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Kurzfassung
Für die Aufklärung der molekularen Wirkungsweise von physiologischen, auf Signaltransduktion, d. h. dem Zusammenspiel von extrazellulären Reizen und membrangebundenen Rezeptoren, beruhenden Prozessen ist das Verständnis der Funktion von
Membranproteinen unerlässlich.
In dieser Arbeit werden von Rhodopsin abgleitete, synthetische transmembrane Segmentpeptide, Opsin-Mutanten und der vollständige Photorezeptor Rhodopsin untersucht, um die physikalischen Prozesse zu beleuchten, die der Funktionen dieses
prototypischen Klasse-A G-Protein gekoppelten Rezeptors zugrunde liegen.
Die Abhängigkeit der Membranprotein-Hydratation und der Lipid-Protein-Wechselwirkung von der Ladung einer Aminosäuren-Seitenkette wird erforscht. Hierzu
werden synthetische, transmembrane Segmentpeptide in Lipid und Detergenz, als
Modell transmembraner Segmente von Rhodopsin in der Membran mittels Fluoreszenzspektroskopie untersucht. Aus den erhaltenen Ergebnissen wird ein thermodynamisches und strukturelles Modell hergeleitet, welches die Kopplung der Protonierung des hochkonservierten ERY-Motivs in Transmembranhelix 3 von Rhodopsin an die Restrukturierung der Helix in der Mikroumgebung der Lipid-WasserPhasengrenze erklärt. Des Weiteren werden sowohl die Segementpeptide als auch die
vollständigen Systeme Opsin und Rhodopsin mittels zeitaufgelöster FTIR-Fluoreszenz-Kreuzkorrelations-Hydratations-Modulation untersucht. Diese Technik wurde
eigens zur Aufklärung von zeitabhängigen Hydratationseffekten auf Lipide und Proteine oder Peptide entwickelt. Dabei werden zeitaufgelöste FTIR Differenz-Spektren
und gleichzeitig statische Fluoreszenzsignale aufgenommen und diese zeitabhängigen
multispektralen Datensätze mittels 2D Korrelation analysiert. Die Auswertung der
Experimente enthüllt einen sequentiellen Hydratationsprozess. Dieser beginnt mit
der Bildung von Wasserstoffbrückenbindungen an der Carbonylgruppe des Lipids,
gefolgt von Strukturänderungen der Transmembranproteine und abgeschlossen durch
das Eindringen von Wasser in das Proteininnere. Letzteres wird nachgewiesen durch
die Fluoreszenz von Tryptophan im hydrophoben Peptid- oder Proteininneren.
Die Ergebnisse dieser Arbeit unterstreichen die Annahme, dass Lipid-Protein-Wechselwirkungen eine entscheidende Rolle in der Funktion von Membranproteinen spielen und das insbesondere Elektrostatik, in Form von Ladungen an der Phasengrenze,
und die Hydratisierung einen kritischen Einfluss auf diese Funktion haben.

Abstract
Understanding the function of membrane proteins is crucial to elucidate the molecular mechanisms by which transmembrane signaling based physiological processes,
i. e., the interactions of extracellular ligands with membrane-bound receptors, are
regulated.
In this work, synthetic transmembrane segments derived from the visual photoreceptor rhodopsin, the full length system rhodopsin and mutants of opsin are used
to study physical processes that underlie the function of this prototypical class-A
G-protein coupled Receptor.
The dependency of membrane protein hydration and protein-lipid interactions on
side chain charge neutralization is addressed by fluorescence spectroscopy on synthetic transmembrane segments in detergent and lipidic environment constituting
transmembrane segments of rhodopsin in the membrane. Results from spectroscopic
studies allow us to construct a structural and thermodynamical model of coupled
protonation of the conserved ERY motif in transmembrane helix 3 of rhodopsin and
of helix restructuring in the micro-domain formed at the protein/lipid water phase
boundary.
Furthermore, synthesized peptides and full length systems were studied by time
resolved FTIR-Fluorescence Cross Correlation Hydration Modulation, a technique
specifically developed for the purpose of this study, to achieve a full prospect of
time-resolved hydration effects on lipidic and proteinogenic groups, as well as their
interactions. Multi-spectral experiments and time-dependent analyses based on 2D
correlation where established to analyze large data sets obtained from time-resolved
FTIR difference spectra and simultaneous static fluorescence recordings. The data
reveal that lipids play a mediating role in transmitting hydration to the subsequent
membrane protein response followed by water penetration into the receptor structure
or into the sub-headgroup region in single membrane-spanning peptides carrying the
conserved proton uptake site (monitored by the fluorescence emission of hydrophobic buried tryptophan).
Our results support the assumption of the critical role of the lipid/water interface
in membrane protein function and they prove in particular the important influence
of electrostatics, i. e., side chain charges at the phase boundary, and hydration on
that function.
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Symbols and Abbreviations
[A]
ATR
BTP
CD
DANSYL-PE
DM
DOPC
DTT
EDTA
ERY or D(E)RY
ε
FRET
FTIR
∆G
GPCR
GDP, GTP
IR
kB
KA
LED
MCD
MI, MII, MIII
ND
NED
NEEMD
OG
PC
pKA
T
Θ, [Θ]mrw , [Θ]mol
TM
TM3
UV
UV/vis
viii

concentration of A
attenuated total reflection
bis(2-hydroxyethyl)iminotris(hydroxymethyl)methane
circular dichroism
headgroup labeled phospholipid (see chapter 3.2)
n-dodecyl-β-D-maltoside
1,2-Dioleoyl-sn-Glycero-3-Phosphocholine
Dithiothreitol
Ethylenediaminetetraacetic acid
conserved amino acid motif in TM3 of rhodopsin
extinction coefficient
Förster Resonance Energy Transfer
Fourier-transformed infrared
change of Gibbs free energy
G-protein coupled receptor
guanosine diphosphate, guanosine triphosphate; nucleotides
infrared
Boltzmann constant
association constant of A
light-emitting diode
magnetic circular dichroism
Metarhodopsin I, II and III state of rhodopsin
Opsin mutant N2C, D282C
Opsin mutant N2C, E134Q, D282C
Opsin mutant N2C, E113Q, E134Q, M257Y, D282C
n-octyl-β-D-glucopyranoside
L-α-phosphatidylcholine
acid dissociation constant at negative logarithmic scale
temperature
ellipticity, mean residue ellipticity, molar ellipticity
transmembrane
transmembrane helix III
ultraviolet
ultraviolet and visible

Amino acids, single-letter and three-letter code:
A
C
D
E
F
G
H
I
K
L
M
N
P
Q
R
S
T
V
W
Y

Alanine
Cysteine
Aspartic Acid
Glutamic Acid
Phenylalanine
Glycine
Histidine
Isoleucine
Lysine
Leucine
Methionine
Asparagine
Proline
Glutamine
Arginine
Serine
Threonine
Valine
Tryptophan
Tyrosine

Ala
Cys
Asp
Glu
Phe
Gly
His
Ile
Lys
Leu
Met
Asn
Pro
Gln
Arg
Ser
Thr
Val
Trp
Tyr
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1 Introduction
The biological membrane plays a pivotal role in the living organism. Even the
smallest living unit, the cell, needs a membrane to establish a border between the
interior and the outside world. But a membrane does not only act as a protective
barrier, it also fulfills various other vital functions, such as sustaining gradients
of e. g. salt concentration. Moreover, embedded membrane proteins enable the
membrane to actively recognize molecules, signal transduction, generate enzymatic
activity and transport substances like nutrients.
In this work, focus will lie on signal transduction mechanisms associated with two
special features: electrostatics of membranes and membrane hydration.

1.1 Electrostatics of membranes
The net charge of a biological membrane is usually negative due to native charged
lipids and membrane proteins which have in most cases negative isoelectric points.
Around a charged surface a diffuse neutralizing ion cloud is formed. Taking thermal
movement of ions into account, the solution of Poisson-Boltzmann equation for
a flat charged surface in water is the so called Gouy-Chapman layer. Outside of
this diffuse layer the charge of a membrane is not sensed unlike charges in air which
give rise to long-range forces. If a like-charged surface and molecule in water come
nearer to each other than the Gouy-Chapman length, work needed to compensate repulsion can be understood as work of compression of ion clouds. Increasing
electrolyte concentration shrinks that layer in which electrostatic energy proportional to kB T per counter-ion is stored and can be harnessed by counter-ion release
if an oppositely charged molecule encounters the surface 1 . However, the membrane
interior is usually not charged at all, reflecting the fact, that a huge amount of en1

a more elaborate explanation of the Gouy-Chapman layer can be found e. g. in [45]
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Figure 1.1: Ion transfer energy through membranes: Theoretical considerations
about (left:) the potential energy curve W (x) of a lipid-soluble ion through
the membrane consisting of an electrostatic term We (x) and an interaction
term Wn (x) and (right:) the ion transport process described as a passage over
activation energy barriers. Both from [33]

ergy would be needed to transport a charge from solution through the ion cloud into
the hydrocarbon interior, where a low dielectric constant of 2-5, depending on the
degree of water penetration, resides in contrast to bulk dielectric constant around
80 [12]. The matter of ion transport through membranes and the high energy costs
involved had been addressed theoretically and experimentally e. g. by [57] and [33],
as in figure 1.1.
If nevertheless a charge can be found in the highly unfavorable interior of a membrane, its energetic effect is much higher than in bulk due to the low dielectric
constant and the lack of or partial charge shielding through dipole interactions with
water. Obviously, the limiting dielectric constants in the bulk on one side and the
membrane interior on the other side imply a strong, local, non-homogeneous dielectric gradient in the interfacial region of the membrane surface. Thereby, the effect
of a charge within that region may alter dramatically with its exact position relative
to the phase boundary.
In this work, the mutual influence of the microenvironment of a transmembrane
protein sequence at the phase boundary and the charge state of a carboxyl acid
side chain is studied quantitatively with respect to structural consequences, and
thermodynamically in the context of charge stabilization.
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Figure 1.2: The interphase of a lipid membrane: between the two planes depicted
as dashed and dotted yellow lines, a two-dimensional solution hydrates polar
head groups. From [15]

1.2 Membrane hydration
Membranes tend to bind water tightly, depending primarily on membrane polarity
[15]. But also membrane net charge and membrane surface electrostatics [8], respectively, affect hydration and not to forget: the same holds vice versa. The role
of water at membrane surfaces has been described as a connecting material with
structural and dynamical properties imposed by the contact with lipids taking into
account the complex membrane surface structure in which there is a spatial distribution of charged sites, counter-ions, and co-ions with their corresponding hydration
shells [15]. Disalvo defines an interphase region between an inner plane (between low
dielectric membrane interior and polar region) and an outer plane tangential to the
phosphate groups (see figure 1.2) wherein a two-dimensional solution hydrates polar
head groups.
In the interphase, Disalvo describes water as a component of the membrane organized either as hydration water, which is tightly bound to polar head groups and
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cannot dissolve other substances, or confined water, which is able to dissolve low
molecular weight compounds but shows different chemical and physical properties
than bulk water, due to altered water density and dielectric properties in the interphase. Structured, immobilized hydration water and the water of the loosely bound
second hydration shell affect kinetics of membrane associated reactions, e. g. the
dynamics of water exchange is altered by restructuring around hydration sites. In
consequence, lipid-protein interactions of membrane proteins are also affected by
hydration, due to an introduced change in the force profile [15] of the interphase
(hydrophobic or hydrophilic) arguing for a crucial role of water in membrane protein
function.
An important aim of the present work is the spectroscopic observation of the putatively different water populations at the water/lipid/protein interface. More specifically, the experiments are designed to elucidate the effect of hydration of membraneexposed amino acids in a conserved transmembrane segment of G-Protein coupled
receptors on secondary structure. The underlying hypothesis expects that the solvating forces of water act on water-accessible amino acid side chains, whereas the
lipidic phase counteracts this tendency, resulting in metastable states that may be of
functional importance in regulating membrane protein structure at the lipid/water
interface. It is expected that this metastability is particularly intricate when the
side chain solubility itself can vary for a single amino acid as it is the case for
proton-dependent changes in the charge state of an amino acid.

1.3 G-Protein coupled Receptors
G-Protein coupled receptors (GPCRs) or seven-transmembrane domain receptors
(7TM) are integral membrane proteins representing a superfamily of receptors sharing general protein structure and common features in their signal transduction mechanisms. Physiologically, GPCRs are of utmost importance, as they are cell receptors
triggered by molecular (hormones, odors, neurotransmitters) and sensory stimuli
(light) regulating a vast number of processes such as immune system activity, inflammatory response, regulation mood and behavior, sense of smell, taste and the
visual sense. Due to their prominent role in many fundamental physiological processes, GPCRs are important drug targets and a detailed understanding of their
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signaling pathways is crucial for elucidating origins of disorders and molecular approaches to therapy.
All GPCRs consist of an extracellular, N-terminus followed by seven transmembrane α-helices which are connected by each three intracellular and extracellular
loops and completed by the intracellular C-terminus. The seven helices fold up to
a bundle which in many cases forms the ligand-binding site within the membrane
and is often shielded by the second extracellular loop (see figure 1.3). Additional to

Figure 1.3: Crystal structure of β2 Adrenergic receptor: engineered β2 AR-T4L
from [13]. The receptor and T4L are colored gray and green, respectively.
The partial inverse agonist carazolol is shown in blue; the lipid molecules
bound to the receptor are depicted yellow. The seven transmembrane helices
are denoted I to VII, the helical segment common to all rhodopsin-like GPCRs
is denotes VIII and the second extracellular loop shielding the ligand binding
site is ECL2.

the common general structure, most GPCRs show conserved amino acid sequences
that serve important functions such as the N-Glycosylation site at the N-terminus
(momentous for proper receptor folding) or the Palmitoylation site (lipid raft localization), the Phosphorylation sites at the C-terminus and the D(E)RY motif at the

5

1. Introduction

1.3 G-Protein coupled Receptors

intracellular phase boundary in transmembrane helix H-III.
The GPCR signaling cycle (figure 1.4) starts with the inactive membrane-bound
GPCR and a cytosolic G-Protein in its GDP-bound inactive state. Upon ligand
binding (or light in the case of the visual photoreceptor rhodopsin) the receptor undergoes several conformational changes which catalyze the nucleotide exchange in
the G-Protein and the dissociation of the G-protein subunits Gβ γ from Gα (GTP)
complex. Subsequently the ligand dissociates from the receptor or the GPCR desensitizes. Gα and Gβ γ then allosterically modulate effector proteins. Gα (GTP) gets
inactivated by its intrinsic GTP hydrolysis activity which enables binding again
to Gβ γ to form the heteromeric G-Protein (GDP) which may associate again to
ligand-free GPCRs.

Figure 1.4: Activation cycle of G-Protein coupled Receptors upper panel: inactive
state, middle: ligand binding leads to conformational changes, nucleotide exchange and dissociation of G-protein subunits Gβ γ; lower panel: dissociation
of the ligand; from [61]
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1.4 Rhodopsin
The G-Protein coupled receptor rhodopsin, also called the visual purple, is the
prototype of class-A GPCRs containing approx. 85% of all GPCRs. Rhodopsin,
the photoreceptor, consists of the protein opsin and the covalently bound cofactor, the chromophore 11-cis-retinal, an inverse agonist which acts as agonist in its
light-activated all-trans-conformation. For a general survey figure 1.5 presents the
secondary structure model of bovine rhodopsin including the conserved amino acid
motifs D(E)RY (red) and NPxxY(x)5,6 F (orange). In contrast to other GPCRs activated by diffusible ligands, the chromophore 11-cis-retinal is covalently bound to
opsin at K296 (black) in H-VII via a protonated Schiff-base (that is: C=NH+ ) and
is stabilized by the counter-ion E113 (light green) in H-III. In bovine rhodopsin the
class-defining, highly conserved D(E)RY motif arises as Glu134, Arg135, Tyr136. In
the year 2000 the first long awaited crystal structure of rhodopsin was published (see
figure 1.6) followed by a row of high resolution crystal structures providing detailed
insights into structural properties of rhodopsin-like GPCRs in different states (such
as ligand free opsin in [48] and opsin in G-protein interacting conformation [56]).
In the dark state of rhodopsin, retinal is present as 11-cis-retinal, the inverse agonist stabilizing the inactive state of rhodopsin. The first step of light activation is
the photoisomerization of 11-cis-retinal to all-trans-retinal, the agonist. Via several
short-lived photointermediates ( photo-, batho-, lumi-), Rhodopsin relaxes into a
pH- and temperature-dependent equilibrium between the two states Metarhodopsin
I (MI, Schiff-base still protonated) and Metarhodopsin II (MII, deprotonated Schiffbase). The active MII state of rhodopsin allows activation of G-Protein transducin
and processing through GPCR activation cycle (figure 1.4) with the final decay of
MII to MIII and to unbound all-trans-retinal and opsin.

1.5 The D(E)RY motif
As pointed out in 1.3 most GPCRs contain conserved amino acid sequences that
serve important functions. The class-defining, highly conserved D(E)RY motif at
the intracellular phase boundary in transmembrane helix H-III arises as Glu134,
Arg135, Tyr136 in bovine rhodopsin and as Asp129, Arg130, Tyr131 in the β2
adrenergic receptor. For rhodopsin transition from MI state to active rhodopsin
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Figure 1.5: Secondary structure of Rhodopsin: the heptahelical structure is displayed by light gray barrels; conserved amino acid motifs D(E)RY in red and
NPxxY(x)5,6 F in orange, the chromophore 11-cis-retinal is covalently bound
to opsin via a protonated Schiff base to K296 (black) in H-VII and is stabilized
by the counter-ion E113 (light green) in H-III; from [20]
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Figure 1.6: Crystal structure of rhodopsin from the first published successful
crystallization [47]. Transmembrane helices are presented in colored ribbon
drawings an denoted I to VII. The chromophore is depicted yellow.

involves Schiff-base deprotonation, followed by proton uptake at the D(E)RY motif
and conformational changes in e. g. H-VI, H-III and H8. The proton uptake at
the D(E)RY motif, i. e., neutralization of Glu134 is equivalent to the release of the
molecular constraint known as ”ionic lock” and can be uncoupled from Schiff-base
protonation [4], which is why both processes represent an internal (Schiff base) and
an external (D(E)RY) ”proton switch” [42].
The coupling of the two ”proton switches” in the activation mechanism was shown
for rhodopsin [64] and moreover the disruption of the ”ionic lock” is also coupled to
structural changes in the extracellular loop 2, which shields the binding pocket [1].
The sequence of events in rhodopsin activation regarding the ”ionick lock” was predicted by molecular modeling studies [28] and is extensively studied experimentally
(e. g. Zaitzeva2010 for rhodopsin in membranes).
The disruption of the ”ionic lock” is known to be necessary but not sufficient
for full activation of β2 AR [66] and titration studies on rhodopsin imply that the
protonation of Glu134 is rather a thermodynamical than a structural prerequisite
for receptor activation [42], which is why in the present work emphasis is placed on
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construction of a thermodynamical characterizing model of coupled protonation of
D(E)RY to helix restructuring. In figure 1.7 a comparison of the crystal structure
of the D(E)RY region in rhodopsin and β2 AR is shown. The β2 AR structure
differs from rhodopsin in the D(E)RY region in exhibiting weaker interactions (longer
distances) between the cytoplasmic ends of TM3 and TM6. It is assumed, that these
differences may be responsible for the relatively high basal activity and structural
instability of the β2 AR supporting the assumed correlation of thermodynamical
significance of D(E)RY to structural changes/activation.

