to the based
liposomes explained above; 1-stearoyl-2-[(E)-4-(4-((4-
butylphenyl)diazenyl)phenyl)butanoyl]-sn-glycero-3-phosphocholine (AzoPC,
synthesized as described in (77)). To prepare the photoliposomes, 10.4 mg (14.5 pmole)
POPE, 2.8 mg (3.6 ymole) POPG, and 2.5 mg (3.0 pmole) AzoPC were all mixed to attain
molar ratios of POPE:POPG=4:1; POPE+POPG : AzoPC = 6:1. The rest of the procedure
in order to make photoliposomes pellet for the MAS-NMR measurements was similar to

that of the based liposomes explained above.
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2.2. DgkA: transformation, expression, purification, and

characterization

2.2.1. Transformation

For the transformation, the DNA plasmid of wild-type DgkA (which simply recalled as
DgkA hereafter) which had been already used in other projects in the lab (118, 141-142),

as well as T7 Express E.coli strain (NewEngland Biolabs, Frankfurt am Main, Germany)

were used. Before the transformation, the plasmid DNA and cell suspensions were
thawed on ice. 2 uL plasmid was added to 50 uL of the cell suspensions which were then
incubated on ice for 30 min. Also, a batch of cells without plasmid was prepared in the
same way as the reference. Both samples, with and without the plasmid, went through a
matching procedure, as following: a heat shock at 42°C for 90 s, incubation on ice for 5
min, resuspension in 200 uL sterile LB medium, incubation for 1 h on a bench shaker at
37°C and 550 rpm. The cell suspensions were then spread separately on LB-agar plates
containing 0.1 mg/ml ampicillin. To make the preculture, an isolated colony of the cells
grown on the LB-agar plate (from the one prepared out of the cells plus DNA plasmid)
overnight was added to 100 mL sterile LB medium with 0.1 mg/ml ampicillin and

inoculated overnight at 37°C and 220 rpm.

To ensure the accuracy of the transformation, the plasmid DNA was extracted from 5 mL
cells preculture using the DNA extraction kit (Macherey-Nagel NucleoSpin Plasmid)
according to the manufacturer instruction. The DgkA gene sequence was then verified at
Eurofins MWG Operon (Figure 2.1).

"
L s e e e e P e P P e P e e e e 0 e e ATGGGGCATCATCATC 16

ERAREREREREREEE
501 CTGRACATAAAACACTATCAATAAGTTGGAGTCATTACCAAGAGGTATATATTAATGTATCGATTARATAAGGAGGAATARACCATGGGGCATCATCATC 600
* * * * * * * *

* *

* * * * * * * * * *
7 ATCATCATGAGCTCGCTAACAACACCACCGGTTTCACCCGTATCATCARAGCGGCCGGTTACAGCTGGARAGGCCTGCGTGCTGCTTGGATCARCGARGE 116
| FEEEEE e et et e ettt ettt e e et et e e et e e et LRt rrerrd
601 ATCATCATGAGCTCGCTAACARCACCACCGGTTTCACCCGTATCATCAARAGCGGCCGGTTACAGCTGGAARGGCCTGCETGCTGCTTGGATCAACGAAGE 700

* * * * * * * * * *

=

* * * * * * * * * *
117 TGCATTCCGTCAGGAAGGTGTTGCTGTTCTGCTGGCTGTTGTTATCGCTTGCTGGCTGGACGTCGACGCTATCACCCGTGTTCTGCTGATCTCGAGCGTT 216

Lrrrrrrrrrreerrreerrrrrrrerrrr e e e rrr e e e e e e e e e e e e e e e e e e e e e e e et e e
701 TGCATTCCGTCAGGAAGGTGTTGCTGTTCTGCTGGCTGTTGTTATCGCTTGCTGGCTGGACGTCGACGCTATCACCCGTGTTCTGCTGATCTCGAGCGTT 800

* & * # * * * * * *

* * * * * * * * * +
217 ATGCTGGTTATGATCGTTGAARATCCTGAATTCCGCTATCGAAGCTGTTGTTGACCGTATCGGATCCGAATACCACGARCTGAGCGGCCGCGCTARAGACA 316
Lerrrrrrrrreerrrrerrerrrrerrrrrrerereerrrrrreerereerrerrrerrrrrer e e e e e e e e e e e e e
801 ATGCTGGTTATGATCGTTGAAATCCTGAATTCCGCTATCGAAGCTGTTGTTGACCGTATCGGATCCGAATACCACGAACTGAGCGGCCGCGCTARAGACA 200

* * * * * *

* = * *
* * * * * * * *

317 TGGGTTCTGCAGCTGTTCTGATCGCTATCATCGTTGCTGTTATCACCTGGTGCATCCTGCTGTGGTCCCACT TCGGET ~ e me v e e v v v e e e e e 393

AR N N N N
901 TGGGTTCTGCAGCTGTTCTGATCGCTATCATCGTTGCTGTTATCACCTGGTGCATCCTGCTGTGGTCCCACTTCGGT TARGCTTGGCTGTTTTGGCGGAG 1000

* * * * * * * * * *
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Fig. 2.1: The DgkA gene sequences of the plasmid is matched with that of the wild-type DgkA

For the ease of expression in the future tasks, bacterial glycerol stock was made once
after the transformation/preculture. To do so, 500 uL of the bacterial preculture was added
to a batch of glycerol stock (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and was
made upside down for a couple of times. The supernatant was then removed, and the
glycerol beads with the attached E. coli cells was kept at -80°C. The glycerol beads were

then used in the subsequent preparations of the DgkA preculture.

2.2.2. Expression

The cell suspensions obtained from the preculture were used for the DgkA expression
into the cells within the main culture. The main cultures prepared in a scale of 500 mL

volume and were inoculated with 5% of the preculture (5 mL).

Table 2.1: M9 minimal medium components for DgkA expression

Component Amount for 500 mL
(M9_mm)
Na:HPO, (anhydrous) 3.0g
A KH2PO4 (anhydrous) 159
NaCl 05g
NH.CI 05g
CaCl 50 uL (1 M)
MgS0,.7H20 500 pL (1 M)
B Glucose (solution) 5 mL (40 %)
Vitamin Mix 1mL
Ampicillin 500 uL

52



Table 2.2: M9 minimal medium components for U-13C/'8N-DgkA expression

Component Amount for 500 mL
(M9_mm)

Na:HPO, (anhydrous) 309
A KH2PO4 (anhydrous) 15g
NaCl 05g
®NH,4CI 059

CaCl 50 uL (1 M)

MgS0O4.7H.0O 500 pL (1 M)
? U-"*C-Glucose 209
Vitamin Mix 1mL

Ampicillin 500 pL

The cells were then grown in M9 minimal medium (M9_mm) comprised of Milli-Q water in
which the salt components listed accordingly in section A of Table 2.1 and Table 2.2, were
solved. The medium pH was then adjusted to 7.0, and it was autoclaved at 121°C for 20
min. After the autoclave, the components listed in section B of the Table 2.1 and Table
2.2 were also added to the medium. In case of uniformly "*C/'*N labeled DgkA (U-'*C-
SN-DgkA) expression, the °N labeled NH4Cl (®°NH4Cl) was added to the M9_mm after
the autoclave together with components in section B of the Table 2.2. The vitamin mix
solution was prepared by finely powdering 1.5 g of vitamin mix tablets (Centrum, Pfizer
Consumer Healthcare GmbH, Berlin, Germany) and then suspending it in 20 ml
autoclaved Milli-Q water through 5 min Vortex. The suspension was subsequently
centrifuged at 9500 rpm for 30 min at 4°C. The supernatant was filter-sterilized with a 0.2

Mm pore-size filter and used in the expression mediums.

For the inoculation, 10 mL of the cell suspensions grown overnight in 100 mL preculture
were centrifuged for 10 min at 6k rpm. The supernatant was discarded and the pelleted
cells were resuspended within 10 mL autoclaved LB medium followed by another
centrifugation step. Finally, the cells pellet was transferred into the M9_mm by
resuspending it within 10 mL of the medium. E. coli cells were left to grow in the shaker
at 37°C and 220 rpm until an ODego = 0.6 — 0.8 was obtained. At that point, the protein
expression was induced in the cells by addition of 500 yL (200 mg/L) IPTG (Fisher
Scientific, Loughborough, UK). After overnight protein expression at 27°C and 220 rpm,
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the cells were harvested by centrifugation at 6000 rpm for 15 min at 4°C. The cells pellet
was then washed through resuspending it in buffer A (50 mM HEPES, 300 mM NaCl, pH

7.5) followed by another centrifugation step which made it ready for the purification.

2.2.3. Purification

For the DgkA purification, the final cells pellet obtained after the expression was
resuspended again within 30 mL puffer A in which the following compounds were also
added: one tablet complete protease inhibitor (EDTA-free) (Roche Diagnostics,
Mannheim, Germany), a spatula tip Dnase | (AppliChem GmbH, Darmstadt, Germany),
and the same amount MgCl.. The cells resuspension was completed by harshly vortexing
the pellet/compounds for 5 min. The next was DgkA solubilization which was
accomplished by mixing the cell suspension with 3% (w/v) n-Octyl B-D-glucopyranoside
(OG / GLYCON Bioch. GmbH, Luckenwalde, Germany) and gently stirring it for 2 h at
4°C. The protein-OG micelles solubilized in the supernatant, were then separated from
the non-solubilized cell fragments through centrifugation of the mixture at 10k rpm for 30

min at 4°C.

The DgkA-OG micelles were purified by immobilized metal ion affinity chromatography
(IMAC) technique using Ni-NTA (QIAGEN, Hilden, Germany) resin. The purification steps
were carried out as following: the supernatant obtained after the centrifugation was mixed
with 1.5 ml Ni-NTA and 750 uL imidazole (2 M) and incubated for 1 h at 4°C while gently
stirring. The protein micelles / Ni-NTA mixture was then transferred into a purification
column in which the mixture was washed with 75 mL buffer A containing 1.5% (w/v) OG
and 50 mM imidazole. This step caused all non-bound-to-Ni-NTA protein micelles (all
except DgkA) to be washed off. Subsequently, the OG detergent was exchanged by
washing the column with 50 mL buffer A containing 0.05% n-dodecyl--D-maltoside (DDM
/ GLYCON Bioch. GmbH, Luckenwalde, Germany). The final step was to elute the DgkA
micelles with buffer A containing 400 mM imidazole and 0.05% DDM. The elution step
was usually repeated four times each with 10 mL elution buffer and incubation for 10 min.
The final concentration of the DgkA micelles was measured by the spectrophotometer
(Nano Drop ND-1000, Wilmington, DE, USA), knowing that the DgkA molecular weight
(MW) and its extinction coefficient (¢) are 14360 g mol”' (15140 g mol”" in case of U-"3C-
®N-DgkA) and 30.48 mM-" cm™, respectively.
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2.2.4. Characterization: SDS-PAGE

The purity of the DgkA samples was qualitatively characterized using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) technique. The preparation and
loading of the samples on the SDS-PAGE was carried out as following: 2.5 ug (~13 L)
DgkA diluted in the elution buffer was mixed with 7 pL loading buffer (Bio-Rad
Laboratories GmbH, Feldkirchen, Germany) in which 10% B-mercaptoethanol was added.
After fixing the gel in the SDS-PAGE apparatus, filling the inner chamber with cathode
buffer (0.1 M Tris, 0.1 M Tricine, 0.1% SDS, pH 8.25) and the outer chamber with anode
buffer (0.2 M Tris, pH 8.9), a total of 20 uL sample mixture, as well as the protein marker
(AppliChem Protein-Marker Il 6.5-200 kDa) were loaded on the gel (GenScript,
Piscataway, NJ, USA). The electrophoresis procedure was initiated at constant voltage at
50 V for 10 min and continued at 150 V until the marker (and the sample) reached the gel
base. The gel was subsequently stained within Coomasie Brilliant Blue G250 solution
(0.025%) for 30 min, and destained within a mixture of methanol (50%), acetic acid (40%)
and Milli-Q water (10%) for 1 h. The gel destaining was then completed within Milli-Q

water for 1 day.

»

14 kDa

Fig. 2.2: The SDS-PAGE of WT-DgkA, as well as two U-'3C/'*N DgkA samples solubilized in DDM.

2.3. Reconstitution of U-3C/'>N-DgkA within the

photoliposomes (proteo-photoliposomes)

Photoliposomes were prepared as described earlier in this chapter. The lipid mixture
(either POPE:POPG:AzoPC or POPE:POPG with their corresponding lipid ratios) were
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suspended in 2 mL HEPES buffer containing DDM (50 mM HEPES, 300 mM NacCl, and
25 mM DDM at pH=7.5). Noted that the HEPES buffer composition excluding DDM is the
same as that of buffer A used in protein purification. By applying 10 round freeze-thaw
cycles, the photoliposomes were solved in the DDM-containing buffer solution.
Afterwards, either 6.4 mg (0.4 pmole) or 3.2 mg (0.2 ymole) U-"*C-"*N-DgkA was added
to the photoliposome solutions, depending on the desired molar lipid-to-protein ratio
(LPR) which was either 50 or 100, respectively. To complete the reconstitution, the protein
/ photoliposome solutions were left stirring very gently for 1 hour at room temperature.
The DDM was then extracted from the protein / photoliposome solutions using ~0.8 g Bio-
Beads SM-2 Absorbent Media (Bio-Rad Laboratories GmbH, Feldkirchen, Germany) per
10 mL of the solutions. The DDM removing procedure involved a two-hour slight shaking
on a Roto-Shake Genie (Scientific Industries, USA) for 2 hours at room temperature,
followed by another round with fresh Bio-Beads at 4°C overnight. And to remove the NaCl
and imidazole (used during the protein purification), the proteo-photoliposome
suspensions washed multiple times, first by centrifugation at 50k rpm for 1 h at 4°C and
resuspension in 1 mL of HEPES buffer (25 mM HEPES and 10 mM MgCl;), and then
repeating the washing step for 8 more times by centrifugation at 15k rpm for 10 min at
4°C. Alike the photoliposomes, the final proteo-photoliposome suspensions also
underwent 10 freeze-thaw cycles in order to homogenize the liposome size and protein
distribution. Finally, the suspensions were ultra-centrifuged at 50k rpm for 20 minutes at
4°C. The proteo-photoliposome pellets were then transferred into either 3.2 mm or 4.0
mm zirconium MAS rotors for NMR measurements. The overall weight of the proteo-
photoliposomes were estimated to be ~21 mg and ~18 mg in case of the 50:1 and 100:1

LPR samples, respectively.

2.3.1. Sucrose density gradient centrifugation

The size homogeneity of the photoliposomes (liposomes) and proteo-photoliposomes (-
liposomes) were examined by sucrose density gradient technique. The sucrose gradients
were prepared by stacking layers of different sucrose solutions (10%, 20%, 30%, and
40%) in a 5 mL ultra-centrifuge tube in a bottom-up fashion while the highest density layer
(40%) was placed in bottom and the filling was continued to the lowest density layer
placed on top. Next, 200 pyL of either the sample suspensions with ~0.4 mg/mL
concentration were cautiously added on the top sucrose layer. The tubes were then

centrifuged horizontally at 33k rpm and 4°C overnight.
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Fig. 2.3: The sucrose density gradient experiment performed on the proteo-photoliposomes
sample: U-'3C/15N DgkA reconstituted within [POPE:POPG(4:1)]:AzoPC (6:1) photoliposomes with
LPR=75:1.

2.3.2. The coupled ATPase activity assay

The ATPase activity of reconstituted DgkA in the POPE:POPG liposomes was determined
using a coupled enzyme assay (143). As described in Chapter 1, DgkA in the cell
membrane is responsible for phosphorylation of diacylglycerol (DAG) to the
corresponding phosphatidic acid (PA) at expense of adenosine triphosphate (ATP). In the
coupled assay, the product of the DgkA phosphorylation (ADP) is converted back to ATP
by transferring a phosphate from phosphoenolpyruvate (PEP) to ADP via pyruvate kinase
(143). The resulting pyruvate from PEP hydrolysis is subsequently converted to lactate
via lactate dehydrogenase (LDH) by protonating it in cost of NADH. The NADH absorption
at 340 nm is then traced over a fixed duration in order to track the DgkA activity in the

suspension mixture. The coupled activity assay is schematically illustrated in Figure 2.2.
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Fig. 2.4: A schematic illustration of the DgkA coupled activity assay.

The assay buffer composition is listed as following: 25 mM PIPES at pH 6.8, 1 mM PEP,
0.5 mM NADH, 3 mM MgATP (Sigma-Aldrich, St. Louis, MO, USA), 15 mM MgCl;, 50 mM
LiCl (Sigma-Aldrich, St. Louis, MO, USA) and 0.1 mM EDTA (AppliChem GmbH,
Darmstadt, Germany). For each measurement, the following procedure was followed: in
100 pL assay buffer, 2.5 pL pyruvate kinase (Roche Diagnostics, Mannheim, Germany)
(18.2 units) and 2.5 pL lactate dehydrogenase (Roche Diagnostics, Mannheim, Germany)
(7.5 units) were added. The mixture was then incubated at 30°C for 3 min. The
phosphorylation was subsequently initiated by adding 2 pL of the protein suspension, and
stimulated by adding ~2.5 uL from a 100 uM batch of a water-soluble DAG analogue, 2-
(Acetyloxy)-1-(hydroxymethyl)ethyl acetate (Sigma-Aldrich, St. Louis, MO, USA) which is

abbreviated as DMG hereafter. The activity was calculated accordingly, as,

[umol (ATP)] A Abs. 1 1 1 “vaL (@1

X X X
[min mg (DgkA)] ~ min ~ eyapy (MM~' cm™") ~ DgKA (mg) 1 (cm)

where gyapy is the extinction coefficient of NADH at 340 nm (exapy = 6.2 uM~t cm™1), 1
is the path that light travel through the sample, and V is the final volume of the whole
components. In Figure 2.5, the absorbance plot of NADH hydrolysis during the coupled
activity assay of DgkA reconstituted within POPE:POPG (4:1 molar ratio) is plotted.
Accordingly, the DgkA coupled activity in the corresponding membrane is calculated as

89 umol/(min. mg), which corresponds well with previous reports from the lab (118).

0.57
0.56 -
0.55 -

0.54 4

Absornance

0.53 4

0.52 4

0.51

0 2 4 6 8 10
Time (min.)

58



Fig. 2.5: The absorbance of NADH hydrolysis during the DgkA coupled activity assay is plotted. In

the assay, the initial concentration of ATP and DMG were 3 mM and 100 uM, respectively.

2.4. UV illumination of photoliposomes and proteo-

photoliposomes

The photoliposomes and proteo-photoliposomes were illuminated by a high power 365
nm UV light source (MIDORI ULB-50sc UV (365 nm)) equipped with a liquid light guide
(UAC-04, Std. Lumatec-D LLG, USHIO America, CA, USA). The output power at the end
of the light guide was 14 w/cm?. Photoliposomes or proteo-photoliposomes were
resuspended in 0.5 ml HEPES buffer (25 mM HEPES and 10 MgCl,) in an Eppendorf
tube. Light was transmitted from the light source directly on top of the suspensions using
the light guide. Samples were exposed to UV light for 3 x 30 s while gently stirring during
the light illumination. Afterwards, the samples were quickly collected by centrifugation at
15k rpm at room temperature, and packed into a 3.2 mm or 4 mm MAS rotor for the NMR
measurements. The whole process of rotor packing and transferring into the magnet was
about 20 min. The cis-to-trans conversion ratio of the photolipids within the bilayers was
determined by "H MAS-NMR of the corresponding samples which was usually ~85 % in

all cases (see Figure 3.8 C).

2.5. MAS-NMR Spectroscopy

2.5.1. 'H-"3C heteronuclear dipolar coupling measurements

All the MAS-NMR spectra were acquired on a Bruker 850 MHz wide bore Avance Il solid
state NMR spectrometer using a Bruker 3.2 mm HCN triple resonance probe head. All
spectra were recorded at 12 kHz MAS rate, and 290 K nominal sample temperature. The
290 K measurement temperature was chosen to ensure all samples were in the liquid

crystalline phase.

All '"H-"3C dipolar coupling measurements were starts with two 1D 'H and *C INEPT
acquisitions. The 'H measurements were recorded with 3.65 us pulse length, 800 ms
acquisition time, 1 s delay time, and 64 scan number. The *C INEPT measurements were
acquired through Refocused-INEPT pulse sequence with 4.63 s as the 'H pulse length,

40 ms acquisition time, 3 s delay time, and 128 scan number.
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For order parameter measurements, proton—-carbon dipole couplings were measured
using the R-PDLF variant of the separated local field experiment (144-145). In this
experiment, the 'H-"3C dipolar couplings are recoupled through the R18] sequence
window (137, 146) applied to the protons. The dipolar-modulated proton magnetization is
then transferred to '*C for detection by an INEPT transfer step (120). For the signal
acquisitions, the “States” method was used with acquisition time of 25 ms and 5.2 ms for
the 3C and 'H nuclei, respectively. Full experimental details are provided in Table 2.3.
The resulting spectra were corrected by the intrinsic dipolar scaling factor of 0.315.
Directly after sample illumination, a series of R-PDLF spectra were recorded over a time

period of 65 h until the AzoPC relaxed back to its initial trans-state.

Table 2.3: The R-PDLF-MAS-NMR parameters used in the 'H-"13C dipolar coupling measurements

of the photoliposomes and proteo-photoliposomes.

Experiment R-PDLF (144-145)
MAS 12 kHz
Samole Photoliposomes, Proteo-Photoliposomes with
P U-13C-15N-DgkA
Probe head HCN
Recycle delay (s) 3
Recoupling scheme R187
Total recoupling length (ms) | 16.4

Transfer Refocused INEPT
Field (kHz) 54.0(H), 55.5(C)
1st Delay (ms) 1.9

2nd Delay (ms) 1.0

F1 Increments 100

Spectral width (kHz) 9.5

Acquisition time (ms) 5.2

F2 Increments 4252

Spectral width (kHz) 85.2

Acquisition time (ms) 25

'H SPINAL decoupling (kHz) | 54

Number of scans 128

Total measurement time (h) | 5.5
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NMR data were analyzed using Bruker TopSpin v4.0 as well as OriginPro v9.6. For the
analysis, the size of FID was 8k and 2k for the direct and indirect dimensions, respectively.
For both dimensions, EM was chosen as the window function. While LB, Gaussian
maximum position (GB), and sine bell shift (SSB) were 2, 0.1, and 0, respectively for the
direct dimension, the parameters were 300, 0.1, and 3, respectively for the indirect
dimension. Finally, the filter width for baseline correction (BCFW) was assigned 0.01 —

1.5 for both dimensions.

2.5.2. 'H-'H NOESY MAS-NMR spectroscopy

For the 'TH NOESY MAS-NMR spectroscopies, the samples were resuspended in a D,O
: H20 (2:1) mixture with the same pH as that of the samples used for the 'H-"3C dipolar
measurements. The NOESY spectra were recorded at 290 K at 850 MHz, 12 kHz MAS

rate, with a recycle delay of 2 s. Full experimental details are provided in Table 2.4.

Table 2.4: The 2D 'H NOESY-MAS-NMR parameters used in the 'H-'H dipolar correlation

spectroscopies of the photoliposomes and proteo-photoliposomes.

Experiment NOESY
MAS 12 KHz
Samole Photoliposomes, Proteo-Photoliposomes with
P U-13C-15N-DgkA
Probe head HCN
Recycle delay (s) 2
Field (kHz) 54.0(H)
Shape (ramp) bl
Mixing time (ms) 10 -100
Carrier (ppm) 4.2
F1 Increments 256
Spectral width (kHz) 6.6
Acquisition time (ms) 20
F2 Increments 95232
Spectral width (kHz) 59.5
Acquisition time (ms) 800
Number of scans 8
Total measurement time (h) 1.6
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The spectral widths of 59.5 kHz and 6.5 kHz were fixed for the direct and indirect
dimensions, respectively. Signal acquisition was carried out by the States-TPPI method
with acquisition times of 700 ms for direct and 78 ms for indirect dimensions. The
spectrum was acquired with t; increment of 152 us and 8 recording scans per increment.
The 1,, was 50 ms. The Proton chemical shift referencing was done internally for each

spectrum with respect to DSS.

NMR data were analyzed using Bruker TopSpin v4.0 as well as OriginPro v9.6. For the
data analysis, the size of FID was 16k and 4k for the direct and indirect measurements,
respectively. For the direct dimension, the window function, LB, GB, and SSB were GM,
-10, 0.1, and 2.5, while the parameters were QSINE, 5, 0.1, and 3, respectively for the

indirect dimension. The BCFW was assigned the same at 1 for both dimensions.

2.5.3. >N-13C heteronuclear correlation NCA measurements

2D NCA spectra of U-'>C-'N-DgkA were recorded under the same conditions as
described for the other MAS-NMR measurements: 12 kHz MAS, 290 K. Full experimental
details are provided in Table 2.5. To abridge the 2D NCA measurement time which could
be rather long for such small samples, | used “non-uniformly sampling” (NUS) (147) with
65% sampling. Compared to a uniformly sampling NCA measurement with 120 increment,
96 scans, and 3s delay times which takes up to 9.5 hrs, the NUS NCA measurement with
roughly 6 hrs duration is significantly shorter and thus, more capable of tracking the impact
of AzoPC thermal relaxation on DgkA structure. Full experimental details are provided in
Table 2.4. Directly after sample illumination, the NCA and R-PDLF dipolar coupling
spectra were sequentially recorded to ensuring identical sample conditions, and to

following the AzoPC cis-to-trans thermal re-conversion.

