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"Exercise your human mind as fully as possible, knowing it is only an
exercise. Build beautiful artifacts, solve problems, explore the secrets of
the physical universe, savor the input from all the senses, feel the joy and
sorrow, the laughter, the empathy, compassion and tote the emotional
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1 Introduction and Motivation

Embryogenesis, tissue regeneration, wound healing and immune response are
very important processes for the development of eukaryotic multicellular or-
ganisms and their maintenance. These processes are based on cell adhesion
and cell migration events. The ability of cells to link the actin cytoskeleton
to the cell adhesion protein receptors is necessary for this function. Malfunc-
tions occurring in these processes promote e.g. the formation of tumor cells and
metastases [20]. The cytoskeletal protein vinculin plays a key role in the control
of cell-cell or cell-matrix adhesions [82]. It is involved in the assembly and dis-
assembly of focal adhesions and affects their mechanical stability. It was shown
that vinculin deficiency leads to embryonical lethality. Vinculin-null mice died
after day 8 of embryogenesis caused by defects in neuronal and heart devel-
opment [81]. Furthermore, it is known that vinculin can influence apoptosis
(programmed cell death) and plays a pivotal role in the control of cell rigidity,
motility and tension [76, 50, 51|, suggesting an impact of vinculin expression
on tumour development and metastasis formation. While many facts highlight
the importance and significance of vinculin for vital processes, its precise role
in the regulation of cell adhesions is still only partially understood and requires
further elucidation at the molecular level.

Clarifying protein structures contributes extensively to the understanding of
their functionality. At the present day, the stage of medical design would not
have been so highly developed without this knowledge. Most of the available
protein structures (=~ 90 percent) have been determined by X-ray crystallogra-
phy. This method allows the determination of the 3D density distribution of
electrons in crystallized proteins, whereby the 3D coordinates of protein atoms
can be determined up to sub-atomic resolutions. Nuclear Magnetic Resonance
(NMR) techniques are also used for protein structure determination. The per-
centage of the known protein structures clarified by NMR methods accounts
to roughly nine percent. A further approach, which has recently become a
valuable mean of determining protein structures, is cryo-electron microscopy
(cryo-EM). This method is well applicable on very large protein complexes and
enables 3D reconstructions of these complexes. One of the disadvantages of
Cryo-electron microscopy is the minor resolution of ca. 0.8 nm. This fact pro-
hibits for example the determination of small structural changes and protein
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side chain orientations.

The here applied approaches of cw- and pulse electron paramagnetic resonance
(EPR) spectroscopy in combination with site directed spin labeling (SDSL)
has evolved as a valuable tool to study protein structures and conformational
changes [3]. This method provides detailed information on protein structure
and dynamics and has become one of the most powerful tools to investigate
proteins under more physiological conditions [13], compared to e.g. X-ray crys-
tallography.

Various EPR methods are used in this work in order to study the vinculin tail
domain in an aqueous buffer solution and its structural changes induced by the
interaction with binding partners such as F-actin and acidic lipids.



2 Background Information

2.1 Cell migration and adhesion

The central process of the movement of single cells or cell groups during the
development and maintenance of living organisms is called cell migration. Cell
migration is coordinated by adhesion protein complexes linking the cell cy-
toskeleton with the adhered substrate (”extracellular matrix”, ECM). These
complexes occur in different cell regions. The stable elongated focal contacts in
outer cell regions are called focal adhesions, which are mediated by transmem-
brane proteins belonging to the family of integrins. These proteins have me-
chanical connections with the actin-cytoskeleton. Figure 2.1 shows a schematic

view of this interaction.

extracellular matrix

cell membrane

Figure 2.1: Sketch of a cell adhesion site. The cell anchors on an extracellular matrix
via integrin, which connects the ECM (here e.g. a collagen fibre) with the actin-
cytoskeleton with the help of talin and vinculin. Modified from [14].

Integrin, consisting of a - and 3 -subunits, binds to proteins of the ECM and
in the cell interior to talin, which besides other proteins acts as a linker to the
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actin filaments (F-actin). Vinculin acts as adaptor protein, which binds via its
head domain to talin, and the tail domain to F-actin. Thus, this protein creates
a linkage between the adhesion protein complexes and actin filaments and, in
addition, stabilizes the focal contacts [82]. Figure 2.2 shows a fluorescence
microscopy image of a cell adhered to a substrate. The picture shows the
distribution of vinculin and actin in cell adhesion regions. Vinculin and actin
rich regions are identified by green and red colors, respectively, distinguishable
by the use of different fluorescence markers. It is obvious that filamentous
actin extends throughout the whole cell, whereas vinculin is highly present
perinuclear and at focal adhesion sites.

o o
z-

VRS
N
\
)
.