Figure 1.7: Comparison of the crystal structure of β2 AR and rhodopsin from
[51]: Structure around D(E)RY motif of partially active β2 AR in lipidic
environment is compared to inactive and light-activated rhodopsin exhibiting weaker interactions around the D(E)RY motif for β2 AR compared to
rhodopsin.

For rhodopsin the comparison of crystal structures in different states reveals [56]
that upon light activation the ”ionic lock” is broken and Glu134 is tilted towards
TM2 and TM4 where it does not seem to undergo specific interactions (see figure
1.8), i. e., neutralized Glu134 is not attracted by certain amino acids but the release of the ”ionic lock” allows the protein to switch into a conformation which is
favored by lipid/protein interaction. (It was recently confirmed [23] that the crystal
structures of opsin ([48] and [56]) in the ”ionic lock” region indeed reflect the active
state.) Unspecific interactions with the tilted Glu134 in active state are again a hint
to the thermodynamical impact of the ”ionic lock” rather than to a pure structural
impact.
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Figure 1.8: Comparison of the crystal structures of rhodopsin in different states
from [56]: The dark state rhodopsin structure (green) shows the intact ”ionic
lock” whereas the ”ionic lock” is broken in opsin (yellow) and ops-GαCT state
(orange). A new hydrogen bond network is formed excluding Glu134, which
is liberated and tilted.

The concept of an ”ionic lock” is of interest not only for the prototypical rhodopsin,
but also for other GPCRs: By means of molecular dynamics studies a temporal separation of ”ionic lock” substates with concerted motion of the entire β2 AR protein
is predicted [54]. For adrenergic receptors it was shown by submicrosecond molecular
dynamics simulations that the ”ionic lock” formation is linked to protonation of a
certain conserved amino acid via several polar residues acting as microswitches [62]
providing further insights into the temporal sequence of events regarding the ”ionic
lock”. Even in GPCRs lacking the highly conserved amino acid sequence D(E)RY
analogue ”ionic locks” were identified constituting a similar activation mechanism
[59].
The first part of the present work focuses on physical parameters that determine
a proton-dependent conformational transition at the C-terminus of H-III, that is
involved in shifting the MI *
) MII equilibrium in a pH-dependent manner.
The temporal separation of Schiff-base deprotonation from D(E)RY neutralization
and e. g. H-VI motion [36] in combination with the additivity of activity-affecting
mutations like E134Q mutation and others ([50], [43], [20] and [18]) support the
hypothesis of an autonomous proton switch. In fact, recently it was proven experimentally, that the D(E)RY motif can function as a module coupling side chain
neutralization to conformation and helix positioning [41].
Thereby, the apparent contradiction of high ligand specificity among GPCRs in
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contrast to the highly conserved functional importance of the D(E)RY motif undergoing a protonation upon activation can be understood. The approach of addressing
physical and chemical properties of isolated transmembrane segments to reveal functionally important mechanisms is extended here. The experiments are particularly
motivated by the hypothesis that a metastable structure may be generated at a
transmembrane helical end that is under the influence of both, the stabilizing environment of the hydrophobic core of a bilayer and the destabilizing effect of solvation
by the adjacent aqueous phase.
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2 Goals of the study
As already pointed out in the introduction, membranes are essential in all living
matter. For that reason the understanding of the mode of operation of membrane
proteins is a fundamental necessity in life science.
In this work, rhodopsin, as the prototype of the largest group of G-Protein coupled Receptors, is studied to enlighten conformational switching mechanisms with
respect to side chain charges in interphase regions of membranes and the critical role
of the microstructure of the water/lipid/protein interface. Insights are meaningful
not only for understanding light-activation of rhodopsin or other GPCR activation
mechanisms, but are of general importance as many other membrane proteins e. g.
voltage gated ion channels, feature side chain charges at crucial positions inside the
membrane or at phase boundaries.
The first part of this work addresses the dependency of hydration and protein-lipid
interactions on side chain neutralization. Synthesized peptides in detergent and lipid
bilayers mimicking putative autonomous transmembrane segments of rhodopsin in
the membrane are studied by spectroscopic methods at different protonation states.
To answer questions concerning hydration level, position of hydration and hydration
dependent interactions with lipids, peptides with hydration sites at different positions in the helix and intact or proton-uptake deficient D(E)RY motif are designed
and studied to gain basic knowledge transferable to full length systems.
In the second part, hydration of peptides and full length systems (rhodopsin and
rhodopsin mutants) embedded in lipids and membranes are studied by FTIR-Fluorescence Cross Correlation Hydration Modulation, a technique specifically developed
for the purpose of this study, to achieve a full prospect of hydration effects and their
kinetics on lipidic groups and the protein simultaneously, as well as on hydration
induced lipid-protein interactions.
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3 Methods and Materials
3.1 Spectroscopic Methods
The goal of this work is to study the correlation of structure, function and dynamics of a prototypical GPCR and synthetic peptides derived from rhodopsin in
lipids. Therefore, the methods used allow observing subtle conformational changes
in peptides and proteins under conditions, as close to native conditions as possible. FTIR and especially time-resolved FTIR is the method of choice for label-free
conformational studies of peptides, since it resolves the state transitions of individual amino acid side chains and conformational changes of the backbone at the
same time. Furthermore FTIR, allows the study of peptides in lipids and interactions with lipidic groups. Additional to FTIR, fluorescence spectroscopy and
Förster Resonance Energy Transfer (FRET) studies were carried out to characterize conformational changes. Circular dichroism spectroscopy offers an additional
and complementary method for the secondary structure determination of peptides.
UV/Vis Spectroscopy was used for concentration determination and control of the
state of rhodopsin samples.

3.1.1 UV/Vis Spectroscopy
UV/Vis spectroscopy is an absorption spectroscopy using electron excitation of
molecules from ground state to excited state by visible and ultraviolet light. In
this study spectra in the range from 200-900 nm were recorded with a PerkinElmer
Lambda 35 spectrophotometer (PerkinElmer Inc., Waltham, Massachusetts, USA)
using quartz microcuvettes of 1 cm path length (minimal 180 µl sample required) at
a fixed resolution of 1 nm.
Concentration of peptides and proteins was determined using intrinsic tryptophan
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absorption at 280 nm and Lambert-Beer Law for absorption:
A = ελ · c · d
1
[22], the path
with the molar extinction coefficient of tryptophan ε280nm = 5690 cm·M
.
length d=1 cm and the concentration c in M = mol
l
UV/Vis control measurements to determine the state of rhodopsin samples used
the different absorption maxima of rhodopsin intermediates. Dark state rhodopsin

Figure 3.1: UV/Vis absorption of dark and light exposed rhodopsin: protein
concentration 200 µM, room temperature, pH 7.5, containing DM and BTP
(see section 3.3.1 for details). UV spectra of dark state rhodopsin (black
line, absorption maximum at 500 nm) can be easily distinguished from light
exposed rhodopsin establishing an equilibrium between MI and MII state
(orange line, maxima at 480 nm and 380 nm).

with its chromophore 11-cis-retinal absorbs at 500 nm, whereas upon photoisomerization (neglecting short-lived intermediates) the MI state of rhodopsin is absorbing
at 480 nm and the MII state is characterized by a deprotonated Schiff-base and a
dramatic blue shift to 380 nm. Under physiological conditions, MI is present only for
microseconds and MII for several minutes before it decays to MIII (450 nm absorption). In figure 3.1 dark state rhodopsin with an absorption maximum at 500 nm
can be seen and after light exposure an equilibrium between MI and MII (maxima
at 480 nm and 380 nm) is established.
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3.1.2 Circular Dichroism spectroscopy
Circular dichroism (CD) spectroscopy is a technique widely used to determine secondary structure of proteins, peptides, but also DNA in solution. In comparison with
FTIR secondary structure determination, less concentrated samples are required in
CD allowing measurements under conditions closer to physiological conditions excluding unintended non-native aggregation. Furthermore, CD-monitored titration
experiments can reveal conformational changes induced by an altered environment
(e. g. pH) or by interactions with ligands.
CD spectroscopy uses the phenomenon, that optical active chiral molecules absorb
left- and right-handed circular polarized light to different extents. Using CD in the
UV range, again electronic transitions in the molecules occur, but with the specific characteristic, that in chiral molecules different complex refractive indices for
left- and right-handed circular polarized light give rise to different extinction coefficients εl 6= εr for left- and right-handed circular polarized light. The difference of
extinction coefficients εl and εr
∆ε = εl − εr
result in an absorption difference (see Lambert-Beer Law in 3.1.1, path length
and concentration is, of course, equal for left-and right handed circular polarized
light). The CD spectrum shows the difference of extinction coefficients dependent
on wavelength: ∆ε(λ).
Not all molecules are optically active, i. e., chiral. Optical activity originates in the
existence of two mirror-inverted but not identical forms of a molecule, the enantiomers. For biological applications, enantiomers resulting from molecules containing asymmetric C-atoms with four different substituents (able to arrange mirrorinverted around the chiral center, the C-atom) are most important. Prominent
examples for optical activity are amino acids in peptides and proteins and carbohydrates in nucleic acids.
Chiral activity of amino acids in the backbone of peptides and proteins results in
distinguishable CD spectra for conformational structure elements such as α-helix,
β-sheet (β-I) and β-turn (β-II) depicted in figure 3.2. CD data can be presented in
different ways: observed ellipticity Θλ in degrees, mean residue ellipticity [Θ]mrw,λ
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Figure 3.2: CD spectra of different secondary structure elements exhibit different
shapes (from [10]). β-I refers to β-sheet and β-II refers to β-turn. Secondary
structure determination for the studied peptides was accomplished by using
CDSSTR algorithm of DICHROWEB.
2

or molar ellipticity [Θ]mol,λ , both in units deg·cm
. In this study a JASCO J-815
dmol
instrument (JASCO, Gross-Umstadt, Germany) was used at room temperature.
For secondary structure determination, algorithms are used to decompose a spectrum into basic spectra of known content of different secondary structure elements.
In this study, secondary structure determination was accomplished by using the
CDSSTR algorithm of DICHROWEB, hosted at Birbeck College, university of London, UK. Details on algorithms and principles of CD spectroscopy can be found in
[10], [32], [25] and references therein.
It can be seen from Lambert-Beer Law, that exact knowledge of concentration is
vital for secondary structure analysis of peptides and proteins. Therefore, concentration was determined by UV/Vis spectroscopy as described and additionally with
magnetic CD for rhodopsin mutants.
3.1.2.1 Magnetic Circular Dichroism
Magnetic CD (MCD) combines CD spectroscopy and the application of longitudinal
magnetic fields and is used for e. g. the study of metalloenzymes [34]. Concentration
dependent side chain MCD of tryptophan allows to determine even very small concentrations untraceable by e. g. UV/Vis spectroscopy. Practically, CD spectra are
recorded in a strong coaxial magnetic field and in its reverse orientation. The differ-
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ence spectrum of these two spectra shows only MCD induced signals as all other CD
signals vanish upon subtraction. The MCD signal strength at a given magnetic field
is calibrated by means of defined tryptophan solutions in order to determine tryptophan concentration and thereby protein concentration in samples of known amino
acid composition. Tryptophan is the only natural amino acid exhibiting MCD.
The technique is used here for concentration determination of detergent-solubilized
opsins that do not exhibit visible absorption.

3.1.3 Fluorescence Spectroscopy
Fluorescence is the spontaneous emission of photons by molecules converting from
an excited electronic singlet state to the electronic ground state after absorption of
a photon. In figure 3.3 the Jablonski diagram shows ground state S0, the absorption of a photon A to a higher excited state, the internal conversion IC from an
excited vibrational state vs to singlet state S1 and fluorescence emission F from
S1 to ground state S0. Due to internal conversion, absorbed photons posses a
higher energy than emitted photons, i. e., fluorescence is red shifted by the so called
Stokes-Shift. Furthermore figure 3.3 shows inter system crossing ISC to triplet
states T2 and T1 and following phosphorescence P involving a ”forbidden” spin
transition and thereby presenting a much slower relaxation mechanism than fluorescence. Fluorescent molecules usually possess a widespread π-electron system to

Figure 3.3: Jablonski diagram: S0: ground state, S1: singlet state, vs: excited vibrational state, T1 and T2: triplet states, A: absorption of a photon, IC:
internal conversion, F: fluorescence emission, ISC: inter system crossing, P:
phosphorescence
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Table 3.1: Maximum positions of fluorescence absorption and emission of tryptophan, tyrosine and phenylalanine

Absorption
Tryptophan
280 nm
Tyrosine
275 nm
Phenylalanine
260 nm

Emission
≈340 nm
305 nm
280 nm

allow very small energy gaps between ground state and excited states excitable by
UV/Vis. Hence the chemical structure of aromatic ring systems is often a constituent of organic fluorophores.
Generally, fluorophores fall into two categories: intrinsic, native occurring fluorophores and extrinsic fluorophores, which have to be added to a sample. Among
intrinsic fluorophores most important for biological applications are: amino acids,
NADH and flavins. In proteins, the intrinsic fluorescence originates in most cases
from the amino acids tryptophan, tyrosine and phenylalanine (see figure 3.4). Spectral

Figure 3.4: Chemical structure of the intrinsic fluorescence emitting amino
acids: tryptophan, tyrosine and phenylalanine

contributions of these three amino acids can be easily assigned, as they are absorbing
and emitting at different wavelength (see table 3.1).
Tryptophan fluorescence is most often studied not only because of it’s dominance
over tyrosine and phenylalanine fluorescence due to higher absorptivity and quantum yield, but also because of it’s sensitivity to the microenvironment of the indole
ring [63]. Fluorescence intensity and wavelength position of absorption and emission
maximum is for example dependent on hydrophobicity (i. e., polarity) due to distortion of electronic orbitals participating in radiation-less internal conversion. This
characteristic of tryptophan fluorescence serves an excellent tool for exploring the
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solvent surrounding tryptophan residues (see figure 3.5), for example to distinguish
tryptophan residing at the solvent accessible surface of a protein from tryptophan
deeply buried in the hydrophobic cores by wavelength shifts of up to 50 nm in the
emission maximum. In this work, microenvironment-dependent tryptophan emis-

Figure 3.5: Red-shifted tryptophan emission maximum in microenvironments
of increasing polarity from [38]

sion is used to monitor proton-induced hydration changes of peptides in detergent
and lipids and, in the second part, hydration-induced conformational changes of
peptides and full-length proteins in lipids.
3.1.3.1 Förster Resonance Energy Transfer (FRET)
Insights about conformational changes in proteins and peptides can be gained additionally by Förster Resonance Energy Transfer (FRET). FRET is the non-radiative
transfer of energy from one fluorophore, the donor, to another, the acceptor under
certain circumstances. For one thing, a sufficient spectral overlap of the emission
spectrum of the donor and the absorption spectrum of the acceptor is needed. Furthermore, the distance r of donor and acceptor (10-100 Å) and the orientation of
the corresponding dipoles are influencing the efficiency E of energy transfer:
E=

R06
R06 + r6
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where R0 is the dipole orientation dependent Förster distance at which 50 % of
energy is transferred.
Here we study the pH-dependent lipid-protein interactions at the phase boundary
by FRET using peptides reconstituted in DANSYL-PE doped vesicles as illustrated
in figure 3.6. Thereby, information on pH-dependent distance/orientation changes
at the helix end can be inferred.

Figure 3.6: FRET between tryptophan and DANSYL-PE: to study pH-dependent
lipid-protein interactions at the phase boundary, we use the distance and
orientation dependent FRET of tryptophan in TM3-derived peptides reconstituted in DANSYL-PE doped vesicles.

3.1.4 FTIR Spectroscopy
Infrared (IR) transmittance or absorption spectroscopy is used to study excited vibrational modes of molecules. Absorption of IR light in the region of 2.5-250 µm
does not provide enough energy to excite electronic transitions in a molecule like for
UV/Vis or fluorescence spectroscopy but it induces transitions to excited vibrational
states. A fundamental vibration of a molecule, i. e., a vibration without translation
or rotation, can only be excited if a change of the dipole moment is associated with
it. The six possible ways of fundamental vibration for a molecule are: symmetric
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stretching, asymmetric stretching, the in-plane vibrations: scissoring and rocking
and the out-of plane vibrations: wagging and twisting. To each possible IR-active
vibration of a molecule an IR band in the IR absorption (or transmittance) spectrum
can be assigned, furthermore combination modes of more than one fundamental vibration and overtone vibrations can give rise to additional IR bands. The exact
frequency position of an IR band in the spectrum, i. e., the excitation energy of the
vibration, is determined by the chemical structure of the vibrating functional group
and depends on the state of the group (e. g. redox state, bond length, bond deformation) and the conditions in the microenvironment of the vibrating dipole (e. g.
hydration state). All these factors affect the apparent force constant that describes
the force-displacement relation for the atoms that participate in a concerted oscillatory movement, i. e., a normal mode.
The IR spectrum is plotted against the wavenumber ν:
ν=

1
λ

where λ is the corresponding wavelength, but in reverse order (e. g. 3000 cm−1
to 800 cm−1 ) and thus bands at the left side of an IR spectrum represent higher
absorption energies than IR bands at the right, as it is the case for UV/Vis spectra.
For diatomic molecules and isolated vibrations in larger
q molecules the vibrational
K
, with K the force constant
frequency ω is described classically as ω = 2π ·c·ν = M
of the vibrating band and M the reduced mass. It can be seen, that the frequency
increases with bond-strength (increased K) and decreases with the reduced mass
M.
Characteristic vibrations in biomolecules are observed in the 4000-800 cm−1 range
falling into two interesting regions: C-H stretching around 3000 cm−1 and the socalled fingerprint region at 1800-800 cm−1 . In particular, peptides and proteins can
be characterized by IR spectroscopy due to the vibration of their amino acid side
chains (assignment of amino acids to corresponding IR bands can be found e. g. in
[60] and [6]) and through protein backbone vibrations. The latter serve to determine
secondary structure content by analysis of the shape and position of Amide I band
(peptide carbonyl) or Amide bands I and II (mainly C-N stretching) (for details see
e. g. [16], [31] and [24]).
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3.1.4.1 ATR-FTIR difference spectroscopy
In this study Fourier transformed (FT) attenuated total reflectance (ATR) infrared
spectroscopy: ATR-FTIR 1 was used.
FTIR spectroscopy generates polychromatic interference of the whole spectral IR
range of a globar light source (black-body radiation) by means of an interferometer,
typically a Michelson interferometer as in figure 3.7. From the gained interferogram
the irradiation spectrum is calculated by Fourier transformation. The Michelson

Figure 3.7: Michelson Interferometer: The beam of a globar light source is split and
recombined with a tunable optical path length difference generating polychromatic interference.

interferometer includes a fixed and a moving mirror, inducing tunable optical path
length differences in the recombined light beams. For a complete spectrum with a
spectral resolution of
ν
= 2Lν
∆ν
the moving mirror needs to traverse the path length L. From the calculated spectra
of a sample and a reference spectrum the absorption can be calculated as −lg II0
as in ordinary spectroscopy. The fact, that by FTIR intensity at all wavenumbers
is collected simultaneously accounts for the advantages of FTIR: increased speed
1

For more detailed explanation of Fourier transformed IR and the ATR technique, please refer to
[27], [26] or other textbooks on the matter.
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and a much better signal-to-noise ratio than in dispersive IR spectrometers (Fellget
advantage) and higher energy throughput because of circular apertures.
Peptides reconstituted in lipids and even more: large proteins, give rise to a huge
number of interfering IR bands because of the large amount of functional groups
(amino acid side chains, lipidic head groups and others) contributing to an IR spectrum. To monitor conformational changes upon a stimuli by FTIR (e. g. light,
change in pH, water network disturbance) it is inefficient to look at absolute spectra
due to their confusing number of overlapping bands. To overcome this problem,
FTIR difference spectroscopy is performed, i. e., interpretation of the difference between a spectrum and a reference spectrum (e. g.before the stimuli) allows evaluation of only the altered absorptions enabling the assignment to changes in individual
functional groups.
FTIR spectra of a sample can be obtained by transmission measurements or by
the attenuated total reflectance (ATR) technique. For transmission spectroscopy IR
transparent dry pellets have to be produced from the sample. For that reason, the
study of biological samples with respect to the surrounding aqueous solution is not
possible by transmission spectroscopy.
As illustrated in figure 3.8 multiple internal reflection of the IR beam in the ATR
crystal and formation of an evanescent field penetrating only the first µm of the
sample makes ATR spectroscopy an elegant and powerful technique for the study
of samples under physiological conditions avoiding problems resulting from strong
water absorbance in the interesting IR regions. Moreover samples can remain open
at the upper side enabling manipulations (i. e., stimuli) and further simultaneous
studies (as it is done in this work by FTIR-Fluorescence Cross-Correlation, see section 3.1.4.3).
ATR-FTIR difference spectroscopy hence provides an excellent tool for label-free
characterization of conformational changes in proteins (secondary structure and side
chain changes) and lipids.
Fast data acquisition using the FTIR technique enables time-resolved measurements in different modes: step-scan and rapid-scan FTIR. For step-scan FTIR a
periodic process is monitored by stepwise alteration of the position of the moving mirror in the Michelson interferometer. At each position a complete process
is recorded with a constant path length difference of the mirrors. Post-processing
of the data includes sorting of data points to merge interferograms for each time
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Figure 3.8: Principle of attenuated total reflectance spectroscopy: multiple internal reflection of the IR beam (red) in the ATR crystal (yellow) induces
an evanescent field penetrating the first µm of the sample (green) which can
remain open at the upper side and can be studied under physiological conditions, i. e., in presence of solution (blue).

point and after Fourier transformation spectra are obtained for each time point.
The advantage of step-scan FTIR is that time-resolution is no longer limited by the
maximum speed of the moving mirror but by the much faster electronic processing
(detector electronics, analogue-to-digital converter etc.), however only relatively fast
and strictly reproducible processes can be studied.
In this study, we use rapid-scan FTIR, where complete interferograms are recorded
at high mirror speed. As the half-lives of the monitored processes in this work are
much longer than the duration for acquisition of an interferogram in rapid-scan
mode, this mode is adequate for our purposes.