NMR data were analyzed using Bruker TopSpin v4.0 as well as OriginPro v9.6. For the
data analysis, the size of FID was 8k and 2k for the direct and indirect dimensions,
respectively. For the direct dimension, the window function, LB, GB, and SSB were GM,
-20, 0.08, and 0, while the parameters were QSINE, 0.3, 0.1, and 5, respectively for the

indirect dimension. The BCFW was assigned the same at 1 for both dimensions.
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Table 2.5: The NCA-MAS-NMR parameters used in the 13C-"5N dipolar correlation spectroscopies

of the photoliposomes and proteo-photoliposomes.

Experiment NCA
MAS 12 KHz
Sample Proteo-Photoliposomes with U-13C-15N-DgkA
Probe head HCN
Recycle delay (s) 3
Transfer 1 HN-CP
Field (kHz) 68.5(H), 41.7(N)
Shape (ramp) 80.100 (H)
Contact time (ms) 1.4
Carrier (ppm) 119.8
Transfer 2 NCA-DCP.NUS
Field (kHz) 30.0(N), 21.2(C)
Shape (ramp) 90.100.100 (C)
Contact / Mixing time (ms) 3.4
Carrier (ppm) 58
F1 Increments 120
NUS 65%
Spectral width (kHz) 3
Acquisition time (ms) 20
F2 Increments 3988
Spectral width (kHz) 100
Acquisition time (ms) 20
'H SPINAL decoupling (kHz) 68.5
Number of scans 96
Total measurement time (h) 6.3

2.5.4. Real time 3'P MAS-NMR measurement

The kinetic of DgkA activity within the photoliposomes, and the impact of AzoPC photo-
conversion on it, was pursued in real time by *'P MAS-NMR measurements. The samples
containing proteo-liposomes or proteo-photoliposomes were pelleted and packed into 4
mm MAS rotor accordingly as described earlier in this chapter. For each DgkA activity
measurement, roughly around 5.25 mg, 4.95 mg, and 4.5 mg sample were used in case
of PLR equivalent to 1:50, 1:75, and 1:100, respectively. In case of the proteo-
photoliposomes, the whole sample obtained after the DgkA reconstitution was illuminated
accordingly as described before. The illuminated proteo-photoliposome suspensions
were then separated into 4 tubes, 3 of which were used for the activity measurements of
DgkA under different lipid fluidity conditions induced by the varying conformation states

of AzoPC within the proteo-photoliposomes. The measurement orders were as following:
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the first batch was right after the UV illumination when the AzoPC was ~85% in cis
conformation. The second batch was after ~30 h when the cis confirmation ratio had
already shrunk to around 40%. And the last measurements were after ~75 h when the
AzoPC was almost relaxed back to the frans state again. For each measurement, the
packed rotor was spun for a few minutes during which a simple 'H spectrum of the
corresponding sample was acquired. The short spinning was also helpful to distribute the
sample into a thin layer of proteo-photoliposomes around the MAS rotor wall. Afterwards,
the MAS rotor was taken out of the magnet, and 20 uL of the activity measurement buffer
(HEPES 25 mM, Mg*ATP 25mM, DMG, pH=7.2) with varying DMG concentrations (from
50 uM, to 75 uM, to 100 uM) was added to the samples with PLR of 1:50, 1:75, 1:100,
respectively. After adding the activity buffer, the rotor was packed again as quickly as
possible and transferred into the magnet. The *'P spectra were the acquired using direct
polarization of phosphorous by 4 us pulses while no proton decoupling was used during
the 200 ms FID acquisitions. In each activity measurement, the whole experiment was

separated between round 70 to 100 spectra during which 64 scans were collected.

2.6. Data analysis

NMR data were analyzed using Bruker TopSpin v4.0 as well as OriginPro v9.6. For the
1D "H, "*C INEPT, and *'P spectra, the size of FID was 64k in case of 'H and *C INEPT
and 256k for the 3'P measurements. While no line broadening (LB) was applied for the
'H, 2 Hz and 5 Hz LB were considered for the Fourier-Transformation (FT) of *C INEPT

and 3'P spectra, respectively.
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3. Photoliposomes: A versatile MAS-NMR tool for studying
physical properties of lipid bilayers and embedded proteins

under nonequilibrium conditions *

3.1. Introduction

Lipids are structurally diverse building blocks for membranes and therefore the basis for
compartmentalization in the cell. They are part of signaling pathways and an important
source of energy (148). The functionality of membrane proteins is often directly linked to
the membrane environment or to specific lipids (149-151). Lateral pressure variations
across the bilayer triggered by intra- or extracellular factors are a key element in
modulating the shape of the cellular membrane and in turn, membrane protein
functionality (150, 152). For example, pressure-sensitive ion channels can be reversibly
activated by either mechanically or chemically (osmotic) induced effects on the membrane
(153-154). Such processes can be controlled with high spatiotemporal resolution by

making lipids light-dependent through the use of photocleavable groups or photoswitches.

Photoswitchable lipids usually carry a chemical modification such as azobenzene in their
acyl chains. Azobenzene is a well-established molecular photoswitch with two phenyl
rings linked by an N=N double bond. Upon UV-illumination, azobenzenes undergo a
reversible photoisomerization from trans to cis (155-156). It has been used extensively
for modifications of a range of bioactive molecules such as peptides (157-159),
oligonucleotides (160-162), or ligands bound to proteins (59, 163-165) in order to induce
reversible and site-specific structural and/or functional effects upon illumination (166-
167). In case of lipids (for a recent review see (168)), the isomerization of the azobenzene
photoswitch has been used to alter the membrane bending stiffness (169-170), fluidity
(171), the formation of lipid domains (77) or to control membrane fission (169).
Furthermore, light-induced permeability enhancement of mixed lipid bilayers containing
photolipids has been reported (83). Furthermore, a high proportion of azobenzene lipid

derivatives in the cis conformation may cause vesicle budding (77, 169, 171-172). Most

experiments have been carried out on giant unilamellar vesicles (GUVs) but also on small
unilamellar vesicles (SUVs) and on supported lipid bilayers. A specific example for
photolipids are AzoPCs, which are azobenzene derivatized phospholipids with a

phosphatidylcholine heagroup (170). Conditions have been described under which

% The content of this chapter is partially identical with Doroudgar et al. JACS (J. Am. Chem. Soc. 2021, 143,
9515-9528).
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unilamellar vesicles solely consisting of AzoPC can be prepared and which can be
deformed by light (169). It was also shown that lipid domain formation in GUVs containing
AzoPC and other lipids can be controlled by light (77). Recently, light-induced tuning of
membrane fluidity in supported lipid bilayers solely made of AzoPC has been

demonstrated (171).

Despite of these applications, the mechanism of action of these photolipids at the atomic
level is still poorly understood. It would be of particular interest to understand how AzoPC
interacts with surrounding lipids in order to explain why the frans-cis isomerization affects
the mechanical membrane properties. Therefore, we integrated an AzoPC based on 1,2-
distearoyl-sn-glycero-3-phosphocholine with an azobenzene derivative in one of its tails
into mixed liposomes containing the main components of the E. coli membrane namely
phosphatidylethanolamines (PE) and phosphatidylglycerols (PG). Solid-state NMR
spectroscopy under magic angle spinning (MAS-NMR) was the method of choice to probe
and quantify the light-induced alterations of the bilayer properties within these mixed
liposomes. Based on separated local field experiments, dipolar order parameter changes
of every single CH, segment in the bulk lipid molecules in the liquid lamellar (L, ) phase
have been determined. The measurements are supported by MAS-NOESY experiments
to highlight the bulk lipid-AzoPC interactions.

3.2. Photoliposomes: preparation and characterization
3.2.1. Results and Discussion

3.2.1.1. POPE and POPG are a suitable bulk lipid mixture for the

preparation of photoliposomes

A very first technical question needed to be addressed in this project was to find a suitable
composition of lipids which could accommodate the available photolipid AzoPC while
preserving bilayer integrity and protein activity upon light-induced cis/trans isomerization
in L, phase. Initial tests were carried out on DMPC, a popular lipid in solid-state NMR
spectroscopy of membrane proteins, and POPE — a major component of E. coli cell
membrane. For various reasons (see appendix) these lipids alone were found not to be
capable of providing all necessary requirements. Instead, POPE/POPG appeared as the

most promising bulk lipid mixture.

POPE alone has basic prerequisites to be used as the bulk lipid within the photoliposomes

(Figure 3.1). However, the UV illumination of the POPE:AzoPC mixture implied that a
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single lipid component might not be sufficient and does not convey the characteristics
needed to withstand with AzoPC trans-to-cis conformation change. Inspired from the main
components of the E. coli membrane (12), POPE:POPG (POPG = 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-(1'-rac-glycerol)) mixture at a molar ratio of 4:1 were subsequently
selected as the bulk lipids for the photoliposomes. Prior to make the photoliposomes, the
characteristic properties of POPE:POPG mixture where determined. Figure 3.2 illustrates
the *C INEPT and H-C dipolar coupling spectra of the POPE:POPG middle acyl chains
section (4-13,4°-7", 12'-15") acquired under 12 kHz MAS at two different temperatures
of 290 K (A) and 295 K (B).
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Fig. 3.1: The chemical structures and the acyl chain lengths of POPE and AzoPC in frans and cis
conformations. The bold lines and the narrow lines along the acyl chains schematically represent
the C-C bonds and C-H bonds, respectively. The acyl chain lengths of the lipids are calculated
according to the “all-stretched” configuration of the C-C bonds along the acyl chains; maximum
possible length.
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Fig. 3.2: POPE:POPG (4:1) L, phase stability under MAS. '3C INEPT and H-C dipolar coupling
spectra of the middle acyl chains section (carbon positions 4-13, 4’-7°, 12°-15" (Figure 3.3)) of
POPE:POPG (4:1 molar ratio), at 290 K (A) and 295 K (B). At either the temperatures, the second
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spectra (A and B, bottoms) are acquired after 17 h from the first ones (A and B, tops). On the 3C
INEPT spectra (left column), the dash lines are fixed according to the first POPE:POPG spectrum
at 290 K (A, top) setting the chemical shift boundaries of the spectrum as a scale for comparison
of the others with it. On the H-C dipolar coupling spectra (right column), the dash lines are fixed
according to the first dipolar coupling spectrum of POPE:POPG mixture at 290 K. The dashed line
(right) illustrates changes in the dipolar splitting.

Since the POPG acyl chains (palmitoyl and oleoyl) are similar to those of POPE, *C
INEPT spectra of the mixture perfectly overlap and no difference in the chemical shifts is
detected. As such, the H-C dipolar coupling spectra are also averaged over the middle
acyl chain section of both lipid components. As mentioned earlier in this chapter, POPE’s
Lg — L phase transition is 298 K (32). However, because POPG'’s phase transition is 271
K (173), the POPE:POPG (4:1 molar ratio) mixture should have a broad phase transition
over a wide range of temperatures between those constituents’ individuals during which

both Lg and L, phases are coexisting. As an exemplary comparison, it could be referred
to the POPE:C16-Cer mixture in which only 10 mol% C16-Cer with T,, =362 K broadens
the POPE Lg — L, phase transition by 15 K (32).

The high intensity of the "*C INEPT spectra of the middle acyl chains of the lipid mixture
at 290 K, which did not undergo any chemical shift change or peak broadening over 17 h
acquisition, confirms the foremost, stable L, phase characteristic of the mixture at that
temperature. The high stability of the POPE:POPG mixture was maintained even at higher
temperature of 295 K over 17 h acquisition under 12 kHz MAS (Figure 3.2 B). Besides its
close acyl chain length matching with AzoPC, the significant stability of POPE:POPG
mixture under MAS and within L, phase conditions suggests that this lipid mixture is a

suitable candidate as bulk lipids for the photoliposomes.

Figure 3.3 summarizes the *C INEPT and H-C dipolar coupling spectra of all carbon
positions along the mixture acyl chains. Except the acyl chains’ middle section, all the
H-C dipolar spectra are individual of one carbon position. As mentioned earlier, the
middle acyl chain section includes eighteen carbon positions (4-13,4-7", 12'-15") from
both palmitoyl and oleoyl chains whose *C INEPT and thus, H-C dipolar coupling spectra
are overlapped. However, it is possible to deconvolute the region (on both *C INEPT and
H-C dipolar coupling spectra) into six individual peaks (Figure 3.3 C and D). In this way,
one can measure the C-H dipolar splitting and subsequently, calculate the order
parameters (Sc-n) on every single deconvoluted dipolar spectra, and assign the

corresponding values to a number of carbons (from the eighteen total) according to the
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integrals of the corresponding deconvoluted *C INEPT spectra — smoothed order

parameters.
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Fig. 3.3: H-C dipolar coupling measurement of POPE:POPG (4:1) liposomes. (A) Molecular
structure of the POPE:POPG mixture. (B) 2D illustration of the H-C dipolar coupling spectra of the
carbon positions along the POPE:POPG acyl chains, projected from the corresponding 2D R-PDLF
spectrum of the lipid mixture. The R-PDLF spectrum acquired under 12 kHz MAS at 295 K. (C and
D) The corresponding '3C INEPT and H-C dipolar coupling spectra of the middle acyl chain section
(carbon positions 4-13, 4'-7°, 12'-15") of POPE:POPG. Both spectra are deconvoluted into six
peaks, presented in different colored and assigned by Roman numbers. The H-C dipolar spectrum

averaged over this spectral region (colored in black) are compared to those extracted for each of
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these peaks. The average (Sc-H) is obtained by taking the number of contributing CH2 segments

for each sub-spectrum into account, which is obtained from the deconvoluted peak integrals.

In Figure 3.4, the order parameter profile of POPE:POPG (4:1 molar ratio) mixture at 295
Kis plotted for all carbon positions along the acyl chains. As explained above, the different
Sc-+ values and the number of carbon positions which are assigned to those Sc-n values
for the middle acyl chain section are defined according to the “smooth” plotting method.
The Sc-+ values for carbon position 8'=11" on oleoyl chains can be plotted unambiguously
duo to their distinct *C peak chemical shift (and thus, H-C dipolar couplings). The *C
peak chemical shifts of the rest carbon positions on either the acyl chains are perfectly

overlapped due to their undistinguishable chemical and physical (phase) conditions.
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Fig. 3.4: The Order parameter profile of POPE:POPG (4:1 molar ratio) plotted for the sample
at 295 K. Sc-n was determined from the corresponding H-C dipolar couplings of the mixture
(Figure 3.3 D). Order parameters for carbon positions 8" and 11" could be unambiguously

assignment to the oleoyl chain due to their distinct chemical shifts. For all other values, no
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distinction can be made between palmitoyl (sn1) and oleoyl (sn2) chains. Since carbon resonances
4-13, 4-7°, 12°-15" in the middle of the acyl chain partially overlap and cannot be assigned, a
‘smoothed’ order parameter profile representation has been chosen for this section, i.e. Sc-n
values are simply plotted in descending order. The number of symbols for each order parameter
in this section corresponds to the number of contributing CH2 segments. Numerical values are
summarized in Table A3. It is worth noting that two dipole splittings for position 2° have been
reported throughout the literature (174-176), but have not been observed here. To the best of my
knowledge, all of these studies were carried out on POPC or DMPC. The previously control
measurements on POPC and POPE alone (Figure A1.4) confirm, that only POPC shows such a
spectral feature, which is probably related to the substantial differences in the size of the lipid

headgroups.

3.2.1.2. POPE:POPG:AzoPC photoliposomes: phase

characterization

Following the defining of the bulk lipids, POPE:POPG (4:1 molar ratio), AzoPC was
subsequently incorporated within it at a molar ratio of 1:6 (14 mol%) with respect to the
bulk lipids for making the photoliposomes (Figure 3.5). Before performing the light
illumination experiments to characterize the properties of the photoliposomes, it was
necessary to determine the phase transition state of the triple-component lipid mixture. It
had to be ensured that the measurements are performed in the L, phase and that the

liposomes remain in this phase during the course of the experiment.

POPE POPG Trans-AzoPC

365 nm
—
-~

Thermal

Relaxation
(65 h)

Fig. 3.5: The molecular structures of the photoliposomes constituents. The molecular

structure of the photoliposomes constituents. The photoliposomes contained POPE:POPG at a
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molar ratio of 4:1 and AzoPC at a ratio of (POPE:POPG):AzoPC of 6:1. Upon UV-illumination, the

azobenzene photoswitch isomerizes reversibly from trans to cis conformation.
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Fig. 3.6: The photoliposomes T,, measurement. 'H MAS-NMR spectra of photoliposomes as a
function of temperature to assess the major phase transition in these lipid mixtures. (A) Selection
of '"H MAS-NMR spectra shown for four different temperatures around the broad phase transition
temperatures. The linewidth of the major CHz resonance at 1.0 ppm depends on the rate of trans-

gauche isomerization and rapid rotational diffusion (177). In the gel (Lg) phase, strong
homonuclear 'H-"H dipole couplings cause substantially broader lines compared to the liquid-
crystalline (L) phase. (B) Relative intensity of the CH2 resonance as a function of temperature. A
sharp phase transition is observed at 285-289 K. All spectra described in this paper were recorded
above the phase transition at 290 K (dashed line) to ensure that the samples were in L, phase.
The resonance at ~0.0 ppm corresponds to a silica rubber seal inserted onto the sample in the
MAS rotor.

Figure 3.6 illustrate the '"H MAS NMR spectra of the photoliposomes acquired in a range
of temperatures around an estimated broad phase ftransition temperature of the
photoliposomes. The phase transition temperature of the mixture was subsequently
observed upon conversion of the unresolved, broad MAS proton signals of lipid acyl
chains in Lg phase to a series of very well resolved, sharp signals under L, phase
condition. This is due to the “trans-gauche” isomerization of lipid acyl chains, as well as
very fast axial rotation lipids within the bilayer (177). As seen in Figure 3.6 B, there is
sharp increase in the relative signal intensity of the bulk lipid middle acyl chains (4-13,
4°-7°,12°-15") at temperatures around 285 to 289 K. More or less the same trend is also
seen for the other proton signals as well. Accordingly, 290 K was determined as a right

temperature for acquiring the MAS-NMR experiments in this project.

3.3. Light illumination of photoliposomes
3.3.1. Results and Discussion

3.3.1.1. AzoPC conformation change upon illumination within

photoliposomes

In order to achieve a high trans-to-cis conversion ratio, an efficient illumination protocol
for these photoliposomes had to be established. Best results were achieved by irradiating
the liposome suspension using a 365 nm high power (14 W cm) light source 3 times for
30 s (Chapter 2 for more details). Subsequently, the sample was pelleted by centrifugation

and transferred into a MAS rotor.
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The conversion efficiency was monitored by recording 'H and *C INEPT MAS NMR
spectra before and after illumination as well as after thermal relaxation of 65 h (Figure 3.8
C) in dark (Figure 3.7). The proton resonances of the azobenzene switch (6.4 — 8.2 ppm)
offer a sensitive readout for the trans-cis conversion. In the initial dark state, three peaks
corresponding to trans-AzoPC occur (Figure 3.7 A, left).
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Fig. 3.7: AzoPC conformation change within photoliposomes (A) 'H and "*C INEPT-MAS-
NMR spectra of the photoliposomes in the initial dark state (trans AzoPC), (B) after UV illumination
(cis AzoPC), and (C) after an extended thermal relaxation period (~65 h, Figure 3.8 C) in the dark
(trans AzoPC). The 'H and '3C peaks of the bulk lipids (POPE:POPG) were assigned according to
those of the similar lipids (145). In case of the azobenzene group, the 'H and '3C assignments
were performed through 2D 'H-'H NOESY MAS-NMR spectra (Figure 3.8 A and B) and by
comparison with analogous molecules (178). The cis-trans isomerization is best observed for the
azobenzene proton resonances (left). The AzoPC carbon signals (labelled with * on the inset) are

mainly covered by those of the bulk lipids (POPE:POPG) resonances.

After UV illumination, these peaks shift due to the conversion into cis-AzoPC (Figure 3.7
B, left). By measuring the integrals of the major peaks b(1/2), f(1/2) in trans and c(1°/2"),
e(1'/2") in the cis conformation, we could determine that the AzoPC photoisomerization
within the photoliposomes was more than 85%. After 65 h dark, spinning at 12 kHz at 290
K, AzoPC relaxes back to the trans state (Figure 3.7 C, left). The time course for the re-
isomerization is plotted in Figure 3.8 C. The bulk lipid resonances in both 'H and *C
INEPT spectra are fully resolved and their corresponding chemical shifts do not change
upon sample illumination and subsequent relaxation (Figure 3.7 A-C, right column). It can
be therefore concluded that the AzoPC trans-cis isomerization does not stimulus phase
separation in our photoliposomes; they remain in the L, phase. This conclusion is also
supported by static *'P NMR spectra in the dark and after illumination (Figure 3.8 D). The
obtained *'P NMR line shapes as well as their corresponding CSA linewidths in both
cases are typical of bilayers in L, phase (179) demonstrating that no phase separation
occurs upon the AzoPC conformation change. This observation confirms the 'H MAS
NMR results (Figure 3.7 left column) in which no sign of line broadening or chemical shift
changes of the bulk lipid resonances is seen, as one would expect for nonbilayer or gel

phases.

The reason for this phase stability is probably the relatively low amount of AzoPC (14
mol%) in our photoliposomes, which also enables a high conversion efficiency. In
addition, POPG probably played an important role in keeping the photoliposomes intact
during the trans-to-cis-to-trans conversion. POPG has two OH groups and could therefore
form hydrogen bonds with surrounding POPG/POPE molecules by which it stabilizes the
bilayer phase. Another notable aspect of the photoliposomes’ static 31P NMR spectra is

~4 ppm CSA linewidth narrowing measured on the spectrum of the sample after UV
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illumination compared to that of the dark state. This could be interpreted as an increase

in the motional dynamics of the lipid components when the AzoPC is in cis conformation.
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Fig. 3.8: The AzoPC thermal relaxation within photoliposomes in L, phase under MAS. (A
and B) 2D '"H-'"H NOESY MAS-NMR spectra of photoliposomes illustrating the azoswitch region
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and b - ¢ are highlighted. (C) The cis-AzoPC population decays with time after illumination to the
thermally stable trans conformation as determined from the ratio of peaks c(1/2’), e(1°/2’) and
b(1/2), f(1/2). (D) Static 3'P NMR spectra of photoliposomes recorded immediately after UV

illumination and after 65 hours.

This is in line with the observation of an increase in mechanical elasticity induced by the
trans-cis isomerization of AzoPC embedded in 2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC) vesicles as observed by micropipetting methods (77). In
previous studies (77, 83), it was shown that azobenzene containing photolipids such as
AzoPC can cause phase partitioning if the “photolipid : lipid” ratio rises above certain

values. Here, no phase separation has been detected.

3.3.1.2. Light-induced changes of C—H order parameters along the
bulk lipids acyl chains

The effect of the trans-cis isomerization of AzoPC onto the dynamics (order) of the bulk
lipid components POPE and POPG was monitored by measuring dipolar C-H order
parameters using a separated local field experiment (R-PDLF) described earlier in this
chapter. Figure 3.9 illustrates the H-C dipolar coupling spectra of the carbon positions
along the bulk lipid acyl chains, projected from the corresponding 2D R-PDLF spectra of
the illuminated and dark-state photoliposomes. The line shapes are dominated by the
signals from the bulk lipids, POPE:POPG, which account for 86 mol% of the whole
photoliposome. Well-defined dipolar spectra are obtained for almost all acyl chain CH;
segments. Palmitoyl and oleoyl line shapes of POPE:POPG overlap except for C8 to
C11’" - those of the double-bound and the vinylic positions around it (C9" and C10" dipolar
coupling spectra in Appendix). Although the *C resonances of the AzoPC acyl chain
appear at slightly different chemical shifts and thus are distinguishable from those of the

bulk lipids (Figure 3.7 B, right), their intensity is too low for extracting dipolar spectra.

The AzoPC cis-trans isomerization affects the individual dipolar line shapes of the carbon
positions along the bulk lipid acyl chains to a different extent. The most intense dipolar
spectrum with the strongest response arises from the overlapping '*C resonances
between 32 and 34 ppm representing the middle acyl chain section of the bulk lipid acyl
chains — palmitoyl chain carbons 4-13 and oleoyl chain carbons 4°-7°, 12°-15" (Figure
3.5). The time evolution of the H-C dipolar coupling of this middle chain segment along

with the corresponding *C spectra over the course of the trans-to-cis-to-trans
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conformation changes of the AzoPC are shown in Figure 3.10. The re-isomerization of
the AzoPC conformation is tracked by the corresponding 'H spectra of the azobenzene

region (Figure 3.10 left column).
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Fig. 3.9: The H-C dipolar coupling measurements of the bulk lipids within the
photoliposomes under different illumination states. 2D illustration of the H-C dipolar coupling
spectra of the carbon positions along the bulk lipid acyl chains in photoliposomes, projected from
the corresponding 2D R-PDLF spectrum of the photoliposomes after UV illumination (A) and in
dark (B). The R-PDLF spectra were acquired under 12 kHz MAS at 290 K. Substantial differences
are observed between liposomes with cis-AzoPC (A) and trans-AzoPC (B). Changes are most
pronounced for the H-C dipolar coupling spectrum of the bulk lipid middle acyl chains — region of
32 - 34 ppm on the corresponding 3C INEPT spectra of the photoliposomes (carbon positions
4-13,4°-7',12'-15").