Figure 2.2: Focal adhesions: vinculin (green), actin (red), cell nucleus (blue) in a
myoblast cell. Image by Zeinab Al-Rekabi [www.pellinglab.net]

Beside others, the binding of vinculin to F-actin allows the mechanical cou-
pling of cell matrix adhesions with the actin cytoskeleton, which plays a major
role in the highly orchestrated multistep process of cell migration. To put it
simply, at the cell front (leading edge) actin assembly drives the extension of
membrane protrusions (lamellipodia and filopodia). At the leading edge of
the cell adhesions are formed, which connect the extracellular matrix to the
actin cytoskeleton to anchor the protrusion and tract the cell body. Finally,
to move forward, the cell retracts its trailing edge by combining actomyosin
(actin-myosin-complexes) contractility and disassembly of adhesions at the rear
[17]. These processes are associated with the strongly regulated and frequently
occurring assembly and disassembly events of cell-matrix contacts.



2.2 Vinculin: state of the art

2.2 Vinculin: state of the art

2.2.1 Vinculin structure

Vinculin, consisting of 1066 amino acids, is a 116 kDa, ubiquitously expressed
actin-binding protein, which is localized on the cytoplasmic face of integrin-
mediated cell-extracellular matrix junctions (focal adhesions) and cadherin-
mediated cell-cell junctions. It is made up of a globular head (domains D1-D4),
linked to a tail domain (Vt, also called domain D5) by a proline-rich region
(figure 2.3 a)) [82, 6].

Ligand Vinculin
a) b) domain
Talin m
talin a-Actinin D1
o-catenin Ipai D1
a-Catenin D1-D3
B-Catenin D1-D3
4 .
Q (intra.) 01 and D4
A = Vinexin PRR
— Ponsin PRR
VASP PRR, FPPPP
Arp 2/3 FRR,
PETG/PETE
| ) Paxillin Vit (D5)
o & F-actin
vinexin
: \ F-actin Vit (D5)
ponsin
PKCe Vt (D5), C-
Al'p2f3 terminal arm
Acidic Vt (D5)

phospholipids

Figure 2.3: a):Crystal structure of full-length vinculin in its auto-inhibited state. The
particular Domains are shown in different colors: D1, residues 6-252; D2, 253-485; D3,
493-717; D4, 719-835; D5 (Vt), 896-1066. The proline-rich region (838-878) precedes
a strap (residues 878-890) located across the surface of Vt and the C terminus (C).
Binding sites are indicated. Picture taken from [6]. b): Binding partners of vinculin,
extracted from [82]. Abbreviations: PRR: proline-rich region, FPPPP: PheProProPro-
Pro motif.

The crystal structure of full length vinculin was recently determined reveal-
ing several binding sites to be obscured by parts of other molecular domains
[6]. Especially, the actin binding vinculin tail (Vt) domain is grabbed in a
pincer-like manner by domains D1-D3 and remains in an auto-inhibitory and
inactive conformation due to the intramolecular interaction between the head
and tail domain. This situation inhibits the release of Vt from the vinculin
head, sterically blocking its interaction with F-actin [6, 37]. In addition, the
contacts between Vt and D1 inhibit the conformational changes in D1, that
would allow the binding of talin. This fact points out that an activation mech-
anism accompanied with structural changes within vinculin is required to allow
ligand interaction, thus to facilitate its function. Furthermore, vinculin head



2 Background Information

binds Vt with very high affinity (K; < 107°M [82]). This binding is thought
to be too strong for a single ligand to activate vinculin leading to the pro-
posal of a combinatorial activation mechanism requiring at least two binding
partners [18, 6]. However, the activation mechanism, as well as details about
accompanied structural changes within vinculin, are still unresolved.

Vinculin exhibits numerous ligand binding sites. These interaction sites have
been assigned to different domains, extractable from figure 2.3 b). Domain D1
exhibits binding sites for talin, a-catenin and a-actinin. the proline-rich region
located between D4 and Vt binds to VASP, vinexin, ponsin and the Arp2/3
complex. Vt was found to bind besides others actin and acidic lipids, such
as phosphatidylserine (PS) and Phosphatidylinositol-4,5-bisphosphate (PIPj)
[82]. The main focus of this work is the Vt domain, therefore, its structure and
function is discussed in more detail.

a) Ve b)

basic
ladder

ke

basic
v
collar W/

Figure 2.4: a): Crystal structure of Vt in ribbon representation (pdb: 1ST6). The
five amphipathic and antiparallel helices are connected via short loops regions. The
particular helices are highlighted by different colors: helix one (H1): yellow, helix two
(H2): light orange, helix three (H3): orange, helix four (H4): red, helix five (H5): dark
red. b): Solvent-accessible surface of Vt. The coloring is according to electrostatic
potential: blue for positive, red for negative charges. Salient features are indicated.