3.1.4.2 Infrared studies on Rhodopsin
For bovine rhodopsin FTIR difference spectroscopy upon light activation was studied
under several conditions. Exemplary difference spectra of rhodopsin (MI state vs.
dark state and MII state vs. dark state) are shown in figure 3.9.
Assignment of individual bands in the fingerprint region to group vibrations in
FTIR difference spectroscopy upon light activation can be found in the table 3.2.
Moreover, as protonated carboxylic acids absorb in the region above 1700 cm−1 which
is free of other vibrational modes in difference spectra, assignment of bands to certain aspartic and glutamic acids had been accomplished by means of site-directed
mutagenesis studies. The position of bands from carboxylic acids additionally moni-
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Table 3.2: Position of FTIR difference bands upon light activation of
rhodopsin.
wavenumber
1770-1700 cm−1
(-)1767 cm−1
(+)1747 cm−1
(+)1752 cm−1
(-)1735 and 1727 cm−1
(+)1734/(-)1724 cm−1
(+)1713 cm−1
(+)1686 cm−1
1680-1620 cm−1
(+)1662 cm−1
(-)1656 cm−1
(+)1644 cm−1
1620-1500 cm−1
1580-1510 cm−1
(−) ≈1550 cm−1
1400-1200 cm−1
(−) ≈1390 cm−1
1300-1100 cm−1
(-)1237 cm−1
≤1000 cm−1
(+)952 cm−1

description
C=O stretch of protonated carboxylic groups
Asp83 in MII [19], [52]
strong band of Asp83 and Glu122 in MII [19], [52]
Asp83 in MI [52]
Glu122 in MI [19]
carbonyl stretch from ester of lipids upon formation of MII
[7]
Glu113 protonation (MII) [29]
characteristic band for MII state [52]
Amide I region, C=O stretch of peptide backbone
strong characteristic band for MI state [40]
C=N stretch and N-H bend of protonated Schiff-base
strong characteristic Amide band for MII state
C=C stretch in ethylenic mode of retinal [40]
Amide II, N-H bend of protein
characteristic double band for MII state (single in MI)
Amide III, C-C stretch of peptide backbone
symmetric stretch of negatively charged carboxylate groups
coupled C-C stretch and C-H bend of retinal
C-C stretch, C-H and N-H bend of Schiff-base, characteristic
for isomerization
C-H bend of retinal
weak characteristic band for MI [52]
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Figure 3.9: FTIR difference spectra of wild type rhodopsin from [40], see table 3.2
for details.

tors the hydration state, because their absorption is shifted to higher wavenumbers if
hydrogen bond strength decreases [35],[44]. Positive bands are marked (+), negative
bands (-) in the summarizing table 3.2.
3.1.4.3 Fluorescence-FTIR Cross Correlation Spectroscopy
The attenuated total reflectance FTIR technique offers the possibility to access the
sample from the upper side while recording the FTIR signal through the supporting
crystal (see section 3.1.4.1). This circumstance can be used to collect additional data
from above the sample. In this study, FTIR rapid-scan spectra and the tryptophan
fluorescence signal are recorded simultaneously in that way. The motivation for this
simultaneous heterospectral recording is the combination of structural information
gathered by FTIR with site-specific information of the physical environment of a
native or engineered Trp residue. The indol ring of the latter is known to respond
to hydrophobicity/hydrophilicity changes by characteristic fluorescence changes.
The experimental set-up (figure 3.10) allows to study relaxation of a system after a
hydration pulse, as well as formation of MI/MII state and decay of rhodopsin after
light exposure. Fluorescence is recorded as a time-drive signal at a single wavelength
slightly above the emission maximum of tryptophan, thereby reflecting blue-shifts
and red-shifts of tryptophan emission as lower and higher fluorescence intensities

27

3. Methods and Materials

3.1 Spectroscopic Methods

Figure 3.10: Measurement set-up for Fluorescence-FTIR Cross Correlation:
The sample (green) is dried on an ATR crystal (yellow). A defined relative
humidity above the sample is achieved by a reservoir containing saturated
salt solution (blue) above a membrane (orange). FTIR rapid-scan spectra
are recorded from below the sample and the tryptophan fluorescence signal is
recorded from above simultaneously, to monitor hydration changes induced
by application of a short current pulse through a wire (turquoise).
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respectively. For both experiments, a defined relative humidity above the dried
sample is achieved by a reservoir in the adaptor above the sample (”adaptor 1” in
figure 3.11) containing saturated salt solution above a membrane (orange in figure
3.10). According to Rockland [53] saturated KCl solution is used to obtain 85 %
relative humidity and K2 SO4 for 97 % relative humidity after an equilibration time
of at least two hours. In the equilibrated state, a reference FTIR spectrum of the
sample is recorded (usually 128 scans, double sided, forward backward).
For hydration modulation experiments, the application of a short current pulse
(500 mA for 4-8 s) increases the relative humidity in the small zone above the dried
sample and below the membrane. Statistically, a few water molecules per lipid
molecule of the sample are thus added and the re-equilibration, i. e., the loss of
these added water molecules, is recorded by FTIR and fluorescence within seconds
to minutes.
Light activation of rhodopsin is achieved by illumination with green light of a high
power LED (520 nm) into the excitation optical fiber above the sample. A self-made
adaptor (”optional adaptor 2” in figure 3.11) fitting into the sample chamber of
the fluorescence spectrometer and launching the LED light into the excitation optical fiber is therefore used and is taken out after 30 s of light exposure to allow
fluorescence signal excitation and recording after light activation. Synchronization
of monitored fluorescence and FTIR data is achieved by TTL signals sent to the
the fluorescence spectrometer during the emission time-drive before and after each
recorded FTIR spectrum as well as before and after the hydration pulse and waiting
time in between the pulses.

3.1.4.4 FTIR spectra correction
Hydration modulation leads to an increase of the relative humidity above the dried
sample and, thereby to an expansion of the sample, primarily induced by swelling,
i. e., hydration of lipid headgroups. The evanescent field of the ATR-FTIR interacts
with less lipid/protein molecules in the expanded sample than in the equilibrated
sample and an absorption loss is observed (see figure 3.12). The ATR-FTIR absorption loss is depending on the film thickness but always linear proportional to the
change of film thickness. A brief deviation is given in the following:
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Figure 3.11: Data acquisition set-up for Fluorescence-FTIR Cross Correlation.
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The electric field of an evanescent wave with penetration depth p at a position z
z
above the boundary surface is decaying by passing through the film: E(z) = E0 ·e− p
The intensity is direct proportional to the squared electric field I(z) ∼ E(z)2 and
the absorbed IR intensity by passing through the film of the film thickness a is
proportional to the concentration of molecules in the film c:
Z

a

Iabs ∼ c ·

E(z)2 dz

0

Iabs ∼ c ·

1 − e−2a/p
2/p

The concentration of molecules in the film is not constant upon swelling. The film
volume, i. e., the thickness changes from a0 to a but the total number of molecules
N with a cross section ε in the film is constant, leading to: c = c0a·a0 ∼ ε · N · a1 and
thus:
1 − e−2a/p
Iabs ∼
2a/p
The absorption A after several reflections through an ATR crystal is then:
A = −lg

I0
I

1 − e−2a/p
)
A ∼ ln(1 − ε · N ·
2a/p
Due to the swelling induced absorption loss a FTIR spectra correction is needed
to separate absorption losses originating in dilution effects and band changes that
arise from hydration effects, e. g. frequency shifts caused by altered H-bonds. Furthermore, broad peaks and tailing absorption from H2 O are removed to uncover superimposed peak structures. The spectral range between 2700 cm−1 and 1800 cm−1
is omitted in each spectrum as the ATR crystal is opaque in that range. An exemplary spectral correction is shown in figure 3.13 and achieved by the following
steps:
1. Water vapor correction: A spectrum of water vapor is subtracted from difference spectra in the fingerprint region (1800-800 cm−1 ) to obtain smooth
spectra without accidentally occurring water vapor peaks.
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Figure 3.12: ATR absorption during swelling processes of the sample: Absorption
of a given number N of molecules with cross section ε filling the evanescent
field to a thickness given in multiples of the penetration depth (left panel)
and the linear correlation between the change of thickness of the sample film
and the absorption loss (right panel), where the slope is depending on the
film thickness (labels to the corresponding lines).

2. Dilution correction in the fingerprint region (1800-800 cm−1 ): the underlying
assumption for this correction is, that in the fingerprint region IR peak frequencies shift in response to hydration but exhibit little or no change in their
integral intensity over a ≈ 500 cm−1 range. Therefore the reference spectrum
is added and a spectrum of liquid water is subtracted in a fashion that the
integral intensity change between 1422 cm−1 and 950 cm−1 is zero. The limits of integration are adjusted for peptides and rhodopsin to 1422 cm−1 and
950 cm−1 and for opsin mutants to 1330 cm−1 and 950 cm−1 in order to position the limits of integration not at a hydration-sensitive FTIR band. These
correction are expressed as:
Cori = Difi + fD,i Ref − fH,i W at − Offset1422cm−1
with Difi : difference spectrum number i after hydration, Cori : corrected
difference spectrum number i after hydration, Ref : reference spectrum before
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Figure 3.13: Exemplary FTIR hydration modulation spectra before and after correction: FTIR band changes originating from dilution effects are
corrected and broad peaks and slopes are subtracted to uncover IR band
changes generated by hydration effects. The region between 2700 cm−1 and
1800 cm−1 is cut out as the ATR crystal is opaque in that range.
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hydration, W at liquid water spectrum and factors fD,i and fH,i chosen so that:
Z

950cm−1

(Cori − Offset1422cm−1 )dx = 0
1422cm−1

where
Offset1422cm−1 = Difi,1422cm−1 + fD,i Ref1422cm−1 − fH,i W at1422cm−1

With the notations:
950cm−1

Z

(Difi − Difi,1422cm−1 )dx

A=
1422cm−1

Z

950cm−1

(Ref − Ref1422cm−1 )dx

B=
1422cm−1

Z

950cm−1

(W at − W at1422cm−1 )dx

C=
1422cm−1

the first constraint for fD,i and fH,i is:
A + fD,i B − fH,i C = 0
The second constraint follows from the correction of the water continuum’s
absorption in the range between 1422 cm−1 and 845 cm−1 . The water continuum gives rise to a broad absorption increase starting from approx. 1000 cm−1
which is abolished by this part of the correction. With the notations:
∆A = Difi,845cm−1 − Difi,1422cm−1
∆B = Ref845cm−1 − Ref1422cm−1
∆C = W at845cm−1 − W at1422cm−1
the second constraint is:
∆A + fD,i ∆B − fH,i ∆C = 0

34

3. Methods and Materials

3.1 Spectroscopic Methods

the two constraints define the factors fD,i and fH,i as follows:
fH,i =

∆AB − ∆BA
∆CB − ∆BC

fD,i =

fH,i ∆C − ∆A
∆B

and

3. OH-stretch correction in the region 3800 cm−1 to 2700 cm−1 compensating the
increased absorption when the reference spectrum is added: from the first
difference spectrum the fraction of ”additional” water fwat is calculated with
the wavenumber of the maximum M ax1 between 3800 cm−1 and 2700 cm−1 in
Dif1 :
Cor1 (M ax1 ) − Dif1 (M ax1 )
fwat =
fD,1 W at(M ax1 )
The ”additional” water absorption caused by the addition of the reference spectrum is subtracted from each difference spectrum using a spectrum of liquid
water ”wat” in the following correction in the region 3800 cm−1 to 2700 cm−1 :
Cori = Difi + fD,i (Ref − fW at W at) − Offset2700cm−1
Thus, the corrected spectra are normalized to the same amount of lipid/peptide
but retain their original intensity increase in the OH-stretching range which is
required to monitor the water content of the sample at each time point.
4. Water subtraction in the scissoring range 1800 cm−1 to 1422 cm−1 : Additionally to the correction No. 2 the angular slope between 1800 cm−1 and
1422 cm−1 is corrected and the superimposed water peak is subtracted to visualize the much smaller underlying peaks from the lipid/peptide samples.
Cori − qi W at
R 1800cm−1

where qi is the peak area ratio (after slope subtraction) qi =

1422cm−1

Cori

1422cm−1

W at

R 1800cm−1

5. Water correction for lipidic peaks in the 3070 cm−1 to 2700 cm−1 range: To
enhance analysis of lipid FTIR bands in the trailing edge of the broad water
peak (from 3800 cm−1 to 2700 cm−1 ) a polynomial baseline (4th grade, red line
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in figure 3.14) is subtracted and the Integral=0 criterion is again applied to
recalculate correction factors for this range (see correction number 2). The
underlying assumption is again, that in the range 3070 cm−1 to 2700 cm−1
FTIR peaks only shift but that they do not alter their intensity.
3.1.4.5 Estimation of water content in hydrated films
To gain an estimate of the number of water molecules per lipid molecule, the ratio of
the integral FTIR absorption peaks of water (OH stretch integral absorption from
3800 cm−1 to 2700 cm−1 ) and lipid CH stretch (integral absorption from 3050 cm−1 to
2700 cm−1 ) has to be obtained. For this purpose a 4th grade polynomial was fitted
to subtract the tailing water background absorption in the lipidic CH-Stretching
region between 2700 cm−1 and 3100 cm−1 as shown in figure 3.14. According to

Figure 3.14: Exemplary deconvolution of the FTIR absorbance bands used to
calculate the water content in hydrated sample films: OH-stretch band (blue
lines) and the CH-stretch bands (crossed blue lines).
R

A

[21] one unit of R = R AOH
refers to 2.2 ± 0.4 water molecules per DOPC lipid. In
CH
presence of a peptide or protein, the OH-stretch band is superimposed by Amide
A and Amide B band. From dry protein FTIR spectra it could be concluded (by
means of an approximate ratio of Amide A and Amide B to Amide I and Amide II
band) that their contribution to the integral area in the present experiments is only
3 % or less. Amide A and Amide B difference bands can therefore not be resolved
from the water OH-stretch difference bands.
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For samples not reconstituted in pure DOPC, the amount of lipid headgroups had
been normalized by using the peak height of the symmetric PO−
2 stretch band AP O2−
from the sample and the corresponding DOPC measurement AP O2− ,DOP C . This leads
to the number of water molecules per lipid molecule nW/L :
nW/L

R
AP O2−
AOH
= 2.2 · R
·
ACH AP O2− ,DOP C

For reconstituted peptides in vesicles nW/L is proportional to the dilution factor

Figure 3.15: Exemplary relation between the dilution factor fD and the number
of water molecules per lipid molecule nW/L for DOPC at 85 % relative
humidity a linear relation with the slope 0.027 is calculated.

fD (see previous section) and the slope of fD (nW/L ) provides information about
the relative volume change of the adsorbed lipidic film upon uptake of one water
molecule per one lipid molecule (figure 3.15). Thus, the spectroscopic data from
ATR experiments can be related to an important macroscopic property that is not
accessible by transmission spectra. It has to be noted, that the relation between
fD and nW/L is not in all cases strictly linear but can be a hysteresis curve. The
deviation from a linear behavior will be quantified by the distance (given in nW/L ) of
the two enclosing lines parallel to the calculated regression line according to figure
3.16.
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Figure 3.16: Nonlinear relation between the dilution factor fD and the number
of water molecules per lipid molecule nW/L for rhodopsin at 97 % relative humidity. The deviation from the linear relation with the slope 0.022
(regression line) is expressed as the distance (in nW/L ) of the two enclosing
lines parallel to the calculated regression line.