As shown earlier in this chapter, both the '*C INEPT and the corresponding H-C dipolar
coupling spectra of the bulk lipid middle acyl chain section can be deconvoluted (here,
into seven peaks, Figure 3.10 middle and right columns). Briefly explained, a dipolar
coupling spectrum is extracted from the R-PDLF data set for each '>C peak position,
which shows that the dipolar spectrum obtained by averaging over this region can be
decomposed into at least 7 well-defined sub-spectra (Figure 3.10 right column). Using the
same averaging method explained in details for the POPE:POPG mixture, an average
order parameter (Sc-+ ) for the middle chain segment can be calculated. In the dark, a

value (Sc-n) = 0.24 is obtained. Upon light-induced AzoPC trans-cis isomerization, small
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chemical shift changes of some of the resonances such as for peak (i) occur, which could
be caused by ring current effects induced by the AzoPC benzene rings. The averaged
order parameter reduces by 21% to 0.19. In addition, a central spectral feature with
significantly lower dipolar splitting occurs within the dipolar line shape. Over the course of
the AzoPC thermal relaxation to trans state, 'H, *C and H-C dipolar spectra gradually

return to their initial state after 65 h.
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Fig. 3.10: The AzoPC conformation change impact on dynamics of the bulk lipid acyl chains
within the photoliposomes. Time evolution of the '¥C INEPT and corresponding H-C dipolar
coupling spectra of the bulk lipid middle acyl chains over a period of 65 h after illumination: (A)
Initial dark state, (B) after UV illumination of the photoliposomes, (C) after 18h from the illumination,
and (D) after 65 h when the AzoPC was thermally relaxed back to the trans conformation. The
conversion of cis- back into trans-AzoPC is monitored by 'H spectra of the azobenzene segment
(left column). The '3C spectra of carbons 4-13, 4°-7°, 12°-15" partially overlap and cannot be
individually assigned. The spectrum has been deconvoluted into 7 peaks (middle). The dipolar
spectra averaged over this spectral region are compared to those extracted for each of these peaks
(right). The average (Scn) is obtained by taking the number of contributing CH2 segments for each

sub-spectrum into account, which is obtained from the deconvoluted peak integrals.

Acyl Chain Carbon Position (sn1, palmitoyl)

2 3 4-13 141516
[ I T T T e
0.25 H E O'OOLO'O'O ;I\ .
' i, Vi~ ol
. Ne¥evere's O o IR
0.20 1 Pl - b
T ‘'smoothed’ order parameter profile v N
| for overlapping CH, segments |~~~ o
U’)U 1 4-13,4'-7", 12°-15° 1())‘)1 ' Pl
L : v b |~ dark
3 0.15 | * : e |
2 § * : AN
© ; * NIy light
(1] v (OnOm ) : ! i ;
5 0.10 + * L A
* oo
s x °
o ] ®
0.05 - 0 e " -
sn’i+sn. : : i ‘
4 Y sn2only ¥ ‘
(=0 CH, segments per deconvoluted peak
000 | | i I I I I | I | I I I i | | i

2°3 4-77 8 91011 12'—15° 161718’

Acyl Chain Carbon Position (sn2, oleoyl)

Fig. 3.11: The order parameter profile of the bulk lipids acyl chains within the
photoliposomes under different illumination states. Order parameter (Sc-n) profile of the bulk
lipids (POPE:POPG) acyl chains in cis- and trans-AzoPC-containing photoliposomes at 290 K.
Sc-+ was determined from the corresponding H-C dipolar couplings of the photoliposomes (Figure

3.10 B and D, right). Order parameters for carbon positions 8" -11" could be unambiguously
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assignment to the oleoyl chain due to their distinct chemical shifts. For all other values, no
distinction can be made between palmitoyl (sn1) and oleoyl (sn2) chains. Since carbon resonances
4-13, 4°-7°, 12°-15" in the middle of the acyl chain partially overlap and cannot be assigned, a
‘smoothed’ order parameter profile representation has been chosen for this section, i.e. Sc-n
values are simply plotted in descending order. The number of symbols for each order parameter
in this section corresponds to the number of contributing CH2 segments. Numerical values are

summarized in Tables A1.1 and A1.2.

An order parameter profile for all CH, segments of the bulk lipids is plotted for after UV
illumination of the photoliposomes (cis-AzoPC) and after the thermal relaxation (frans-
AzoPC) which is shown in Figure 3.11. For the middle chain segment, a ‘smoothed’ order
parameter profile presentation was chosen in which the order parameters of the sub-
spectra are plotted in descending order. How many of the 18 CH; groups in this segment
contribute to each order parameter is indicated by the number of symbols. The order
parameters are comparable to those already reported for POPE in the L, phase based
on static 2H-NMR (179), but the trans-cis isomerization of AzoPC causes a general
reduction of the bulk lipid C-H order parameters. The largest effects (21% reduction)
occur in the middle section of the bulk lipid acyl chains (4-13, 4'-7", 12°'-15") and for
carbons 14, 16°. Interestingly, as described earlier, the 3'P chemical shift anisotropy also
decreases by 7% with the frans-to-cis conversion, which follows the same trend as
observed for the Sc-n order parameters and reflects an increase in bilayer fluidity (Figure
3.8 D).

3.3.1.3. The localized impact of AzoPC cis-to-trans isomerization is

explained by its conformational topology in either state

As described above, the effect of the AzoPC trans-to-cis conformational change on the
bulk the lipid acyl is highly localized. To find an explanation, one must have a closer look
at the AzoPC structure to figure out how its intrinsic conformations in either trans and cis
states might affect the bulk lipid acyl chains, and more specifically their middle section.
The first impression one might get about the AzoPC trans-to-cis conformational change
within lipid bilayers is that of mechanical pressure spreading over by the cis-AzoPC
conformation. However, this justification cannot be highly representative as such
hypothetical mechanical pressures could be effective only on short range distances — on
lipid molecules surrounding around. Here, it could be beneficial to remind that the lateral

diffusion of lipids within the bilayer leaflets in L, phase is very fast (in order of 107 cm? s~1)
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which could castoff such mechanical impact of cis-AzoPC on bulk lipids. Furthermore, it
was already shown that AzoPC with as low molar ratio as 10% in DPhPC GUVs gives
rise up to 27% the elasticity properties of the corresponding photoliposomes (77). Looking
at the AzoPC structure with its acyl chains in all fully stretched confirmations, it can be
realized that the azobenzene segment is tilted by ~35° from an imaginary stearoyl chain
(Figure 3.12 A). As a consequence, the frans and cis conformations result in comparable

distances (5 — 6 A) between the azo-group and the imaginary stearoyl chain. This yet

another reason that cis-AzoPC cannot be a source of significant mechanical (lateral

pressure) compared to that of trans conformation on the lipid bilayers.
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Fig. 3.12: The AzoPC topology in either cis and trans conformers. lllustration of the azoswitch
topology and its photoisomerization within the lipid bilayers. (A) The lateral variation of the
azobenzene distance from an imaginary stearoyl acyl chain. As illustrated on an “all-fully-stretched”
chain, the azobenzene configuration is angled by ~35°, causing its subsequent trans and cis
conformations to be in comparable lateral distances (5 — 6 A) from the imaginary stearoyl chain.
(B) The bulk lipid segments along the bulk lipid acyl chains which are in close contact with the
azobenzene in either trans and cis conformations is illustrated. Because of the azobenzene tilted
configuration, and due to the fast axial rotation of lipids in L, phase, one can imagine it in both the
trans and cis conformations, as two truncated cones of different heights. In trans conformation, the
azobenzene containing chain covers the whole contact area with the middle section of the bulk
lipid acyl chains. By changing to cis conformation, the azobenzene truncated cone shape is in
contact with only the upper segment of the bulk lipid middle acyl chains, while the lower segment

is left within thermodynamically unfavorable void space.

By deeper deliberation, it can be assumed that the azobenzene positioning varies
alongside the bulk lipid acyl chains through trans-to-cis isomerization (Figure 3.12 B). In
fact, in trans conformation, the azobenzene switch covers the whole contact area with the
acyl chains middle section of the adjacent bulk lipids. By changing to cis conformation,
the azobenzene segment only makes contact with some upper part of the bulk lipid acyl
chains while leaving the lower part to be withstand with the generated void space. Since
presence of void space is thermodynamically unfavorable and thus prohibited to be within
lipid bilayers (180-181), the closest segment of the bulk lipid acyl chains to the void, i.e.
the middle acyl chains lower segments, gets significantly higher dynamics (disorder) to fill
it.

The impact of this localized higher degrees of motion can be monitored on the H-C dipolar
coupling spectrum of the bulk lipid acyl chains in the photoliposomes after UV illumination
(Figure 3.10 B) where the “iv” and “vi” sub-spectra mainly contribute to the central, highly
narrow splitting feature, raised on the corresponding dipole spectra of the section.
However, the localized impact of azobenzene (AzoPC) on the bulk lipid acyl chain is
gradually diminished over the course of thermal relaxation of AzoPC to frans
conformation. In the following sections, the results of 2D '"H NOESY MAS-NMR spectra
of photoliposomes in cis/trans-AzoPC are presented by which the abovementioned
hypothesis regarding the localized mobility alteration of bulk lipid acyl chains are
experimentally verified. As an example, one could easily point out the strong NOE

between terminal methyls in bulk lipid acyl chains and ¢(1°/2"),e(1°/2") in cis-AzoPC (the
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upper part of AzoPC), while no such strong interaction is observed under trans-AzoPC

conformation.

3.4. Light illumination of DgkA-embedded proteo-

photoliposomes
3.4.1. Results and Discussion

3.4.1.1. Membrane protein DgkA fortifies the AzoPC impact of

localized mobility alterations on bulk lipid acyl chains

Since the AzoPC cis-to-trans photoisomerization causes a localized reduction in the acyl
chain order parameters of the bulk lipids, we explored next whether this effect can also
be observed in the presence of an embedded integral membrane protein. Therefore,
diacylglycerol kinase, DgkA, from E. coli was reconstituted into photoliposomes with two
molar lipid-to-protein ratios (LPR) of 50:1 and 100:1. '"H MAS NMR spectra demonstrate

also here an efficient photoconversion (Figure 3.13).
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Fig. 3.13: The AzoPC trans-to-cis isomerization within the proteo-photoliposomes pursued
by 'TH MAS-NMR spectroscopy. 'H spectra of the proteo-photoliposomes (LPR 50:1)
demonstrating efficient photoconversion of AzoPC. (A) 'H spectrum in the initial dark state of the
AzoPC, (B) after UV illumination, and (C) after 65h when the AzoPC was thermally relaxed back

to the trans state.
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The 2D R-PDLF spectra of both proteo-photoliposome samples (LPR = 100:1 and 50:1)
illustrated in Figure 3.14 are acquired after UV illumination of the samples and after
thermal relaxation of the AzoPC to trans conformation within them. As for the “protein-
free” photoliposomes, the most pronounced effect is observed for the acyl chain middle
segment (4-13, 4'-7°, 12'-15") presented in Figure 3.15. Overall, the effect of AzoPC
trans-to-cis conformation change on the section is appeared to be significantly higher
compared to those of the photoliposomes; besides the lower universal (Sc-n) of the bulk
lipid middle acyl chains section which are 0.15 and 0.16 for the samples with LPR of 100:1
and 50:1, respectively, the contribution of the central narrow-splitting dipolar feature is
evidently raised on the H-C dipolar coupling spectra of the bulk lipid middle acyl chain

section after UV illumination of the proteo-photoliposomes samples (cis-AzoPC).
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Fig. 3.14: The H-C dipolar coupling measurements of the bulk lipids within the proteo-
photoliposomes under different illumination states. 2D R-PDLF spectra of the proteo-
photoliposomes with LPR = 100:1 (A), and 50:1 (B) acquired after UV illumination of the samples

(left) and after thermal relaxation of the AzoPC to the trans conformation (right).
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Fig. 3.15: The AzoPC conformation change impact on dynamics of the bulk lipid acyl chains
within the proteo-photoliposomes. Deconvolution of '3C spectra of the crowded bulk lipid middle
acyl chain region between 32 and 34 ppm (4-13, 4'-7°, 12'-15"), and the corresponding H-C
dipolar spectra of the proteo-photoliposomes with LPR = 100:1 (A), and 50:1 (B). The '3C and the
H-C dipolar coupling spectra are acquired in the dark (top), after UV illumination of the samples
(middle), and after the AzoPC thermal relaxation to trans conformation in 65 h (bottom). Noted that
peak (iv) on the '3C spectra include two resonances, but the corresponding dipolar coupling
spectra extracted at these frequencies were always identical. They were therefore treated as one
signal. Peak (ii) becomes very small upon illumination, so that no individual dipole spectrum could

be allocated at this frequency. Upon illumination, some of the dipolar sub-spectra become
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significantly narrower. (Sch) is the averaged order parameter calculated from the individual dipole

splittings weighted by the corresponding '3C peak integrals.
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Fig. 3.16: The order parameter profiles of the bulk lipids acyl chains within the proteo-
photoliposomes under different illumination states. Order parameter (Sc-n) profile of
POPE:POPG acyl chains in cis- and trans-AzoPC-containing photoliposomes with DgkA. (A) Sc-+
was determined from H-C dipolar coupling spectra (Figure 3.15) and is plotted as in Figures 3.7
and 3.14. A ‘smoothed’ order parameter profile representation has been chosen for the middle
chain section with carbons 4-13,4°-7", 12'-15". (B) As in (A) but for the sample with LPR = 50:1.

Numerical values are summarized in Tables A1.4, A1.5, A1.6, and A1.7.

In the same way as for the photoliposomes, the dipole spectra of the middle acyl chain
section can be decomposed into a number of sub-spectra from which individual order
parameters can be obtained. Their contribution to the averaged order parameter is
calculated from the integral distribution obtained by deconvolution of the corresponding
1D "3C spectra (Figure 3.15 A and B, left columns).

In the dark state, the order parameters of the sub-spectra range from Scr = 0.16 to 0.25
and (Scw) of 0.22 for this section is obtained. This situation changes upon illumination as
some of the sub-spectra become substantially narrower. Here, the observed order
parameters range from 0.09 to 0.22 and the (Sch) become 0.15 and 0.16 for the samples
with LPR = 50:1 and 100:1, respectively. Although, the change in spectral lineshape of
the individual dipolar coupling sub-spectra is similar to that of the photoliposomes, the
narrower spectral component is more pronounced. Furthermore, the contribution of the
narrower sub-spectra on the overall dipole spectrum of the section is in direct relation to
the amount of protein reconstituted in the samples; stronger AzoPC conformation change
effects are observable for sample with LPR of 50:1 (Figure 3.15 A and B, middle and right
columns). It is noteworthy, that an order parameter reduction down to 0.09 within an acyl

chain represents a drastic change.

The full order parameter profiles of both proteo-photoliposomes are shown in Figure 3.16.
As described earlier, a “smoothed” order parameter profile representation has been
chosen for the middle chain segment covering carbons 4-13, 4'-7°, 12'-15". The
presence of DgkA intensifies the localized impact of AzoPC trans-to-cis conformational
change on altering the fluidity of the middle section of the bulk lipids within the proteo-

photoliposomes.
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3.4.1.2. The role of lipid lateral diffusions in (Proteo)-

photoliposomes

AzoPC photoisomerization has a highly localized, yet reversible impact on the bulk lipid
acyl chains in the photoliposomes. As shown, the unique AzoPC photoisomerization
effect can be attributed to the creation of localized, thermodynamically unfavorable void
space along the bulk lipid acyl chains. It was subsequently shown that the AzoPC
localization impact gets significantly more enhancement in presence of the membrane

protein DgkA.

Since the AzoPC photoisomerization ratios are practically similar within both systems —
protein-free photoliposomes and proteo-photoliposomes, the reason of this localization
effect enhancement should be situated inside the principal characteristics of lipid bilayers

in absence/presence of the embedded membrane proteins.

As described in Chapter 1, lipid bilayers can be described as two-dimensional viscous
fluid leaflets (2) in which lipids and integral membrane proteins undergo rotational and
translational diffusion (26-28). The diffusion of lipids (and the proteins) in the membrane
is subjected to the Brownian motions which characterized by random fluctuation in their

position within the two-dimensional membrane leaflets (27-28).

According to Equations (1.2) and (1.3), the 2D Brownian motions of lipids and integral
proteins within the membrane is theoretically described by rotational and translational
diffusion constants (D and Dy, respectively). It was shown that the translational diffusion
coefficient (D7) of phospholipids under L, phase condition is in the order of 107 cm? s~1
(182-185). However, the phospholipids’ D (as well as that of the integral membrane
protein) can be markedly dropped by reducing the LPR in the proteo-liposomes. For
instance, it was reported that the D of DMPC falls from 107 cm? s~* to 3x10®% cm? s™1 in
bacteriorhodopsin proteo-liposomes when the molar LPR is shrunk from 5000:1 to 100:1

(184).

The corresponding Dy can even be reduced further to 10® cm?s™! when the

bacteriorhodopsin molar ratio is doubled (LPR = 50:1) in the proteo-liposomes (184). It is
also reported that the lateral diffusion coefficients of both lipids and proteins within the
proteo-liposomes are mainly affected by the molar ratio of the embedded proteins rather
than their type or volume (184). By using Equation (1.2), one can estimate that the lateral
mobility of lipids in terms of their root mean square displacement becomes smaller by a
factor of 1.8 or 3.2 in proteo-liposomes with molar LPRs of 100:1 or 50:1, respectively,

compared to that of the protein-free liposomes.
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Fig. 3.17: The simulation of lipid lateral diffusions along the bilayer leaflets in
absence/presence of DgkA. (A) The top view from two square-shaped imaginary lipid planes with
equal x and y dimensions. An abundant number of lipids (201) are symmetrically spread throughout

91



the lipid planes. The planes are coded in a way that lipids can diffuse along continuedly — if they
reach the plane boundaries, they continue from the opposite side. There are considered four
proteins (black circles) to be embedded within one of the planes (right column). The proteins
combined take over ~16% surface area of the corresponding lipid plane. This projection is the case
for POPE:DgkA proteo-liposomes with LPR = 50:1, according to the cross-section area of DgkA
estimated from the crystal structure 4UXX (119) and of POPE in L, phase (186). The equal x,y
dimensions are accordingly set identical for both cases. The figures illustrate the initial positions of
lipid in either the planes. (B) The same planes as described in (A), but after 250 lateral diffusion
steps of lipids within them. The histories of the entire 250 diffusion steps of the lipids are kept
projected on the planes. (C) and (D) Exemplary illustrations of how a single lipid can arbitrarily
diffuse in either the planes: (top left) the initial position of the lipid in center of the planes, and (the

rest three) after one thousand lateral diffusion steps.

To have a clear envision from the concept of lipids lateral diffusion in absence and
presence of embedded membrane proteins, a series of statistical simulations coded on
Python platform were completed based upon the main principal definition of the concept:
the Brownian motion (entitled as “random walk”) of particles in a two-dimensional plane
(Figure 3.17). In the simulations, two 2D planes were considered in which 201 lipids are
symmetrically spread (Figure 3.17 A). The lipids can continually diffuse in every arbitrarily
direction along the plane — in case they reach the plane boundaries, they continue from
the other side. Two separate scenarios are considered; one as the protein-free lipid plane
(Figure 3.17 A and B, left column), and the other as of proteo-liposomes (Figure 3.17 A
and B, right column). Figure 3.17 B illustrates the snapshots of the planes after the whole
201 lipids simultaneously underwent 250 diffusion steps along planes while the histories
of their entire diffusion steps are kept projected on the planes. The steps by which the
lipid diffuse along the plains are logically considered to be equal to the lipid circular area

radiuses.

To measure the impact of the proteins on lipid lateral diffusions, the sum of diffusion steps
performed by the whole lipids in every single position of the planes are calculated. As the
name implies, lipid diffusions could take every possible arbitrary direction within the
planes which are exemplary illustrated in Figures 1.4 and 3.17 C and D. Therefore, one
needs to run the simulations for rather high number of steps to ensure the homogeneity
of lipid diffusion through the whole area of the planes. Alternatively, here, the simulations
were repeatedly run many times with moderate number of steps per run and
subsequently, the mean diffusion steps over the number of simulated runs were

calculated for every position in the planes.
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In Figure 3.18 A and B, the histograms of simulations for either the protein-free and
protein-embedded planes are presented. In each simulation, all lipids completed
simultaneously 1000 diffusion steps in 50 separated runs. The normalized average
number of diffusion steps per run along the x-direction are illustrated in Figure 3.18 A and
B for either the planes. This is the parameter that can be directly translated to the lipid

mean displacements along the planes.
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Fig. 3.18: The histograms of the lipid diffusions steps along x-direction within the planes in
absence/presence of DgkA membrane proteins. (A) The histogram of the lipid diffusions in the
protein-free plane where the lipids underwent 1000 diffusion steps through 50 separated runs is
illustrated for the x-direction along the plane. The total steps per run were averaged over the 50
simulation runs. (B) Similar as (A), but for the protein embedded lipid plane. The protein cross-
section area are estimated from the DgkA crystal structure 4UXX (119). (C) Similar as (B), but the
lipid diffusion steps were downgraded to 620 per run. Since the simulations were run for some high
number of lipids and lipid diffusion steps, the corresponding histograms of y-direction are identical

as those of the x-direction.

As seen, while the normalized mean diffusion step per run in the protein-free plane (Figure
3.18 A) is set to be the maximum (1.0), it is close to 1.2 in presence of proteins (Figure
3.18 B). Since in real lipid bilayers, the fastest lipid displacements occur logically in a
plane with no obstacle (protein), the results of the simulation can be interpreted as in
presence of proteins, lipids undergo a lower number of diffusions steps (mean
displacement) in the plane so the corresponding averaged diffusion steps per run is
leveled with that of the protein-free plane. This is the case illustrated in Figure 3.18 C. By
lowering the number of diffusion steps down to 620, the normalized mean diffusion steps

in the protein-containing plane catches up with that of the protein-free plane.

According to eqn. (1.2), the relative diffusion constant (D) of lipids can be calculated by
using the average diffusion steps (mean displacement) of lipids simulated here for either
the planes: the relative D; of lipids is ~2.6 lower in presence of proteins with LPR=50.
This result varies with that of experimentally measured (184). An important parameter one
needs to pay a close attention to here is the impact of protein cross-section area on
altering the lipid diffusion constants in the bilayers. As mentioned, Vaz et al. reported a
10-fold reduction in DMPC diffusion constant in bacteriorhodopsin (bR) embedded proteo-
liposomes with LPR of 50. However, DgkA with smaller cross-section (around 40% of that
of bacteriorhodopsin) was considered in the simulations performed here. In a
complementary simulation, | replaced the DgkA cross-section with that of the
bacteriorhodopsin estimated from the crystal structure 1X0S (187). The results are
illustrated in Figure A1.5. Interestingly, it was adequately needed for the lipids to undergo
only 310 diffusion steps in the plane to catch up with that of the maximum possible
displacement obtained in the protein-free plane (Figure 3.18 A). Therefore, the relative D
of the bacteriorhodopsin-embedded plane is calculated to be ~10.4-fold lower compared
to that of the protein-free plane which demonstrates high compatibility with those of the

experimentally measured.
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In this respect, it is also useful to imply a computational study by Goose et al. (185) in
which the impact of different proteins on Dy of lipids in POPE:POPG (3:1 molar ratio)
bilayers are simulated using MARTINI course grain forcefield at 313 K. The results
demonstrate that the lipid D could be reduced by a factor of ~2 in presence of proteins
with corresponding protein area function of ~45% , indicating to a rather high
inconsistency with those of experimentally measured (184), as well as the statistically
simulated lipid planes presented here in this work. A major source of such variation could
be the originated in high temperature (313 K) used in that simulation (185) which is far
above those of T,, for POPE:POPG mixture. The lipid diffusions, and globally speaking
all molecular diffusions, are thermodynamic dependent parameter whose coefficient vary

under different thermal conditions.

3.5. AzoPC-lipid interactions within (proteo-) photoliposomes
monitored by 2D 'H NOESY MAS-NMR experiments

3.5.1. Results and Discussion

3.5.1.1. AzoPC photoisomerization induces different NOE

interactions

In order to find experimental evidence regarding the impact of DgkA on shrinking the lipid
lateral diffusion coefficient, and in turn, intensifying the localized effects of AzoPC cis-
trans photoisomerization, '"H NOESY MAS-NMR spectra of both photoliposomes and
proteo-photoliposomes (LPR = 100:1) were recorded (Figures 3.19). This method has
been shown to offer valuable insight into intermolecular interactions within fluid lipid
bilayers (188). The data show a number of (Nuclear Overhauser Effects (NOE) between
acyl chain protons of POPE:POPG and protons in the phenyl rings of AzoPC in its
corresponding cis and frans conformations (Figure 3.19), verifying the location of the
azobenzene switch in this region of the lipid bilayer. However, cross peak intensities
change between both states. As seen in Figure 3.23, the carbon protons 3, 3" for instance,
show no NOE with c(2), e(2) in trans-AzoPC but with all protons in the cis-state.
Conversely, the protons of the 8 and 11" segments demonstrate much stronger
correlations with the azobenzene phenyl rings in trans conformation compared to that of
the cis conformation reflecting the re-orientation of the azobenzene switch towards the
lipid glycerol backbone after illuminated by UV light. Furthermore, clear correlations with
the acyl chain terminal methyl groups 16, 18" are seen in both states demonstrating the

high flexibility of the bulk lipids. To examine the impact of DgkA on the “azobenzene —
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bulk lipid acyl chains” interactions, the NOESY spectra of the photoliposomes and proteo-

photoliposomes are comparatively deliberated.