The crystal structure reveals Vt to form a bundle of five antiparallel a-helices
exhibiting N- and C-terminal extensions [7]. The five amphipathic helices are
connected via short (3-8 amino acids) loop regions and their hydrophobic faces
are pointing into the protein interior. Due to the amino acid composition helices
1-4 are characterized as alkaline. In contrast, helix 5 is categorized as acidic.
Two main regions on the outer surface of Vt are positively charged. This is
on one side the basic ladder (residues 945-973) located in helix 3, whereas
the C-terminal basic collar (including amino acids 910, 911, 1049, 1060, and
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1061) together with the hydrophobic hairpin (C-terminal residues 1062-1066)
constitute the second positively charged main region (figure 2.4) [7].

2.2.2 Vinculin function and regulation
2.2.2.1 Vinculin tail and acidic phospholipids

Being part of cell membranes, acidic phospholipids, such as PS and PIP,, play
an essential role in cell migration. They are of great importance in the regula-
tion of the assembly and disassembly of focal contacts, and assist the linking of
the actin-cytoskeleton with the cell membrane, e.g. by exposing the integrin-
binding site on talin [45]. The association of PIP3 to Vt is thought to dissoci-
ate the head to tail interaction, exposing binding sites for talin and actin, and
thereby promoting assembly of focal adhesions [7, 24]. The basic ladder, the
hydrophobic hairpin and the basic collar regions are supposed to mediate the
first contact to acidic lipids or the lipid membrane, respectively. In turn, the
hydrophobic hairpin is thought to insert into the lipid bilayer, resulting in an
unfurl of its five-helix bundle [7, 6]. Experiments with vinculin-LD, deficient in
acidic phospholipid binding yet with functional actin binding sites, show that
PIP; binding is not essential for vinculin activation as previously suggested. In-
stead, it is proposed that PIP, regulates the uncoupling of adhesion sites from
the actin cytoskeleton with vinculin functioning as a sensor [16]. Moreover, re-
cently it was shown that talin and a-actinin are involved in vinculin activation
[53, 12], and that vinculin phosphorylation plays an important role in vinculin
activation, stabilization and ligand binding. Enhancing vinculin exchange by
phosphorylation at amino acid Y1065 leads to a mechanical destabilization of
the whole adhesion complex [49].

However, the importance of the interaction of acidic lipids and vinculin for its
function in cell migration processes is indisputable. As it could be shown by
biochemical cross-link experiments, PS or PIPs even induce Vt dimer- and/or
higher oligomerization [28], but detailed structural models of vinculin tails con-

formation bound to acidic lipids are still not available and remain to be revealed.

2.2.2.2 Vinculin tail and F-actin

Vinculin binds to F-actin, enabling the connection of the cytoskeleton to the cell
membrane at focal adhesion sites. Therefore, as already mentioned, vinculin
has to undergo a conformational change to expose the actin binding sites in Vt.
The work of Bakolitsa et al. [7] supports a conformational change in Vt upon
actin binding. Johnson et al. demonstrated the existence of a dimerization site
in Vt, which is activated upon binding to F-actin [38]. Hence, binding of F-actin
to the vinculin tail promotes Vt dimerization and thereby actin cross-linking
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Figure 2.5: a): Model of a Vt molecule (red) in contact with two actin monomers
along the filament (gray and green). The top and the bottom of the Vt helix bundle
are indicated. b): Vt structure in ribbon representation, ¢): Solvent-exposed surface
representation of Vt mapped with the actin-contacting residues (upper patch: blue,
lower patch: red). Orientation is the same as in b). d): Two actin filaments (gray) with
attached vinculin-tail molecules docked into the tomographic cryo-EM reconstruction.
e): Enlarged view of the vinculin-tail dimer extracted from d). Molecular clashes
between the two Vt molecules are marked in orange and indicate small structural
changes in the clash-involved domain of Vt. Pictures taken from [33]

Janssen et al. recently introduced a three-dimensional model of the Vt-dimer
bound to actin filaments [33]. They showed that the actin-binding site on
Vt comprises two distinct sub-sites. One binding site is exposed in the auto-
inhibited conformation, whereby the second is sterically shielded by the N-
terminal domain of vinculin (figure 2.5 a), b), ¢)). However, they found that
the overall five-helix bundle structure of Vt is preserved and that there are
no large-scale conformational changes (=~ 1 nm) upon F-actin binding. This
model was obtained by cryo-electron microscopy and 3D reconstruction (fig-
ure 2.5 d)). The crystal structure of Vt was fitted into the thus obtained 3D
electron density map using molecular docking programs leading to the mutual
arrangement of the two Vt-molecules within the actin bound Vt-dimer. Their
model reveals clashes between the C-terminal loop of one Vt molecule and
the N-terminal strap region of the other Vt molecule of the dimer (figure 2.5
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e)). Thus, their results implicate a two-step process for F-actin crosslinking in

which actin binding of Vt triggers conformational changes in the strap and the

C-terminal loop of Vt, which in turn potentiates Vt dimerization. Figure 2.6,

taken from Janssen et al., provide an overview about their and several previous

works by mapping different contact and mutation sites onto the Vt sequence.
(=l=]al=]s]a]a]s] = .Il e as =
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vinculin-tail dimer, N-terminus
B vinculin-tail dimer, C-terminus

Figure 2.6: Correlations between interaction probabilities, mutations, head-tail and
dimer contacts of Vt are shown by mapping these sites (indicated as colored squares)
onto the Vt (amino acid) sequence. Picture slightly changed from [33].