3.1.4.6 Quantitation of the protein or peptide response to hydration
modulation
In order to compare the extend of the peptide or protein response to hydration
modulation pulses, the amplitude of the Amide I and/or Amide II difference band
(corrected spectra) is normalized to the amplitude of water uptake, as monitored by
the O-H stretch difference band in the corrected spectra. This ratio is further normalized to the original peptide or protein concentration, i. e., the absolute amplitude
of the Amide band in the reference spectrum.
RP/W =

AAmide,dif
AOH,dif · AAmide,ref

RP/W is a relative measure of the extend of a hydration-induced protein conformational change per water molecule taken up. The protein or peptide response RP/W
in figure 3.17 is plotted versus time and juxtaposed to the time dependence of the
dilution factor fD . The faster increase of the protein response in figure 3.17 after
an onset time of approximately 70-90 seconds (of slow increase) and the non-linear
decrease of fD (after ≈ 20 s of increasing dilution) demonstrates a nonlinear relation between amide absorption change and the dilution factor fD . This contrasts
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Figure 3.17: Exemplary time course of the peptide response RP/W and the dilution factor fD for rhodopsin. Hydration modulation at 97 % relative
humidity results in a reverse time dependence of the dilution factor (red)
and the relative peptide response (black).

the (overall) linearity between fD and the total water content (figure 3.15) and evidences that the amide absorption change is not a consequence of the swelling of the
sample. More specifically, the peptide or protein reacts to water most sensitively
only at the end of the hydration transient, i. e., when only the most tightly bound
water molecules are still present. The less strongly bound water between vesicles is
responsible for swelling and is lost to the gas phase earlier. This leads to a fast decrease in relative volume change (fast fD decrease from 20-100 s), whereas the more
tightly bound water is still present and affects the protein conformation (Amide
band). This explains why the protein response per water molecule increases as long
as the tightly bound water is still attached, which itself has little effect on the total
sample volume.
3.1.4.7 2D Cross Correlation
2D cross correlation is an excellent tool to visualize spectral changes developing with
the same dynamics or with different dynamics in a series of time-dependent spectra.
Here we use disrelation spectra (Figure 3.18) as explained by Noda [46].
To calculate the disrelation spectrum, we generate the synchronous 2D correlation
spectrum, which is simply a cross correlation function at a correlation time τ = 0.
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The dynamic spectrum is

y(ν, t) − y(ν) for − T to
2
ỹ(ν, t) =
0
otherwise

T
2

with y(ν, t) as the time dependent fluctuation of spectral intensity at a wavenumber
ν and y(ν) the reference spectrum. The general cross correlation function at a
correlation time τ is:
1
C(τ ) =
T

Z

T
2

ỹ(ν1 , t) · ỹ(ν2 , t + τ )dt

− T2

and at τ = 0 the cross correlation function C(0) equals the synchronous 2D correlation spectrum Φ(ν1 , ν2 ):
1
Φ(ν1 , ν2 ) = C(0) =
T

Z

T
2

ỹ(ν1 , t) · ỹ(ν2 , t)dt

− T2

The magnitude of the disrelation spectrum Λ(ν1 , ν2 ) is defined as:
|Λ(ν1 , ν2 )| =

p
Φ(ν1 , ν1 ) · Φ(ν2 , ν2 ) − Φ(ν1 , ν2 )2

whereas the sign of the disrelation spectrum is chosen such, that:
Λ(ν1 , ν2 ) ·

dC(τ )
|τ =0 ≥ 0
dτ

In general, the disrelation spectrum is antisymmetric with respect to the diagonal
and contains no cross peaks at the diagonal. This is reasonable, as at the diagonal
the autocorrelation is shown, i. e., the dynamic property of fluctuations at a certain
wavenumber is always in perfect correlation to itself, and thus
Λ(ν1 , ν1 ) = 0
Due to the convention for the sign of Λ(ν1 , ν2 ) elements mirror inverted to the
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diagonal of the disrelation spectrum have inverted signs but same magnitude:
Λ(ν1 , ν2 ) = −Λ(ν2 , ν1 )
Cross peaks in a disrelation spectrum develop only if the intensities of the individual
spectral elements do not vary simultaneously. If the intensity change at ν1 occurs
predominantly before ν2 the sign of a cross peak is positive. On the other hand
negative cross peaks reflect a faster dynamic of ν2 . This rule, however, is reversed
if Φ(ν1 , ν2 ) < 0.
In this study, we concentrate on the magnitude of the disrelation spectrum, i. e.,
the extent to which two dynamics differ from each other, rather than relative rates.
Thus, our spectra are symmetric with respect to the diagonal and all amplitudes
positive (by taking Λ(ν1 , ν2 ) ) .
To cross correlate fluorescence data additionally to FTIR, we append an additional
”wavenumber” (labeled 285) to the end of the ASCII data columns of each FTIR
difference spectrum. In this additional data column, the value of the tryptophan
emission intensity change (averaged for each time slice) is listed and processed identically as the IR absorption data in calculating the disrelation map.

3.2 Materials
3.2.1 Peptides
Peptides were synthesized, purified (trifluoroacetate free) and quality assured by
mass spectrometric analysis by Thermo Scientific (Ulm, Germany). The amino acid
sequence of the synthesized peptides (see figure 3.19) was derived from transmembrane helix 3 (TM3) of rhodopsin, including the highly conserved ERY motif (or the
proton uptake-deficient form QRY) at the putative phase boundary. Additionally a
tryptophan was added to the C-terminus to monitor the hydrophobicity of the microenvironment inside the lipidic phase by exploring the polarity-dependent fluoresg
) is used to monitor protonation
cence emission of this amino acid. TM3S3 (3267 mol
and hydration of the ERY motif through the fluorescence emission of the nearby trypg
g
tophan inside the helix. The peptides TM3S3Q (3266 mol
) and TM3S3W7 (2771 mol
)
serve as control peptide: in TM3S3Q the proton uptake site in the ERY motif is
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Figure 3.18: Exemplary disrelation matrix of a FTIR-Fluorescence cross correlation hydration modulation: Disrelation of dynamics at indicated
wavenumbers (285 refers to the fluorescence signal) is depicted in a colour
code from blue (perfect correlation) to red (no correlation). The diagonal
shows auto-correlation an is therefore always blue.
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Figure 3.19: Synthesized peptides:

Amino acid sequence derived from TM3 of
rhodopsin. Grey: native amino acids; bold: altered amino acids to abolish additional protonation sites and fluorophores, in TM3S3W7: LAL ALA
to induce helicity; red: tryptophan probe. For comparison the sequence of
the TM3 peptide used in [41] is given.
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disabled by the E→Q exchange, whereas in TM3S3W7 proton uptake is still possible but the tryptophan is shifted by 7 amino acids from the ERY motif to the
N-terminus and thus no longer a monitor of the hydrophobicity around the ERY
motif.

3.2.2 Rhodopsin
Rhodopsin (rod outer segment (ROS) membranes) was kindly provided by Oliver
Ernst (Charité Berlin, Germany) in the following condition: ROS membranes were
washed four times with extraction buffer (5 mM Pipes, 1 mM EDTA, 1 mM DTT,
pH 7.0) and finally once with wash buffer (20 mM BTP, 130 mM NaCl, 1 mM MgCl,
pH 7.5), aliquots contain 197 µM rhodopsin.

3.2.3 Opsin mutants
Opsin mutants ND (1 ml of ≈1.4 µM), NED (2 ml of ≈1.1 µM) and NEEMD (0.7 ml
of ≈0.7 µM) were kindly provided by Dr. Philip Reeves (University of Essex, UK),
mutations were:
ND:N2C/D282C
NED:N2C/E134Q/D282C
NEEMD:N2C/E113Q/E134Q/M257Y/D282C
samples were provided in 20 % glycerol containing n-dodecyl-β-D-maltoside (DM)
and 0.1 % Octylglucoside (OG) The N2C replacements served to increase opsin stability in all mutants by forming a disulfide bridge with the native C85.

3.2.4 Miscellaneous
• Lipids: 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC) and 1,2-Dioleoylsn- Glycero-3-Phosphoethanolamine-N-(5-dimethylamino-1-naphthalenesulfonyl) (DANSYL-PE) from Avanti Polar Lipids, Inc. (Alabaster, USA); L-αphosphatidylcholine (PC) in Chloroform from Sigma-Aldrich (Taufkirchen,
Germany)
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• Detergent: n-dodecyl-β-D-maltoside (DM) and n-octyl-β-D-glucopyranoside
(OG) from Sigma-Aldrich (Taufkirchen, Germany)
• other chemicals used (buffer agents, salts, acids etc.) were of p.a. grade
• Dialysis membrane for FTIR-Fluorescence cross correlation experiments and
for dialysis: Cellu Sep, regenerated cellulose tubular membrane, 20 µm, nominal MWCO: 12,000-14,000 from Membrane Filtration Products, Inc. (Seguin,
USA)

3.3 Preparative Methods
3.3.1 Sample preparation for fluorescence, UV and CD studies
• Detergent-solubilized transmembrane peptides from helix 3 of rhodopsin
were prepared for fluorescence and circular dichroism experiments by solubipeptide (powder) in 5 %(w/v) n-dodecyl-β-D-maltoside (DM)
lization of 10 mg
ml
followed by 20-fold dilution in 100 mM phosphate buffer at different pH ranging
from pH 2 to pH 8.8
• Lipid-reconstituted transmembrane peptides derived from helix 3 of
rhodopsin were prepared for fluorescence and FTIR studies with a lipid:peptide
ratio of 25-30:1 by solubilization of 10 mg 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine
(DOPC) in ≈100 µl ethanol in the lipid containing vial. The DOPC solution was then mixed with ≈1.5 mg peptide (rinsing with 40-100 µl ethanol)
and ethanol evaporated. The sample was subsequently re-suspended in 40 µl
ethanol and mixed with 1960 µl H2 O. Vesicles were formed by at least 10
freeze-thaw cycles of the 2 ml suspension according to [11]. The obtained stock
solution of ≈200-250 µM peptide concentration was diluted 10-fold in 100 mM
phosphate buffer at different pH ranging from pH 2 to pH 8.8
• Peptides in fluorescently labeled DOPC vesicles: for peptide-containing
DANSYL-PE (1,2-Dioleoyl-sn- Glycero-3-Phosphoethanolamine-N-(5-dimethylamino-1-naphthalenesulfonyl))-doped DOPC vesicles, 5 mg of DANSYL-PE
and 10 mg DOPC were dissolved in 300 µl ethanol. Peptides (≈0.8 mg) were
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solubilized in 100 µl lipid ethanol mixture arriving at a ratio of DANSYLPE:DOPC:peptide of ≈7:18:1 (equivalent to an overall lipid:peptide ratio of
25:1). Evaporation, resuspension in 20 µl ethanol and mixing with 980 µl H2 O
was followed by at least 10 freeze-thaw cycles. The stock suspension was 10fold diluted in 100 mM phosphate buffer at different pH ranging from pH 2 to
pH 8.8.
• Peptides in fluorescently labeled PC vesicles: for peptide-containing
DANSYL-PE-doped PC vesicles, 5 mg of DANSYL-PE was dissolved in 155 µl
chloroform solution as proL-α-phosphatidylcholine (PC) solution (100 mg
ml
vided). Peptides (0.6mg) were solubilized in one third of the lipid chloroform mixture arriving at a ratio of DANSYL-PE:PC:peptide≈9:37:1 (equivalent to an overall lipid:peptide ratio of 46:1). Evaporation, resuspension in
20 µl ethanol and mixing with 980 µl H2 O followed by at least 10 freeze-thaw
cycles formed the stock suspension which was 10-fold diluted in 100 mM phosphate buffer at different pH ranging from pH 2 to pH 8.8.
• Undialyzed rhodopsin (washed membranes as provided) was used for UV
control measurements of the activation state by adding 20 µl 5 %(w/v) ndodecyl-β-D-maltoside (DM) and 100 µl H2 O to 5 µl of washed membranes.
• Opsin mutants in 0.1 % OG as provided were used for circular dichroism,
magnetic circular dichroism, and fluorescence studies.

3.3.2 Sample preparation for FTIR-Fluorescence Cross
Correlation Hydration Modulation
• For lipid-reconstituted transmembrane peptides derived from helix 3
of rhodopsin, a peptide/DOPC stock solution was prepared as described in
section 3.3.1. 2-5 µl of the stock solution was dried overnight on the ATR
crystal before the Teflon adaptor, containing the saturated salt solution (KCl
for 85 % relative humidity), was attached.
• 2.5 µl rhodopsin as provided (0.5 nmol) was dried overnight on the ATR crystal and was afterwards carefully washed three times with 1ml H2 O each (gently
covering the sample with water, 10 min waiting time and carefully removing
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the water). Subsequently the sample was dried, covered by 5 nmol imidazole
buffer (5 µl of 1 mM buffer, pH 5.5) and dried again before attaching the Teflon
adaptor containing a saturated salt solution of K2 SO4 (for 97 % relative humidity).
• Opsin mutants were reconstituted in lipid vesicles by adding 6-10 µl of
DOPC/OG (10 mg DOPC solubilized in 500 µl 30 %(w/v) OG) to 1ml of
detergent-solubilized recombinant opsin arriving at a lipid:protein ratio of 80:1.
Using QuixSep dialysis vessels, mutants were dialyzed overnight against 3 L
imidazole buffer (0.2 mM, pH 7.4) and protein concentration was controlled by
MCD. The NEEMD mutant concentration and sample volume was too little
for FTIR studies. The ND and NED mutant samples were lyophilized and
resuspended in 20-60 µl water to concentrate the samples arriving at 1 nmol
opsin per 10 µl. 3 µl of the obtained opsin solution was dried overnight on the
ATR crystal before the Teflon adaptor containing a saturated salt solution of
N aCl (for 75 % relative humidity) was attached (no further washing).
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4 Results and Discussion
4.1 Coupling of modular switching mechanisms in the
ERY motif of rhodopsin to restructuring at the
local phase boundary
The activation mechanism of the prototypical G-Protein coupled receptor bovine
rhodopsin includes class-conserved conformational changes (see chapter 1.4) like the
internal proton switch, i. e., the deprotonation of the retinal Schiff base, and the external proton switch, i. e., the breakage of the ”ionic lock” [4] [42]. These conserved
mechanisms stand in apparent contradiction to the high ligand specificity among
the superfamily of GPCRs, where each receptor is tailored to its agonist and stimuli
respectively as pointed out in chapter 1.4.
To explain this intriguing property it has been suggested that autonomous modular switches are involved in the activation mechanism of GPCRs. The underlying
structural components of the receptor backbone and side chains are not necessarily
involved in ligand recognition but react to the agonist or physical stimuli at more
distant sites. Thereby, such autonomous regions could represent a link between a
high ligand specificity and a conserved activation mechanism. It has been shown
that TM3-derived peptides including the ERY motif couple side chain protonation
to conformation and helix positioning. This has been explained to be driven by the
location of the charged amino acids close to the phase boundary [41] (see figure 4.1).
These findings imply a functional importance of the phase boundary in GPCR activation and motivated this study: in the first part of this work the putative reverse
effect, i. e., the effect of water activity at the local phase boundary on the TM structure will be determined experimentally. If indeed the conformational switch relies
on hydrophilic/hydrophobic partitioning of side chains, then water activity at the
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Figure 4.1: Coupling of protonation and conformation: protonation of E in the
class-conserved ERY motif at the phase boundary (orange) in a synthesized
transmembrane segment of rhodopsin’s transmembrane helix 3 leads to helix
extension monitored by FTIR and by tryptophan fluorescence emission at the
C-terminal helix end [41].

membrane surface is expected to drive conformational changes even at a constant
proton activity, i. e., at a constant pH.
The vital role of lipid in GPCR function is additionally emphasized by the fact, that
helical mobility [37] and rhodopsin activation dynamics [17] are altered in detergent
compared to rhodopsin in lipid and that even the two proton switches decouple in
detergent [39].
In this work, synthetic peptides derived from transmembrane helix 3 (TM3) as
described in chapter 3.2 are studied in micelles and vesicles. To monitor protonation dependent alterations, peptides are prepared according to chapter 3.3 in buffer
solutions at pH 2; 3; 4; 5; 6; 7 and 8.8. Peptide samples at pH 8.8 serve as reference samples, as in such alkaline environment the glutamic acid in ERY motif is
surely negatively charged and proton uptake can be studied by exploring samples
of decreasing pH. Alternatively, the role of water activity in ”dissolving” the helical end, i. e., the solvent-accessible terminal end of TM3 peptides, is addressed by
time-resolved hydration modulation FTIR spectroscopy described in chapter 3.1.4.3
leading to the results shown in chapter 4.2.
Control experiments were performed to determine the secondary structure, especially the helical content of the peptide samples by Circular Dichroism and FTIR
(see figure 4.2). Circular dichroism spectroscopy and subsequent secondary structure
determination using the CDSSTR algorithm of DICHROWEB (see 3.1.2) proves the
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Figure 4.2: Secondary structure assessment of synthetic TM3-peptides: left: Exemplary circular dichroism spectra of TM3S3 peptide in DM (see section 3.3.1
for details); right: Amid I band of TM3S3 peptide in lipid (DOPC) by FTIR;
deconvolution peaks (dotted lines) are shifted downwards; the helical content
of the TM3-peptides in lipid and detergent was 60-70 % .

helical content of the peptides in detergent to be roughly 60-70 %. Within the accuracy of secondary structure determination from CD, there is no pH dependency of the
helical content. Likewise, FTIR secondary structure determination using deconvolution of peak positions as described [16] and weighting factors from [31] also resulted
in a helical content of the lipid-reconstituted peptides of 60-70 %. Furthermore, the
peptides contained a strategically placed tryptophan residue to monitor the effect of
protonation of Glu in the ERY motif on the hydrophobicity at the C-terminal end
(and for TM3S3W7 near the N-terminal end) of the TM sequence. The TM3S3 is
used to monitor protonation and hydration of the ERY motif through the fluorescence emission of the nearby tryptophan inside the helix. The peptides TM3S3Q
and TM3S3W7 serve as control peptide: in TM3S3Q the proton uptake site in the
ERY motif is disabled by the E→Q exchange, whereas in TM3S3W7 proton uptake
is still possible but the tryptophan is shifted by 7 amino acids from the ERY motif to
the N-terminus and thus no longer a monitor of the hydrophobicity around the ERY
motif. Fluorescence emission spectra of peptides in DOPC at pH 8.8 (figure 4.3)
reveal that the TM3S3W7 peptide shows a C-terminal tyrosine emission much less
quenched by the N-terminal tryptophan than in TM3S3 and TM3S3Q, where tryptophan is only 4 amino acids away from the conserved tyrosine. From the spectra it
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can be concluded, that the replacement of glutamic acid by glutamine has only little
effect on tyrosine / tryptophan emission (compare TM3S3 and TM3S3Q emission
spectra). However, there is a slight shift of the tryptophan emission maximum from
339 nm to 337 nm, indicative of an increased hydrophobicity in the tryptophan environment upon neutralization of the glutamic acid side chain when it is replaced by
glutamine. The implied effect on water penetration into the lipid protein interface
beyond the ERY motif is actually the focus of the fluorescence and FTIR studies
using an indirect but site-specific (tryptophan emission) and a direct but spatially
unresolved (IR-absorption) solvation monitor, respectively.