Since the two samples, photoliposomes and proteo-photoliposomes were not
quantitatively equivalent, one must normalize the 1D 'H projection spectra of the two
samples before the signal intensity comparisons. This is what that exemplarily
demonstrated in Appendix 1 in Figure A1.6. The cross-peak intensities between the two
samples are subsequently normalized by equalizing their corresponding diagonal-peaks

intensities.
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Fig. 3.19: The AzoPC-lipid interactions traced by 2D 'H NOESY MAS-NMR spectroscopy.
(A) The “azobenzene-bulk lipid acyl chain” subsection of the 2D 'H NOESY spectra of the
photoliposomes after UV illumination (left) and after the AzoPC thermal relaxation in dark (right).
(B) As A, but for the proteo-photoliposomes with LPR = 100:1. A mixing time of 50 ms was used

to record the measurements.
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Fig. 3.20: The 1D 'H spectra projected from the azobenzene — bulk lipid acyl chain cross-
peaks subsection on the 2D 'H NOESY MAS-NMR spectra of the photoliposomes (dashed
lines) and proteo-photoliposomes (solid lines). The spectra show the correlation between bulk
lipid acyl chain protons and protons in the azobenzene photoswitch in cis-AzoPC recorded after
UV-illumination, and in trans-AzoPC recorded in the dark. The differences in the cross-peak
intensities between the cis- and trans-AzoPC conformers reflect changes in the orientation of the
azobenzene photo-switch in the lipid bilayers upon illumination. A 50 ms mixing time was used in

these measurements.

A Photoliposomes
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Fig. 3.21: The cross sections of AzoPC-lipids NOE interactions are schematically illustrated
for either the photoliposomes and proteo-photoliposomes. (A) The cross sections show
exemplary NOEs between lipid protons 8", 11" and 3, 3" with azobenzene protons in
photoliposomes after UV illumination (left, blue) and after AzoPC thermal relaxation in dark (right,
green). (B) As in (A) but for the proteo-photoliposomes. The differences in the cross-peak
intensities between the cis- and trans-AzoPC states (Figure 3.20) reflect changes in the orientation
of the azoswitch in the lipid bilayer upon illumination. In the presence of DgkA, cross-peak
intensities are stronger. For the sake of simplicity, only POPE is drawn as the bulk lipid component

since the POPE and POPG have exactly the same acyl chains. A mixing times of 50 ms was used.

The normalized 1D 'H projection spectra of the proteo-photoliposomes (solid lines) and
photoliposomes (dashed lines) illustrated in Figure 3.20 are in the same trend, however,
the higher signal intensities of those spectra of the proteo-photoliposomes indicate
significantly stronger NOEs interactions ('H-'H inter-molecular NOE relaxation) in
presence of DgkA within the bilayers. This confirms the hypothesis about the impact of
membrane proteins (here DgkA) in lowering the lipid lateral diffusion coefficients in the
bilayers; in the protein-crowded proteo-photoliposomes, the slower lateral diffusion of
lipids causes them to be in longer residence time near AzoPCs, which in turn, results in
more pronounced light-induced changes in the order parameter Scy and 'H-"H inter-
molecular NOE relaxations. In Figure 3.21, the different intensities of AzoPC-bulk lipid
NOE interactions are exemplarily visualized for the positions 3,3" and 8,11" on the bulk

lipid acyl chains within (proteo)-photoliposomes.

In addition to the NOESY spectra acquired using a fixed mixing time described above, the
corresponding NOE cross-peak buildup curves are plotted and discussed below for
uniquely trans-AzoPC in proteo- and photoliposomes. The NOESY buildup curves are
highly beneficial in regard to what extend the azoswitch <> bulk lipid acyl chain
interactions could be scaled for different carbon positions on the acyl chains, and the

azoswitch itself.

In Figures 3.22 and 3.23, the build-up curves of the “azobenzene < bulk lipid acyl chains”
NOE relaxations are plotted versus mixing time according to their corresponding cross-
and diagonal-peak intensities. The graphs are separately presented for all the carbon
positions along the bulk lipid acyl chains in both the photoliposomes (in red) and proteo-
photoliposomes (in blue). The diagonal peak intensities are separately presented in
Figure 3.23.
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Fig. 3.22: The “azoswitch-bulk lipid acyl chains” NOE relaxations buildup curves. The
curves are plotted according to the corresponding cross- and diagonal-peak intensities from the
2D 'H NOESY experiments acquired in a range of short-to-long mixing times for both the
photoliposomes and proteo-photoliposomes in dark (trans-AzoPC). To be able to quantitatively
compare the cross-peak intensities between the two samples, the corresponding diagonal-peak
intensities of the two samples are normalized according to the method explained in Figure A1.6.
The graphs are presented for all the carbon positions along the bulk lipid acyl chains and on the
azobenzene switch of the frans-AzoPC in both the photoliposomes (red symbols) and proteo-
photoliposomes (blue symbols): (A) 2,2°, (B) 3,3, (C) 4-15,4-7", 12°'-17", (D) 8°, 117, and (E)
16, 18°. The diagonal-peak intensities are presented by black symbols. To realize the difference
between the cross-peak intensities between the two samples, their corresponding curves are

zoomed-in in the graphs illustrated in the right column.
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Fig. 3.23: The “azoswitch-bulk lipid acyl chains” NOE relaxations buildup curves. The
curves are plotted according to the corresponding diagonal-peak intensities from the 2D 'H NOESY
experiments acquired in a range of short-to-long mixing times for both the photoliposomes and
proteo-photoliposomes in dark (frans-AzoPC). The diagonal-peak intensities of the two samples
are normalizes according to the method exemplarily explained in Figure A1.6. The graphs are
presented for all the carbon positions along the bulk lipid acyl chains and on the azobenzene switch
of the trans-AzoPC: 2,2° (black squares), 3,3 (red circles), 4-15, 4’7", 12°-17" (blue triangles),

8", 117 (green triangles), and 16, 18" (brown diamonds).
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As seen in Figure 3.22, the cross-peak intensities are markedly stronger for the proteo-
photoliposomes for all carbon positions under all mixing time conditions. This is
specifically noticeable for positions 2,2°, 3,3", and 8°,11" (Figure 3.22 A, B, and D, right
column) where the azobenzene b(1/2),f(1/2) NOE relaxations with bulk lipid acyl chains
in the proteo-photoliposomes (blue circles) are almost two-fold stronger in comparison to
those of the photoliposomes (red circles). The observation can be interpreted to the
stronger impact of DgkA on elongation of trans-gauche isomerization time-scale in the
bulk lipid acyl chains which in turn, increases their correlation time with the protons on the
azobenzene switch. As the result, the bulk lipid acyl chains <> azobenzene NOE
relaxations are significantly stronger in presence of DgkA within the photoliposomes. By
looking at the diagonal peak signal intensities (Figure 3.23), one can observe the same
trend. An interesting point is the lower correlation times of the protons along the bulk lipid
middle acyl chains (proton positions 4-15, 4'-7", 12°-17") with those of the azobenzene
compared to the positions 2,2°, 3,3°, and 8°,11". As seen in Figure 3.23, the NOE
relaxation of the bulk lipid middle acyl chains is comparable to that of the terminal methyls.
This result could hint to the unique topography of AzoPC within the bilayers. Terminal
methyls are by far the most mobile section of lipids in the bilayers and rationally, represent
the lowest correlation time (and NOE relaxation). So, when the bulk lipid middle acyl
chains demonstrate kind of similar low correlation time, it reveals that the section is
artificially experiencing more space to be isomerized in — faster isomerization. The only
logical source of such higher degrees of isomerization is the “tilted” topography of the
azoswitch even in trans conformation within the bilayers which consequently provide
some broader space for the bulk lipid middle section to be rapidly waving in. Noted that
the section involves twenty-two protons along the bulk lipid acyl chains. It is convincible
that the tilted topography of the azoswitch within the bilayer does not impact all these
protons in a similar way, but affects those stronger which are closer to the terminal
methyls. However, similar to the other positions along the bulk lipid acyl chains, DgkA has

a solid impact on increasing the NOE relaxation of the section.

It is also revealing to compare the azoswitch intramolecular NOE relaxation with those of
intermolecular relaxation of the switch with protons along the bulk lipid acyl chains, as
discussed above. Figures 3.24 illustrates the intramolecular NOE relaxations build-up
curves of the azobenzene switch plotted versus mixing time according to their

corresponding cross- and diagonal-peak intensities.
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Fig. 3.24: The azoswitch intramolecular NOE relaxations buildup curves. The build-up curves

are plotted according to the corresponding cross- and diagonal-peak intensities from the 2D 'H
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NOESY experiments acquired in a range of short-to-long mixing times for both the photoliposomes
and proteo-photoliposomes in dark (trans-AzoPC). To be able to quantitatively compare the cross-
peak intensities between the two samples, the corresponding diagonal-peak intensities of the two
samples are normalizes according to the method exemplarily explained in Figure A1.6. The graphs
are presented for all the carbon positions on the azobenzene switch in trans conformation in both
the photoliposomes (red symbols) and proteo-photoliposomes (blue symbols): (A) c(1),e(1), (B)
b(1/2),f(1/2), and (C) c(2),e(2). The diagonal-peak intensities are also presented separately in (D).
To realize the difference between the cross-peak intensities between the two samples, their

corresponding curves are zoomed-in in the graphs illustrated in the right column.

As seen in Figure 3.24 A-C, the NOE relaxation between the protons on the section is
highly stronger compared to those of azoswitch <> bulk lipid acyl chains. This is
comprehensible taking into account the stiff kind of molecular structure of the azoswitch
which make possible for the protons on its structure to be in rather very long correlation.
Comparatively, the upper and lower part of the switch, proton positions c¢(1),e(1) and
c(2),e(2) preserve relatively stronger intramolecular NOE relaxation than those of the
positions b(1/2),f(1/2). This might be due to the higher level of competition between intra-
and intermolecular NOE relaxation which persists for the protons on the center part of the

azoswitch.
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4. Effects of nonequilibrium mobility alteration of lipids in

photoliposomes on enzymatic activity of embedded DgkA ¥

4.1. Introduction

Diacylglycerol kinase (DgkA) from E. coli is an enzyme responsible for the
phosphorylation of diacylglycerol to phosphatidic acid, at the expense of adenosine
triphosphate (98). As of biological classification, DgkA is the only prokaryotic membrane
integral diacylglycerol kinase which is encoded by the dgkA gene, and thus, does not
share any sequence features with other eukaryotic DGKs (110-112). From the structural
aspect, DgkA is a homo oligomer consisting of three 14 kDa protomers, each of which
has three transmembrane helices and one surface helix (115). The homo trimer has been
found to be symmetric (118). It was hypothesized that DgkA functionality in vivo is
regulated in response to osmotic variations by sensing membrane lateral pressure
through its surface helices (115, 143). However, it is unknown how membrane protein
dynamics and its subsequent functionality is coupled to variations in membrane
order/fluidity. As this part of the thesis, another important biophysical question one might
ask is how AzoPC frans-to-cis conformation change and its subsequent impact on altering
the fluidity of the bulk lipids can influences the DgkA dynamics and functionality within the
proteo-photoliposomes. Upon illumination, DgkA shows significant, site-specific variation
in the dynamics of motions within the membrane monitored from the changes in the cross-
peak intensities of the corresponding NCA spectrum the protein. By real time 3'P MAS
NMR measurements of proteo-photoliposomes in presence of the substrata diacylglycerol
as well as adenosine triphosphate (141), | demonstrate how these variations in the DgkA
dynamics within the proteo-photoliposomes bilayers modify the protein’s phosphorylation
in a non-equilibrium manner in accordance to that of the bulk lipid order parameter

changes over the course of AzoPC thermal relaxation to trans state.

% The content of this chapter is partially identical with Doroudgar et al. JACS (J. Am. Chem. Soc. 2021, 143,
9515-9528).
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4.2. NCA MAS-NMR spectroscopy of U-'3C/"*N-DgkA within the

proteo-photoliposomes

4.2.1. Results and Discussion

After detailed characterization of the effects of the AzoPC trans-to-cis conformational
change onto the bulk lipid acyl chains, it is important to explore also the effect onto
embedded proteins. Therefore, the structural dynamics and activity of DgkA as a function
of AzoPC isomerization has been probed. 2D ®N-"*Ca (NCA) correlation MAS-NMR
spectra were recorded as structural fingerprints. The previously obtained resonance
assignment based on 3D MAS NMR experiments at 270K (118), allows to identify 66 out
of 123 residues in the 2D NCA spectrum. Figure 4.1 illustrates the 2D NCA spectra of
fully '3C, N labelled DgkA within the proteo-photoliposomes after UV illumination (blue,
left) and after the AzoPC thermal relaxation to trans conformation (green, right) for the
samples with LPR = 50:1 (A) and 100:1 (B). The spectra demonstrate that in both states
of AzoPC, highly resolved NCA spectra can be recorded at high temperature (290 K) in
the fluid phase.

In many cases, correlation MAS-NMR spectra of proteins in lipid membranes are acquired
in the Lg phase (non-frozen samples). Often, at temperatures above the L, phase
transition, loss of signal intensities and/or line-broadening is observed due to the
significantly higher mobility of lipidic environment in L, phase which is in turn, translated
to the higher mobility of the embedded protein. However, the impact of such
circumstances was minor here; only 5 residues could not be detected compared to those
of previously reported from our lab (118) in which the structure of DgkA reconstituted in
DMPC:DMPA (9:1 molar ratio) was studied at 270 K (Figure A1.7). The reason could be
explained again by taking into account the lipid composition (POPE:POPG) plus their
corresponding ratio (4:1) in the bulk lipids which were picked in accordance to that of the
E. coli membranes (12). The fact that E. coli cells grow at temperature 293-310 K (189-
190) could imply structural resilience of their corresponding protein machineries to
temperature variations which can keep functioning under such broad thermodynamics

circumstances.

The two samples of different LPR provided quite identical fingerprint spectra. For a more
in-depth analysis, the focus in the following will be only on the results obtained from the

proteo-photoliposomes with LPR = 50:1 (Figure 4.1 A).
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Fig. 4.1: The NCA MAS-NMR spectra of DgkA proteo-photoliposomes under different UV
light illumination conditions. The 2D NCA correlation spectra of U-'3C/'°N-DgkA in proteo-
photoliposomes with LPR = 50:1 (A) and 100:1 (B), after UV illumination (blue) and after thermal

relaxation of AzoPC from cis back to trans (green) acquired at 12 kHz MAS at 290 K. The chemical

shift assignment has been transferred from a previous study (118).

Comparing the DgkA NCA spectrum within the sample after UV illumination (Figure 4.1

A, left) with that of the sample in Dark (Figure 4.1 A, right), it can be realized that the
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AzoPC cis-to-trans conformation change and its subsequent effects in localized alteration
of the C—H order parameters along the bulk lipid acyl chains do not cause significant
chemical shift perturbations within the resolution limits of the experiment. Only signal
intensity changes were observed. For instance, the signal intensity of the residue 20Gly
located on the DgkA’s surface helices is completely diminished after UV illumination of
the sample. Also is 27Asn which ends up with the same fate when AzoPC is in cis

conformation within the proteo-photoliposomes.

Multi-dimensional MAS-NMR spectroscopy techniques are methodologically well-
established for studying the structure of membrane proteins. These are powerful
strategies capable of shedding light on the structural modification of membrane proteins
under various conditions. However, an experimental challenge is given by the long
acquisition times which stretch from hours to many days in case of high-dimensional
measurements (2D, 3D, 4D, etc.). The AzoPC 65 h thermal relaxation from cis back to
trans is long enough for acquiring a series of 2D NCA spectra in a time-resolved fashion
in order to be able to monitor the DgkA structural dynamics response to the bulk lipid’'s

continues fluidity change over the AzoPC cis-to-trans thermal relaxation.

A regular NCA MAS-NMR measurement could take up to 11 h using 128 scans and 100
T, increments. The non-uniformly sampling (NUS) (191) pulse scheme is a desirable
alternative by which one can reduce the regular 11 h measurement time to ~5.5 h using
65% sampling, 96 scans, and 100 T1 increments. Therefore, it could provide separate
long enough windows along the AzoPC cis-to-trans thermal relaxation through which one
can record time-resolved, sequential R-PDLF and NCA measurements, corresponding to
the H-C dipolar couplings of the bulk lipids and the '®N-"3C correlation of DgkA,

respectively.

First, NCA spectra corresponding to the start and end points of the photoconversion are
analyzed. One possibility is to track '*C/'®N chemical shift changes of DgkA residues in
either the two NCA spectra recorded under different UV light illumination of the sample
(Figure 4.2). As briefly mentioned earlier, the chemical shift changes were not highly
significant. This could be logical as such considerable changes in chemical shifts are
expected where bond formations/breakings or significant bond torsion angles (such as
that of AzoPC trans-to-cis conformation change) occurs in the structure of the molecules.
Here our observation technically means, that the secondary structure of DgkA does not

change within the resolution limits of the 2D measurements.
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Fig. 4.2: The DgkA residue signal intensity changes under different UV light illumination
conditions. An exemplary illustration of how cross-peak signal intensities of different residues

projected from the corresponding DgkA NCA spectrum after UV illumination of the sample (colored
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in blue) differ from those of projected from the NCA spectrum of the same sample in dark (colored
in green). Here the cross-peak intensities of two adjacent residues, 29Ala and 30Ala are presented.
The black lines drawn on the cross-peaks represent the area from which the corresponding direct

('3C) and indirect ('°N) 1D spectra are projected.

Since peak positions did not changes, peak intensities between frans and cis states are
compared (see examples in Figure 4.2). Accordingly, the corresponding mean-normalized

3C/'™N cross-peak intensity changes of all resolved residues are plotted in Figure 4.3.

SH TMH1 TMH2 TMH3
047 0.30 0.36 0.32

o
—.4

o
s

o
T

o
i

NCA intensity change
(light — dark) / (a.u.)
o
+

o
h

o
-
1

40 60 8 100 120
DgkA Residue

Fig. 4.3: The mean-normalized '3C/'N cross-peak intensity changes of various residues
calculated from those of the NCA measurements acquired after UV illumination of the proteo-
photoliposomes and after full thermal relaxation of AzoPC within them. Accordingly, the cross-peak
intensity changes are categorized into four levels: very high (> 0.5, red spheres), high (0.4 <> 0.5,
dark orange spheres), moderate (0.3 <> 0.4, light orange spheres), below moderate (0.1 <> 0.3,

yellow spheres). The vertical green lines separate the residues in either the helices and loops.

In this way, one can simply compare the global response of DgkA helices to the
membrane fluidity alteration by concentrating on the absolute changes of DgkA rather
than its nonequilibrium nature. As seen, the strongest response comes from the surface
helices where 24Ala and 29Ala demonstrate the largest absolute cross-peak intensity

changes.
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Fig. 4.4: DgkA Residues with absolute increased mobility highlighted on the 3D structure of the
DgkA trimer (PDB: 4UXX (119)). To make a comparative illustration of the membrane fluidity
alteration on the DgkA mobility, here, | only consider the data obtained from two of the NCA
measurements recorded right after UV illumination of the sample and after full thermal relaxation
AzoPC within it. (A) Residues with more than 50% reduction in their finite NCA cross-peak intensity
upon AzoPC trans-cis isomerization, (B) 40-50%, (C) 30-40%, and (D) 10-30%. (E) The finite
cross-peak intensity changes of the whole assigned residues are illustrated on an expanded
simplified DgkA structure using the same color code as those of (A) to (D). The cytoplasm and
periplasm boundaries of the cell membranes are schematically illustrated by the black lines. The
gray circles indicate the unassigned residues. The hollow orange circles points to the residues

whose cross-peak intensity changes are extracted for only one nucleus — either '3C or '5N.

In Figure 4.4, the normalized finite intensity changes of all the assigned residues are
schematically highlighted on the DgkA 3D structure in four levels: very high (> 0.5, red
spheres), high (0.4 & 0.5, dark orange spheres), moderate (0.3 <> 0.4, light orange
spheres), bellow moderate (0.1 <> 0.3, yellow spheres). The nonuniform mobility changes
of DgKA is highlighted yet another time in Figure 4.3. As seen, while the average cross-
peak intensity change of surface helices is ~0.47, either the MH1, MH2, and MH3
represent only 0.30, 0.36, and 0.32, respectively. These data confirm the significantly high
impact of DgkA topography in a way the protein response to the fluidity alteration within

the membrane.

4.3. Time-resolved NCA MAS-NMR spectroscopy of U-'*C/'°N-
DgkA within the proteo-photoliposomes

4.3.1. Results and Discussion

As described in Chapter 1, it has been of central interest to constructing model systems
by which one can study biological macromolecules such as membrane proteins under
non-equilibrium conditions. It was shown in Chapter 3 that AzoPC undergoes exponential
thermal relaxation to the more stable frans conformation within both protein-free and
proteo-photoliposomes after changing to cis conformation as the result of UV illumination.
The duration of AzoPC thermal relaxation is ~65 h under 12 kHz MAS at 290 K (Figure
4.5).
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Fig. 4.5: The AzoPC cis-to-trans thermal relaxation. The plot is reproduced from Figure 3.8 C.
The time windows during which the R-PDLF and NCA measurements were sequentially recorded

are illustrated by gray and brown rectangles, respectively.

In total, 6 R-PDLF and 6 NCA measurements were recorded sequentially during the
AzoPC cis-to-trans thermal relaxation. Only unambiguously assigned cross-peaks were
selected for further analysis. Figure 4.2 shows the intensity loss of cross-peak from two
adjacent residues, 29Ala and 30Ala, from the DgkA NCA spectra of the proteo-
photoliposomes after UV illumination and in dark when AzoPC was fully relaxed back to
the trans conformation. A reduction in cross peak intensities indicated qualitatively an
increase in molecular dynamics of the embedded protein. The signal occurs because of
dipole-based cross polarization from 'H to '*N and from '®N to 3C. Small - large amplitude
fluctuations on a sufficient timescale (faster than us) will lead to a partial averaging of
dipole couplings and therefore to a smaller signal built-up under cross polarization. In
addition, line broadening for example due to conformational exchange in the intermediate

timescale regime (us-regime) will lead to signal loss.

Figure A1.9a-d represent the time-resolved normalized signal intensity variations of 51
residues along all segments of the DgkA helices, all plotted versus the sequential NCA
measurements. The graphs are sorted according to the residue numbers starting from
those of the DgkA’s surface helices down to the third membrane helices. The universal

observation of the cross-peak signal intensities points toward a global increase in DgkA
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dynamics after UV illumination of the proteo-photoliposomes. As seen, for all the residues

shown in Figures A1.9a-d, the initial cross-peak signal intensities generated from the first

DgkA NCA spectrum after UV illumination of the sample are significantly lower than those

of the following measurements — the molecular dynamics of DgkA increases.
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Fig. 4.6: The time-resolved order parameters of the bulk lipid middle acyl chain section, as
well as that of '3C/'5N cross-peak signal intensities of DgkA NCA measuremets plotted over
the AzoPC cis-to-trans thermal relaxation within the proteo-photoliposomes. (A) The time
resolved segmental order parameters of the deconvoluted sections on the bulk lipid middle acyl
chain dipole spectra (Figure A1.8 A-F, right columns) are plotted. The dipole spectra are
deconvoluted by using the same method explained in Chapter 3. The order parameters plots are
in according to the time the corresponding R-PDLF measurements was accomplished. (B) The
time-resolved mean weighted order parameters of the bulk lipid middle acyl chain section are
plotted. The mean order parameters are weighted by the peak areas on the corresponding '3C
INEPT spectra of the section (Figure A1.8 A-F, left columns). The order parameters plots are in
accordance to the time the corresponding R-PDLF measurements was accomplished. (C) An
exemplary illustration of two DgkA residues whose time-resolved '3C/'SN cross-peak signal
intensity plots are representative of minor, steady dynamics. The whole list of plots categorized in
this section are illustrated in Figure A1.9a and highlighted on DgkA 3D structure (E). (D) An
exemplary illustration of two DgkA residues whose time-resolved '3C/'SN cross-peak signal
intensity plots are representative of major, non-steady dynamics. The whole list of plots

categorized in this section are illustrated in Figure A1.9b-d and highlighted on DgkA 3D structure
(F).

All NCA measurements were acquired under the same conditions (290 K), but with AzoPC
continuously relaxing back from cis to trans after isomerization. This means that the
AcoPC induced order parameter perturbations of the bulk lipids also change with time,
which affects DgkA. A further analysis of intensity changes of individual residues reveals
that the increase in motion in DgkA is not uniform but site-specific. Interestingly, also the

time courses of cross-peak intensity changes and lipid order parameters differ.

As seen in Figure 4.6 A and B, the mean weighted order parameters of the bulk lipid
middle acyl chains relax back linearly to that of the initial dark state. It means that the
deviation of the motion of the section is constant over the AzoPC thermal relaxation.
However, this constant changes of fluidity in the membrane are not transferred in a same
way to the embedded DgkA the membrane protein demonstrates some complex

nonuniform variation of residual dynamics.

The complexity in the DgkA dynamics of motion is understood knowing the
supramolecular structure of proteins with tremendous degrees of freedom could
undergoes various independent tortional movements. However, because these residues

are connected from their two ends, the helices ensemble also experience some levels of
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motions which averaged over those of their constituent residues. Taking this into account,
one can clearly realize that between those assigned residues located on the surface
helices, two, namely 24Ala and 29Ala, stand out for their high degree of motion, hinting
to some sort of nonuniform motion of the helices over the membrane surfaces. Among all
the assigned DgKA residues, 24Ala and 29Ala also demonstrate the highest mobility
changes due to the bulk lipid fluidity alterations. This is reasonable considering the fact
that between those four helices of the DgkA monomer, it is only the surface helix which is
not buried into the lipid bilayers; it is connected to the first membrane helix (MH1) trough
29Ala. Therefore, any fluidity perturbations throughout the lipid membrane must be
transferred to the surface helices by 29Ala — the hinge between the surface helix and
MH1, and because the surface helices are not hold by the membranes, they sensed those

membrane fluidity alterations with some sorts of amplifications.