However, this method (3D cryo-EM) is restricted in resolution. Especially flex-
ible protein domains can not be resolved with the same accuracy as rigid parts.
Thus a determination of detailed structural rearrangements of Vt within the
obtained electron density map is very difficult. The detailed structural rear-
rangement of secondary structure elements and the C- and N-terminal end of
Vt upon actin binding is still unknown.

2.2.2.3 Competition between F-actin and acidic lipids

As already mentioned, cell migration processes are strongly associated with the
regulation of the frequently assembly and disassembly of cell-matrix-contacts.
It is suggested that vinculin, which leaves the focal adhesion, would revert to
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the auto-inhibited conformation and re-enter the soluble cytoplasmic pool of
inactive vinculin [82]. As already mentioned vinculin phosphorylation plays an
important role in these turn over processes. Beside this, the interaction with
PIP; is proposed to regulate the uncoupling of adhesion sites from the actin
cytoskeleton, that is, besides others, the Vt-actin contacts. Furthermore, it is
known that phospholipids inhibit the interactions between vinculin and F-actin
in wvitro [73]. Therefore, a competition between actin and acidic phospholipid
binding exists, which even induces a disassembly of vinculin in focal contacts
and consequently a release of these contacts at high lipid concentrations [25, 16].
This fact shows that F-actin, Vt and acidic phospholipids act in a cooperative
manner, which is essential for the assembly and disassembly of focal contacts,
enabling cell migration. Consequently, vinculin has continuously to undergo
a cycle between actin bound, lipid bound and solubilized states. Neverthe-
less, how the frequently occurring assembly and disassembly is accomplished or
regulated is not well understood at present.

2.3 The methodology of SDSL and EPR spectroscopy

As its name implies, the applicability of electron paramagnetic resonance (EPR)
spectroscopy requires paramagnetic species, meaning that only spins of un-
paired electrons contribute to the EPR signal. The EPR investigation of pro-
teins, which are usually not of paramagnetic nature, is enabled by the method
of site directed spin labeling (SDSL) developed by W. L. Hubbell and coworkers
in the 1990s [3, 29]. Figure 2.7 shows a scheme of this methodology. Thereby a
synthetic side chain containing a paramagnetic center is site specifically bound
to the sulfhydryl group of a cysteine, in case of the commonly used methanethio-
sulfonate spin label (MTSSL) by means of a disulfide bridge. The cysteine either
occurs in the amino acid sequence of the natural wild type protein or can be
introduced into the sequence at an arbitrary position by site-directed mutage-
nesis [77]. In the latter case a mutation in the genetic code of the cells used
for protein expression is carried out. After expression, the protein exhibits a
cysteine on a wanted position in its amino acid sequence instead of the native
amino acid. If unwanted cysteines are present in the protein sequence under
investigation, they are usually replaced by alanine or serine residues, if this can
be done without impairing protein structure and/or function. Depending on
the purpose even more than one spin label can be incorporated.

The size of the commonly used MTSSL is in the range of typical amino acid
side chains such as phenylalanine or tryptophane, meaning that the protein
structure is in general not disturbed by the attachment of MTSSL on the cys-
teine. However, the natural wild type structure is modified by this method and

10
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native tei
) " figes ) . C'\'S cimne
amino acid site-directed

X mutagenesis HS. spin labeling

Figure 2.7: The method of site-directed spin labeling. A native amino acid (left) is
substituted by a cysteine (center) using site-directed mutagenesis. The cystein is spin
labeled with methanethiosulfonate (MTSSL). The figure was adapted from [79].

consequently biological tests are required to assure that the modified proteins
are still functional.

SDSL in combination with continuous wave (cw) or pulse EPR approaches
has evolved as a valuable tool to study protein structures and conformational
changes (see [74, 13] for an overview). The methodology of EPR takes ad-
vantage of the splitting of normally degenerated spin energy states in a static
homogeneous magnetic field. The information can be derived from the resonant
absorption of incident microwave radiation. The resonance condition says that
the microwave frequency is proportional to the magnetic field strength. At the
present day EPR spectroscopy is carried out in the range of 1.5 GHz up to 670
GHz depending on the desired information about the sample under investiga-
tion. The most common and in this work used microwave frequency is 9.5 GHz
(X-band), which corresponds to a magnetic field strength of approximately 3300
G (330 mT).