4.1.1 Fluorescence difference spectroscopy studies
Figure 4.4 shows the pH sensitivity of tyrosine / tryptophan emission of the TM3S3
and TM3S3Q peptide in DM micelles. The emission spectra of TM3S3 and TM3S3Q
peptides at the indicated pH are subtracted from the corresponding reference emission spectrum at pH 8.8 and the resulting difference spectra were subsequently normalized to the initial emission maximum of the reference spectrum at 343 nm (resulting in an isosbestic point). The emission of tyrosine / tryptophan in the TM3S3
peptide (bold lines) in detergent exhibit a distinct pH dependency. The observed
pH sensitivity disappears upon replacement of glutamic acid by glutamine in the
TM3S3Q peptide (thin lines) and is thus caused by glutamic acid in the ERY motif.
The inset depicts the minimum (at 315 nm) to maximum (at 365 nm) fluorescence
emission difference value against pH including additional data points at pH 4.5; 5.5;
6.5 and 8. Overall, a decreasing peak to peak value with increasing pH can be
suspected, however this trend is not very clear, as the coefficient of correlation is
only -0.6. An analogous experiment in lipidic DOPC vesicles is shown in figure 4.5.
Again a distinct pH dependency of tyrosine / tryptophan emission in TM3S3 (bold
lines) caused by glutamic acid in the ERY motif is evident as it disappears in the
TM3S3Q peptide (thin lines) upon replacement of glutamic acid by glutamine. In
contrast to the same experiment in detergent, the inset reveals that in lipids a distinct negative proportionality of peak to peak value and pH value with a coefficient
of correlation of −0.9 exists. Hence, the deviation of tyrosine / tryptophan emission
from the reference emission is clearly not random but exhibits a blue shift upon
lowering the pH. We ascribe this to a proton-induced ”repulsion” of water from the
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Figure 4.3: Fluorescence emission spectra of TM3-derived peptides in vesicles:
peptides were measured at pH 8.8 in DOPC (see section 3.3.1 for details);
tryptophan emission maxima were found at 339 nm for TM3S3 peptide and at
337 nm for the TM3S3Q and TM3S3W7 peptides indicating an increased hydrophobicity in the tryptophan environment in the proximity of the uncharged
homologue of E in the ERY motif at the phase boundary (TM3S3Q) and for
the fluorophore buried in the hydrophobic part of the peptide (TM3S3W7).
Tyrosine emission at 315 nm is only visible for the TM3S3W7 peptide, where
the C-terminal tyrosine emission is much less quenched by the N-terminal
tryptophan than in the TM3S3 and TM3S3Q peptides, in accordance with
the larger distance between W and Y in the TM3S3W7 peptide.
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Figure 4.4: Fluorescence difference spectra of TM3S3 (bold lines) and TM3S3Q
(thin lines) in DM micelles: tyrosine/tryptophan emission in presence of
a proton uptake site (in TM3S3) exhibit a distinct but unsystematic pH dependency which disappears upon replacement of glutamic acid by glutamine
in the TM3S3Q peptide. Inset: change of minimum (at 315 nm) to maximum (at 365 nm) fluorescence emission difference values of TM3S3 against
pH shows a negative linear trend (coefficient of correlation is -0.6) but not a
clear titration behaviour.
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tryptophan environment. Remarkably, this effect of proton uptake of the ERY motif
extends two amino acids N-terminal of the ERY titrating group. Obviously, water
accessibility to the more hydrophobic deeper part of the bilayer is more strictly coupled to side chain protonation at the membrane surface in the lipid-reconstituted
system, whereas in the more flexible micelle the coupling is less pronounced. To

Figure 4.5: Fluorescence difference spectra of TM3S3 (bold lines) and TM3S3Q
(thin lines) in DOPC vesicles: tyrosine/tryptophan emission in presence
of a proton uptake site (in TM3S3) exhibit a distinct and systematic pH
dependency which disappears upon replacement of glutamic acid by glutamine
in the TM3S3Q peptide. Inset: change of minimum (at 315 nm) to maximum
(at 365 nm) fluorescence emission difference values of TM3S3 against pH shows
a clear negative linear correlation (coefficient of correlation is -0.9).

prove, that water accessibility to a hydrophobic (deeper membrane-inserted) part of
the peptide is regulated by the ERY motif at the C-terminal phase boundary, the
TM3S3W7 peptide was studied as a control in DOPC vesicles (see figure 4.6). Here,
the W resides at a position 3 to 4 helical turns away from the ERY motif. Indeed,
the pH sensitivity of the emission of the ”reporter” cannot be observed due to the
displacement of tryptophan to the N-terminal end of the helix. Emission of tyrosine
in the ERY motif is still pH dependent at a comparable level as for TM3S3. This
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agrees with the above revealed proton-sensitive module at the C-terminal end. However, since tryptophan is not positioned nearby this pH-dependent hydration site,
the proton-induced changes of hydrophobicity in the microenvironment around the
ERY motif are not reported by the tryptophan emission. Furthermore, the results
of this experiment prove that there is no coupling of the C-terminal protonation at
the ERY motif to the N-terminal structure or hydration around the tryptophan at
position 7. This clearly excludes a rigid body repositioning of the peptide ”through”
the membrane and supports the local (i. e., at the C-terminal helical end) effect of
protonation. Nevertheless, the data shows that the protonation state of the Glu in
ERY motif does not only affect the water-exposed C-terminal helical end but does
indeed function as a ”gate” for water entry into the more hydrophobic transmembrane region in the C-terminal half of the peptide. This supports the hypothesis of
the mutual interdependence of the location of the lipid water phase boundary and
the protonation state of Glu in the ERY motif. This interdependence of protonation
and transmembrane peptide hydration at the C-terminal end was further addressed
by Förster resonance energy transfer (FRET).

4.1.2 FRET studies
Förster resonance energy transfer (FRET) between tryptophan of the TM3S3 peptide and DANSYL in the headgroups of modified PE lipids (see chapter 3.1.3.1)
was used to monitor proton-dependent changes in the average distance between the
membrane-buried tryptophan and the lipid bilayer surface.
In figure 4.7, the residual tryptophan emission (280 nm excitation, 340 nm emission) of the TM3S3 peptide reconstituted in DANSYL-PE:DOPC vesicles (molar
ratio 1:2.5) is shown (detailed composition can be found in chapter 3.3). Emission is normalized to the directly excited DANSYL emission (excitation 345 nm,
emission: 524 nm) and is plotted versus pH. With increasing pH, a higher residual
tryptophan emission is observed, i. e., the negatively charged state of TM3S3 exhibits less efficient FRET between tryptophan and DANSYL. This agrees with the
pH-dependent lipid/protein architecture already suggested by the intrinsic tryptophan emission alone. The right side of figure 4.7 shows emission spectra of TM3S3 at
pH 8.8 (blue) and pH 5.5 (red). The tryptophan emission increases, while the DANSYL emission decreases at higher pH, proving a pH-dependent FRET efficiency. In
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Figure 4.6: Fluorescence difference spectra of TM3S3W7 in DOPC vesicles:
tyrosine emission (from ERY motif) is pH dependent at a comparable level as
for TM3S3 arguing for a functional modular switch, but despite the presence
of a tryptophan residue, there is no pH-sensitivity of it’s emission observed,
evidencing the local effect of protonation at the C-terminal helical end and
excluding rigid body repositioning of the peptide upon protonation.
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Figure 4.7: FRET between tryptophan and DANSYL-PE in TM3S3 peptide
reconstituted in DANSYL-PE:DOPC vesicles:left: residual normalized
tryptophan emission versus pH. The negatively charged state of TM3S3 (high
pH) exhibits less efficient FRET between tryptophan and DANSYL arguing for pH-dependent lipid/protein interactions. right: Emission spectra of
TM3S3 at pH 8.8 (red) and pH 5.5 (blue) excluding a merely intrinsic response
of tryptophan emission to protonation and proving pH-dependent FRET efficiency.

contrast, a purely intrinsic pH dependency of the tryptophan emission at a constant FRET efficiency could also result in a similar residual tryptophan emission
(left panel in figure 4.7), but would entail an increase of the DANSYL emission
at high pH (right graph). The observed opposite sign of the emission changes of
tryptophan and DANSYL exclude a merely intrinsic response of tryptophan and evidences a FRET-dependent mechanism. Similar to the above explained experiment,
the FRET efficiency as a function of pH was also studied on the TM3S3 peptide
reconstituted in DANSYL-PE doped PC vesicles (molar ratio 1:4, for details see
chapter 3.3). In contrast to DOPC, the hydrophobic tail of the PC used here is saturated and stiffer. Hydrophobic effects originating in lipid/peptide and lipid/water
interactions may become more pronounced in PC given the lower flexibility of PC
vesicles.
Again with increasing pH, higher residual tryptophan emission is detected (figure
4.8) and, additionally, the sigmoid form of the curve allows to estimate an apparent
pKA value of the glutamic acid protonation of ≈ 6.9.
In both cases (figure 4.7 and 4.8) the protonation-dependent FRET efficiency hints
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Figure 4.8: FRET between tryptophan and DANSYL-PE in TM3S3 peptide
reconstituted in DANSYL-PE:PC vesicles: Residual normalized tryptophan emission versus pH exhibits a sigmoidal curve with an apparent pKA
value of ≈ 6.9, proving less FRET efficiency between tryptophan and DANSYL in the negatively charged state of Glu in TM3S3 peptide (high pH).
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at a pH dependency of the interactions between the peptides and the lipidic phase,
confirming the findings of [41], where peptides with N-terminal tryptophan reporters
were studied. More precisely, the FRET experiments indicate that the protonated
neutral state of the glutamic acid (at low pH) leads to higher FRET efficiency. If this
was solely due to distance changes, the data would suggest an increased tryptophan
to lipid headgroup distance when Glu in the ERY motif is fully protonated. This
motion agrees with a more membrane-embedded, i. e., water-excluded portion of the
amino acid stretch preceding the proton uptake site. Alternatives will be discussed
below.
In contrast to glutamic acid in aqueous solution, showing a pKA = 4.32 [30], the
apparent pKA of the glutamic acid in the ERY motif, as sensed by the tryptophan emission changes, is shifted by more than 2 units, i. e., the apparent ratio of
equilibrium concentrations of protonated and deprotonated glutamic acid is at least
100-fold smaller. This argues for lipid/protein interaction that induces a shift of ∆G
of protonation which stabilizes the protonated, i. e., neutral, state of the side chain.
This appears to be particularly pronounced in the lipidic phase of PC, rather than
in DOPC carrying the more flexible hydrocarbon chains.

4.1.3 Discussion
The possible effect on local protein conformation upon proton uptake at E134 in the
MII state of rhodopsin and, presumably, in the active state of other class I GPCRs
was investigated in TM3-derived peptides solubilized in detergent or reconstituted
in vesicles.
From fluorescence difference spectroscopy studies of the emission of a tryptophan
introduced at various positions along the peptide sequence, it can be concluded that
the protonation of the glutamic acid in the TM3S3 peptide affects the amino acid
structure or environment about one helical turn ”below”, i. e., N-terminal of, the
proton-accepting group. The effect of C-terminal protonation thus extends into the
hydrophobic core of the micelle or the studied bilayer preparation. As the tryptophan emission peak position itself is a monitor of environmental dielectricity [38],
it allows interpreting the observed changes in terms of local hydrophobicity. Consistent with the neutralization of the glutamic acid side chain by replacement with
glutamine (see figure 4.3), also protonation of the carboxylate leads to a blue-shift
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of the tryptophan emission. This indicates, that protonation, i. e., neutralization
of the E134 increases local hydrophobicity beyond the actual protonation site and
affects the dielectric environment even one helical turn away towards the membrane
core.
The critical question, whether this is due to local charge of the carboxylate directly
and/or penetration depth of water at the lipid/peptide interface at the helical end,
will be addressed in section 4.2 where a critical role of water will be deduced from
FTIR studies.
Here, the FRET studies show higher FRET efficiency from tryptophan to DANSYL upon protonation of Glu in the ERY motif. Combination of the findings from
FRET and fluorescence difference spectroscopy studies, allows us to construct a
schematic model of coupled protonation of the ERY motif and restructuring at the
phase boundary (see figure 4.9). At high pH, the glutamic acid of ERY is negatively
charged (left side in figure 4.9). This charge is energetically unfavored in the hydrophobic environment and therefore deforms the lipid water interface or extends the
C-terminal helical end to expose the charge to the aqueous phase. This assumption
is supported by the fact, that the deprotonated state exhibits lower hydrophobicity
around the ERY motif and agrees with previous FTIR studies proving helical turn
formation of TM3 peptide upon proton uptake at the ERY motif [41].
Neutralization, i. e., protonation abolishes the charge of the glutamate side chain
and hence releases part of the constraints at the lipid/water interface and expels
solvation water (bold blue arrows). This leads to a more hydrophobic microenvironment around the ERY motif as proven by the observed fluorescence blue-shift of the
tryptophan emission upon protonation. Furthermore, the former repulsive forces
between glutamic acid and DANYSL disappears upon protonation and might lead
to a smaller distance between the FRET pair. The higher FRET efficiency in the
protonated state could also be caused by the lower dielectricity in the microenvironment between tryptophan and DANSYL resulting from solvation water expulsion.
The model proposed here, regards the ERY motif as a local hydration site allowing
water access to ”dissolve” the exposed helical end to a degree that is strongly regulated by the charge state of the conserved glutamic acid. The protonation drives a
local structural change at the lipid water peptide interface, rather than a rigid body
movement of the entire peptide along the membrane normal. In the latter case the
shift of the ”reporter” tryptophan to the N-terminal side (TM3S3W7 peptide) would
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Figure 4.9: Schematic structural model of coupled protonation of ERY motif and restructuring at the phase boundary: PC molecules are depicted with round orange circle as choline headgroup, DANSYL-PE with yellow hexagonal headgroups, charges are presented as blue (positive) and red
(negative) circles and the peptide is illustrated as gray cylinder indicating the
helical structure.
In the deprotonated, negatively charged state of Glu (left), a deformation of
the water lipid interface or exposure of the helical end prevents the charged
side chain E134 of the ERY motif to reside in the unfavored hydrophobic
environment, evidenced by tryptophan fluorescence emission. Protonation releases that constraint, expels solvation water (right side, blue arrows) and
thereby lowers the dielectricity and abolishes repulsive forces in between the
FRET pair resulting in the observed higher FRET efficiency (red arrow).
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have sensed environmental changes if it was pushed towards the membrane surface.
The thermodynamic approach to model the coupled protonation of Glu in the ERY
motif and restructuring at the phase boundary is depicted as a 4-state model in
figure 4.10.
Equilibrium constants are defined as follows:

[D]
[R]
[DH]
KLH =
[RH]
[H][D]
KD =
[DH]
[H][R]
KR =
[RH]
KL =

(4.1)
(4.2)
(4.3)
(4.4)

For each of the involved processes in the coupled 4-state model there is one measurable quantity: the protonation of the glutamic acid, as monitored by FTIR in [41]
for TM3 derived peptides with C-terminal tryptophan, and the structural changes,
i. e., changes in the average distance of tryptophan to the lipid bilayer surface, reported by FRET in [41] and in this work.
Monitoring protonation of the glutamic acid, the ongoing macroscopic reaction is:

P − + H+ *
) PH

(4.5)

where P − denotes the peptide in the (macroscopic) ionized state of E134 and P H
the macroscopic peptide state with neutral E134. The measured signal strength
(FTIR difference signal in [41]) is correlating with the saturation level SP rot using
the above defined microscopic states:
SP rot =

[RH] + [DH]
[RH] + [DH] + [R] + [D]

(4.6)

This saturation level can be expressed by the equilibrium constants as follows:
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Figure 4.10: Schematic thermodynamic 4-state-model of coupled protonation of
ERY motif and restructuring at the phase boundary. PC molecules
are depicted with round orange circle as choline headgroup, DANSYL-PE
with yellow hexagonal headgroups, charges are presented as blue (positive)
and red (negative) circles and the peptide is illustrated as gray cylinder
indicating the helical structure. The Trp residue (orange star) introduced
as a local fluorescence monitor of hydrophobicity and as a donor for FRET
to DANSYL-labeled lipids is indicated along the peptide two positions Nterminal of E134. The model features alteration of the water penetration
depth into the peptide lipid interface. D− and DH refer to the deformed
lipid/water interface in deprotonated and protonated state respectively. R−
and RH refer to relaxed deformation states. Bold arrows indicate the reaction
for which the equilibrium constants are defined.
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SP rot =

[RH] + [DH]
[RH] + [DH] + [R] + [D]
1+

=
=
=

and hence:
SP rot =

1+

[DH]
[RH]

+

[DH]
[RH]
[R]
[RH]

+

(4.8)

[D]
[RH]

1 + KLH
1 + KLH +

KR
[H]

+

[D]
[R]

·

(4.7)

[R]
[RH]

1 + KLH
R
(1 + KL )
1 + KLH + K
[H]

[H](1 + KLH )
[H](1 + KLH ) + KR (1 + KL )

(4.9)
(4.10)

(4.11)

The proton concentrations [H] can vary between 0 and ∞, leading to the limits
of SP rot :
lim SP rot = 0
[H]→0

lim SP rot = 1

[H]→∞

thus the half-maximal saturation level is
SP rot =

1
2

(4.12)

corresponding to the half-maximal difference signal strength. The pH value at
that half-maximal difference signal strength can be calculated from the proton concentration at SP rot = 21 :
pH 1 P rot = −lg
2

KR (KL + 1)
KLH + 1

(4.13)

The macroscopic reaction corresponding to structural changes exhibiting the observed pKa,apparent (see figure 4.8) is (using the nomenclature of the macroscopic
states PD for the peptide in D-state (deformed lipid/water interface) and PR for the
peptide in the macroscopic R-state (relaxed lipid/water interface) respectively):
PD *
) PR
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and the measured signal strength (FRET) correlates with the conformational
saturation level SConf expressed by the above defined microscopic states:
SConf =

[RH] + [R]
[RH] + [DH] + [R] + [D]

(4.15)

This saturation level can be expressed by the equilibrium constants:
[R]
[RH]
[DH]
[R]
[D]
+ [RH]
+ [RH]
[RH]
R
1+ K
[H]
R
KLH + K
(1 + KL )
[H]

1+

SConf =

=
=

1+

1+

[H] + KR
[H](1 + KLH ) + KR (1 + KL )

(4.16)

(4.17)
(4.18)

For proton concentrations [H] between 0 and ∞, it can be seen, that SConf varies
between:
1
lim SConf =
[H]→0
1 + KL
lim SConf =

[H]→∞

1
1 + KLH

The half-maximal saturation level is:
1
1
1
SConf = (
+
)
2 1 + KL 1 + KLH

(4.19)

corresponding to the half-maximal difference signal strength. The pH value at
that half-maximal difference signal strength is the same as at the half maximal
point of protonation, i. e., the apparent pK values of both macroscopic reactions are
equal as depicted in figure 4.11. The proof follows below:
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Figure 4.11: Saturation level of conformational changes and protonation versus
pH value for TM3S3 peptide in DANSYL-PE doped PC vesicles.
Both ongoing saturation curves exhibit the same pK value (for proof see
text), however, the pK values do not correspond in both cases to 50 % saturation but to 50 % of the overall change of the saturation level.
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The saturation level of structural changes can be termed:
[RH] + [R]
[RH] + [DH] + [R] + [D]
[R]
[RH]
=
+
[RH] + [DH] + [R] + [D] [RH] + [DH] + [R] + [D]

SConf =

the second addend can be expressed as:
[RH] + [DH]
[RH]
[RH]
=
·
[RH] + [DH] + [R] + [D]
[RH] + [DH] + [R] + [D] [RH] + [DH]
1
= SP rot ·
1 + [DH]
[RH]
1
= SP rot ·
1 + KLH
and therefore it follows:
SConf =

[R]
1
+ SP rot ·
[RH] + [DH] + [R] + [D]
1 + KLH

We now consider the saturation level of conformational changes at the point of half
maximal protonation, i. e.,, at pH 1 P rot . At the point of half maximal protonation it
2
holds true, that [R] + [D] = [RH] + [DH] and SP rot = 21 :
[R]
1
1
+ ·
2([R] + [D]) 2 1 + KLH
1
1
1
=
+ ·
[D]
2(1 + ) 2 1 + KLH

SConf (pH 1 P rot ) =
2

[R]

=

1
1
1
+ ·
2(1 + KL ) 2 1 + KLH

and this is equal to SConf
SConf (pH 1 P rot ) = SConf
2

q.e.d.
To gain information about the free energy of the states, we relate the macroscopic
apparent pKa to the pKa of the protonation of glutamic acid side chain in aqueous
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solution assigned to the fully exposed state of the carbonyl in the model peptides:
D− + H + *
) DH
From [30] it is pKa,D = 4.32 corresponding to the Gibbs free energy:
∆GD = ln(10) · RT · pKa,D = 24.2

kJ
mol

(4.20)

The key mechanism proposed in the model is the coupling of protonation to
conformation by stabilization of the neutral state of E134 in the lipid bilayer. The
latter has been modeled by an organic solvent in studies of the thermodynamics of
changes in membranes. The solvation energy of charged and uncharged glutamic
acid is known from octanol to water partitioning experiments in the literature [65]:
kJ
kJ
= −10.38 mol
and ∆GGlu;uncharged = 1.04 kcal
= 4.35 mol
.
∆GGlu;charged = −2.48 kcal
mol
mol
The difference of the solvation energy in charged and uncharged state of glutamic
acid has to be equal in our system, leading to:
∆∆G = ∆GLH − ∆GL = ∆GGlu,uncharged − ∆GGlu,charged = 14.7

kJ
mol

(4.21)