Universally, the DgkA residual responses to the membrane fluidity perturbation can be
fitted into two categories: 1) residues with rapidly diminishing steady dynamics, and 2)
residues with long-lasting non-steady dynamics. The first group of residues whose time-
resolved "*C/'SN NCA cross-peak intensities plotted in Figure A1.9a are those mainly
hidden within the bilayer with close distances from the periplasm and cytoplasm interfaces
of the bilayers on the MH2 and MH3, respectively. These residues are depicted on DgkA
3D structure in Figure 4.6 E. Under this condition, the AzoPC trans-to-cis conformation
change and its subsequent effects on the bulk lipid fluidity is felt as a rapid tremor by those
residues so their *C/'>N NCA cross-peak intensities return to their initial levels as quickly
as the second sequential NCA measurements and remain almost invariable until the
AzoPC complete thermal relaxation. In other word, these residues are not highly
responsive to the membrane fluidity perturbation. The remaining assigned residues which
are mainly spread along the MH1, as well as the outer-membrane segments of the MH2
and MH3 exhibit complex some sort of non-stready pattern of dynamics over the AzoPC
thermal relaxation within the membrane. The DgkA 3D structure in Figure 4.6 F highlights
the abovementioned second group of residues whose complete list of time-resolved

13C/"™®N NCA cross-peak signal intensity plots are illustrated in Figures A1.9b-d.

At this point it is difficult to explicitly interpret the trend by which the DgkA residues
response to the membrane fluidity alteration, but some speculations are possible. For
instance, the outer-membrane segments of MH2 and MH3 are of intrinsically mobile parts
of DgkA structure which are likewise the surface helices are not covered by the
membrane. Therefore, any agitation in the membrane fluidity and its subsequent effects
on the membrane-covered parts of MH2 and MH3 could be transferred to the outer-

membrane segments of these two helices through some levels of amplifications.
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However, the residues located on the outer-membrane parts of MH2 and MH3 cannot
undergo some very high mobility changes similar to those of 24Ala and 29Ala on the

surface helices as they are constrained by two helices from their two ends.

4.4. DgkA functionality is largely dependent to its mobility

within the membrane

4.4.1. Results and Discussion

In the last section, it was shown that AzoPC photoisomerization and its subsequent effect
on the lipid bilayer fluidity alters the molecular dynamics of the embedded DgkA. In this
regard, one important question is how the membrane-induced changes in the structural

dynamics of DgkA could affect its functionality.
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Fig. 4.7: (A) DgkA functionality within the membrane is schematically illustrated. (B) The molecular
structure of a water-soluble DAG analogous, 2-(Acetyloxy)-1-(hydroxymethyl)ethyl acetate which
is entitled as dimethylglycerol (DMG) in the text is presented.

As indicated to in Chapter 1, and schematically illustrated in Figure 4.7, DgkA is
responsible for phosphorylation of diacylglycerol (DAG), one of the cell membrane
components, in expense of adenosine triphosphate (ATP) in E. coli cell membrane. It was
previously shown by Glaubitz-Lab (141-142, 192) that *'P MAS NMR spectroscopy is a
powerful technique to monitor, by means of real-time, the ATP hydrolysis of various

integral proteins within native lipid bilayers. The main advantage of this method is the

capability by which one can reveal the ATPase enzymatic activity in native environment.
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Fig. 4.8: The enzymatic activity of DgkA was tracked by 3'P MAS-NMR. The DMG
phosphorylation performed by DgkA within the proteo-photoliposome membranes is monitored by
real-time 3'P MAS NMR spectroscopy. As of the measurements, the 3'P signals corresponding to
those of the starting materials (a-B-y-ATP plus the lipid phosphates in the proteo-photoliposomes)
and those of the products (a-B-ADP, phosphatidic acid (PA), and free-P) are probed in a time-
resolved manner. The measurements were repeated three times on different batches from one
single sample, though under different AzoPC cis-to-frans thermal relaxation ratios: right after UV
illumination of the sample, after 36 h in dark when the cis-to-trans ratio was roughly 50%, and after
full thermal relaxation of AzoPC within the proteo-photoliposomes. The time-resolved 3'P spectra

shown in this figure are for the sample measured after AzoPC thermal relaxation in dark.

Figure 4.8 exemplary represents the stacked 1D *'P MAS NMR spectra of DMG
phosphorylation by DgkA proteo-photoliposomes (LPR = 75:1) recorded sequentially right
after UV illumination of the sample. As seen, in the beginning, only the peaks
corresponding to those of the ATP phosphates (a--y-ATP) are recorded. Over a period
of ~200 min, the whole ATP content in the sample was consumed by DgkA, hydrolyzing
it to ADP while simultaneously phosphorylating the DMG to PA; in the end only the peaks
corresponding to those of the products are seen. It should be noted that the second 3'P
peak next to that of PA on the spectra belongs to that of free phosphate which is a
common side product of such DAG phosphorylation due to ongoing ATP hydrolysis. It
was shown that the 1,2-dibutyrylglycerol (DBG) phosphorylation, which is also a water-
soluble DAG analogue, by DgkA is incomplete causing the protein proceed basal activity

in parallel (118, 141). Although, here, such competition between the DMG

phosphorylation and the basal activity in the presence of the substrate (DMG) is observed,
the DgkA enzymatic functionality is significantly shifted towards the PA production - DMG

phosphorylation is considerably favored.

Here, the aim was to assess the DgkA activity in the photoliposomes whose detailed
photo-physical characterization described in Chapter 3. As can be noticed, the bulk lipid
composition (POPE:POPG) in the photoliposomes is in close similarity to that of E. coli
cell membranes and logically, could provide some higher native aspects of local medium
for DgkA. Therefore, one might expect the protein to potentially represent its full functional

characteristics in such lipidic environment compared to those of previous model systems.

The graphs in Figure 4.9 represent the DgkA enzymatic functionality (ATP consumption
in black symbols, ADP production in green symbols, plus DMG phosphorylation and free-
P creation both in blue symbols) probed by real-time *'P MAS NMR spectroscopy of the

proteo-photoliposomes under different UV illumination conditions — right after UV
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illumination of the samples (A), after 36 h in dark where the AzoPC cis-to-trans

conformation ratio was ~50% (B), and after full thermal relaxation of AzoPC within the

proteo-photoliposomes (C).
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Fig. 4.9: The DgkA enzymatic functionality monitored by real-time 3'P MAS NMR
spectroscopy is plotted. The measurements were acquired under three different illumination
conditions: (A) right after UV illumination of the sample, (B) after 36 h in dark when the cis-to-frans
ratio was roughly 50%, and (C) after full thermal relaxation of AzoPC within the proteo-
photoliposomes. The AzoPC cis-to-trans conformation ratios were probed from the azobenzene
switch section of its corresponding "H MAS NMR spectra (presented in the right columns) recorded
right before either the real-time 3'P MAS NMR measurements. The graphs include those of the
real-time ATP consumption (a-B-y-ATP, in black square, circle, and diamond, respectively) and
ADP production (a-B-ADP, in red square and circle, respectively) plus those of the DMG
phosphorylation (PA in blue triangle) and the free phosphate creation (free-P, in blue inverted

triangles). The graphs are normalized per that of 1 mg DgkA in the samples.

As clearly seen, DgkA functionality is the slowest within the proteo-photoliposomes when
the AzoPC is in cis conformation, and gradually increases over the course of AzoPC cis-
to-trans conformation change. For instance, while the (Ts,) of the ATP-hydrolysis/ADP-
production ensemble in the sample measured right after the UV illumination was 29.1 min,
it was 24.2 min and 14.8 min for two other samples in which the cis/trans ratio were ~50%

and ~10% (dark), respectively.

Putting all pieces of data together, it can be corroborated that the functionality of DgkA is
coupled to its structural mobility within the membrane. Although, the level by which DgkA
responses to the membrane dynamics stimulation is a matter of high complexity, yet, the
results here confirm different levels of sensitivity between DgkA helices to the external
source of agitations. An important example is the surface helices whose fluctuation of
motions are the highest between DgkA helices. Because all active sites of the protein
gather around surface helices close to the cytoplasm side of the membrane, an instability
in the dynamics of the segments could have been the of cause of lowering in enzymatic

activity of the membrane protein.

4.5. Summary and Outlooks

Here, it was revealed that the way by which the integral membrane protein DgkA responds
to the lipid fluidity perturbations within the bilayers is structurally nonuniform; while some
residues undergo a minor level of changes in their motions, some others exhibit non-

steady multi-scale variations of their dynamics. This sounds to be logical by paying close
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attention to the level of complexity in which the macromolecular structure of embedded
DgkA with its countless degrees of freedom could interacts with the membrane fluidity
alteration. Further MAS-NMR experiments concentrating on the dynamics of DgkA in
different time scales, as well as, the MD simulation of the protein within the
photoliposomes could reveals various aspects of such complex behavior. Among all DgkA
residues, 29Ala, a residue on the hinge between the surface helix and membrane helix-
1, exhibits the steepest time-dependent cross-peak intensity changes in time-resolved
NCA spectra. This could imply to the vital role of DgkA surface helices in proceeding the
protein's enzymatic functionality within the membrane. In fact, these are the DgkA helices
whose sensitivity to the level of membrane fluidity are the strongest. The strong sensitivity
of surface helices to the membrane fluidity consequently influences DgkA functionality.
Since it has been proposed that the surface helices are also key players as the active

sites of the DgkA (115, 118-119), the lower enzymatic efficiency of the protein could be

interpreted as a major effect of lower binding probability between DgkA active sites and

the substrate (DMG) under higher mobility dynamics of the surface helices.

The proteo-photoliposomes constructed and characterized in this project are potentially
ideal platforms by which one can study the structure and functionality of membrane
proteins under nonequilibrium conditions. To the best of my knowledge, that data present
here represent the first solid-state NMR characterization of photlipids and their effect on
bulk lipids and embedded proteins. Therefore, plenty of modifications, both in structural
design of the photolipid and the experimental setups, can be still implemented to push the
method even further for investigation of membrane proteins of higher degrees of

complexities.
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Appendix 1

A1.1. Initial experiments using DMPC and POPE as bulk lipids

for photoliposomes

A1.1.1. Initial tests on DMPC

To construct the photoliposomes, several different combinations of common
phospholipids plus AzoPC were tested. 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) was considered first. Similarly to other PCs, DMPC has one Lg — L, phase
transition at 297 K (173). Alone or mixed with 1,2-dimyristoyl-sn-glycero-3-phosphate
(DMPA), DMPC is a popular choice as bulk lipid for solid state NMR on membrane

proteins (118, 142, 193). DMPC is especially convenient to performing experiments under

Lg phase conditions (at 270 K) in which protein motions and dehydration is restricted,
which turned out to be favorable in many cases for obtaining well resolved spectra and to

support long-term sample stability.

DMPC has two fourteen-carbon saturated myristoyl acyl chains and a bulky
phosphocholine (PC) head group. As described in Section 1.3.2 in Chapter 1, the bulky
PC head group causes high degree of repulsive steric forces in lipid bilayers which should
be compensated by the attractive pressures mostly reinforced by the hydrophobic effect
of water/acyl chain interactions, as well as the intrinsic curvature of the bilayers. Under L,
phase condition, the lateral diffusion of lipids along the bilayer leaflets are very fast (with
diffusion coefficient of ~107 cm? s~ (182)) which subsequently depreciates the attractive
hydrophobic effect. This weakening impact of the lateral diffusion can be even more
intensified under MAS condition where the lipid bilayers are under continues, rather long,
and high centrifugal force. For instance, the relative centrifugal force (RCF) on a sample
spinning in a 3.2 mm rotor at 12 kHz MAS is ~928x10° g which is almost equal to that of
an ultra-centrifuge (with regular rotor radius of 10 cm) spinning at 91 krpm. The impact of
MAS at high temperatures on DMPC bilayers in L, phase is experimentally illustrated in
Figure A1.1. Noted that the lipid phase variations and thus, its mobility changes were
monitored by acquiring the 'H-"3C dipolar coupling spectra of the sample using a
separated local field experiment which correlates the heteronuclear H-C dipolar coupling
with the 3C chemical shift. Here, the R-PDLF variant was selected (144-145).
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Fig. A1.1: DMPC L, phase stability under MAS at different temperatures. 3C INEPT (right
column) and H-C dipolar coupling spectra (left column) of DMPC middle acyl chains section —
carbon positions 4-11 (Figure A1.2). The measurements were carried out at 12 kHz MAS at 300
K (A and B) and 310 K (C and D). At either the temperatures, the second spectra (B and D) are
acquired after 22 h from the first ones (A and C). On the '3C INEPT spectra (left column), the dash
lines are fixed according to the first DMPC spectrum at 300 K (A) setting the chemical shift
boundaries of the spectrum as a scale for comparison of the others with it. On the H-C dipolar

coupling spectra (right column), the dash lines are fixed according to the first dipolar coupling
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spectrum of DMPC at 300 K (A) setting the dipolar splitting boundaries of the spectrum as a scale

for comparison of the others with it.

DMPC AzoPC
Nl \&/7
) S
* 0=R-0 A > O:P?—o
| o]

222A

Fig. A1.2: DMPC and AzoPC chain lengths. The chemical structures and the acyl chain lengths
of DMPC and AzoPC in tfrans conformation. The bold lines and the narrow lines along the acyl
chains schematically represent the C-C bonds and C-H bonds, respectively. The acyl chain
lengths of the lipids are calculated according to the “all-stretched” configuration of the C-C bonds

along the acyl chains; maximum possible length.

The experimental details of the dipolar coupling measurements are described in sections
1.7.4 in the Chapter 1 and in Chapter 2. Briefly, the "H-"3C dipolar couplings are recoupled
by the R185 sequence (146) applied to the protons. The dipolar-modulated proton
magnetization is then transferred to '*C for detection by an INEPT transfer step (120),
which ensures very high spin pair selectivity and is highly suitable for mobile bulk lipids in
fluid membranes. This experimental scheme was selected as it is less demanding
regarding the RF field strengths compared to those of FSLG-CP based experiments (144-
145). More importantly, it provides highly resolved dipolar line shapes even for more
complex, fluid lipid bilayer mixtures as used here. As seen in Figure A1.1, at 300 K which
is close to the DMPC Lg — L, phase transition, both the *C INEPT and H-C dipolar
coupling spectra of the middle acyl chain section (carbon number 4-11 along the myristoyl

acyl which are schematically highlighted in Figure A1.2) are fairly similar after 22 h under
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12 kHz MAS (Figure A1.1 A and B) indicating to the high stability of the lipid bilayers under
acquisition conditions. However, at 310 K, the same DMPC bilayers demonstrated visibly
lower stability as the corresponding *C INEPT and H-C dipolar coupling spectra of the
sample reveals drastic structural (and thus, the phase) deformation after 22 h under 12
kHz MAS (Figure A1.1 C and D). A possible reason could be sample dehydration. To
bring down the impact of MAS on the fragile structural homogeneity of the lipid bilayers in
L, phase, it is therefore crucial to perform acquisitions at temperatures just above the

Lg — L phase transition temperatures of the corresponding lipid samples.

Another challenging aspect about using DMPC as the main constituent of the
photoliposomes was its lack of chain-length matching with the available photolipid
(AzoPC) provided by the Trauner lab, from New York University, USA. As described
elsewhere (77, 169), AzoPC is synthesized based on 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC) in which one of the fully saturated eighteen-carbon stearoyl acyl
chains is substituted with a [(E)-4-(4-((4-butylphenyl)diazinyl)phenyl)butanoyl] chain — an
acyl chain with an azobenzene switch in the middle (Figure A1.2). AzoPC stearoyl chain
is ~5 A (~29%) longer compared to the DMPC myristoyl chains. The markedly
mismatching of the lipid component acyl chain lengths can be highly problematic for
keeping the bilayer's homogeneity and their phase stability intact over the course of the
experiment. Therefore, DMPC could not be an optimal choice to be as the bulk lipid in the
photoliposomes. Therefore, no experiments of AcoPC in DMPC were conducted. An
alternative to DMPC could be DSPC, which could potentially match AcoPC chain lengths.
However, DSPC with Lg — L, phase transition temperature of 328 K (173) could cause
more severe dehydration problem and result in loss of the phase homogeneity of the lipid
mixture in the photoliposomes, and thus, in reduced biological stability of the membrane

protein DgkA.

A1.1.2. Initial tests on POPE

Another lipid which was examined is 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE); a member of PE lipids which are conventionally termed
as “non-lamellar” lipids. In fact, POPE, likewise other PEs, has two phase transitions: one

“lamellar-lamellar” Lg — L, phase transition which occurs first at lower temperatures, and

one “lamellar-nonlamellar (inverted hexagonal)’ L, — Hy; phase transition which takes
place at higher temperatures. In case of POPE, the two corresponding phase transitions

happen at 298 K and 344 K, respectively (32). The reason PEs demonstrate such
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lamellar-to-non-lamellar phase transitions at high temperatures is due to their so-called
“cone-shaped” structures; a small phosphoethanolamine head group attached on two
bulky, highly mobile acyl chains. As described in Chapter 1, the structural shape of the
lipid constituents in the bilayers defines the overall shape and physical properties of the
lipid membranes. Regarding the PEs’ cone-shape, their small PE head groups put on
smaller steric force on the lipids, compared to that of the bulky PC head group, allowing
them to move (diffuse) closer to each other within the bilayer leaflets. Hence, the bilayers
made of PEs are stiffer compared to those of PCs of similar acyl chains requiring more
heat to undergo their corresponding phase transitions; as an example, one can point out
to the Lg — Ly phase transition of POPE which is 27 K higher than that of POPC. The
lamellar-nonlamellar phase transition of PE membranes also results from the PEs’ cone-
shaped structure. This intrinsic structural characteristic of PEs causes them to form lipid
bilayers with higher degrees of curvatures at low temperatures. The high curved shape of
the bilayers is in favor the constituent PEs’ cone-shape structure in one leaflet while on
the contrary of that of PEs in the other leaflet. Therefore, the bilayers are under natural
stress at low temperatures. However, at high temperatures, the higher thermodynamics
and lateral diffusion of PEs within the leaflets force them to be released from the high
curved structural stress of the bilayer formation, and undergo a phase transition to form

unilamellar “inverted-hexagonal” lipid constructions (Figure 1.2).

Considering the chain length matching parameter between AzoPC and POPE, one simply
realizes that POPE’s palmitoyl and oleoyl chains with 19.7 A and 22.1 A, respectively,
can closely match up with those of AzoPC with 17.8 A for the azobenzene containing
chain in trans conformation and 22.2 A for the stearoyl chain (Figure 3.1). The first
photoliposomes consisting of POPE:AzoPC with a 6:1 molar ratio were then made
according to the protocol described in Chapter 2. The 6:1 molar ratio was empirically
derived from a series of preliminary experiments. The aim was to minimize the use of
photolipid within the photoliposomes, while at the same time, create an observable impact
on the bulk lipid order parameters. Figure A1.3 illustrates the 'H, *C INEPT and H-C
dipolar coupling spectra of the POPE:AzoPC photoliposomes. The 'H spectra show the
azobenzene section of the lipid mixture and allow tracking of the relative population of the
AzoPC isomerization. The second and third columns are representing the *C INEPT and
H-C dipolar coupling spectra of the bulk lipid (POPE) middle acyl chains — carbon
positions 4-13,4°-7", 12’-15" (Figure 3.1).

In Figure A1.3 left column, the conformation state of the azobenzene switch along the
AzoPC structure is pursued by the '"H MAS-NMR of the corresponding segment. As seen,

AzoPC was completely in trans state (termed as dark, hereafter) in the beginning. Upon
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illumination, rightly around 55% of the AzoPC population changed to cis conformation (B).
This is estimated by measuring the major peak integrals of the corresponding frans and
cis conformations, b(1/2),f(1/2) and c(1°/27),e(1°/2"), respectively (Figures 3.1 and A1.3).
The cis conformation ratio exponentially decayed to the thermally stable trans state over
a 17 h period under 12 kHz MAS at 300 K (C and D). The middle and right columns in
Figure A1.3 illustrate the corresponding "*C INEPT and H-C dipolar coupling spectra of
the middle acyl chain section (4-13, 4'-7", 12'-15" (Figure 3.1)) of the bulk lipid (POPE)

at either abovementioned conformation states of AzoPC (A to D).
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Fig. A1.3: Stability of POPE:AzoPC photoliposomes in L, phase over AzoPC cis-to-trans
thermal relaxation under MAS. 'H, '8C INEPT, and H-C dipolar coupling spectra of
POPE:AzoPC (6:1 molar ratio) mixture acquired under 12 kHz MAS at 300 K. The spectra were
recorded at (A) dark, (B) after UV illumination of the mixture, (C) after 11 h from illumination, and
(D) after 17 h from illumination when the AzoPC was thermally relaxed back to the frans
conformation. The first column tracks the chemical shift changes of the azobenzene section of the
AzoPC at different conformation states, according to its corresponding 'H spectra (Figure 3.1). The
peak assignments are accomplished according to the 2D 'H MAS-NOESY spectroscopy of the
photoliposomes (Figure 3.8 A and B). The middle and the right columns represent the 3C INEPT
and H-C dipolar coupling spectra of the bulk lipid (POPE) acyl chains — carbon positions 4-13,
4'-7°,12"-15" (Figure 3.1), acquired under different AzoPC conformation population ratio. On the
3C INEPT spectra (middle column), the dash lines are fixed according to the POPE spectrum
under dark condition (A), setting the chemical shift boundaries of the spectrum as a scale for
comparison of the others with it. On the H-C dipolar coupling spectra (right column), the dash lines
are fixed according to the dipolar coupling spectrum of POPE under dark condition (A) setting the

dipolar splitting boundaries of the spectrum as a scale for comparison of the others with it.

As seen, in dark, both "*C INEPT and H-C dipolar coupling spectra confirm the stable
presence of POPE:AzoPC mixture in L, phase; the H-C dipolar splitting is comparable
with those of reported in literature (32). The condition, however, diverged radically upon
illumination. As seen, the corresponding signal intensity of both *C INEPT and H-C
dipolar coupling spectra shrank when about half of the AzoPC was in cis conformation
(Figure A1.3 B). This could be due to formation of some sort of rigid:mobile phase
separation. The reason can be corroborated based on the fact that INEPT technique is
exclusively able to collect information from the lipid bilayers in perfect L, phase (Chapter
1). The more the lipid bilayer system deviates towards rigid phases, the more INEPT
signals are diminished, and vice versa. Furthermore, the rising of a segment with very
unexpectedly low dipolar splitting on the H-C dipolar coupling spectrum is yet another
justification. The impact of AzoPC trans-to-cis conformation change on the bulk lipid was
not reversable and got even more intensified through the AzoPC thermal relaxation to
dark state (Figure A1.3 C and D) hinting to the stability of the phase separated

constructions.
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Fig. A1.4: H-C dipolar coupling spectra of the carbon positions 2,2" along the acyl chains
in different lipids. The corresponding H-C dipolar coupling spectra represents those of 2,2’
positions on different lipids: (A) POPC, (B) POPE, (C) DMPC, (D) Photoliposomes (E) Proteo-
Photoliposomes with LPR=50:1, and (F) Proteo-Photoliposomes with LPR=100:1, all in L, phase.

The spectra are projected from the corresponding 2D-RPDLF spectra of the samples.