The shape of cw-EPR spectra recorded at room temperature is sensitive to the
reorientational motion of the protein-bound spin label side chain (in the fol-
lowing abbreviated by R1), providing information on the motional restriction
of the nitroxide due to sterical interaction with secondary and tertiary struc-
ture elements [57, 13]. Power saturation measurements enable the investigation
of the spin label accessibility to certain paramagnetic quencher molecules con-
tained in the solvent, or in case of membrane proteins, in the lipid phase. This
information can be used to assign different spin labeled positions to be solvent
exposed, protein buried, or located in lipid membrane phases. In addition, cw-
EPR measurements at temperatures below 200 K provide information about
the polarity of the spin label environment and furthermore allow the determi-
nation of inter spin distances up to 2 nm, whereas pulse EPR methods such
as DEER spectroscopy (at 50 K) allow the determination of distances up to 6

11
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nm or even larger [56]. Such distance measurements provide information about
protein structure and conformational changes. Detailed information about the
aforementioned EPR-applications will be given in chapter 3 and are also de-
scribed in [74, 56].

Due to the flexibility of commonly used spin label side chains a model for the
distribution of nitroxide orientations is helpful for reasonable interpretation of
inter-spin distance distributions with respect to the protein structure. Meth-
ods to obtain this information are molecular dynamics (MD) simulations and
rotamer analysis approaches. MD simulations provide insight into the spin la-
bel side chain motion over time, even under consideration of the movement of
all protein atoms, thus, taking protein dynamics into account. In general, this
well established method leads to reliable results [9, 23]. It is, however, very
time-consuming and requires excessive computational resources. A rotamer li-
brary approach (RLA), developed by Jeschke and coworkers, predicts spin label
conformations for a certain residue position by using a semi-dynamic structure
model of the spin label and is computationally much less demanding [60].

Cw SDSL-EPR can also be used for the determination of spin label molecule
orientations, for example with respect to a sample support. A wide spread
method, applied since decades for this purpose, is the collection of EPR spec-
tra, recorded at different sample orientations with respect to the external mag-
netic field, yielding the orientational information [66, 32]. Since a few years a
new pulse EPR based method is advancing. This method, called orientation
selective DEER, spectroscopy, enables the determination of the mutual orien-
tation of multiple spin label molecules or even the orientation between spin
labels and paramagnetic ions [59, 67, 69]. The investigation of spin label (SL)
orientations enables, for example, the traceability of structural changes within
proteins, since changes of mutual SL orientations reflect reorientations of the
labeled protein domains.

One of the advantages of EPR compared to other well established methods
like X-ray crystallography is the fact that a crystallized state of the proteins is
not necessary, hence, they can be investigated in a more physiological environ-
ment, such as aqueous buffer solutions. In summary, SDSL-EPR methods are

powerful tools to investigate protein structures and dynamics.
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2.4 Aim of this work

Although the crystal structure of vinculin is available, numerous questions
about the function and role of the vinculin tail in cell adhesion processes are
still unanswered. This work is supposed to contribute to the clarification of the
following aspects. The frequently assembly and disassembly of vinculin in focal
adhesion sites is accompanied by continuous transitions between different struc-
tural states of vinculin, which are strongly associated with and essential for its
function. Here, the structural arrangement of vinculin tail bound to F-actin,
to acidic lipids and in the absence of these binding partners under conditions
close to the physiological ones constitute the focus of this work.

Various cw- and pulse EPR methods are used for the investigation of the vin-
culin tail structure in an aqueous solution and its structural changes due to
interaction with acidic lipids and F-actin. The combination of the methods ap-
plied enable the construction of new structural models of Vt in the absence and
the presence of F-actin and acidic lipids. In addition, the competition between
the lipid and actin bound states of Vt is analyzed in dependence of different
phospholipid types. The results are supported by laser excited fluorescence mi-

Croscopy measurements.

Another purpose of this work is the investigation of the applicability of a ro-
tamer library approach (RLA) for the analysis of spin label side chain motions
and orientations. Therefore, a comparison between the experimentally obtained
results of Vt in solution are used for comparison to the outcome of MD simu-
lations and the computational much less demanding RLA.

A further main part of this thesis deals with orientation selective DEER, spec-
troscopy. Since the methodology and applicability are still advancing and
proper data analysis programs are still not available at present, this work shall
contribute to their development. Here, this method is used at X-band fre-
quencies, and a tool to determine mutual spin label orientations in proteins is

presented and applied.
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3 EPR Spectroscopy

EPR spectroscopic experiments are measurements on the electron spin, which
is a quantum mechanical phenomenon. Therefore, the mathematical and phys-
ical description of EPR is based on quantum mechanics. The degenerated spin
energy states (of unpaired electrons) are split in a static homogeneous magnetic
field (Zeeman effect). The informations about the paramagnetic probe are de-
rived from the absorption of microwave radiation, which energetically equals the
energy difference between the split energy states. The total energy and time
evolution of the system under investigation is described by the spin Hamil-
tonian. This quantum mechanical operator providing the theoretical basis for
the understanding of the particular EPR methods will be introduced in the first
parts of this chapter. Since in this work nitroxide spin labels (MTSSL) are used
as spin carrying probes, only interactions between the unpaired electron and its
environment relevant to this work, such as electron Zeeman, nuclear Zeeman,
hyperfine and electron-electron (dipolar and exchange) interactions, are taken
into account. Furthermore, the here applied EPR methods used to obtain the
particular parameters occurring in the spin Hamiltonian are explained in more

detail in the following chapters.