In a 4-state equilibrium it holds true:
∆GLH − ∆GL = ∆GR − ∆GD = 14.7
and therefore:
∆GR = 38.9

kJ
mol

kJ
mol

(4.22)

(4.23)

KR
A coupling factor q = K
is introduced to express the difference in the protonation
D
equilibrium in a hydrophobic environment (R state) as compared to hydrophilic
∆∆G
environment (D state): q = e− RT = 2.39 · 10−3 . Furthermore it holds true, that

q=

KR
KLH
=
KD
KL

(4.24)

As an intermediate result, we now have determined KD , KR and the coupling
factor q = KKLH
of our 4-state model. Furthermore, we know that the apparent
L
pKa,apparent = 6.9 corresponds to the proton concentration [H] = 10−pKa,apparent at
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SConf = SConf as well as to SP rot = SP rot and thus we can calculate KL (or KLH )
from SP rot = 12 and equation 4.11:
SP rot =

1
1 + KLH
=
R
2
1 + KLH + K
(1 + KL )
[H]

(4.25)

Using KLH = KL · q we obtain:
1
1 + q · KL
=
R
2
1 + q · KL + K
(1 + KL )
[H]

(4.26)

and thus:
KR
(1 + KL ) = 1 + q · KL
[H]
[H] − KR
KL =
KR − q · [H]

(4.27)
(4.28)

Using the proton concentration determined experimentally from the macroscopic
pKa apparent it follows:
kJ
mol
kJ
= 20.7
mol

∆GL = 6.0
∆GLH

(4.29)
(4.30)

With the determined free energies of the conformational transition, it is clear that
the ”deformed” state is much less populated in the protonated (DH) than in the
unprotonated (D) state of E134. Furthermore, if the limits of the structural changes
1
are considered: 1+K
and 1+K1 LH , a substitution of the numerical values reveals that
L
these limits are 92 % and 99.98 % of the total peptide in the relaxed state of any
proton concentration (see figure 4.11).
In the measured pH range of 4 to 9 (see figure 4.8), a residual tryptophan emission
of only less than 5 % was observed, which is in accordance with the predominance
of the relaxed state, in which tryptophan is expected to be quenched due to a high
FRET efficiency.
We conclude that the lipid/water interface is critical in proton-dependent switch-
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ing mechanisms as it can shift protonation equilibria dramatically by stabilizing the
protonated state of the proton-accepting carboxyl in the hydrophobic environment
of the lipid bilayer. Here, it is stabilized to an extent that only a small fraction of
the peptide undergoes pH-dependent rearrangements at the phase boundary as the
relaxed state is favored at any pH. This can be visualized by looking at the free
energy GSys of the entire 4-state system.
The coupled system contains the Gibbs free energy Gsys (the concentrations of
the four states [D], [R], [DH] and [RH] and the respective proton concentration [H]
are denoted as ci ) which is not equal to ∆G0 :
∆Gsys 6= ∆G0 =

X

ci · µ0i

i

but contains additionally the concentration-dependent terms not counted in the
standard enthalpies which are valid only for 1 M concentrations:
Gsys = G0 + RT

X

ci lnci

(4.31)

i

The µ0i can be concluded from the ∆Gi of the 4-state model setting one state,
kJ
kJ
. From ∆GL = 6 mol
it follows:
e. g. D− as reference µ0D = 0 mol

kJ
mol
kJ
µ0RH = µ0R − ∆GR = −44.9
mol
kJ
µ0DH = µ0RH + ∆GLH = −24.2
mol
kJ
µ0D = µ0DH + ∆GD = 0
mol
µ0R = µ0D − ∆GL = −6

(4.32)
(4.33)
(4.34)
(4.35)

Gsys is dependent on the concentrations ci of all 4 states (adding up to 100 %)
and can be termed by the saturation factor of protonated states SP rot and the
saturation of relaxed states SConf . Furthermore, the proton concentration needs to
be considered, as protonation of the peptide leads to a decrease of the Gibbs free
energy of the system due to the consumption of one proton of chemical potential
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µH . Thus, the Gibbs free energy is lowered by ∆GP roton = SP rot · RT · µH with the
chemical potential of the protons: µH = ln[H]. The proton concentration can be
expressed by the saturation level of protonation:
SP rot =
[H] =

1 + KLH
R
(1 + KL )
1 + KLH + K
[H]

(4.36)

(1 + KL )SP rot KR
(1 + KLH )(1 − SP rot )

(4.37)

These conditions allow to determine Gsys as the minimum of G(SP rot , SConf ):
Gsys =

X

ci (µ0i + RT · lnci ) − SP rot · RT · ln[H]

(4.38)

i

In summary, Gsys contains the known equilibrium constants, the known µ0i , 4
unknown state-concentrations ([D], [R], [DH] and [RH]) of which we know one condition (all four states add up to 100 %) and which we express by means of two
saturation factors SP rot and SConf and one variable (for example [D]). Gsys contains
the proton concentration [H] which is, as we saw, fully defined by SP rot and the
equilibrium constants. One state concentration remains undefined (in our example
[D]) and is used to minimize G(SP rot , SConf ) at each state SP rot ,SConf as depicted
in figure 4.12 (left panel).
The Gibbs free energy surface of the TM3S3 peptide (left panel) is an almost
planar surface tilted backwards. It exhibits a global maximum approximately at
the front corner (SP rot = 1, SConf = 0, state DH) and a global minimum at the
left corner (SP rot = 1, SConf = 1, state RH). The Gsys surface of the TM3 peptide
including a N-terminal tryptophan reporter (right panel) shows an entirely different appearance. The surface is distinctly concave exhibiting local minima along the
diagonal from state D to RH. The global maximum lies at the back corner (state R).
From figure 4.12 a striking difference between the Gibbs free energy surfaces of
TM3S3 (left panel) and TM3 (right panel) can be observed: In the TM3S3 peptide
not the full range of all possible conformational states is populated (see figure 4.11
and related text) the majority of protein is still in ”relaxed” conformational states
(R, RH) (i. e., 92 % of SConf ) even at low proton saturation level in contrast to TM3
where at low proton saturation level the protein is completely in the ”deformed” con-
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Figure 4.12: Comparison of Gibbs free energy of the system Gsys at each point
of the 4-state-model of TM3S3 peptide (left) and TM3 peptide
(right): Gsys defined by SP rot (fraction of protonated states) and SConf
(fraction of relaxed states). The left panel shows the Gibbs free energy
surface for TM3S3 peptide (tryptophan shifted one helical turn (3 amino
acids) towards the C-terminus), the right panel depicts Gsys for TM3 peptide
(N-terminal tryptophan reporter). The limits of SConf for TM3S3 are 92 %
and 99.98 %, only states in between those limits are populated, whereas for
TM3 almost the entire range of SConf is allowed (red lines and arrows at
base projection).

72

4. Results and Discussion

4.1 Modular switching and lipid/water restructuring

formational states (D,DH). Thus, the equilibrium is strongly shifted towards the
R/RH state in the TM3S3 peptide despite the fact that in both calculations, the
same coupling energy of 14.7 kJ from octanol/water partitioning of the glutamic
acid side chain was used.
Coupled protonation and phase boundary restructuring in protein function is not
critically dependent on specific interactions between certain amino acids but may
represent a general switching mechanism based on amino acid lipid interactions.
Those are able to shift protonation equilibria of side chain charges. It can be shown
that, an optimal symmetric pH modulation would be realized for a conformational
equilibrium constant of the unprotonated and protonatd state respectively with
1
∆∆G = −∆GL = ∆GLH corresponding to an apparent pKa,apparent = 5.6. This
2
was almost exactly the case for TM3 peptide [41]. Thereby the enthalpic effort of
protonation would be lowered by coupling to a favorable molecular switch at the
lipid phase boundary. In our model peptide, TM3S3, reconstituted in DANSYLPE-doped PC vesicles, the equilibrium of side chain protonation is shifted even
more towards protonated state than in TM3. More precisely, in the 4-state model
the RH state is thermodynamically clearly favored and the sum of D and DH state
cannot exceed 8 % of the total, illustrating the enormous influence of lipid-protein
interactions. It arises the question, how this discrepancy can be understood given
the fact that the same microscopic equilibrium constants of the protonation equilibrium in the water accessible and membrane-buried state of the E134 side chain
carboxylate have been used in the evaluation of both, TM3 and TM3S3 data.
It can be concluded, that the tryptophan placed N-terminally of the ERY motif in
TM3S3 probably causes a strong hydrophobic burial of the helical end and thereby
a much more sparsely populated D state than in TM3, where it is attached to the
water-exposed C-terminus. Nevertheless, the coupling between side chain protonation of Glu134 and the fluorescence emission of tryptophan at a position three
amino acids N-terminal of the proton acceptor group in TM3S3 peptide, shows that
charge neutralization at the water/lipid interface has a long-range effect on the hydrophobicity in the more membrane-inserted region of the peptide. This is a strong
indication, that proton uptake controls the water penetration depth into the lipid
bilayer. The energy surface in figure 4.12 evidences that the protonated ”relaxed”
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state RH is the most favorable lipid-peptide arrangement, i. e., the state in which
both the protonated Glu134 side chain and the inserted tryptophan are hydrophobically buried (exhibiting the emission at shorter wavelength than in the more water
accessible state favored by the ionized Glu134 side chain carboxylate).
Our results can be related to the structure of the recently successfully crystallized MII state of rhodopsin [14]. This crystal structure allows insights into the ERY
region of the MII showing a disrupted ”ionic lock” with outwards tilted E134 (see
figure 4.13) and evidences a water residing below it. However, this crystal structure

Figure 4.13: Crystal structure of rhodopsin (left) and MII (right) in ERY region
[14]: the intact ”ionic lock” in rhodopsin and its disruption in MII including
an outwards tilt of E134 is shown.

was obtained without lipids and therefore does not allow conclusions concerning detailed lipid/protein interactions - a fact that motivated our approach. In the crystal
structure the outwards tilt of Glu134 in MII state of native rhodopsin would indeed
correspond to the increase of hydrophobicity in its microenvironment as the side
chain is directed to the lipid-facing side of the structure. This is in good agreement
with the long-range effects of neutralization at the water/lipid interface observed
in our study. Moreover the evidence of structural water molecules embedded in
the GPCR and involved in the disruption of the ”ionic lock” (as they are highly
conserved among GPCRs and rearranged in the course of receptor activation) argue for the presence of local hydration sites that ”move” during GPCR function
as suggested and energetically analyzed by our peptide analyses. Our approach in
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the following part of this work is to study the role of water molecules in protein
structure at the lipid/protein interface and thereby provide insights that cannot be
gained by lipid-free crystal structures.
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4.2 Critical role of the lipid/water interface in protein
function studied by hydration modulation
In the previous part, it was concluded that the phase boundary, i. e., the lipid/protein/water interphase is critically involved in molecular switching mechanisms.
We studied the effects of changing the protonation state by altering the pH. It has
been shown that the lipid phase allows a strong pK up-shift of the Glu134 side chain
depending on the free energy decrease provided by the conformational change that
accompanies the hydrophobic burial. Now our aim is to gain deeper insights into the
role of the water network at the phase boundary. Evidently, a metastable structure
is generated that responds to charge alterations by side chain partitioning at the
phase boundary. Vice versa, the chemical potential of water is expected to affect
the lipid/protein interface.
Hydration of membrane proteins and thereby the interplay of hydrogen bonds and
hydrophobic interactions renders water an active constituent rather than only a
solvent [5], as uptake and release of water molecules influence the energetics of
protein function. Cooperative effects allow water to influence protein dynamics
and vice versa. In particular, it has been shown, that inter-helical hydrogen bonds
stabilize the inactive conformation of dark state rhodopsin [49] and that structural
waters mediate the activation of rhodopsin [3] and rhodopsin-like GPCRs [2].
In this work, perturbation of the water network is achieved by hydration modulation
described in chapter 3.1.4.3 and used to resolve the dynamics of re-equilibration by
FTIR and fluorescence spectroscopy to draw conclusions about cooperative and
non-cooperative hydration effects. The experiments address the role of water at the
lipid/protein interface (not the structural waters seen in the crystal) on the structure
of the TM helical end in dependence of the ERY sequence and are designed to thereby
provide further knowledge on GPCR function that cannot be gained by lipid-free
crystal structures.

4.2.1 Hydration modulation on TM3-derived Peptides
TM3-derived peptides TM3S3 and TM3S3Q (see 3.2) were reconstituted in lipid
(DOPC) and dried on the ATR crystal as described in chapter 3.3. FTIR absorption
spectra of peptides and DOPC were recorded using as a reference the spectrum of
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the clean crystal (”air spectrum”) as shown in black in figures 4.14-4.16. IR bands
originating from water and lipid can be seen in all the absolute spectra, whereas the
Amide I and Amide II bands (g and h in figures 4.14-4.16) are clearly present in
the peptide spectra but not in pure DOPC. The narrow Amide I band at 1650 cm−1
is typical of the high helical content of the peptide. Hydration Modulation was
performed at 85 % relative humidity (see 3.1.4.3) by applying 500 mA for 4 s to the
heating wire.
The first corrected difference spectrum after the hydration is shown red in figures
4.14-4.16 (for correction method see 3.1.4.4). All spectra are averaged from a series
of 10 hydration pulses. The broad water OH stretch band has been recorded and
correlated at several positions which include the putative maximum positions of
asymmetric and symmetric stretching as well as a ”multimer” water fraction at high
wavenumbers, described by Binder [9] as less structured, dense water in contrast to
well-structured low density ”network” water.
The lipidic C=O stretch (f) and asymmetric (i) and symmetric (j) PO−
2 stretches
undergo a shift to lower wavenumbers, i. e., lower bond energies, upon hydration
indicated by a negative difference band at higher wavenumbers and a positive difference band at lower wavenumbers compared to the original maximum position of
the FTIR band. These lipid bonds are weakened by hydration proving the increased
H-bond formation at the phospholipid head groups upon transient hydration. The
Amide I band in the peptide spectrum is not only shifted to lower wavenumbers
but also slightly broadened, resulting in the different band shapes of the narrow
negative and the broad positive difference band. In particular, the helical content
seems to be reduced by hydration as the absorption increases at frequencies below
1650 cm−1 indicative of disordered peptide bonds. Hydration leads to better helix
end solvation counteracting the lipid-supported helical secondary structure.
A crucial question is whether transmembrane secondary structure is affected directly
by water peptide interactions or indirectly by water-mediated swelling of the lipidic
phase. Additionally, experiments were directed to address the topology of water,
lipid and peptide interactions using tryptophan fluorescence as a local monitor.
The dynamics of selected FTIR bands and the tryptophan signal are shown in figure
4.17, 4.18 and 4.19.
For TM3S3 and TM3S3Q peptide it can be seen, that the rise of tryptophan fluorescence upon hydration is distinctly delayed in comparison with all FTIR signals.
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Figure 4.14: Effect of hydration modulation on TM3S3 peptide reconstituted
in DOPC lipid: peptide, lipid and water IR bands. absolute FTIR
reference spectrum (black) and the first corrected difference spectrum after
the hydration pulse (red). Dotted lines are indicating the putative band positions of correlated spectral intensities: a) multimer water, b) asymmetric
OH stretch of water, c) overlay of Amide A band, asymmetric and symmetric OH stretch of water, d) Amide A, e) symmetric OH stretch of water, f )
C=O stretch, g) Amide I h) Amide II, i) asymmetric PO−
2 stretch, j) symstretch.
In
the
difference
spectra,
a
polynomial
was subtracted
metric PO−
2
−1
to better resolve the lipid CH2 stretches (2800-3100 cm ) as described (see
section 3.1.4.4)
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Figure 4.15: Effect of hydration modulation on TM3S3Q peptide reconstituted
in DOPC lipid: peptide, lipid and water IR bands. absolute FTIR
reference spectrum (black) and the first corrected difference spectrum after
the hydration pulse (red). Dotted lines are indicating the putative band positions of correlated spectral intensities: a) multimer water, b) asymmetric
OH stretch of water, c) overlay of Amide A band, asymmetric and symmetric OH stretch of water, d) Amide A, e) symmetric OH stretch of water, f )
C=O stretch, g) Amide I h) Amide II, i) asymmetric PO−
2 stretch, j) symstretch.
In
the
difference
spectra,
a
polynomial
was subtracted
metric PO−
2
−1
to better resolve the lipid CH2 stretches (2800-3100 cm ) as described (see
section 3.1.4.4)
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Figure 4.16: Effect of hydration modulation on DOPC lipid: absolute FTIR reference spectrum (black) and the first corrected difference spectrum after the
hydration pulse (red) for pure DOPC.
Dotted lines are indicating the putative band positions of correlated spectral intensities: a) multimer water, b) asymmetric OH stretch of water, c)
asymmetric and symmetric OH stretch of water, d) symmetric OH stretch of
water e) symmetric OH stretch of water, f ) lipid C=O stretch, g) position of
Amide I if peptide was present (remaining peak from C=C stretch), h) position of Amide II if peptide was present, i) asymmetric PO−
2 stretch, j) symmetric PO−
stretch.
In
the
difference
spectra,
a
polynomial
was subtracted
2
to better resolve the lipid CH2 stretches (2800-3100 cm−1 ) as described (see
section 3.1.4.4)
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Figure 4.17: Dynamics of selected FTIR absorbance difference bands for
DOPC. Depicted difference bands are: negative asymmetric PO−
2 stretch
of lipid at 1247 cm−1 (green), negative C=O stretch at 1735 cm−1 (orange)
and positive water OH stretch difference band at at 3500 cm−1 (blue).

Figure 4.18: Dynamics of selected FTIR absorbance difference bands and tryptophan signal for TM3S3 peptide in DOPC. Depicted difference bands
are: negative Amide II at 1543 cm−1 (magenta), negative asymmetric PO−
2
stretch of lipid at 1247 cm−1 (green), tryptophan emission (red), negative
C=O stretch at 1735 cm−1 (orange), positive water OH stretch difference
band at 3500 cm−1 (blue) and positive Amide I at 1654 cm−1 (black).
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Figure 4.19: Dynamics of selected FTIR absorbance difference bands and tryptophan signal for TM3S3Q peptide in DOPC. Depicted difference
bands are: negative Amide II at 1543 cm−1 (magenta), negative asymmetric
−1 (green), tryptophan emission (red), negaPO−
2 stretch of lipid at 1247 cm
−1
tive C=O stretch at 1735 cm (orange), positive water OH stretch difference
band at 3500 cm−1 (blue) and positive Amide I at 1654 cm−1 (black).
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In contrast to that delay, for both depicted peptide hydration modulation experiments the decrease of the negative difference band of the lipidic asymmetric PO−
2
stretch and the C=O stretch is almost fully synchronized with the amount of water
monitored by the water OH stretch absorption. Importantly, the Amide I or II band
signal is clearly delayed relative to the water and lipid signal for both peptides (for
TM3S3Q Amide II difference reaches its maximum after 8 s and for TM3S3 the rise
of Amide I difference is distinctly delayed). This indicates that a diffusional process
is rate-limiting for peptide restructuring following the lipid head group solvation.
Remarkably, in TM3S3Q, peptide structure and hydration are more tightly coupled.
Also the trp-signal shows a faster relaxation but retains its initial lag phase (figure
4.19).
As described in 3.1.4.5 the number of water molecules per lipid molecule was estimated for each sample and is shown for DOPC, TM3S3 and TM3S3Q peptide in
figures 4.20 and 4.21.

Figure 4.20: Water content of DOPC: Relation between the dilution factor fD and
the number of water molecules per lipid molecule for DOPC at 85 % relative
humidity. A linear relation with the slope 0.027 is calculated.