130



Y
A
Y

A

bR-Embedded Lipid Plane
C 310 Lipid Diffusion Steps (50 Runs)

o — -
o0] o N

Normalized
per Run
(e»]

(@)]

Mean Diffusion Step
o
»

o
N

o

Y

A

Fig. A1.5: The simulation of lipid lateral diffusions along the bilayer leaflets in presence of
bacteriorhodopsin (bR). (A) The top view from two square-shaped lipid planes with equal x and
y dimensions. The dimensions are set to be the same as those of introduced in Figure 3.18. An

abundant number of lipids (201) are symmetrically spread throughout the lipid plane. The plane is
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coded in a way that lipids can diffuse along continuedly — if they reach the plane boundaries, they
continue from the opposite side. There are considered four bR (black circles) to be embedded
within one of the planes (right column). The proteins combined take over ~42% surface area of the
corresponding lipid plane. This projection is the case for POPE:bR proteo-liposomes with LPR =
50:1, according to the cross-section area of bR estimated from the crystal structure 1X0S (187)
and of POPE in L, phase (186). The figures illustrate the initial positions of lipids in the plane. (B)
The same plane as of described in (A), but after 250 lateral diffusion steps of lipids within it. The
histories of the entire 250 diffusion steps of the lipids are kept projected on the planes. (C) The
histogram of the lipid diffusion steps in the plane where the lipids underwent 310 diffusion steps
through 50 separated runs is illustrated for the x-direction along the plane. The total steps per run

were averaged over the 50 simulation runs.
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Fig. A1.6: The NOESY signal intensity normalization between the photoliposome and
proteo-photoliposome samples. In order to be able to compare the NOESY cross peak
intensities between the photoliposomes and proteo-photoliposome samples, spectra were
normalized with respect to diagonal peak intensities. (A) w1 slices along the 8’,11’ bulk lipid

resonance of NOESY spectra of photoliposomes and the proteo-photoliposomes containing cis-
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AzoPC (recorded directly after illumination). Spectra were normalized with respect to the diagonal
peak. The NOEs between lipids and AzoPC protons are more intense in the proteo-

photoliposomes. (B) As in (A) but after AzoPC thermal relaxation to frans conformation.
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Fig. A1.7: The 2D NCA MAS-NMR spectra of U-'3C/'N labelled DgkA reconstituted in
different liposome systems are compared. The black cross-peak spectrum is that of fully
labelled DgkA reconstituted in DMPC:DMPA (9:1 molar ratio) liposomes measured at 270 K (in Lg
phase). The measurement was previously performed in our lab as published in ref. (118). The
green spectrum is the one acquired in this project as the result of 2D NCA MAS-NMR measurement
of fully labelled DgkA reconstituted in the photoliposomes in dark at 290 K (in L, phase). The signal
from five residues including 26lle, 28Glu, 35Gly, 41Ala, and 62Val were note detected in NCA
spectrum of DgkA in photoliposomes at 290 K. From the '3C/'°N chemical shift change aspect,
there are maximum ~0.5 ppm variations between the two liposome systems most of which are

those of the residues on the surface helices.
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Fig. A1.8: The time-resolved H-C dipolar coupling spectra of the bulk lipid acyl chain middle

section. (A-F) The dipole spectra (A-F, right columns) are generated from overall 6 R-PDLF

measurements recorded sequentially along with 6 NCA MAS-NMR spectroscopies of DgkA over

the course of AzoPC cis-to-trans thermal relaxation within the proteo-photoliposome. The dipole

spectra and the corresponding '3C INEPT spectra of the bulk lipid middle acyl chains (A-F, left
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columns) are deconvoluted by using the same method explained in Chapter 3. The mean order
parameters of the bulk lipid middle acyl chain section (Sc-1) weighted by the peak areas on the
corresponding '3C INEPT spectra are calculated. (G) The time resolved segmental order
parameters of the deconvoluted sections on the bulk lipid middle acyl chain dipole spectra are
plotted. The order parameters plots are in according to the time the corresponding R-PDLF
measurements was accomplished. (H) The time-resolved mean weighted order parameters of the
bulk lipid middle acyl chain section are plotted. The order parameters plots are in according to the

time the corresponding R-PDLF measurements was accomplished.
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Fig. A1.9a: The time-resolved, normalized 3C/'*N cross-peak signal intensities of DgkA NCA

measurements. The signal intensities are generated from overall 6 NCA measurements recorded

sequentially along with 6 R-PDLF (dipolar coupling) spectroscopies of the membrane over the

course of AzoPC cis-to-frans thermal relaxation within the proteo-photoliposomes. The signal

intensities are then plotted according to the time the corresponding NCA measurements was

accomplished.
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Fig. A1.9b: The time-resolved, normalized '*C/'°N cross-peak signal intensities of DgkA NCA
measurements. The signal intensities are generated from overall 6 NCA measurements recorded
sequentially along with 6 R-PDLF (dipolar coupling) spectroscopies of the membrane over the
course of AzoPC cis-to-frans thermal relaxation within the proteo-photoliposomes. The signal
intensities are then plotted according to the time the corresponding NCA measurements was

accomplished.
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Fig. A1.9c: The time-resolved, normalized *C/'*N cross-peak signal intensities of DgkA NCA
measurements. The signal intensities are generated from overall 6 NCA measurements recorded
sequentially along with 6 R-PDLF (dipolar coupling) spectroscopies of the membrane over the
course of AzoPC cis-to-trans thermal relaxation within the proteo-photoliposomes. The signal
intensities are then plotted according to the time the corresponding NCA measurements was

accomplished.
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Fig. A1.9d: The time-resolved, normalized '3C/'>N cross-peak signal intensities of DgkA NCA
measurements. The signal intensities are generated from overall 6 NCA measurements recorded
sequentially along with 6 R-PDLF (dipolar coupling) spectroscopies of the membrane over the
course of AzoPC cis-to-trans thermal relaxation within the proteo-photoliposomes. The signal
intensities are then plotted according to the time the corresponding NCA measurements was

accomplished.
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Table A1: Order parameters of the C—H bonds (Sc-H) along the acyl chains within the bulk lipids
in the photoliposomes after UV illumination extracted from H-C dipolar spectra (Figs. 3.9 and 3.10)

(1
e
(3

(6
(7
(8
(9
(10
(11

Palmitoyl acyl chain Oleoyl acyl chain
Carbon Dipolar Sch= Carbon Dipolar Sch=
position | splitting v (Hz) v/22700 position | splitting v (Hz) v/22700

2 4890 ™ 0.215 2' 4890 ™ 0.215
3 4660 @ 0.205 3 4660 @ 0.205
4 4 5055 () 0.223
, 4885 @) 0.215
5 5 4800 ©) 0.211
6 . 4720 © 0.208
4020 0.177
7 5055 © 0.223 7 2590 ® 0.114

4885 4) 0.215 ,

4720 ©) 0.208 .
9 2020 0177 9 2250 0.099
10 2590 ® 0.114 10’ 500 0.022
11 11 1840 0.081
12 12' 5055 @) 0.223
: 4885 @) 0.215
13 13 4800 ©) 0.211
. 4720 ©) 0.208

9)

14 2310 0.102 14 2020 0 0177
15 1620 (10) 0.071 15' 2590 ® 0.114
16 790 (11 0.035 16' 2310 © 0.102
17 1620 (10) 0.071
18' 790 (11 0.035

Value extracted from the spectrum averaged over carbons 2, 2'.
Value extracted from the spectrum averaged over carbons 3, 3'.

Value extracted from spectrum averaged over the component (i) from the deconvoluted '*C INEPT spectrum.
(4) Value extracted from spectrum averaged over the component (v) from the deconvoluted 3C INEPT spectrum.
(5) Value extracted from spectrum averaged over the component (vii) from the deconvoluted 'SC INEPT

spectrum.

Value extracted from spectrum averaged over the component (iii) from the deconvoluted '3C INEPT spectrum.
Value extracted from spectrum averaged over the component (iv) from the deconvoluted '*C INEPT spectrum.
Value extracted from spectrum averaged over the component (vi) from the deconvoluted '*C INEPT spectrum.

Value extracted from the spectrum averaged over carbons 14, 16'.
Value extracted from the spectrum averaged over carbons 15, 17'.
Value extracted from the spectrum averaged over carbons 16, 18'.
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Table A2: Order parameters of the C—H bonds (Sc-H) along the acyl chains within the bulk lipids
in the photoliposomes after thermal relaxation of the AzoPC to trans conformation extracted from
H-C dipolar spectra (Figs. 3.9 and 3.10)

Palmitoyl acyl chain Oleoyl acyl chain
Carbon Dipolar ScH= Carbon Dipolar ScH=
position | splitting v (Hz) v/22700 position | splitting v (Hz) v/22700

2 5020 ™ 0.221 2' 5020 M 0.221

3 4900 @ 0.216 3 4900 @ 0.216

4 4 5600 () 0.247

5435 () 0.239

5 5' 5230 ©®) 0.230

5155 ©® 0.227

6 6' 5050 ™ 0.222

7 5600 @ 0.247 - 4980 © 0.219

5435 @) 0.239 4790 © 0.211

8 5230 ©®) 0.230 8' 3360 0.148

5155 (©) 0.227

9 5050 ™ 0.222 9' 2730 0.120
4980 ®) 0.219 ,

10 4790 © 0211 10 615 0.027

11 11 2020 0.089

5435 4 0.239

13 13' 5230 ©®) 0.230

5155 © 0.227

14 3260 (10 0.144 14' 5050 () 0.222

1) , 4980 @ 0.219

15 1960 0.086 15 4790 © 0.211

16 890 (12) 0.039 16' 3260 (10 0.144

17 1960 (" 0.086

18' 890 (12) 0.039

Value extracted from the spectrum averaged over carbons 2, 2'.
Value extracted from the spectrum averaged over carbons 3, 3'.

Value extracted from spectrum averaged over the component (iii) from the deconvoluted 3C INEPT spectrum.

(1)
(2)
(3) Value extracted from spectrum averaged over the component (i) from the deconvoluted '3C INEPT spectrum.
(4)
()

Value extracted from spectrum averaged over the component (vii) from the deconvoluted 'SC INEPT

spectrum.

Value extracted from spectrum averaged over the component (ii) from the deconvoluted '3C INEPT spectrum.
Value extracted from spectrum averaged over the component (v) from the deconvoluted 3C INEPT spectrum.
Value extracted from spectrum averaged over the component (iv) from the deconvoluted '*C INEPT spectrum.
Value extracted from spectrum averaged over the component (vi) from the deconvoluted '3C INEPT spectrum.

Value extracted from the spectrum averaged over carbons 14, 16' (see Figs. 3).
Value extracted from the spectrum averaged over carbons 15, 17' (see Figs. 3).
Value extracted from the spectrum averaged over carbons 16, 18' (see Figs. 3).

(1
(12
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Table A3: Order parameters of the C—H bonds (Sc-n) along the acyl chains in the POPE:POPG
(4:1 molar ratio) liposomes extracted from H—C dipolar spectra (Fig. 3.3).

Palmitoyl acyl chain Oleoyl acyl chain
Carbon Dipolar Sch= Carbon Dipolar Sch=
position | splitting v (Hz) v/22700 position | splitting v (Hz) v/22700

2 4730 0.208 2' 4730 0.208
3 4570 @ 0.201 3 4570 @ 0.201
4 4' 5020 @ 0.221
, 4550 4 0.200
S 5 4415 6 0.194
6 . 4340 © 0.191
3600 ™ 0.159
7 5020 @) 0.221 7 3175 ® 0.140
4550 4 0.200 :
8 4415 ©) 0.194 8 3360 0.148
4340 © 0.191 .
9 3500 0159 9 2570 0.113
10 3175 ®) 0.140 10" 1015 0.045
11 11" 2140 0.094
12 12! 5020 @ 0.221
: 4550 4) 0.200
13 13 4415 ) 0.194
: 4340 © 0.191
)
14 2960 0.130 14 3600 () 0,159
15 2140 (10) 0.094 15' 3175 ® 0.140
16 980 (11 0.043 16' 2960 © 0.130
17" 2140 (10) 0.094
18' 980 (1) 0.043

Value extracted from the spectrum averaged over carbons 2, 2'.
Value extracted from the spectrum averaged over carbons 3, 3'.

(1)
(2)
(3) Value extracted from spectrum averaged over the component (i) from the deconvoluted '3C INEPT spectrum.
(4) Value extracted from spectrum averaged over the component (vi) from the deconvoluted '3C INEPT spectrum.
(5) Value extracted from spectrum averaged over the component (iv) from the deconvoluted '3C INEPT spectrum.
(6) Value extracted from spectrum averaged over the component (ii) from the deconvoluted '3C INEPT spectrum.
(7) Value extracted from spectrum averaged over the component (i) from the deconvoluted 3C INEPT spectrum.
(8) Value extracted from spectrum averaged over the component (v) from the deconvoluted 3C INEPT spectrum.
(9) Value extracted from the spectrum averaged over carbons 14, 16'.
(10) Value extracted from the spectrum averaged over carbons 15, 17"

)

(11) Value extracted from the spectrum averaged over carbons 16, 18'.
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Table A4: Order parameters of the C—H bonds (Sc-+) along the acyl chains within the bulk lipids
in the proteo-photoliposomes with LPR = 50:1 after UV illumination extracted from H—C dipolar

spectra (Figs. 3.14 and 3.15).

Palmitoyl acyl chain Oleoyl acyl chain
Carbon Dipolar ScH= Carbon Dipolar ScH=
position | splitting v (Hz) v/22700 position | splitting v (Hz) v/22700

5 1720 0.076 o 1720 0.076
4950 () 0.218 4950 M 0.218
3 4730 @ 0.208 3 4730 @ 0.208
4 4
5050 ©) 0.222
5 5' 4690 @ 0.207
2870 ©) 0.127
6 6' 2160 ©® 0.095
1830 ™ 0.081
7 7
5050 @) 0.222
8 4690 4 0.207 8' 2350 0.104
2870 ©®) 0.127
9 2160 ©) 0.095 9 1910 0.084
1830 0.081
10 10' 1630 0.072
11 11 1620 0.071
12 12'
5050 @ 0.222
13 13' 4690 ) 0.207
2870 ©®) 0.127
14 1690 ® 0.074 14' 2160 ©® 0.095
1830 () 0.081
15 1640 ©) 0.072 15'
16 1360 (10 0.060 16' 1690 ®) 0.074
17 1640 ©) 0.072
18' 1360 (10 0.060

Value extracted from the spectrum averaged over carbons 2A, 2B, 2'A, 2'B.

Value extracted from the spectrum averaged over carbons 3, 3'.

Value extracted from spectrum averaged over the component (i) from the deconvoluted '3C INEPT spectrum.
Value extracted from spectrum averaged over the component (i) from the deconvoluted '3C INEPT spectrum.
Value extracted from spectrum averaged over the component (vi) from the deconvoluted '3C INEPT spectrum.
Value extracted from spectrum averaged over the component (v) from the deconvoluted 3C INEPT spectrum.
Value extracted from spectrum averaged over the component (iv) from the deconvoluted '3C INEPT spectrum.

Value extracted from the spectrum averaged over carbons 14, 16'.
Value extracted from the spectrum averaged over carbons 15, 17"
Value extracted from the spectrum averaged over carbons 16, 18"
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Table AS5: Order parameters of the C—H bonds (Sc-H) along the acyl chains within the bulk lipids
in the proteo-photoliposomes with LPR = 50:1 after thermal relaxation of the AzoPC to trans
conformation extracted from H—C dipolar spectra (Figs. 3.14 and 3.15).

Palmitoyl acyl chain Oleoyl acyl chain
Carbon Dipolar ScH= Carbon Dipolar ScH=
position | splitting v (Hz) v/22700 position | splitting v (Hz) v/22700

5 1700 (M 0.075 o 1700 (M 0.075
5600 () 0.247 5600 (1) 0.247
3 5020 @ 0.221 3 5020 @ 0.221
4 4 5850 () 0.258
: 5400 ©) 0.238
S 5 5270 © 0.232
6 6 4940 © 0.218
3670 ™ 0.162
7 5850 () 0.258 7' 3330 ® 0.147
5400 4 0.238 ,
8 5270 ©) 0232 8 2980 0.131
4940 ©) 0.218 .
9 3570 ) 0 162 9 2170 0.096
10 3330 ® 0.147 10’ 1570 0.069
11 11" 1810 0.080
12 12' 5850 () 0.258
, 5400 ) 0.238
13 13 5270 © 0.232
. 4940 ©) 0.218
)
14 2080 0.092 14 3670 0162
15 1920 (10) 0.085 15' 3330 ® 0.147
16 1520 (1) 0.067 16' 2080 © 0.092
17" 1920 (10) 0.085
18' 1520 (1) 0.067

Value extracted from the spectrum averaged over carbons 2A, 2B, 2'A, 2'B.
Value extracted from the spectrum averaged over carbons 3, 3'.

(1)
(2)
(3) Value extracted from spectrum averaged over the component (i) from the deconvoluted 3C INEPT spectrum.
(4) Value extracted from spectrum averaged over the component (ii) from the deconvoluted 3C INEPT spectrum.
(5) Value extracted from spectrum averaged over the component (iii) from the deconvoluted '3C INEPT spectrum.
(6) Value extracted from spectrum averaged over the component (vi) from the deconvoluted '3C INEPT spectrum.
(7) Value extracted from spectrum averaged over the component (iv) from the deconvoluted '3C INEPT spectrum.
(8) Value extracted from spectrum averaged over the component (v) from the deconvoluted 3C INEPT spectrum.
(9) Value extracted from the spectrum averaged over carbons 14, 16'".
(10) Value extracted from the spectrum averaged over carbons 15, 17'.
(11) Value extracted from the spectrum averaged over carbons 16, 18'".
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Table A6: Order parameters of the C—H bonds (Sc-H) along the acyl chains within the bulk lipids
in the proteo-photoliposomes with LPR = 100:1 after UV illumination extracted from H—C dipolar

spectra (Figs. 3.14 and 3.15).

Palmitoyl acyl chain Oleoyl acyl chain
Carbon Dipolar ScH= Carbon Dipolar ScH=
position | splitting v (Hz) v/22700 position | splitting v (Hz) v/22700

2 1320 (1 0.058 o 1320 M 0.058
5050 M 0.222 5050 M 0.222
3 4880 @ 0.215 3 4890 @ 0.215
4 4
5005 ©) 0.220
5 5' 4660 @ 0.205
4300 ©® 0.189
6 6' 2265 ©) 0.100
2045 ) 0.090
7 7
5005 @ 0.220
8 4660 ¥ 0.205 8' 3070 0.135
4300 ® 0.189
9 2265 ©) 0.100 9 2400 0.106
2045 ™) 0.090
10 10' 1120 0.049
11 11 1660 0.073
12 12'
5005 @ 0.220
13 13' 4660 ) 0.205
4300 ©® 0.189
14 2000 @ 0.088 14 2265 ©® 0.100
2045 () 0.090
15 1690 ©) 0.074 15'
16 1450 (10) 0.064 16' 2000 @ 0.088
17 1690 ©) 0.074
18' 1450 (10) 0.064

Value extracted from the spectrum averaged over carbons 2A, 2B, 2'A, 2'B.

Value extracted from the spectrum averaged over carbons 3, 3'.

Value extracted from spectrum averaged over the component (i) from the deconvoluted '3C INEPT spectrum.
Value extracted from spectrum averaged over the component (vi) from the deconvoluted '*C INEPT spectrum.
Value extracted from spectrum averaged over the component (iii) from the deconvoluted '3C INEPT spectrum.
Value extracted from spectrum averaged over the component (iv) from the deconvoluted '3C INEPT spectrum.
Value extracted from spectrum averaged over the component (v) from the deconvoluted 3C INEPT spectrum.

Value extracted from the spectrum averaged over carbons 14, 16'.
Value extracted from the spectrum averaged over carbons 15, 17"
Value extracted from the spectrum averaged over carbons 16, 18"
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Table A7: Order parameters of the C—H bonds (Sc-H) along the acyl chains within the bulk lipids
in the proteo-photoliposomes with LPR = 100:1 after thermal relaxation of the AzoPC to trans
conformation extracted from H—C dipolar spectra (Figs. 3.14 and 3.15).

Palmitoyl acyl chain Oleoyl acyl chain
Carbon Dipolar ScH= Carbon Dipolar ScH=
position | splitting v (Hz) v/22700 position | splitting v (Hz) v/22700

° 1530 (1 0.067 o 1530 (M 0.067
5520 (1 0.243 5520 M 0.243
3 4970 @ 0.219 3 4970 @ 0.219
4 4' 5570 @) 0.245
, 5140 @ 0.226
5 o 5075 ) 0.224
6 6 5065 ©® 0.223
4365 () 0.192
7 5570 @) 0.245 7' 3705 ® 0.163
5140 ¥ 0.226 ;
8 5075 ©) 0.924 8 3670 0.162
5065 ©® 0.223 '
9 4365 ) 0.192 9 2690 0.119
10 3705 ® 0.163 10" 1285 0.057
11 11 1900 0.084
12 12' 5570 @) 0.245
} 5140 4 0.226
13 13 5075 ©) 0.224
' 5065 © 0.223
©
14 2820 0.124 14 4365 () 0.192
15 1820 (10 0.080 15' 3705 ® 0.163
16 1460 (1) 0.064 16’ 2820 © 0.124
17 1820 (19 0.080
18' 1460 (11 0.064

Value extracted from the spectrum averaged over carbons 2A, 2B, 2'A, 2'B.
Value extracted from the spectrum averaged over carbons 3, 3'.

(1)
(2)
(3) Value extracted from spectrum averaged over the component (i) from the deconvoluted '3C INEPT spectrum.
(4) Value extracted from spectrum averaged over the component (ii) from the deconvoluted 3C INEPT spectrum.
(5) Value extracted from spectrum averaged over the component (iii) from the deconvoluted '3C INEPT spectrum.
(6) Value extracted from spectrum averaged over the component (vi) from the deconvoluted '3C INEPT spectrum.
(7) Value extracted from spectrum averaged over the component (iv) from the deconvoluted '3C INEPT spectrum.
(8) Value extracted from spectrum averaged over the component (v) from the deconvoluted 3C INEPT spectrum.
(9) Value extracted from the spectrum averaged over carbons 14, 16"
(10) Value extracted from the spectrum averaged over carbons 15, 17'.
(11) Value extracted from the spectrum averaged over carbons 16, 18'".
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Appendix 2

A2.1. Maintaining and validating transmembrane pH gradients

in liposomes under by MAS-NMR conditions
A2.1.1. Introduction

Creating and maintaining transmembrane electrochemical proton gradients (ApH) is
important in living organisms in the context of a variety of cellular activities such as energy
transduction and regulation of metabolism. Secondary transporters couple active
transport of one substrate to the electrochemical potential, which is created be transport
of another substate. Very often, this potential is caused by a transmembrane proton
gradient (194-195). Thus, the ApH in-and-out the cell membranes is the driving force for
the transporter to expel another solute against its concentration outside the cell. For
structural and mechanistic studies, it would be therefore desirable to perform experiments
on those transporters under conditions of a transmembrane pH gradient. However, such
experiments are challenging for many methods, because they have to be performed on
liposomes rather than micelles, bicelles or nanodiscs. Solid-state NMR could overcome
that problem, but it has to be shown that a pH gradient can be created and maintained

directly under MAS NMR conditions, which has not been shown so far.

Here, it is demonstrated that in POPC:POPG (3:1 molar ratio) liposomes, a ApH gradient
can be kept stable for the duration of a MAS NMR experiment. The state of the created
ApH was precisely controlled in time-resolved manner by D-Glucose-6-phosphate (G6P)
on either side of the liposomes. Furthermore, it was also shown that ApH could also be
created by bacteriorhodopsin (bR, purple membrane) patches fused on the surface of the
liposomes. In this way, it is possible to pump protons from one side to another generating

ApH in the liposomes under light illumination of the samples.

A2.1.2. Results

The liposomes were made by suspending the POPC:POPG mixture (3:1 molar ratio) in
G6P buffer (HEPES 50 mM, G6P 25 mM). The pH in the G6P buffer varies from 6.0 to
8.0 for different samples. After centrifugation of the suspension at 50 krpm for 15 min, and
because of the high molarity of G6P and thus, increased density of the buffer, the

liposome pellet was carefully taken from the top of the buffer solution and resuspended
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in a fresh G6P buffer of different pH. A second round of centrifugation is caried out on the
suspension. The final pellet was subsequently packed into a 4 mm MAS rotor. The 3'P

NMR measurements were consecutively acquired at 290 K under 10 kHz MAS.

Initially, the G6P pH sensor was calibrated using liposomes with the same pH inside and
outside. The superimposed 3'P MAS-NMR spectra of various samples at different pH units
is shown in Figure A2.2 A. As seen, the well-resolved *'P signals of G6P show a clear pH
gradient in the liposomes. Accordingly, the G6P chemical shifts were plotted versus pH
(Figure A2.1 B). From this calibration curve, the G6P pk, of ~7.5 can be determined. After
collecting the pH calibration results of the sensor, the stability of the liposomes was tested
under different static ApH and MAS-NMR conditions. The results are illustrated in Figure
A2.3 to A2.5. During a short measurement period of 1.5 hour, the liposomes were capable
of maintaining a stable ApH without any signs of changes in the G6P chemical shifts in
the corresponding *'P spectra in Figure A2.3 and A2.4. Even during 22 h under MAS
NMR, the created ApH was still stable with only a slight alteration in the spectral line-

shapes (Figure A2.5).

The liposome system was also tested under dynamic, light-induced generation of ApH in
the MAS rotor. For this, bR (purple membrane) was fused and aligned on the surface of
the liposomes with LPR=250 mole/mole at pH=6.0. For that, the mixture of POPE:POPG
(3:1 molar ratio) suspension and bR solution was freeze-thawed three times in liquid
nitrogen and water bath of 310 K, respectively. By this method, the bR patches fused on
the liposome surfaces are homogeneously aligned towards a unitary direction. For light
illumination of the samples directly in the MAS spectrometer, a Mightex Super High-Power
LED Collimator Source (560 nm) was coupled via a light guide directly into the MAS stator
in the MAS probe head. Under continues illumination of the bR-fused proteo-liposomes
over a period of 102 min., it was observed in the 3'P spectra of the sample that the singular
G6P chemical shift signal at pH=6.0 broadens (Figure A2.6). According to the G6P pH
calibration plot (Figure A2.2 A), it can be estimated that the fused bR cased a ApH of ~7.0
and < 6.0 for the outer and inner membrane, respectively. The results are a demonstration

that protons were pumped by bR from the outside of the liposome inside.

150



A POPC @ POPG @

\N+/ HO,
N—
) o
g o
0=R-g 0=R-g’ D-Glucose 6-phosphate @
o] (o]
&) e} OH 0 /2

P
o o0 /=0 OH | ©
+ + i L
o) o)

OH

=}

OH

Fig. A2.1: The composition of liposomes used for demonstrating ApH stability. (A)
POPC:POPG with 3:1 molar ratio were used for making the liposomes. D-Glucose-6-phosphate
(G6P) was the pH sensor in either side of the bilayers in-and-out the liposomes. The whole system

is schematically illustrated in (B).
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Fig. A2.2: The pH calibration of G6P within the liposomes under constant pH conditions. (A)
The superimposed 3'P MAS-NMR spectra of the [POPC:POPG](3:1)+G6P in different pH at 290 K
at 10 kHz MAS. For each measurement, the POPC:POPG liposomes were prepared in G6P
buffers with different pH (B) The pH calibration of the sensor (G6P) is carried out by plotting the
corresponding 3'P chemical shifts of G6P versus pH. The G6P pka of ~7.5 is then determined from

the curve.
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Fig. A2.3: The stability of the created static ApH (in/out pH=6.0/8.0) was tested under MAS-
NMR conditions over a period of 1.5h. Here, the liposomes were made by suspending the
POPC:POPG mixture in G6P buffer of pH=6.0. After centrifugation, the liposomes pellet was
carefully taken from the top of the buffer solution and resuspended in a fresh G6P buffer of pH=8.0.
After a second round of centrifugation, the final pellet was subsequently packed into a 4 mm MAS
rotor. The 3'P NMR measurements were consecutively acquired at 290 K under 10 kHz MAS. The
dashed lines are fixed on G6P initial chemical shifts (the top spectrum) under different pH

conditions inside and outside of the liposomes.