3.1 The electron spin

Considering a spin of a free electron in a static, homogeneous magnetic field of
the form B = (0,0, By) the components of the spin operator can be described
by:

. 1 0 1 0 —i 1 0

S =(8z,5y,5:) = = , , (3.1)
BRI W W B i 0 0 —1
The electron spin is accompanied by a magnetic moment jig:

eh 4

s = — S 3.2

Hes Ge om, (3.2)

= —gensS (3.3)
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3 EPR Spectroscopy

Here, m. is the mass of the electron and g. = 2.0023 is the g-factor of the free
electron. h describes the Planck constant divided by 27 and pup = 9.27400915 -
10724JT~! the Bohr magneton. The corresponding energy of a free electron in
a magnetic field B is described by the Hamiltonian using the correspondence

principle:

- . . 1 1 0
He = —4s-B=geup-s,-By= ige,U«BBO ( 0 1 ) (3.4)

The energy Eigenvalues and Eigenvectors can be calculated by solving the time

independent Schrédinger equation (Eigenvalue equation):

H|U,)=E,|U,) (3.5)

, where E,, is the n-th Eigenvalue and | ¥,,) the corresponding Eigenvector or
electron wave function, respectively. In the here considered case of the free
electron (spin S=1/2) the equation exhibits the following solution:

r%>:=\+>:(;) wz>:=\—>=<?) (3.

1 1
FEi=F, = +596NBB0 Ey=FE_ = _ige'uBBO (37)

This shows that an electron in a magnetic field can occupy two different energy
states called spin up (| +)) or spin down (| —)) state. Consequently, the
microwave frequency, inducing the transition from the spin up state into the
spin down state after absorption, is given by:

_AE_B.—FB__ gupbo
- h h N h

14

(3.8)

v is also called Larmor frequency. The EPR resonance condition (equation 3.8)
is the fundamental relation between the magnetic field strength By and the
incident microwave frequency v. In cw-EPR spectroscopy (see chapter 3.3) the
absorption of microwave radiation, exhibiting constant frequency (energy), is
detected in dependence of the magnetic field strength. In the here considered
theoretically case sweeping the magnetic field using a constant microwave fre-
quency would lead to the observation of only one resonance position located at
By.
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3.2 The MTSSL and the total spin Hamiltonian

3.2.1 The MTS spin label

As it can be seen from equation 3.8 the resonance frequency or the position
of By depends on the Hamiltonian of the system under investigation. The
systems investigated by EPR spectroscopy contain unpaired electrons, but in
general they can not be treated as free like in the above considered case. The
electrons under investigation are compounds of atoms or molecular structures,
thus, they appear in atom or molecular orbitals interacting with their vicinity.
In this work the commonly used (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)
methanethiosulfonate spin label (MTSSL) is used as the spin carrying molecule.
Figure 3.1 a) shows its chemical structure, its three-dimensional structure is
depicted in b). It is convenient to define a molecular frame (MTSSL frame)
for later considerations. Within this frame the x-axis is defined along the N-O
bond of the nitroxide group, the z-axis is aligned parallel to the five-membered
ring plane normal and the y-axis is perpendicular to both (see 3.1 b)).

a)

HsC.  CHa
H
*0—N | MTS spin label
s Cs—R (protein)
\8/ ]
Hisc”  CHjy
H H

Figure 3.1: a): The chemical structure of the MTS spin label, b): The MTSSL
eigensystem. The molecular frame axes are designated with x,y,z.

The electronic structure of the N-O-bond is schematically shown in figure 3.2.
The unpaired electron giving the molecule its paramagnetic nature is located
in the m-orbital resulting from the partially overlap of the 2p, orbitals of the
oxygen and the nitrogen atom.

Due to this fact, the electron underlies several internal interactions, hence, its
properties are different from the free electron case. Additionally, Since the
unpaired electron experiences other molecules and atoms in its environment,
such as other protein atoms and/or atoms contained in the solvent, the spin
label vicinity influences the electronic structure of the MTSSL, which it turn
changes the electron spin properties. These interactions has to be considered
in the EPR-theory in order to understand the EPR spectra shape.
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3 EPR Spectroscopy

3O unpaired
Pz electron -

Figure 3.2: Electronic structure (schematic) of the MTSSL N-O bond. An electric
field component E, caused by the MTSSL environment is present. The non-bonding
lone pair orbitals ¥, are a superposition of oxygen 2s,2p, and 2p, orbitals: ¥, =
Cns(28) + Cnaz(2ps) + cny(2py). Graphic adopted and slightly changed from [58].