The peptide response and dilution factor (see 3.1.4.6) is shown exemplary for
TM3S3 peptide in figure 4.22 and exhibit different time courses. The data evidence
that the response of the peptide is not correlated with the gross amount of water in
the vesicles, as the water fraction still present after for example 15 s still supports
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Figure 4.21: Water content of TM3S3 (left) and TM3S3Q peptide (right) reconstituted in DOPC: Relation between the dilution factor fD and the
number of water molecules per lipid molecule for TM3S3 and TM3S3Q peptide at 85 % relative humidity. A linear relation with the slope 0.019 for
TM3S3 and 0.023 for TM3S3Q in contrast to 0.027 for pure DOPC is calculated indicating a smaller relative volume change of the adsorbed lipidic
film upon uptake of one water molecule per one lipid molecule in presence
of peptide. However, the presence of peptide induces slightly higher water
content in the film (≈ 10 water molecules per lipid molecule for DOPC in
contrast to 11-12 for peptide containing samples).
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Figure 4.22: Peptide response and dilution factor fD upon hydration modulation of TM3S3 in DOPC. The time course of the dilution factor fD (red)
and the protein response RP/W (Amide I in black, Amide II in magenta)
for TM3S3 hydration modulation at 85 % relative humidity show a reversed
proportionality: the dilution factor decreases (after the first increase in response to the hydration pulse) and the normalized peptide response (Amide
band response with respect to the water uptake) increases roughly linear
indicated by regression lines. scatter increases with relaxation time because
small signals are divide to calculate RP/W . The increase of RP/W reflects a
delayed water loss and the subsequent reformation of the peptide structure.
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the more disordered structure with a low Amide I frequency. These findings argue
for different water fractions exhibiting different dynamics of release and peptide solvation after the hydration pulse. Due to the strong correlation of water and lipid
absorption, the peptide response is also not mediated by lipid headgroup hydration.
This behavior of the peptide response is not as clearly seen for TM3S3Q peptide,
but absolute values of the normalized peptide response are comparable to TM3S3
at a range of roughly 0.05 to 0.15.
To gain more detailed insights about cooperative or non-cooperative dynamics in
hydration sensing, disrelation maps are computed and shown for the three samples
(for details see chapter 3.1.4.3). As the tryptophan signal is generally the signal with
the lowest correlation to all other signals, the disrelation matrices are calculated once
including the tryptophan signal and once without to enhance differences between
the FTIR bands. Correlation is depicted in a color code from blue to red, where
the equidistant levels are automatically chosen to cover the whole range of resulting
correlation factors. Hence the colors of two different disrelation maps cannot be
compared directly but the trends between different correlations are to be compared.
A subtle inhomogeneity of water dynamics can be observed in figure 4.23: all FTIR
water bands (from 3600-3200 cm−1 ) except the multimer water band at 3597cm−1
show strong correlation to each other (dark blue). In particular, multimer water
is re-equlibrating a little bit faster than the other water bands. That is also the
case for DOPC, but cannot be seen from the graph as the zero FTIR absorbance
difference at 1539 cm−1 (due to the lack of an Amide II band in pure DOPC) has
a too low correlation to all the other FTIR bands to reveal those subtle dynamic
difference in the water band region.
In general, the correlation of the FTIR bands in peptide containing samples in
reference to water dynamics is as follows:
• very good correlation to C=O stretch and asymmetric PO−
2 stretch
• good correlation to symmetric PO−
2 stretch and the positive difference band
of Amide I
• average correlation to the negative difference band of Amide I
• bad correlation to the Amide II difference band
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Figure 4.23: Disrelation matrices for DOPC (upper left), TM3S3 in DOPC (upper right) and TM3S3Q in DOPC (lower). The multimer water band
at 3597 cm−1 exhibits a slight inhomogeneity evidencing a different water
fraction exhibiting a slightly faster dynamic of release after the hydration
pulse. Disrelations are calculated at the indicated wavenumbers and depicted
in a color code from blue (perfect correlation) to red (low correlation).
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Figure 4.24: Disrelation matrices for DOPC (upper left), TM3S3 in DOPC (upper right) and TM3S3Q in DOPC (lower) including the tryptophan
signal. As all disrelations except those with tryptophan are blue shifted
in comparison to the disrelation calculated without tryptophan (see figure
4.23), one can easily see from these matrices, that the tryptophan signal
exhibits a different dynamic of re-equilibration (it is in fact slower, as can be
seen from figures 4.18 and 4.19). Disrelations are calculated at the indicated
wavenumbers (285 refers to the tryptophan signal) and depicted in a color
code from blue (perfect correlation) to red (low correlation).
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The FTIR difference bands originating from the peptide at 1635 cm−1 and 1661 cm−1
correlate best with the lipid C=O stretch difference bands and at a comparable level
with PO−
2.
A subtle difference in peptide Amide II disrelation to water difference bands is observed between TM3S3 peptide and the TM3S3Q peptide. The 1539 cm−1 band in
figure 4.23 for the TM3S3 peptide shows less correlation with water populations at
low and high wavenumbers (3246 cm−1 symmetric OH stretch and multimer water
at 3600 cm−1 ) are weaker than for bulk-like water. In contrast, the TM3S3Q peptide
Amide II band shows a better correlation with the weakly H-bonded water population (i. e., high OH stretching frequency) than with the bulk-like water (OH-stretch
at ≈ 3400 cm−1 ).
In summary, the helical end solvation of the transmembrane peptide causes hydration-dependent structural changes. These are not coupled to lipid headgroup
hydration. Instead, they proceed slower, indicating a diffusional process into the
lipid water interface. The correlation of the peptide conformational changes with
the lipid ester carbonyl H-bond strength suggests that it is the water below the
headgroups that affects most strongly the helical end conformation. Importantly,
the sensitivity of the peptide structure to hydration depends on the C-terminal peptide sequence: a more synchronous response to hydration occurs with the neutral
side chain in position 134, whereas the presence of the side chain carboxylate leads
to structural changes that lag more behind the general degree of hydration. The
effect of hydration on Trp-emission proves that water can penetrate in the bilayer
beyond the ERY motif in a diffusional processes that occurs subsequent to headgroup hydration.
The tryptophan signal in 4.24 is in all cases not correlating with any of the other
difference bands in the disrelation matrices reflecting the distinct delay of tryptophan
dynamics observed (compare figure 4.18 and 4.19). Referring to tryptophan, the best
correlation to an FTIR difference signal is achieved with the Amide II difference band
resulting in a proposal for the sequence in hydration sensing:
→ multimer water
→ water (OH stretch)
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→ lipid (asymmetric PO−
2 stretch)
→ peptide (Amide I)
→ peptide (Amide II)
→ tryptophan
Physically, this sequence seems to reflect the diffusional process connecting the vesicle surface to the transmembrane region harboring the tryptophan.

4.2.2 Hydration modulation on rhodopsin in dark and light
exposed state
Dark state rhodopsin was prepared for FTIR experiments as described in section 3.3
under prevention of light exposure. Hydration modulation was carried out at 97 %
relative humidity (saturated K2 SO4 solution) by applying 500 mA for 4 s. Responses
to 10 hydration pulses were co-added. The overall time between hydration pulses
was ≈ 18 min.
Rhodopsin was light activated 30 s with a high power green LED (520 nm) through
the optical adaptor and activation was followed by recording of FTIR spectra (see
figure 4.25) confirming the transition to MII state. Before hydration modulation
experiments of opsin (97 % relative humidity, 500 mA, 4 s, 10 times), light exposed
rhodopsin was allowed to decay to opsin and free retinal over night.
The reference FTIR spectra of dark and light-exposed rhodopsin (black in figures
4.26 and 4.27) are very similar as the spectral changes upon light exposure occur
only in a range of 10−3 OD (see figure 4.25). Both samples exhibit narrow Amide
I bands reflecting the intact secondary structure of the protein with a high helical
content.
As for the peptides in chapter 4.2.1 for both rhodopsin samples the lipidic FTIR
bands of C=O stretch and the Amide I (f and g in figures 4.26 and 4.27) undergo a
shift to lower wavenumbers, suggesting that these bonds are weakened by H-bonding.
Again different band shapes of the narrow negative and the broad positive difference
band of Amide I suggest an altered secondary structure.
The Amide II band is reacting to hydration modulation remarkably differently in
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Figure 4.25: FTIR difference spectra of light exposed rhodopsin (compare figure
3.9). The negative peak at ≈1240 cm−1 characteristic for isomerization is
present in both spectra. The spectrum 10 min after light exposure shows
clear signs of MII state (negative double peak at 1550 cm−1 , strong positive
Amide band at 1644 cm−1 )

the dark and in light exposed rhodopsin. In dark rhodopsin a strong negative difference band indicates a decrease of the Amide II band amplitude rather than a
band shift. However in light-exposed rhodopsin the corresponding difference band
is much smaller and an additional positive band appears indicating an up-shift of
the Amide II frequency upon hydration of the opsin structure.
Unlike in the peptide hydration modulation experiments, the lipidic PO−
2 stretch
bands, though clearly present in the reference spectra of dark and light exposed
rhodopsin, do not react to hydration pulses by a shift to lower wavenumbers. For
dark rhodopsin both PO−
2 stretch bands undergo a slight decrease of amplitude upon
hydration whereas light exposed rhodopsin shows no reaction at all for asymmet−
ric PO−
2 stretch and a slight shift to higher wavenumbers for symmetric PO2 , if
anything. This can be understood by the higher degree of basal hydration, which
already saturates most of the H-bonds of the phosphoesters.
The water content and uptake was calculated and is shown in figure 4.28. Both
samples contain ≈12 water molecules per lipid before hydration (and after reequilibration) and take up maximally 6 water molecules upon hydration modulation. In contrast to the lipid/peptide system the dependence of water content on
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Figure 4.26: FTIR reference spectrum (black) and the first corrected difference
spectrum after the hydration pulse (red) of dark rhodopsin. Dotted
lines are indicating the band positions of correlated spectral intensities: a)
multimer water, b) asymmetric OH stretch of water, c) overlay of Amide
A band, asymmetric and symmetric OH stretch of water, d) Amide A, e)
symmetric OH stretch of water, f ) C=O stretch, g) Amide I h) Amide II,
−
i) asymmetric PO−
2 stretch, j) symmetric PO2 stretch.
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Figure 4.27: FTIR reference spectrum (black) and the first corrected difference spectrum after the hydration pulse (red) of light exposed
rhodopsin. Dotted lines are indicating the band positions of correlated
spectral intensities: a) multimer water, b) asymmetric OH stretch of water,
c) overlay of Amide A band, asymmetric and symmetric OH stretch of water,
d) Amide A, e) symmetric OH stretch of water, f ) C=O stretch, g) Amide
−
I h) Amide II, i) asymmetric PO−
2 stretch, j) symmetric PO2 stretch.

Figure 4.28: Water content of dark (left) and light exposed (right) rhodopsin.
The relation between the dilution factor fD and the number of water
molecules per lipid molecule is in both cases not exactly linear but exhibits a
hysteresis shape reflecting retarded volume expansion. A linear fit with the
slope 0.020 and 0.022 evidences a relative volume change at a comparable
level as for the measured peptides.

93

4. Results and Discussion

4.2 Lipid/Water interactions in protein function

the dilution factor is not exactly a linear dependency but rather a hysteresis with a
higher water content at the same dilution factor for the water uptake compared to
the water release. This could reflect a retarded volume expansion upon a hydration
pulse which is slightly more pronounced for dark rhodopsin (hysteresis is wider).
The protein response, i. e., the Amide absorption change per added water at each
time point (see 3.1.4.6), is shown in figure 4.29 and exhibits a non-linear dependence
for both samples. Again, the comparison of the protein response to the time dependence of the dilution factor reveals that the Amide I and Amide II response is
not related to the nonspecific process of swelling of the disc membranes but reflect
local water protein interactions that do not scale with the gross water content of the
sample. The detailed dependency of protein response (both Amide bands) of dark

Figure 4.29: Peptide response upon hydration modulation for dark (left) and
light exposed (right) rhodopsin. Relation between the dilution factor
fD and the protein response RP/W (for Amide I in black and and for Amide
II in magenta) results in a inverse proportionality arguing for different water
fractions exhibiting different dynamics of release after the hydration pulse.
Peptide response curves exhibit an approx. 80s long phase of almost fixed
values before the increase, whereas the major change of the dilution factor
(swelling) occurs during that period.

and light exposed rhodopsin show a difference in edge steepness: for dark rhodopsin
50 % of the maximal protein (Amide I and Amide II) response is reached at a time
point corresponding to fD ≈0.03, i. e., 20 % of the maximal dilution, whereas for
light exposed rhodopsin the half maximal protein response can be found at a time
point corresponding to fD ≈0.01, i. e., less than 10 % of the maximal swelling of the
dark membrane. Thus, solvation of water-accessible protein structures occurs over
a broader range of vesicle hydration in dark rhodopsin, whereas in opsin a narrow
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range of water uptake per lipid is sufficient to evoke an equivalent amide absorption change. Protein hydration sites are therefore better accessible in opsin than in
rhodopsin.
The dynamics of selected FTIR bands and the tryptophan signals are shown in
figure 4.30. For dark rhodopsin no fluorescence signal was detected to prevent light
activation. The signal rise of all selected signals upon hydration is distinctly delayed

Figure 4.30: Dynamics of selected FTIR absorbance difference bands for dark
rhodopsin (without tryptophan signal, left) and light exposed
rhodopsin (right panel).

in comparison with the peptide hydration experiments, i. ,e., the maximum signal
amplitude is not reached with the first recorded spectrum (after 4 s) but at least 10 s
later. Furthermore, the overall re-equilibration process takes much longer (at least
5 minutes for the water band relaxation) than it took for peptide hydration (not
more than 1 minute). The existence of a prolonged water uptake phase suggests a
separate evaluation of correlation factors (i. e., disrelation maps) during water uptake (rise of signals) and water release (drop of signals) shown in figure 4.31 and
4.34.
Since the signal of PO−
2 was rather small and did not generate a clear difference
band, the state of the lipid hydration is better reflected by the C=O stretch. Likewise, the Amide II is not clearly resolved in opsin and the following evaluation is
restricted to Amide I.Unlike these restrictions in the information content of the PO−
2
stretch and Amide II band in light exposed rhodopsin, the unexpected shape of the
tryptophan emission response to hydration modulation has been proven to be genuine, as it was recorded after each of the ten hydration pulses in the series and could
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be repeatedly observed also in multiple experiments. The late generation of the
maximal tryptophan signal (≈40 s after the hydration pulse), the passage through
a plateau in signal strength previous to the maximum (from 10 s to 20 s after the
hydration pulse) and the fast signal drop to basal level after the maximum reflect a
stepwise hydration response presumably originating from different dynamics of the
five tryptophans in rhodopsin. The salient difference in hydration behavior between
rhodopsin and opsin is the faster initial response of the Amide I band to hydration
and the prolonged hydration phase of the lipid ester carbonyl in opsin. All other
dynamic correlations cannot easily be read out of the graphs in figure 4.30 but can
be seen in the disrelation maps: Figure 4.31 shows the disrelation maps for the water
uptake and release phase of dark rhodopsin.
A clear inhomogeneity of water dynamics is observed particularly in the water
release process, indicating that different H-bonded water molecules exhibit different
equilibration rates with the gas phase. The broad water OH stretch band falls
into two water populations from 3600-3380 cm−1 and 3300-3246 cm−1 which undergo
different hydration dynamics as seen from the different color codes in the upper
left quadrant of the map especially in the water release phase. The disrelation
maps demonstrate that in the water uptake phase protein conformation responds
asynchronously to the amount of adsorbed water (see 1539-1652 cm−1 vs. 3597
to 3246 cm−1 ), whereas the lipid C=O (1739-1704 cm−1 ) absorption change follows
more closely the water uptake. Inspection of the original data reveals that this is
due to a faster reaction of the lipid compared to protein upon hydration changes.
In contrast, during water release phase, protein conformation appears to be rate
limiting for some of the water populations, thereby leading to higher synchronicity.
To evaluate the differences of dynamical correlation of water populations to FTIR
band differences originating from lipid and protein, figure 4.32 shows disrelation
spectra of ”multimer” water (≈ 3600 cm−1 ) and two water bands corresponding to
weaker and stronger H-bonded states with OH-stretches at 3381 cm−1 and 3246 cm−1
below bulk water, respectively.
The difference between disrelation matrices for water uptake and release is striking.
In general, the correlation of the FTIR bands in reference to water dynamics is:
• average correlation to the C=O lipid stretch bands
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Figure 4.31: Disrelation matrices for dark rhodopsin. Upper panel: correlation of
the signal rise (water uptake in spectra 1 to 4), lower panel: correlation
of the signal drop (water release in spectra 6 to 11). Color code from blue
(perfect correlation) to red (low correlation). In the hydration phase the lipid
responds much faster to hydration than the protein, which itself correlates
better with lipid than with water. In contrast to that, the decaying phase of
hydration exhibits a better synchronized protein and water signal and hence,
protein restructuring seems to be the rate limiting step for water release.
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• the Amide I and Amid II band is very weak correlating with water dynamics
in the water uptake process but it correlates at the same average level like
lipid C=O stretch for the water release
The FTIR difference bands originating from protein at 1539 cm−1 , 1609 cm−1 and
1652 cm−1 correlate well among each other but show definite differences in correlation
with water and lipid for the water uptake and release as stated above.
A sequence of hydration sensing can be deduced separately for water uptake:
→ water (OH stretch)
→ lipid (negative difference band C=O stretch)
→ protein (Amide I)
→ protein (Amide II)
And for water release
→ water (high frequency OH population)
→ water (low frequency OH population)
→ lipid (C=O) and protein (Amide I)
→ protein (Amide II)
From figure 4.32 it can be seen, that the high correlation with 3800-3500 cm−1
range (”zero intensity”) with the 3600 cm−1 absorption change can be assigned to
”multimer” water with a homogeneous equilibration rate with the gas phase which
differs from that of the water with lower OH-stretching frequencies. Hence, multimer
water is not only reacting faster to a hydration pulse as it was seen in the peptide
hydration experiments but it is probably responsible for the entire 3800-3500 cm−1
absorption concerted with the high bond energy water population. Furthermore,
the right side of the lower panel in figure 4.32 proves, that neither the high OHfrequency water population nor the low OH-frequency water population are related
to any lipid or protein FTIR difference signal in dark rhodopsin.
A crucial question is the change in water accessible sites in rhodopsin upon photo
activation, as it has been suggested that water penetrates the activated heptahelical
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Figure 4.32: upper panel: Corrected difference spectra no. 1 (red), 2 (orange), 10
(light green) and 17 (dark green) of dark rhodopsin; lower panel: Disrelation spectra of dark rhodopsin with respect to water band absorptions
at 3597 cm−1 (blue, position a), 3381 cm−1 (red, position b) and 3246 cm−1
(black, position c). The disrelation spectra of multimer (blue) and lower
wavenumber water populations (red and black) are quite different in the
water band range evidencing different dynamics of these bands. However,
neither of these water populations are concerted with any lipid or protein
FTIR difference signal (disrelation at positions d, e, f are not zero).
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structure [58]. Therefore, the hydration modulation was repeated after photoactivation and overnight decay of MII to opsin and free retinal (see figure 4.34.
For light exposed rhodopsin, the kinetic inhomogeneity of water is almost indistiguishable from that in dark rhodopsin as seen in figure 4.33.
Correlation of water dynamics to the C=O lipid stretch bands and Amide I and
II band is weakly correlating with water dynamics in the water uptake process but
it correlates better than lipid C=O stretch for the water release.
Remarkably, however, opsin exhibits an additional hydration-induced absorption
change at 1550 cm−1 not seen in dark rhodopsin (see figure 4.27 in comparison with
4.26). This band is fully synchronized with the adsorbed water content (see figure
4.33, lower panel, right side at position f) and thus reflects a hydration site in opsin
whose conformation is tightly coupled to hydration. This site becomes accessible
only after photoactivation.
In addition to IR-changes, the tryptophan emission was recorded and correlated
with FTIR spectral changes. The tryptophan signal shows a remarkable change of
correlation (see figure 4.34), as it is in the water uptake process correlating rather
well with FTIR bands originating from protein but very weakly with water bands
and the 1739 cm−1 negative difference band of lipid C=O stretch. Whereas it is
exactly the other way around for the water release reflecting a slower change during
water uptake and a faster during water release. The sequence of hydration sensing
therefore is as follows. For water uptake:
→ water (OH stretch)
→ lipid (negative difference band of C=O stretch)
→ protein (Amide I)
→ tryptophan
→ (protein (Amide II))
And for water release
→ tryptophan
→ water (high and low bond energy population)
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Figure 4.33: upper panel: Corrected difference spectra no. 1 (red), 2 (orange), 10
(light green) and 17 (dark green) of light exposed rhodopsin; lower panel:
Disrelation spectra of light exposed rhodopsin with respect to water
band absorptions at 3597 cm−1 (blue, position a), 3381 cm−1 (red, position
b) and 3246 cm−1 (black, position c). The disrelation spectra of multimer
(blue) and low bond energy water (red and black) are quite different in the
water band range evidencing different dynamics of these bands. However,
these water population are concerted with only one protein band (f) but
with none of the other lipid or protein FTIR difference signal (disrelation at
positions d and e are not zero).
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Figure 4.34: Disrelation matrices for light exposed rhodopsin including the
tryptophan emission disrelation.Upper panel: Disrelation amplitudes
during water uptake (spectra 1 to 4), lower panel: Disrelation amplitudes
during water release (spectra 8 to 11). Color code from blue (perfect correlation) to red (low correlation). In the hydration phase the lipid responds
fast to hydration, followed by the slightly retarded protein response and the
much later change of the tryptophan signal. In contrast to that, the decaying phase of hydration exhibits a better synchronized protein and water
signal (as it was the case for dark rhodopsin but with the difference, that
the protein response is even better concerted with water than the lipid band
changes).
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→ protein (Amide I)
→ lipid (C=O) (and protein Amide II)
The reversion of the hydration sequence obviously reflects the diffusional process
during uptake and its reversion during release of water.