153



POPC

G6P  G6P
pH=8.0 pH=6.0

(in) (out) POPG

1.5h
10 kHz MAS

™1

LI S S S e B S e

30 25 20 15 10 05 00 -05 -1.0

3P Chemical Shift (ppm)

Fig. A2.4: The stability of the created static ApH (in/out pH=8.0/6.0) was tested under MAS-
NMR conditions over a period of 1.5h. Here, the liposomes were made by suspending the
POPC:POPG mixture in G6P buffer of pH=8.0. After centrifugation, the liposomes pellet was
carefully taken from the top of the buffer solution and resuspended in a fresh G6P buffer of pH=6.0.
After a second round of centrifugation, the final pellet was subsequently packed into a 4 mm MAS
rotor. The 3'P NMR measurements were consecutively acquired at 290 K under 10 kHz MAS. The
dashed lines are fixed on G6P initial chemical shifts (the top spectrum) under different pH

conditions inside and outside of the liposomes.

154



G6P G6P POPC
pH=8.0 pH=6.0
(out) (in)

22 h
10 kHz MAS

30 25 20 15 10 05 00 -05 -1.0
$IP Chemical Shift (ppm)

Fig. A2.5: The stability of the created static ApH (in/out pH=6.0/8.0) was tested under MAS-
NMR conditions over a period of 22 h. Here, the liposomes were made by suspending the

POPC:POPG mixture in G6P buffer of pH=6.0. After centrifugation, the liposomes pellet was
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carefully taken from the top of the buffer solution and resuspended in a fresh G6P buffer of pH=8.0.
After a second round of centrifugation, the final pellet was subsequently packed into a 4 mm MAS
rotor. The 3'P NMR measurements were acquired in a time-resolved manner for 22 h at 290 K
under 10 kHz MAS. The dashed lines are fixed on G6P initial chemical shifts (the top spectrum)

under different pH conditions inside and outside of the liposomes.
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Fig. A2.6: The ApH was generated by light illumination of the bR-fused proteo-liposomes
directly in the MAS rotor. Here, the liposomes were made by suspending the POPC:POPG
mixture in G6P buffer of pH=6.0. Bacteriorhodopsin (bR) in form of purple membrane patches was
added to the liposome suspension with molar LPR=250. The suspension mixture was freeze-
thawed three times in liquid nitrogen and 310 K water bath, respectively, in order to fuse and orient
the purple membrane patches in an inward direction on the liposome surfaces. The suspension
was then centrifuged for one hour at 50 krpm, and the resulting pellet was packed into a Sapphire
transparent MAS rotor. The time-resolved 3'P NMR spectra of the bR proteo-liposomes+G6P were
acquired in dark (A and B), and over continues light illumination of the sample for 102 min. directly
within the NMR spectrometer (C). Accordingly, the bR-generated ApH is estimated to be around

pH=7.0 for outer liposomes and pH < 6.0 for inner liposomes.
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List of Abbreviations

2D
3D
ADP
AS

ATP
AzoPC

CL
CP
CSA
CW
DAG
DBG
DC
DD
DDM
DGK
DgkA
DMG
DMPC
POPC
DP
DPhPC
DPC
E. coli
EDTA
FA
FID
FMM

FSLG

two dimensional

three dimensional
adenosine diphosphate
active site

adenosine triphosphate

1-stearoyl-2-[(E)-4-(4-((4-butylphenyl)diazenyl)phenyl)butanoyl]-sn-
glycero-3-phosphocholine

cardiolipin

cross-polarization

chemical shift anisotropies
continuous wave

diacylglycerol

dibutylglycerol

proton decoupling pulse scheme
dipole-dipole interaction
n-dodecyl-B-D-maltoside

diacylglycerol kinase from Escherichia coli

diacylglycerol kinase from Escherichia coli whose sequence is
encoded by dgkA gene

dimethylglycerol
1,2-dimyristoyl-sn-glycero-3-phosphocholine
1,2-dioleoyl-sn-glycero-3-phosphocholine
direct polarization
1,2-diphytanoyl-sn-glycero-3-phosphocholine
dodecylphosphocholine

Escherichia coli

ethylenediaminetetraacetic acid

fatty acid

free induction decay

fluid mosaic model

frequency-switched Lee-Goldburg homonuclear decoupling pulse
scheme
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FT Fourier transformation

GUL giant unilamellar liposome

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
IPTG isopropyl B-D-1-thiogalactopyranoside
INEPT insensitive nuclei enhanced by polarization transfer
La liquid crystalline phase

L gel phase

Lg undulated gel phase

LB line broadening

Ld liquid disordered phase

LDH lactate dehydrogenase

LDS lithium dodecyl sulfate

LG Lee-Goldburg homonuclear decoupling pulse scheme
Lo liquid ordered phase

LPC lipidic cubic phase

LPE lyso-phosphatidylethanolamines

LPR molar lipid-to-protein ratio

MAG monoacylglycerol

MAS magic angle spinning

MD molecular dynamics

MH membrane helix

NAD nicotinamide adenine dinucleotide
Ni-NTA nickel-nitrilotriacetic acid

NOESY nuclear Overhauser effect spectroscopy
NUS non-uniformly sampling

OoP optical density

OG n-Octyl B-D-glucopyranoside

PA phosphatidic acid

PAS principal axis system

PC phosphatidylcholines

PDLF proton-detected local field

PE phosphatidylethanolamines
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PEP

PG

PI
POPC
POPE
POPG
ppm

PS

RF
R-PDLF
SDS
SDS-PAGE
SH

SLF

SM

S/N
ssNMR
T4

Tc

Tm
vdW

Phosphoenolpyruvate

phosphatidylglycerols

phosphatidylinositols
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
part per million

phosphatidylserines

radio frequency pulse

rotor-synchronized proton-detected local field

sodium dodecyl sulfate

SDS polyacrylamid gel electrophoresis

surface helix

separated local field

sphingomyelin

signal-to-noise

solid-state nuclear magnetic resonance spectroscopy
spin-lattice relation time

correlation time

mixing time

melting point

van der Waals force
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List of Figures

Fig. 1.1: The E. coli cell membrane. (A) An electron microscope image of an E. coli cell on which
the thickness of cell membrane composed of both “inner” and “outer” lipid bilayers is marked by
the arrows. The bar length is 500 nm. The image is taken from ref. (5) under Creative Commons
Attribution-Noncommercial-NoDerivatives 4.0 International license. (B) The inner and outer lipid
bilayers of the E. coli cell membrane is schematically illustrated. The different lipid composition in
either the bilayers as well as various integral membrane proteins within them is demonstrated by

different colors.

Fig. 1.2: A schematic phase diagram plotted for a model lipid membrane depicts the various
structural conformations of the lipids ensemble in correlation to changes in temperature and water

content. The Figure is adapted from ref. (19) with permission from the publisher.

Fig. 1.3: The lateral pressure profile of the lipid bilayer mixture 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG)
(4:1) calculated by molecular dynamic (MD) simulation (25). The sum of the negative attractive
forces mainly resulted by the water-acyl chains interactions (colored in red) is counterbalanced by
that of the positive repulsive pressures spanned between the headgroups and the acyl chains
(colored in blue). The figure is taken from ref. (25) under Creative Commons Attribution License
(CC-BY).

Fig. 1.4: Lipid lateral diffusion within the bilayer leaflets. A simulation of lipid lateral diffusions
along the bilayer leaflets is illustrated. In the simulation, one single lipid presented by the black star
undergoes 600 diffusion steps in three different arbitrary paths colored by blue, green, and orange

continues lines. Each of the junction in the lines represents a single diffusion step along the paths.

Fig. 1.5: Azobenzene absorption spectrum. (A) Schema of azobenzene trans/ cis isomerization
(left), and the corresponding absorption spectra of either the conformers in ethanol (right). The
figure is adopted ref. (39) with permission from the publisher. (B) Molecular structures of various

azobenzene containing lipid substrates, all in frans conformers.

Fig. 1.6: DgkA structure and function within the membrane. (A) A schematic illustration of
DgkA structure according to the X-ray crystallography PDB 4UXX (119) is illustrated within the
membrane. The three monomers colored differently to be clearly distinguishable. Either the three
membrane helices (MH) and the one surface helix is marked by arrows on the front-view monomer.
The DgkA phosphorylation of DAG to PA within the membrane is also illustrated by bold-blue
arrows. (B) The top-view from the cytoplasm side of DgkA structure within the membrane (A) is

presented. The Active sites (AS) of the protein is highlighted by red circles.
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Fig. 1.7: Schematic illustration of the chemical shift anisotropy patterns of powder samples with
different asymmetric parameters (n). The dash line marks the position of the isotropic chemical
shift (8iso)-

Fig. 1.8: (A) Schematic dipolar coupling Pake pattern of an isolated pair of spins in a solid sample.
The dotted lines indicate the individual signals of the spins corresponding to that of a positive

(parallel) and a negative (anti-parallel) 1,S; spins.

Fig 1.9: NMR spectroscopy under MAS. The impact of MAS at different rate on the resolution of
'H and 3P spectra of phosphatidyl ethanolamine (POPE) in L, phase at 300 K. Both 'H and 3'P
spectra are acquired using direct polarization (DP) technique. At very low MAS rates, the crowded

“spinning side-bands” cover the resolution of §;,, chemical shifts.

Fig. 1.10: The DP pulse sequence. The polarization of spin of interest (X) involves a direct 90°
pulse on X channel which is followed by FID acquisition during which the proton channel ('H) is

usually decoupled using one of DC schemes.

Fig. 1.11: The ramped-CP pulse sequence. The polarization is initiated by a 90° pulse on the 'H
channel which is then transferred to X channel over spin-locked period. The FID is finally recorded

on X channel while is decoupled from H.

Fig. 1.12: The concept of the correlation spectroscopy pulse sequence. The pulse sequence
involves two 90° pulses of different phases separated by an interval (t;) during which the
magnetization evolves. The t; duration starts from zero and changes incrementally through the
experiment. The FIDs acquired for each t; and t, set are stored separately into a £ x £ matrix with
£ the number of increments. The matrix is then processed into a 2D signal surface, s(t;, t,) which

is subsequently converted to a 2D spectrum by applying a 2D Fourier transformation on it.

Fig. 1.13: DCP pulse sequence. The pulse sequence designed specifically for the NCA and NCO
experiments of the '3C/'N labeled membrane proteins reconstituted within the lipid bilayers.

Details are brought in the text.

Fig. 1.14: INEPT spectrum components. The antiphase transferred term and the negative, in-
phase non-transferred term of the density operator of the HX system underwent through INEPT

pulse sequence are shown.

Fig. 1.15: Refocused INEPT pulse sequence. (A) The Refocused INEPT pulse sequence is
schematically illustrated. Noted that the t; and 7, are set to integer multiples of the rotor periods,
and are typically proportional to the "H-X J-coupling. (B) The positive, in-phase transferred term
and the antiphase non-transferred term of the density operator of the HX system underwent

through the Refocused INEPT pulse sequence are shown.

Fig. 1.16: (A) The construction of the RNy pulse schemes, a subgroup of the RN symmetry
classes, is schematically illustrated. The figure is taken from the ref. (137) with permission from

the publisher. (B) The R-PDLF pulse program. As noted in the text, after the two R185 pulse
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schemes, the 'H polarization modified selectively through 'H-'3C dipolar couplings is transferred
to the 3C channel by Refocused INEPT which is depicted by a vertical rectangle connecting the

two channels on the figure.

Fig. 1.17: The single-quantum, W, (A), and double- and zero-quantum, W, and W, (B) transition
probabilities of a pair of weakly coupled homonuclear spins. The subscripts + and — indicate to an
increase and decrease, respectively of the spin angular momentum along Z axis. The Figure is
adopted from (140).

Fig. 1.18: The NOESY pulse sequence. The phase cycling resulted by the 90° pulses is illustrated

on the bottom.

Fig. 1.19: The plots (estimations) of a4;,g (solid lines) and a...ss (dash lines) versus the mixing

time duration (z,). The plots are graphed for 7. > 7 (A) and 7. < T (B). The figure is adapted
from (140).

Fig. 2.1: The DgkA gene sequences of the plasmid is matched with that of the wild-type DgkA
Fig. 2.2: The SDS-PAGE of WT-DgkA, as well as two U-13C/'5N DgkA samples solubilized in DDM.

Fig. 2.3: The sucrose density gradient experiment performed on the proteo-photoliposomes
sample: U-13C/'5N DgkA reconstituted within [POPE:POPG(4:1)]:AzoPC (6:1) photoliposomes with
LPR=75:1.

Fig. 2.4: A schematic illustration of the DgkA coupled activity assay.

Fig. 2.5: The absorbance of NADH hydrolysis during the DgkA coupled activity assay is plotted. In

the assay, the initial concentration of ATP and DMG were 3 mM and 100 uM, respectively.

Fig. 3.1: The chemical structures and the acyl chain lengths of POPE and AzoPC in frans and cis
conformations. The bold lines and the narrow lines along the acyl chains schematically represent
the C-C bonds and C-H bonds, respectively. The acyl chain lengths of the lipids are calculated
according to the “all-stretched” configuration of the C—C bonds along the acyl chains; maximum

possible length.

Fig. 3.2: POPE:POPG (4:1) L, phase stability under MAS. 3C INEPT and H-C dipolar coupling
spectra of the middle acyl chains section (carbon positions 4-13, 4'-7°, 12°-15" (Figure 3.3)) of
POPE:POPG (4:1 molar ratio), at 290 K (A) and 295 K (B). At either the temperatures, the second
spectra (A and B, bottoms) are acquired after 17 h from the first ones (A and B, tops). On the 3C
INEPT spectra (left column), the dash lines are fixed according to the first POPE:POPG spectrum
at 290 K (A, top) setting the chemical shift boundaries of the spectrum as a scale for comparison
of the others with it. On the H-C dipolar coupling spectra (right column), the dash lines are fixed
according to the first dipolar coupling spectrum of POPE:POPG mixture at 290 K. The dashed line

(right) illustrates changes in the dipolar splitting.
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Fig. 3.3: H-C dipolar coupling measurement of POPE:POPG (4:1) liposomes. (A) Molecular
structure of the POPE:POPG mixture. (B) 2D illustration of the H-C dipolar coupling spectra of the
carbon positions along the POPE:POPG acyl chains, projected from the corresponding 2D R-PDLF
spectrum of the lipid mixture. The R-PDLF spectrum acquired under 12 kHz MAS at 295 K. (C and
D) The corresponding '3C INEPT and H-C dipolar coupling spectra of the middle acyl chain section
(carbon positions 4-13, 4'-7°, 12'-15") of POPE:POPG. Both spectra are deconvoluted into six
peaks, presented in different colored and assigned by Roman numbers. The H-C dipolar spectrum
averaged over this spectral region (colored in black) are compared to those extracted for each of
these peaks. The average (Sc-n) is obtained by taking the number of contributing CH2 segments

for each sub-spectrum into account, which is obtained from the deconvoluted peak integrals.

Fig. 3.4: The Order parameter profile of POPE:POPG (4:1 molar ratio) plotted for the sample
at 295 K. Sc-1 was determined from the corresponding H-C dipolar couplings of the mixture
(Figure 3.3 D). Order parameters for carbon positions 8" and 11" could be unambiguously
assignment to the oleoyl chain due to their distinct chemical shifts. For all other values, no
distinction can be made between palmitoyl (sn1) and oleoyl (sn2) chains. Since carbon resonances
4-13, 4-7°, 12°-15" in the middle of the acyl chain partially overlap and cannot be assigned, a
‘smoothed’ order parameter profile representation has been chosen for this section, i.e. Sc-n
values are simply plotted in descending order. The number of symbols for each order parameter
in this section corresponds to the number of contributing CH2 segments. Numerical values are
summarized in Table A3. It is worth noting that two dipole splittings for position 2° have been
reported throughout the literature (174-176), but have not been observed here. To the best of my
knowledge, all of these studies were carried out on POPC or DMPC. The previously control
measurements on POPC and POPE alone (Figure A1.4) confirm, that only POPC shows such a
spectral feature, which is probably related to the substantial differences in the size of the lipid

headgroups.

Fig. 3.5: The molecular structures of the photoliposomes constituents. The molecular
structure of the photoliposomes constituents. The photoliposomes contained POPE:POPG at a
molar ratio of 4:1 and AzoPC at a ratio of (POPE:POPG):AzoPC of 6:1. Upon UV-illumination, the

azobenzene photoswitch isomerizes reversibly from frans to cis conformation.

Fig. 3.6: The photoliposomes T,, measurement. '"H MAS-NMR spectra of photoliposomes as a
function of temperature to assess the major phase transition in these lipid mixtures. (A) Selection
of '"H MAS-NMR spectra shown for four different temperatures around the broad phase transition
temperatures. The linewidth of the major CH2 resonance at 1.0 ppm depends on the rate of trans-
gauche isomerization and rapid rotational diffusion (177). In the gel (Lg) phase, strong
homonuclear 'H-'H dipole couplings cause substantially broader lines compared to the liquid-
crystalline (L) phase. (B) Relative intensity of the CH2 resonance as a function of temperature. A
sharp phase transition is observed at 285-289 K. All spectra described in this paper were recorded

above the phase transition at 290 K (dashed line) to ensure that the samples were in L, phase.
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The resonance at ~0.0 ppm corresponds to a silica rubber seal inserted onto the sample in the
MAS rotor.

Fig. 3.7: AzoPC conformation change within photoliposomes (A) 'H and 3C INEPT-MAS-
NMR spectra of the photoliposomes in the initial dark state (trans AzoPC), (B) after UV illumination
(cis AzoPC), and (C) after an extended thermal relaxation period (~65 h, Figure 3.8 C) in the dark
(trans AzoPC). The 'H and '3C peaks of the bulk lipids (POPE:POPG) were assigned according to
those of the similar lipids (145). In case of the azobenzene group, the 'H and 3C assignments
were performed through 2D 'H-'H NOESY MAS-NMR spectra (Figure 3.8 A and B) and by
comparison with analogous molecules (178). The cis-trans isomerization is best observed for the
azobenzene proton resonances (left). The AzoPC carbon signals (labelled with * on the inset) are

mainly covered by those of the bulk lipids (POPE:POPG) resonances.

Fig. 3.8: The AzoPC thermal relaxation within photoliposomes in L, phase under MAS. (A
and B) 2D 'H-"H NOESY MAS-NMR spectra of photoliposomes illustrating the azoswitch region
of the photplipid in dark (A), and after UV illumination (B). The correlations between protons f - e
and b - ¢ are highlighted. (C) The cis-AzoPC population decays with time after illumination to the
thermally stable frans conformation as determined from the ratio of peaks c(1'/2’), e(1’/2’) and
b(1/2), f(1/2). (D) Static 3'P NMR spectra of photoliposomes recorded immediately after UV
illumination and after 65 hours.

Fig. 3.9: The H-C dipolar coupling measurements of the bulk lipids within the
photoliposomes under different illumination states. 2D illustration of the H-C dipolar coupling
spectra of the carbon positions along the bulk lipid acyl chains in photoliposomes, projected from
the corresponding 2D R-PDLF spectrum of the photoliposomes after UV illumination (A) and in
dark (B). The R-PDLF spectra were acquired under 12 kHz MAS at 290 K. Substantial differences
are observed between liposomes with cis-AzoPC (A) and trans-AzoPC (B). Changes are most
pronounced for the H-C dipolar coupling spectrum of the bulk lipid middle acyl chains — region of
32 - 34 ppm on the corresponding 3C INEPT spectra of the photoliposomes (carbon positions
4-13,4°-7',12'-15").

Fig. 3.10: The AzoPC conformation change impact on dynamics of the bulk lipid acyl chains
within the photoliposomes. Time evolution of the '3C INEPT and corresponding H-C dipolar
coupling spectra of the bulk lipid middle acyl chains over a period of 65 h after illumination: (A)
Initial dark state, (B) after UV illumination of the photoliposomes, (C) after 18h from the illumination,
and (D) after 65 h when the AzoPC was thermally relaxed back to the trans conformation. The
conversion of cis- back into trans-AzoPC is monitored by 'H spectra of the azobenzene segment
(left column). The '3C spectra of carbons 4-13, 4°-7°, 12°-15" partially overlap and cannot be
individually assigned. The spectrum has been deconvoluted into 7 peaks (middle). The dipolar
spectra averaged over this spectral region are compared to those extracted for each of these peaks
(right). The average (Sch) is obtained by taking the number of contributing CH2 segments for each

sub-spectrum into account, which is obtained from the deconvoluted peak integrals.
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Fig. 3.11: The order parameter profile of the bulk lipids acyl chains within the
photoliposomes under different illumination states. Order parameter (Sc-n) profile of the bulk
lipids (POPE:POPG) acyl chains in cis- and trans-AzoPC-containing photoliposomes at 290 K.
Sc-+ was determined from the corresponding H-C dipolar couplings of the photoliposomes (Figure
3.10 B and D, right). Order parameters for carbon positions 8 -11" could be unambiguously
assignment to the oleoyl chain due to their distinct chemical shifts. For all other values, no
distinction can be made between palmitoyl (sn1) and oleoyl (sn2) chains. Since carbon resonances
4-13, 4°-7°, 12°-15" in the middle of the acyl chain partially overlap and cannot be assigned, a
‘smoothed’ order parameter profile representation has been chosen for this section, i.e. Sc-n
values are simply plotted in descending order. The number of symbols for each order parameter
in this section corresponds to the number of contributing CH2 segments. Numerical values are

summarized in Tables A1.1 and A1.2.

Fig. 3.12: The AzoPC topology in either cis and trans conformers. lllustration of the azoswitch
topology and its photoisomerization within the lipid bilayers. (A) The lateral variation of the
azobenzene distance from an imaginary stearoyl acyl chain. As illustrated on an “all-fully-stretched”
chain, the azobenzene configuration is angled by ~35°, causing its subsequent trans and cis
conformations to be in comparable lateral distances (5 — 6 A) from the imaginary stearoyl chain.
(B) The bulk lipid segments along the bulk lipid acyl chains which are in close contact with the
azobenzene in either trans and cis conformations is illustrated. Because of the azobenzene tilted
configuration, and due to the fast axial rotation of lipids in L, phase, one can imagine it in both the
trans and cis conformations, as two truncated cones of different heights. In trans conformation, the
azobenzene containing chain covers the whole contact area with the middle section of the bulk
lipid acyl chains. By changing to cis conformation, the azobenzene truncated cone shape is in
contact with only the upper segment of the bulk lipid middle acyl chains, while the lower segment

is left within thermodynamically unfavorable void space.

Fig. 3.13: The AzoPC trans-to-cis isomerization within the proteo-photoliposomes pursued
by 'H MAS-NMR spectroscopy. 'H spectra of the proteo-photoliposomes (LPR 50:1)
demonstrating efficient photoconversion of AzoPC. (A) 'H spectrum in the initial dark state of the
AzoPC, (B) after UV illumination, and (C) after 65h when the AzoPC was thermally relaxed back

to the trans state.

Fig. 3.14: The H-C dipolar coupling measurements of the bulk lipids within the proteo-
photoliposomes under different illumination states. 2D R-PDLF spectra of the proteo-
photoliposomes with LPR = 100:1 (A), and 50:1 (B) acquired after UV illumination of the samples

(left) and after thermal relaxation of the AzoPC to the trans conformation (right).

Fig. 3.15: The AzoPC conformation change impact on dynamics of the bulk lipid acyl chains
within the proteo-photoliposomes. Deconvolution of '3C spectra of the crowded bulk lipid middle
acyl chain region between 32 and 34 ppm (4-13, 4'-7°, 12'-15"), and the corresponding H-C
dipolar spectra of the proteo-photoliposomes with LPR = 100:1 (A), and 50:1 (B). The 3C and the
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H-C dipolar coupling spectra are acquired in the dark (top), after UV illumination of the samples
(middle), and after the AzoPC thermal relaxation to trans conformation in 65 h (bottom). Noted that
peak (iv) on the '3C spectra include two resonances, but the corresponding dipolar coupling
spectra extracted at these frequencies were always identical. They were therefore treated as one
signal. Peak (ii) becomes very small upon illumination, so that no individual dipole spectrum could
be allocated at this frequency. Upon illumination, some of the dipolar sub-spectra become
significantly narrower. (Sch) is the averaged order parameter calculated from the individual dipole

splittings weighted by the corresponding '3C peak integrals.

Fig. 3.16: The order parameter profiles of the bulk lipids acyl chains within the proteo-
photoliposomes under different illumination states. Order parameter (Sc-u) profile of
POPE:POPG acyl chains in cis- and trans-AzoPC-containing photoliposomes with DgkA. (A) Sc-+
was determined from H-C dipolar coupling spectra (Figure 3.15) and is plotted as in Figures 3.7
and 3.14. A ‘smoothed’ order parameter profile representation has been chosen for the middle
chain section with carbons 4-13,4°-7",12'-15". (B) As in (A) but for the sample with LPR = 50:1.