3.2.2 The total spin Hamiltonian

The most relevant interactions in SDSL-EPR are those between the electron
spin and the external magnetic field (electron Zeeman interaction: EZ), mag-
netic moments from nuclear spins (hyperfine interaction: HF) and other electron
spins (dipol-dipol and exchange interaction: DD and Ex). Another relevant
interaction is the nuclear Zeeman interaction (NZ) describing the interaction
between a nuclear spin and the external magnetic field.

Considering these interactions the total spin Hamiltonian is the sum of the
particular energy contributions and of the form:

I:I:I:IEz—l-I:INz—i-I:IHF-i-I:IDD—i-I:IEm (3.9)

Here, the indices represent the above mentioned interactions. The aim of SDSL-
EPR spectroscopy is to obtain information about the spin label and its environ-
ment by determination of the parameters occurring in the Hamiltonian. In order
to understand the here applied EPR methods and analysis of EPR spectra, the
terms of the particular interactions contributing to the total spin Hamiltonian
will be discussed in the following chapters.

3.2.3 Electron Zeeman interaction and g-anisotropy

The electron Zeeman term describes the interaction between an electron and
the external magnetic field. The magnetic moment of an electron spin bound
to a molecule depends on its orientation with respect to the molecule or of
the orientation of the molecule with respect to the magnetic field direction,
respectively. This anisotropy arises from the fact that the electron exhibits an
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3.2 The M'TSSL and the total spin Hamiltonian

orbital momentum L. The orbital momentum interacts with both the external
magnetic field B and the momentum of the spin S (spin orbit coupling):

H = gupS-B+upL - B+ XS L (3.10)

The first term describes the interaction between the electron and the external
magnetic field, and the second the interaction between the magnetic field and
the orbital momentum. The third summand describes the spin orbit coupling.
A is the spin orbit coupling constant. The eigenvalues of this Hamiltonian can
be obtained applying perturbation theory. A detailed calculation can be found
in [5]. A Hamiltonian exhibiting the same eigenvalues as 3.10 is:

ﬂEZ:—ﬂS'B:uBBgS (3.11)

with:

g =gl +2)\A (3.12)

and A a symmetric tensor with the following elements:

ol Li |¥,) (U,| L | ¥, .
Aij:Z< | Z|E;>_<EZ| 1| >7n>0;%,J:x,y,z (3.13)

n

Equation 3.11 describes the electron Zeeman interaction and is analogous to
the case of a free electron, but in contrast, here, g describes the g-tensor. The
operator L; describes the main axis components of L (i=x,y,z). The function
|Wo) describes the singly occupied molecular orbital (SOMO) in the ground
state and |¥,,) the n-th excited SOMO state. Fy and E,, are the corresponding
energy eigenvalues. The g-tensor has the general form:

9zx Jry YGzz
8= Gyo Gy Yy- (3.14)
9zzx Gzy Yzz

Within the eigensystem of g (or Hpy respectively) g can be diagonalized leading
to the expression:

9oz 0 0
g= 0 gyw O (3.15)
0 0 g
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3 EPR Spectroscopy

This eigensystem is fixed in the system of the molecule exhibiting the spin and
can be assigned to the above mentioned MTSSL frame. For a MTSSL label the
main diagonal elements can be determined in first approximation according to

[58]:

02

s g+ 2N(0) 170 (3.16)
202

-~ 2A0) 1Y 3.17

gyy Ge + ( )Eﬂ— . En ( )

9zz = Je (3.18)

, where A(O) = 151em ™" describes the spin-orbit coupling of the oxygen atom.
pfr) is the 7 spin density on the oxygen 2p, atomic orbital. ¢,; and c,; are
molecular orbital coefficients describing the contribution of the 2p, and 2p,
atomic orbitals to the oxygen lone pair orbital ¥,, (see figure 3.2). E;—E, is the
excitation energy for a transition between |¥g) and |U,,) [58]. In order to express
the g-tensor in the laboratory frame it has to be transformed into the laboratory
system by the use of general Fuler transformation matrices D(1J, ¢, ). The g-
tensor in the laboratory frame has the form:

g = D(ﬁ’sovw)gD(ﬁv(pvd})il (319)

This leads to a g-factor depending on the orientations (¢,¢) of the spin carrying
molecule with respect to the B-field direction, defining the laboratory z-axis:

9o = \/g%wsz’n%%oszgo + g2, sin*Vsin?p + g2, cos> (3.20)

Figure 3.3 illustrates this transformation from the molecular frame of a nitroxide
into the laboratory frame. Typical values for the g-tensor elements of a MTSSL

are:

Gz ~ 2.0089 (3.21)
Gyy ~ 2.0067 (3.22)
gz» ~ 2.0023 (3.23)

However, the B-field strengths used in this study (ca. 300 mT) are not sufficient
to resolve the g-tensor anisotropy in the EPR spectra. Magnetic fields in the
order of 3 T (W-band) or higher would be necessary.
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3.2 The M'TSSL and the total spin Hamiltonian

MTSSL

X ¢ equator

Figure 3.3: The transformation from the MTSSL frame (x,y,z) into the laboratory
frame depends on two angle ¥ and ¢. The B-field direction (blue arrow) coincides with
the laboratory z-axis. The 2p, orbital of the nitrogen atom of the MTSSL is illustrated
in light blue.