4.2.3 Hydration modulation on opsin mutants
Opsin mutants in detergent (see section 3.3) were studied by fluorescence and circular dichroism to obtain information about secondary structure as a function of
mutations that are known to promote basal receptor activity. The altered helix
packing in the absence of retinal was furthermore expected to affect the hydration
state of the opsins. From circular dichroism measurements in figure 4.35 comparing
the molar ellipticity at 220 nm, it can be deduced, that the helical content is decreasing from the ND mutant to the NED and the NEEMD with the lowest helical
content. This correlates with the increased number of activity-promoting amino
acid replacements. The determination of the secondary structure by CDSSTR (see
3.1.2) gave the following results:

ND
NED
NEEMD

α-helix

strand

40 %
35 %
16 %

13 %
17 %
25 %

turn unordered
21 %
20 %
25 %

25 %
29 %
31 %

Although the data base does not specifically relate to membrane proteins, a general
trend of reduced helicity is significant and obvious from the raw data. The helical
content of the mutant NEEMD is very low, so that it can be assumed unfolded
or misfolded. The fluorescence spectra (figure 4.36) of the opsin mutants exhibit a
gradual red shift with the increase of activity-promoting mutations. The mutant
NEEMD shows a pronounced short wavelength shoulder. The succesive red shift
indicates water accessibility of otherwise more hydrophobically buried tryptophans.
Trp265 has been identified as the predominant emitting residue [55] suggesting that
this amino acid gets increasingly water accessible in the mutants. Due to the low
quantity of the NEEMD mutant sample, only the mutants ND and NED were additionally studied by FTIR-Fluorescence Hydration Modulation Cross-Correlation.
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Figure 4.35: Circular dichroism spectra of undialyzed opsin mutants evidencing
a decreasing amount of alpha helix from ND to NED to NEEMD (mutants
nomenclature see abbreviations, machine units are shown, no concentration
correction).

Figure 4.36: Normalized fluorescence emission spectra (excitation at 295 nm) of
the opsin mutants before dialysis. A distinct difference of the spectrum
of mutant NEEMD compared to the other mutants (showing a pronounced
tyrosin shoulder) argues for a probably mis-folded mutant NEEMD.
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Experimental parameters were adjusted to: 3 µl sample film (≈ 1 nmol opsin), 75 %
relative humidity (N aCl) and hydration pulses of 500 mA for 8 s in series of 10
pulses.
The reference FTIR spectra of the opsin mutants (black in figures 4.37 and 4.38)
show strong bands at 1100-1000 cm−1 originating from residual octylglucoside and
−1
the asymmetric PO−
is superimposed by other bands.
2 stretch of lipid at ≈1250 cm
Furthermore, the Amide I band is for both mutants not as narrow as for rhodopsin,
reflecting the lower helical content of the opsin mutants (even lower for NED in
comparison to ND) revealed already by the CD spectra of the solubilized samples.

Figure 4.37: FTIR reference spectrum (black) and the first hydration induced
corrected difference spectrum (red) of opsin mutant ND. Dotted
lines indicate the band positions of: a) multimer water, b) asymmetric OH
stretch of water, c) overlay of Amide A band, asymmetric and symmetric
OH stretch of water, d) Amide A, e) symmetric OH stretch of water, f )
lipid C=O stretch, g) Amide I, h) Amide II, i) asymmetric PO−
2 stretch of
lipid, j) symmetric PO−
stretch
of
lipid
2

The hydration-induced difference spectra of both mutants are much weaker but
overall similar to that of dark rhodopsin: the C=O stretch shifts down upon hydration as expected for increased H-bonding. The Amide I (g in figures 4.37 and
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Figure 4.38: FTIR reference spectrum (black) and the first hydration induced
corrected difference spectrum (red) of opsin mutant NED. Dotted
lines indicate the band positions of: a) multimer water, b) asymmetric OH
stretch of water, c) overlay of Amide A band, asymmetric and symmetric
OH stretch of water, d) Amide A, e) symmetric OH stretch of water, f )
lipid C=O stretch, g) Amide I, h) Amide II, i) asymmetric PO−
2 stretch of
−
lipid, j) symmetric PO2 stretch of lipid
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4.38) shifts again to lower wavenumbers indicating ”solvation” of water-accessible
helical structure. In contrast to rhodopsin, no clear difference band corresponding
to Amide II is observed, however the findings agree with a slight reversible change
of protein hydration upon hydration modulation.

Figure 4.39: Water content and uptake of opsin mutants ND (left) and NED
(right). The relation between the dilution factor fD and the number of
water molecules per lipid molecule exhibits a clear linear correlation similar to the dilution behavior of the peptides. (Water uptake of ≈0.4 water
molecules per lipid upon hydration pulse in comparison to overall change of
fD (shown as linear fit with the slope 0.149 and 0.106 respectively) is lower
than for rhodopsin. This is due to the residual detergent which contributes
to CH stretching absorption in the same range as the lipids. Comparisons
between mutants is nevertheless possible.

In contrast to rhodopsin and opsin in disk membranes, the mutants show markedly
different swelling behavior. Water content of 3 to 4 water molecules per lipid before hydration (and after re-equilibration) and uptake of ≈0.4 water molecule upon
hydration was calculated and is shown in figure 4.39. In contrast to the rhodopsin
experiments, no hysteresis shape but a clear linear proportionality was found, evidencing a tight coupling between water uptake and volume expansion after the
hydration pulse.
Furthermore, the protein response shown in figure 4.40 does not exhibit the shape
seen with disk membranes but proves distinctly faster water and different Amide
band dynamics. Importantly, an almost constant protein response (Amide I and II)
per water molecule is seen for NED throughout the first 70 s of the hydration pulse,
evidencing tighter coupling of hydration to conformation upon E134Q replacement.
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Selected FTIR band signals and the tryptophan emission of ND and NED are

Figure 4.40: Protein response upon hydration modulation for opsin mutants
ND (left) and NED (right). Time course of the dilution factor fD and
the protein response RP/W (Amide I band in black, Amide II in magenta).
The dilution factor decreases (after the first fast increase in response to the
hydration pulse). The normalized peptide responses (Amide I and Amide
II band response with respect to the water uptake) show entirely different
behavior for the ND and the NED mutant.

shown in their time behavior in figure 4.41.
For both mutants the water OH stretch signal is rising very fast unlike it was
observed in the rhodopsin experiments. A subtle difference in water uptake and
release dynamics is observed between the ND and NED mutant: the ND mutant
releases the water slightly slower (e. g. 69 % water is still present after 12 s for ND in
contrast to 55 % in NED). The water dynamics is highly synchronized with the lipid
response, whereas a difference can be detected for protein band dynamics. For ND
mutant the Amide I difference band relaxes slower than the water OH stretch band
but in the NED mutant these two difference bands are highly synchronous. Also the
Amide II difference band shows a slower relaxation for ND mutant in comparison
to the NED mutant. This can be seen best in the late relaxation phase 50 s after
the hydration pulse: in the ND mutant a distinct slower relaxation can be observed
whereas for the NED mutant the Amide II band relaxes synchronous to the water
OH stretch band. In both samples a delay of tryptophan emission rise is observed.
The initial drop of fluorescence of the NED mutant is not positively significantly
reproduced in each of the experiments and, therefore, not specifically assigned to a
mutational effect. Again a fast signal relaxation of tryptophan is observed for both
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Figure 4.41: Dynamics of selected FTIR absorbance difference bands for ND
mutant (left) and NED mutant (right panel).

mutants. In summary, the slower response of protein solvation to hydration in ND
than in NED is the most significant effect of replacing E134 by Q, arguing for a
critical role of position 134 in hydration of the protein and in coupling hydration to
conformation. Thus, in addition to being a proton uptake site, E134 appears to be
a ”gate” for interhelical hydration.

4.2.4 Discussion
The role of water at the lipid/protein interface of membrane proteins was studied by
hydration modulation with simultaneous tryptophan emission to address coupling
between hydration, conformational changes of the protein and potential effects on
membrane-buried tryptophanes monitoring the hydrophobicity of their microenvironments.
This approach has allowed to demonstrate the sequence of structural and physical
changes that are entailed by hydration changes in natural and synthetic biomembranes containing rhodopsin, opsin, opsin mutants or single transmembrane-spanning
peptides derived from helix 3 of rhodopsin. The role of the proton acceptor site in
the conserved D(E)RY motif was at the focus of these studies showing that the
protein or peptide structure does indeed sense the hydration. Hence, hydration
modulation is possible with as little as a few water molecules per lipid. Although
surrounded by a lipidic phase and (from a ”classical” point of view) solvent accessible only at a comparatively little part of their surface, the peptides and proteins
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are not wrapped or shielded from the aqueous phase but they react to even very
fast and subtle changes of hydration, e. g. an uptake of 0.5 water molecules per lipid
molecule in the case of the peptides, in a reversible and reproducible fashion.
Two kinds of hydration-induced changes can be observed, i. e., swelling of the sample and protein conformational changes that are not due to this macroscopic change
but to specific protein water interactions evident from the different kinetics of both
processes that could be separated by analyzing volume changes independently of frequency shifts by using the ATR, rather than transmissive IR spectroscopy. Protein
conformational changes were found to be not tightly coupled to lipid hydration, thus
protein and lipid respond with individual reaction kinetics to hydration. The conformational changes of the peptide or protein imply hydration-induced, reversible
solvation of the membrane-exposed peptide/protein ends, thereby, counteracting
the lipid supported helical secondary structure. The data thus suggest that the
solvating potential of water may be a driving force in functional transitions of the
protein structure if hydration takes place at sites that are critical in supporting
transmembrane secondary structure through water exclusion. Evidently such sites
would reside at membrane boarders and lipid protein interfaces. In general a sequential hydration process is observed. It starts with water adsorption to the sample,
followed by the responses of lipid ester carbonyl and phosphate bonds (undergoing
increased H-bonding) as well as reduction of helical content of the proteins or peptides. The sequence is completed by a subsequent water penetration below the lipid
water phase boundary as monitored by the fluorescence emission of buried tryptophans serving as ”hydrophobicity reporters”.
The role of the proton uptake site in the D(E)RY motif in peptides and the full
length systems regarding local hydration can be concluded from comparing TM3S3
and TM3S3Q peptide and the opsin mutants ND and NED, respectively.
The effect of E134Q replacement on hydration dynamics of TM3-derived peptides and recombinant opsins is a strong indication that the proton uptake site is
also a functionally important hydration site. It can be assumed, that in the presence of a charged proton uptake site the water network around the peptide is not
only strongly H-bonded but also structured by the carboxyl geometry. This local
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hydration shell may reduce the tendency of intramolecular H-bond formation and
thus destabilize α-helical structure locally by offering an alternative H-bonding environment. Furthermore the Amide I band reacts significantly slower to hydration
modulation in presence of a proton uptake site, implying higher adherence of water
or more complex (and longer lasting) restructuring of the H-bond network upon
hydration modulation. It can be concluded, that a proton uptake site at the phase
boundary considerably influences hydration.
The water uptake of the mutants ND and NED was observed at comparable level
(approx. 0.5 water molecules per lipid molecule) and at comparable speed as for
the peptides but inducing a much higher volume change (swelling) of the sample
presumably due to the higher amount of lipid in the sample.
The opsin mutant ND, representing an equivalent to native opsin, and NED including a glutamine at position 134, showed one significant difference to hydration
modulation: the Amide I band of the ND mutant reacts distinctly slower to hydration modulation than in case of the NED mutant.
Despite the presence of more than only one putative proton uptake site in the
full length system, a significant change in hydration response is caused by the single
amino acid replacement E134Q: in the ND mutant the residence time of water is
slightly prolonged and the Amide I band reacts significantly slower to hydration
modulation. This finding is in accordance with the results from the hydration modulation on the single membrane spanning peptides TM3S3 and TM3S3Q, where the
latter also exchanges water faster than the peptide with the carboxylate-bearing
side chain. This supports our conclusion that E134 regulates opsin hydration via a
local mechanism that is still observable for the D(E)RY motif in the single transmembrane segment.
Hydration modulation experiments on dark rhodopsin and opsin revealed a considerable difference in hydration dynamics relative to the peptides: the water uptake
and release is much slower and a retarded volume expansion and protein response
indicate additional diffusional processes of water in the sample. In dark rhodopsin
the protein response lags behind water uptake, indicative of additional diffusional
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processes of water in the sample, whereas in opsin a tight coupling between water
uptake and a conformational change is seen for the 1550 cm-1 band, and thus ”solvation” of surface structures, probably helical ends, is facilitated in the ligand-free
state. It can be concluded, that opsin exposes a hydration site and water may drive
surface conformational changes at this site. This suggests that part of the swelling
is indeed due to protein hydration and not to lipid hydration.
Both systems feature a complicated inhomogeneity of the water OH stretching absorption changes in response to hydration modulation. The different water populations are not directly correlating with any of the lipid or protein responses but it
is obvious from figure 4.29 that the strongest bound water (which leaves the sample the latest) is affecting protein structure the most, whereas weakly bound water
re-equilibrates with the gas phase earlier without much change in the amide absorption. Thereby, the normalized protein response, i. e., the magnitude of the amide
absorption change per water molecule added to the vesicles, increases over time. It
does so to a larger extent in opsin which also shows the faster re-equilibration. Thus,
coupling of hydration to conformation is clearly different for the dark and photoactivated state. The latter exhibits the larger hydration sensitivity of its structure and
water may penetrate into the vacant binding site as suggested by the large change
in tryptophan emission (figure 4.30). This observation can be explained by the presence of ”cavities” (see figure 4.42), i. e., water penetration leads to ”opening” of the
protein and thereby addition of tightly bound water at the newly accessible surface to which more weakly bound ”bulk-like” water can form additional hydration
layers contributing to the swelling process which is otherwise dominated by the lipidic phase only. In consequence, different dynamics of water uptake and release can
be observed representing the different effects of water in lipid and protein hydration.
In summary, the technique of FTIR-Fluorescence Cross Correlation Hydration
Modulation was used to observe the different roles of water in membrane protein
hydration (membrane swelling, helix end solvation, penetration of the protein, induction of conformational changes). The impact of charges at the phase boundary
acting as proton uptake sites and at the same time as hydration sites was shown
and provided further insights into protein function in the context of understanding
water not as a mere solvent but as an active constituent of biological systems that
can promote functionally important conformational transitions.
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Figure 4.42: Hydration of full length systems rhodopsin and opsin involves different water populations exhibiting different dynamics of water uptake and
release. This observation can be explained by additional diffusional processes
of water into hydration-induced volumes (”cavities”) of the proteins.
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5 Conclusions
The understanding of membrane protein function is a vital point in life science and
medicine. This work was concentrating on the two aspects: interplay of the membrane with charges and hydration in membrane protein function, studying rhodopsin
and rhodopsin-derived single membrane spanning peptides. Rhodopsin as the prototypical representative of GPCRs and many other membrane proteins, such as ion
channels and ABC-transporters, exhibit highly conserved charges at crucial positions nearby the phase boundary. For rhodopsin-like GPCRs it has been shown,
that a conserved and class-defining proton uptake site is involved in autonomous,
modular switching mechanism linking high ligand specificity to the conserved activation mechanism among GPCRs [41].
In this work, an experimental approach was established which allows simultaneous
recording of infrared absorption and tryptophan fluorescence changes. Thereby, conformational transitions and topological aspects of local water protein interactions
could be related. The general ability of lipid/protein interactions to dramatically
shift and control protonation equilibria at a conserved proton uptake site in class-I
GPCRs was proven. The influence of lipid/protein interactions on side chain partitioning can thus serve to control membrane protein function and water penetration.
The perturbation of the water H-bond network on the membrane surface was shown
to be sensed by the membrane protein structure and it was demonstrated that a
conserved proton uptake site in class-I GPCRs regulates the local hydration at the
phase boundary leading to a shift in the conformational equilibrium between helical
and disordered structure of transmembrane helical ends.
In addition to hydration sensing of the conserved proton uptake site, it was found
that the mediating role of lipids in transmitting hydration to the subsequent membrane protein response is followed by water penetration into the receptor structure
or into the subheadgroup region in single membran-spanning peptides carrying the
conserved proton uptake site.
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5. Conclusions
The faster water release from opsin vs. rhodopsin is probably caused by a high
degree of hydration upon partial ”opening” of the heptahelical bundle upon light
activation. Furthermore significantly different water population could be identified
in all hydration perturbations studies, experimentally proving the existence of different hydration sites and possibly different roles of local water clusters in membrane
protein function.
Although the number of crystal structures available for rhodopsin and other membrane proteins soared in the last few years and elucidated many aspects of the
interplay between structure and function, a lot of important factors as state equilibria, charge alterations and pKA , lipidic environment and the role of membrane
hydration can only be explored ”snapshot-wise” by crystal structures or is even not
observable at all through this technique. Spectroscopy, as carried out in this work,
can serve as a powerful tool for linking structural information from crystal structures to the dynamics and energetics of protein function. Especially the technique of
time-resolved FTIR-Fluorescence Cross-Correlation, ideally connecting information
about secondary structure, local hydrophobicity and molecular bond alteration of
all involved chemical groups, provides the mean to decipher the complex processes
in protein function and may be applicable to other unsolved questions of molecular
life science.
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