Numerical values are summarized in Tables A1.4, A1.5, A1.6, and A1.7.

Fig. 3.17: The simulation of lipid lateral diffusions along the bilayer leaflets in
absence/presence of DgkA. (A) The top view from two square-shaped imaginary lipid planes with
equal x and y dimensions. An abundant number of lipids (201) are symmetrically spread throughout
the lipid planes. The planes are coded in a way that lipids can diffuse along continuedly — if they
reach the plane boundaries, they continue from the opposite side. There are considered four
proteins (black circles) to be embedded within one of the planes (right column). The proteins
combined take over ~16% surface area of the corresponding lipid plane. This projection is the case
for POPE:DgkA proteo-liposomes with LPR = 50:1, according to the cross-section area of DgkA
estimated from the crystal structure 4UXX (119) and of POPE in L, phase (186). The equal x,y
dimensions are accordingly set identical for both cases. The figures illustrate the initial positions of
lipid in either the planes. (B) The same planes as described in (A), but after 250 lateral diffusion
steps of lipids within them. The histories of the entire 250 diffusion steps of the lipids are kept
projected on the planes. (C) and (D) Exemplary illustrations of how a single lipid can arbitrarily
diffuse in either the planes: (top left) the initial position of the lipid in center of the planes, and (the

rest three) after one thousand lateral diffusion steps.

Fig. 3.18: The histograms of the lipid diffusions steps along x-direction within the planes in
absence/presence of DgkA membrane proteins. (A) The histogram of the lipid diffusions in the
protein-free plane where the lipids underwent 1000 diffusion steps through 50 separated runs is
illustrated for the x-direction along the plane. The total steps per run were averaged over the 50
simulation runs. (B) Similar as (A), but for the protein embedded lipid plane. The protein cross-
section area are estimated from the DgkA crystal structure 4UXX (119). (C) Similar as (B), but the
lipid diffusion steps were downgraded to 620 per run. Since the simulations were run for some high
number of lipids and lipid diffusion steps, the corresponding histograms of y-direction are identical

as those of the x-direction.
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Fig. 3.19: The AzoPC-lipid interactions traced by 2D 'H NOESY MAS-NMR spectroscopy.
(A) The “azobenzene-bulk lipid acyl chain” subsection of the 2D 'H NOESY spectra of the
photoliposomes after UV illumination (left) and after the AzoPC thermal relaxation in dark (right).
(B) As A, but for the proteo-photoliposomes with LPR = 100:1. A mixing time of 50 ms was used

to record the measurements.

Fig. 3.20: The 1D 'H spectra projected from the azobenzene — bulk lipid acyl chain cross-
peaks subsection on the 2D 'H NOESY MAS-NMR spectra of the photoliposomes (dashed
lines) and proteo-photoliposomes (solid lines). The spectra show the correlation between bulk
lipid acyl chain protons and protons in the azobenzene photoswitch in cis-AzoPC recorded after
UV-illumination, and in frans-AzoPC recorded in the dark. The differences in the cross-peak
intensities between the cis- and trans-AzoPC conformers reflect changes in the orientation of the
azobenzene photo-switch in the lipid bilayers upon illumination. A 50 ms mixing time was used in

these measurements.

Fig. 3.21: The cross sections of AzoPC-lipids NOE interactions are schematically illustrated
for either the photoliposomes and proteo-photoliposomes. (A) The cross sections show
exemplary NOEs between lipid protons 8°, 11" and 3, 3" with azobenzene protons in
photoliposomes after UV illumination (left, blue) and after AzoPC thermal relaxation in dark (right,
green). (B) As in (A) but for the proteo-photoliposomes. The differences in the cross-peak
intensities between the cis- and trans-AzoPC states (Figure 3.20) reflect changes in the orientation
of the azoswitch in the lipid bilayer upon illumination. In the presence of DgkA, cross-peak
intensities are stronger. For the sake of simplicity, only POPE is drawn as the bulk lipid component

since the POPE and POPG have exactly the same acyl chains. A mixing times of 50 ms was used.

Fig. 3.22: The “azoswitch-bulk lipid acyl chains” NOE relaxations buildup curves. The
curves are plotted according to the corresponding cross- and diagonal-peak intensities from the
2D 'H NOESY experiments acquired in a range of short-to-long mixing times for both the
photoliposomes and proteo-photoliposomes in dark (trans-AzoPC). To be able to quantitatively
compare the cross-peak intensities between the two samples, the corresponding diagonal-peak
intensities of the two samples are normalized according to the method explained in Figure A1.6.
The graphs are presented for all the carbon positions along the bulk lipid acyl chains and on the
azobenzene switch of the frans-AzoPC in both the photoliposomes (red symbols) and proteo-
photoliposomes (blue symbols): (A) 2,2°, (B) 3,3, (C) 4-15,4-7", 12’-17", (D) 8°, 117, and (E)
16, 18". The diagonal-peak intensities are presented by black symbols. To realize the difference
between the cross-peak intensities between the two samples, their corresponding curves are

zoomed-in in the graphs illustrated in the right column.

Fig. 3.23: The “azoswitch-bulk lipid acyl chains” NOE relaxations buildup curves. The
curves are plotted according to the corresponding diagonal-peak intensities from the 2D '"H NOESY
experiments acquired in a range of short-to-long mixing times for both the photoliposomes and

proteo-photoliposomes in dark (frans-AzoPC). The diagonal-peak intensities of the two samples
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are normalizes according to the method exemplarily explained in Figure A1.6. The graphs are
presented for all the carbon positions along the bulk lipid acyl chains and on the azobenzene switch
of the trans-AzoPC: 2,2" (black squares), 3,3 (red circles), 4-15, 4’7", 12°-17" (blue triangles),

8, 11" (green triangles), and 16, 18" (brown diamonds).

Fig. 3.24: The azoswitch intramolecular NOE relaxations buildup curves. The build-up curves
are plotted according to the corresponding cross- and diagonal-peak intensities from the 2D 'H
NOESY experiments acquired in a range of short-to-long mixing times for both the photoliposomes
and proteo-photoliposomes in dark (trans-AzoPC). To be able to quantitatively compare the cross-
peak intensities between the two samples, the corresponding diagonal-peak intensities of the two
samples are normalizes according to the method exemplarily explained in Figure A1.6. The graphs
are presented for all the carbon positions on the azobenzene switch in trans conformation in both
the photoliposomes (red symbols) and proteo-photoliposomes (blue symbols): (A) c(1),e(1), (B)
b(1/2),f(1/2), and (C) c(2),e(2). The diagonal-peak intensities are also presented separately in (D).
To realize the difference between the cross-peak intensities between the two samples, their

corresponding curves are zoomed-in in the graphs illustrated in the right column.

Fig. 4.1: The NCA MAS-NMR spectra of DgkA proteo-photoliposomes under different UV
light illumination conditions. The 2D NCA correlation spectra of U-'3C/'>N-DgkA in proteo-
photoliposomes with LPR = 50:1 (A) and 100:1 (B), after UV illumination (blue) and after thermal
relaxation of AzoPC from cis back to trans (green) acquired at 12 kHz MAS at 290 K. The chemical

shift assignment has been transferred from a previous study (118).

Fig. 4.2: The DgkA residue signal intensity changes under different UV light illumination
conditions. An exemplary illustration of how cross-peak signal intensities of different residues
projected from the corresponding DgkA NCA spectrum after UV illumination of the sample (colored
in blue) differ from those of projected from the NCA spectrum of the same sample in dark (colored
in green). Here the cross-peak intensities of two adjacent residues, 29Ala and 30Ala are presented.
The black lines drawn on the cross-peaks represent the area from which the corresponding direct

("3C) and indirect ('®N) 1D spectra are projected.

Fig. 4.3: The mean-normalized '3C/'®N cross-peak intensity changes of various residues
calculated from those of the NCA measurements acquired after UV illumination of the proteo-
photoliposomes and after full thermal relaxation of AzoPC within them. Accordingly, the cross-peak
intensity changes are categorized into four levels: very high (> 0.5, red spheres), high (0.4 <> 0.5,
dark orange spheres), moderate (0.3 <> 0.4, light orange spheres), below moderate (0.1 <> 0.3,

yellow spheres). The vertical green lines separate the residues in either the helices and loops.

Fig. 4.4: DgkA Residues with absolute increased mobility highlighted on the 3D structure of the
DgkA trimer (PDB: 4UXX (119)). To make a comparative illustration of the membrane fluidity
alteration on the DgkA mobility, here, | only consider the data obtained from two of the NCA
measurements recorded right after UV illumination of the sample and after full thermal relaxation
AzoPC within it. (A) Residues with more than 50% reduction in their finite NCA cross-peak intensity
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upon AzoPC trans-cis isomerization, (B) 40-50%, (C) 30-40%, and (D) 10-30%. (E) The finite
cross-peak intensity changes of the whole assigned residues are illustrated on an expanded
simplified DgkA structure using the same color code as those of (A) to (D). The cytoplasm and
periplasm boundaries of the cell membranes are schematically illustrated by the black lines. The
gray circles indicate the unassigned residues. The hollow orange circles points to the residues

whose cross-peak intensity changes are extracted for only one nucleus — either '3C or '5N.

Fig. 4.5: The AzoPC cis-to-trans thermal relaxation. The plot is reproduced from Figure 3.8 C.
The time windows during which the R-PDLF and NCA measurements were sequentially recorded

are illustrated by gray and brown rectangles, respectively.

Fig. 4.6: The time-resolved order parameters of the bulk lipid middle acyl chain section, as
well as that of '3C/'*N cross-peak signal intensities of DgkA NCA measuremets plotted over
the AzoPC cis-to-trans thermal relaxation within the proteo-photoliposomes. (A) The time
resolved segmental order parameters of the deconvoluted sections on the bulk lipid middle acyl
chain dipole spectra (Figure A1.8 A-F, right columns) are plotted. The dipole spectra are
deconvoluted by using the same method explained in Chapter 3. The order parameters plots are
in according to the time the corresponding R-PDLF measurements was accomplished. (B) The
time-resolved mean weighted order parameters of the bulk lipid middle acyl chain section are
plotted. The mean order parameters are weighted by the peak areas on the corresponding *C
INEPT spectra of the section (Figure A1.8 A-F, left columns). The order parameters plots are in
accordance to the time the corresponding R-PDLF measurements was accomplished. (C) An
exemplary illustration of two DgkA residues whose time-resolved '3C/'SN cross-peak signal
intensity plots are representative of minor, steady dynamics. The whole list of plots categorized in
this section are illustrated in Figure A1.9a and highlighted on DgkA 3D structure (E). (D) An
exemplary illustration of two DgkA residues whose time-resolved '3C/'SN cross-peak signal
intensity plots are representative of major, non-steady dynamics. The whole list of plots

categorized in this section are illustrated in Figure A1.9b-d and highlighted on DgkA 3D structure
(F).

Fig. 4.7: (A) DgkA functionality within the membrane is schematically illustrated. (B) The molecular
structure of a water-soluble DAG analogous, 2-(Acetyloxy)-1-(hydroxymethyl)ethyl acetate which

is entitled as dimethylglycerol (DMG) in the text is presented.

Fig. 4.8: The enzymatic activity of DgkA was tracked by 3'P MAS-NMR. The DMG
phosphorylation performed by DgkA within the proteo-photoliposome membranes is monitored by
real-time 3'P MAS NMR spectroscopy. As of the measurements, the 3'P signals corresponding to
those of the starting materials (a-f-y-ATP plus the lipid phosphates in the proteo-photoliposomes)
and those of the products (a-B-ADP, phosphatidic acid (PA), and free-P) are probed in a time-
resolved manner. The measurements were repeated three times on different batches from one
single sample, though under different AzoPC cis-to-frans thermal relaxation ratios: right after UV

illumination of the sample, after 36 h in dark when the cis-to-trans ratio was roughly 50%, and after
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full thermal relaxation of AzoPC within the proteo-photoliposomes. The time-resolved 3'P spectra

shown in this figure are for the sample measured after AzoPC thermal relaxation in dark.

Fig. 4.9: The DgkA enzymatic functionality monitored by real-time 3P MAS NMR
spectroscopy is plotted. The measurements were acquired under three different illumination
conditions: (A) right after UV illumination of the sample, (B) after 36 h in dark when the cis-to-frans
ratio was roughly 50%, and (C) after full thermal relaxation of AzoPC within the proteo-
photoliposomes. The AzoPC cis-to-trans conformation ratios were probed from the azobenzene
switch section of its corresponding "H MAS NMR spectra (presented in the right columns) recorded
right before either the real-time 3'P MAS NMR measurements. The graphs include those of the
real-time ATP consumption (a-B-y-ATP, in black square, circle, and diamond, respectively) and
ADP production (a-B-ADP, in red square and circle, respectively) plus those of the DMG
phosphorylation (PA in blue triangle) and the free phosphate creation (free-P, in blue inverted

triangles). The graphs are normalized per that of 1 mg DgkA in the samples.

Fig. A1.1: DMPC L, phase stability under MAS at different temperatures. '3C INEPT (right
column) and H-C dipolar coupling spectra (left column) of DMPC middle acyl chains section —
carbon positions 4-11 (Figure A1.2). The measurements were carried out at 12 kHz MAS at 300
K (A and B) and 310 K (C and D). At either the temperatures, the second spectra (B and D) are
acquired after 22 h from the first ones (A and C). On the '3C INEPT spectra (left column), the dash
lines are fixed according to the first DMPC spectrum at 300 K (A) setting the chemical shift
boundaries of the spectrum as a scale for comparison of the others with it. On the H-C dipolar
coupling spectra (right column), the dash lines are fixed according to the first dipolar coupling
spectrum of DMPC at 300 K (A) setting the dipolar splitting boundaries of the spectrum as a scale

for comparison of the others with it.

Fig. A1.2: DMPC and AzoPC chain lengths. The chemical structures and the acyl chain lengths
of DMPC and AzoPC in tfrans conformation. The bold lines and the narrow lines along the acyl
chains schematically represent the C-C bonds and C-H bonds, respectively. The acyl chain
lengths of the lipids are calculated according to the “all-stretched” configuration of the C—C bonds

along the acyl chains; maximum possible length.

Fig. A1.3: Stability of POPE:AzoPC photoliposomes in L, phase over AzoPC cis-to-trans
thermal relaxation under MAS. 'H, 8C INEPT, and H-C dipolar coupling spectra of
POPE:AzoPC (6:1 molar ratio) mixture acquired under 12 kHz MAS at 300 K. The spectra were
recorded at (A) dark, (B) after UV illumination of the mixture, (C) after 11 h from illumination, and
(D) after 17 h from illumination when the AzoPC was thermally relaxed back to the frans
conformation. The first column tracks the chemical shift changes of the azobenzene section of the
AzoPC at different conformation states, according to its corresponding 'H spectra (Figure 3.1). The
peak assignments are accomplished according to the 2D '"H MAS-NOESY spectroscopy of the
photoliposomes (Figure 3.8 A and B). The middle and the right columns represent the 3C INEPT
and H-C dipolar coupling spectra of the bulk lipid (POPE) acyl chains — carbon positions 4-13,
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4'-7°,12"-15" (Figure 3.1), acquired under different AzoPC conformation population ratio. On the
3C INEPT spectra (middle column), the dash lines are fixed according to the POPE spectrum
under dark condition (A), setting the chemical shift boundaries of the spectrum as a scale for
comparison of the others with it. On the H-C dipolar coupling spectra (right column), the dash lines
are fixed according to the dipolar coupling spectrum of POPE under dark condition (A) setting the

dipolar splitting boundaries of the spectrum as a scale for comparison of the others with it.

Fig. A1.4: H-C dipolar coupling spectra of the carbon positions 2,2" along the acyl chains
in different lipids. The corresponding H-C dipolar coupling spectra represents those of 2,2’
positions on different lipids: (A) POPC, (B) POPE, (C) DMPC, (D) Photoliposomes (E) Proteo-
Photoliposomes with LPR=50:1, and (F) Proteo-Photoliposomes with LPR=100:1, all in L, phase.

The spectra are projected from the corresponding 2D-RPDLF spectra of the samples.

Fig. A1.5: The simulation of lipid lateral diffusions along the bilayer leaflets in presence of
bacteriorhodopsin (bR). (A) The top view from two square-shaped lipid planes with equal x and
y dimensions. The dimensions are set to be the same as those of introduced in Figure 3.18. An
abundant number of lipids (201) are symmetrically spread throughout the lipid plane. The plane is
coded in a way that lipids can diffuse along continuedly — if they reach the plane boundaries, they
continue from the opposite side. There are considered four bR (black circles) to be embedded
within one of the planes (right column). The proteins combined take over ~42% surface area of the
corresponding lipid plane. This projection is the case for POPE:bR proteo-liposomes with LPR =
50:1, according to the cross-section area of bR estimated from the crystal structure 1X0S (187)
and of POPE in L, phase (186). The figures illustrate the initial positions of lipids in the plane. (B)
The same plane as of described in (A), but after 250 lateral diffusion steps of lipids within it. The
histories of the entire 250 diffusion steps of the lipids are kept projected on the planes. (C) The
histogram of the lipid diffusion steps in the plane where the lipids underwent 310 diffusion steps
through 50 separated runs is illustrated for the x-direction along the plane. The total steps per run

were averaged over the 50 simulation runs.

Fig. A1.6: The NOESY signal intensity normalization between the photoliposome and
proteo-photoliposome samples. In order to be able to compare the NOESY cross peak
intensities between the photoliposomes and proteo-photoliposome samples, spectra were
normalized with respect to diagonal peak intensities. (A) w1 slices along the 8',11’ bulk lipid
resonance of NOESY spectra of photoliposomes and the proteo-photoliposomes containing cis-
AzoPC (recorded directly after illumination). Spectra were normalized with respect to the diagonal
peak. The NOEs between lipids and AzoPC protons are more intense in the proteo-

photoliposomes. (B) As in (A) but after AzoPC thermal relaxation to trans conformation.

Fig. A1.7: The 2D NCA MAS-NMR spectra of U-'3C/'N labelled DgkA reconstituted in
different liposome systems are compared. The black cross-peak spectrum is that of fully
labelled DgkA reconstituted in DMPC:DMPA (9:1 molar ratio) liposomes measured at 270 K (in Lg

phase). The measurement was previously performed in our lab as published in ref. (118). The
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green spectrum is the one acquired in this project as the result of 2D NCA MAS-NMR measurement
of fully labelled DgkA reconstituted in the photoliposomes in dark at 290 K (in L, phase). The signal
from five residues including 26lle, 28Glu, 35Gly, 41Ala, and 62Val were note detected in NCA
spectrum of DgkA in photoliposomes at 290 K. From the '3C/'*N chemical shift change aspect,
there are maximum ~0.5 ppm variations between the two liposome systems most of which are

those of the residues on the surface helices.

Fig. A1.8: The time-resolved H-C dipolar coupling spectra of the bulk lipid acyl chain middle
section. (A-F) The dipole spectra (A-F, right columns) are generated from overall 6 R-PDLF
measurements recorded sequentially along with 6 NCA MAS-NMR spectroscopies of DgkA over
the course of AzoPC cis-to-trans thermal relaxation within the proteo-photoliposome. The dipole
spectra and the corresponding 3C INEPT spectra of the bulk lipid middle acyl chains (A-F, left
columns) are deconvoluted by using the same method explained in Chapter 3. The mean order
parameters of the bulk lipid middle acyl chain section (Sc-1) weighted by the peak areas on the
corresponding '3C INEPT spectra are calculated. (G) The time resolved segmental order
parameters of the deconvoluted sections on the bulk lipid middle acyl chain dipole spectra are
plotted. The order parameters plots are in according to the time the corresponding R-PDLF
measurements was accomplished. (H) The time-resolved mean weighted order parameters of the
bulk lipid middle acyl chain section are plotted. The order parameters plots are in according to the

time the corresponding R-PDLF measurements was accomplished.

Fig. A1.9a: The time-resolved, normalized *C/'°N cross-peak signal intensities of DgkA NCA
measurements. The signal intensities are generated from overall 6 NCA measurements recorded
sequentially along with 6 R-PDLF (dipolar coupling) spectroscopies of the membrane over the
course of AzoPC cis-to-frans thermal relaxation within the proteo-photoliposomes. The signal
intensities are then plotted according to the time the corresponding NCA measurements was

accomplished.

Fig. A1.9b: The time-resolved, normalized '3C/'>N cross-peak signal intensities of DgkA NCA
measurements. The signal intensities are generated from overall 6 NCA measurements recorded
sequentially along with 6 R-PDLF (dipolar coupling) spectroscopies of the membrane over the
course of AzoPC cis-to-trans thermal relaxation within the proteo-photoliposomes. The signal
intensities are then plotted according to the time the corresponding NCA measurements was

accomplished.

Fig. A1.9c: The time-resolved, normalized 3C/'*N cross-peak signal intensities of DgkA NCA
measurements. The signal intensities are generated from overall 6 NCA measurements recorded
sequentially along with 6 R-PDLF (dipolar coupling) spectroscopies of the membrane over the
course of AzoPC cis-to-trans thermal relaxation within the proteo-photoliposomes. The signal
intensities are then plotted according to the time the corresponding NCA measurements was

accomplished.
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Fig. A1.9d: The time-resolved, normalized '3C/'°N cross-peak signal intensities of DgkA NCA
measurements. The signal intensities are generated from overall 6 NCA measurements recorded
sequentially along with 6 R-PDLF (dipolar coupling) spectroscopies of the membrane over the
course of AzoPC cis-to-trans thermal relaxation within the proteo-photoliposomes. The signal
intensities are then plotted according to the time the corresponding NCA measurements was

accomplished.

Fig. A2.1: The composition of liposomes used for demonstrating ApH stability. (A)
POPC:POPG with 3:1 molar ratio were used for making the liposomes. D-Glucose-6-phosphate
(G6P) was the pH sensor in either side of the bilayers in-and-out the liposomes. The whole system

is schematically illustrated in (B).

Fig. A2.2: The pH calibration of G6P within the liposomes under constant pH conditions. (A)
The superimposed 3'P MAS-NMR spectra of the [POPC:POPG](3:1)+G6P in different pH at 290 K
at 10 kHz MAS. For each measurement, the POPC:POPG liposomes were prepared in G6P
buffers with different pH (B) The pH calibration of the sensor (G6P) is carried out by plotting the
corresponding 3'P chemical shifts of G6P versus pH. The G6P pka of ~7.5 is then determined from

the curve.

Fig. A2.3: The stability of the created static ApH (in/out pH=6.0/8.0) was tested under MAS-
NMR conditions over a period of 1.5h. Here, the liposomes were made by suspending the
POPC:POPG mixture in G6P buffer of pH=6.0. After centrifugation, the liposomes pellet was
carefully taken from the top of the buffer solution and resuspended in a fresh G6P buffer of pH=8.0.
After a second round of centrifugation, the final pellet was subsequently packed into a 4 mm MAS
rotor. The 3'P NMR measurements were consecutively acquired at 290 K under 10 kHz MAS. The
dashed lines are fixed on G6P initial chemical shifts (the top spectrum) under different pH

conditions inside and outside of the liposomes.

Fig. A2.4: The stability of the created static ApH (in/out pH=8.0/6.0) was tested under MAS-
NMR conditions over a period of 1.5h. Here, the liposomes were made by suspending the
POPC:POPG mixture in G6P buffer of pH=8.0. After centrifugation, the liposomes pellet was
carefully taken from the top of the buffer solution and resuspended in a fresh G6P buffer of pH=6.0.
After a second round of centrifugation, the final pellet was subsequently packed into a 4 mm MAS
rotor. The 3'P NMR measurements were consecutively acquired at 290 K under 10 kHz MAS. The
dashed lines are fixed on G6P initial chemical shifts (the top spectrum) under different pH

conditions inside and outside of the liposomes.

Fig. A2.5: The stability of the created static ApH (in/out pH=6.0/8.0) was tested under MAS-
NMR conditions over a period of 22 h. Here, the liposomes were made by suspending the
POPC:POPG mixture in G6P buffer of pH=6.0. After centrifugation, the liposomes pellet was
carefully taken from the top of the buffer solution and resuspended in a fresh G6P buffer of pH=8.0.
After a second round of centrifugation, the final pellet was subsequently packed into a 4 mm MAS

rotor. The 3'P NMR measurements were acquired in a time-resolved manner for 22 h at 290 K
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under 10 kHz MAS. The dashed lines are fixed on G6P initial chemical shifts (the top spectrum)

under different pH conditions inside and outside of the liposomes.

Fig. A2.6: The ApH was generated by light illumination of the bR-fused proteo-liposomes
directly in the MAS rotor. Here, the liposomes were made by suspending the POPC:POPG
mixture in G6P buffer of pH=6.0. Bacteriorhodopsin (bR) in form of purple membrane patches was
added to the liposome suspension with molar LPR=250. The suspension mixture was freeze-
thawed three times in liquid nitrogen and 310 K water bath, respectively, in order to fuse and orient
the purple membrane patches in an inward direction on the liposome surfaces. The suspension
was then centrifuged for one hour at 50 krpm, and the resulting pellet was packed into a Sapphire
transparent MAS rotor. The time-resolved 3'P NMR spectra of the bR proteo-liposomes+G6P were
acquired in dark (A and B), and over continues light illumination of the sample for 102 min. directly
within the NMR spectrometer (C). Accordingly, the bR-generated ApH is estimated to be around

pH=7.0 for outer liposomes and pH < 6.0 for inner liposomes.
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