3.2.4 Nuclear Zeeman interaction

In most EPR experiments the nuclear Zeeman interaction describing the cou-
pling of a nuclear spin and the external magnetic field contributes insignificantly
to the total Hamiltonian. However, it becomes relevant in several double reso-
nance pulse EPR methods. Analogous to the electron Zeeman interaction it is

described as:

Hyz = pungnB1 (3.24)

, where g, is the nuclear g-factor, u, describes the nuclear magneton and Iis
the nuclear spin operator. In case of a nuclear spin of I=1 the components of I

can be described by 3x3 matrices.

3.2.5 Hyperfine interaction and A-anisotropy

A further relevant source of information in EPR is the hyperfine interaction. It
characterizes the interaction between a nuclear spin I and an electron spin S
and is described by:

Hyr=SAl (3.25)

Here, A is the hyperfine tensor characterizing the magnitude and anisotropy of
the hyperfine coupling. A can be split in an anisotropic and an isotropic part
leading to:
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3 EPR Spectroscopy

I:IHF = I:IHF,aniso + I:IHF,'L'SO (326)

The isotropic part is also called Fermi contact interaction arising from the non
vanishing probability of presence of the electron at the nucleus:

I:IHF,iso = aisogi (327)
with
2
Ajso = % Ge KB dn Hn ’¢r:0|2 (328)

, where |1[)r:0\2 describes the electron spin density at the nucleus. The anisotropic
part of the hyperfine interaction originates from dipolar interaction between the
nuclear and the electron spin. Using a point dipole approximation in the case
of electron-nucleus interaction H H F,aniso 18 given by:

I:IHF,aniso = g A niso i (329)
_ _UOge,U/Bgn,U/n g,i_S(S-r)<I-r> (330)
47 73 o '

with r as the connection vector between the point dipoles and r as its absolute.
Furthermore, in presence of a strong external magnetic field the components
perpendicular to the magnetic field direction can be neglected (high-field ap-

proximation) and one obtains:

S.1,(3.31)

A rd

O is the angle between the connection vector r and the magnetic field direction.
Considering a coincidence of the MTSSL z-axis and r, equation 3.31 shows that
the hyperfine coupling depends on the orientation of the molecule with respect
to the magnetic field.

In the eigensystem of A 4,50, which coincides with the g-tensor system, A niso

can be written in tensor expression as follows:

-1 0 O
Aaniso = _%% 0 -1 0 (332)
0 2
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3.2 The M'TSSL and the total spin Hamiltonian

The total hyperfine tensor is then given by:

A O 0
A = Asniso + 1 a0 = 0 Ayy 0 (333)
0 0 A,

The transformation from the molecular system into the laboratory frame is
accomplished analogous to 3.19 leading to a hyperfine constant dependent of
the orientation of the B-field with respect to the molecule:

Ay, = \/A%xsin2190052g0 + A2 sin?*Vsin?p + A2, cos?) (3.34)

Typical values for the tensor elements of a nitroxide spin label, in which the

unpaired electron interacts with the 14"-nitrogen nucleus (I=1) of the N-O

group, are:
Agw ~ 0.5mT (3.35)
Ayy ~ 0.5mT (3.36)
A, ~35mT (3.37)

In this case, a present hyperfine interaction leads to a splitting of the spin up
and spin down states in three energy levels, respectively. This in turn causes
the observation of three resonance positions in the EPR spectrum separated by
the orientation dependent value of the hyperfine splitting (see 3.3 for a more
detailed explanation). Moreover, the A,, value is sensitive to the spin label
environmental polarity (see chapter 3.3.3.1). The determination of the A,,
value, describing the polarity of the spin label environment, provide, beside
others, the possibility to distinguish between R1 side chains, which are located
in aqueous or lipid phases. Furthermore, the fact that the hyperfine anisotropy
is partially resolved at X-band frequencies (A;, and A, are well distinguishable
from A,,) enables the determination of spin label orientations with respect to
the magnetic field direction or with respect to each other.
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3 EPR Spectroscopy

3.2.6 Electron-Electron dipolar interaction

Considering a system with two unpaired electrons, their interaction can be
described by an exchange coupling (see below) and a dipole-dipole coupling
analogous to 3.31.

F N

B B

L a L 4 4 S
— —
[ l J
_h_____l 1 ‘____——-—' 2
@(0%) ®(0%)

Figure 3.4: Elucidation of the Pake pattern. Top (left): The possible orientations
of the dipolar axis of two interacting parallel aligned spins (A and B) with respect
to an applied magnetic field B. Dipolar interactions between them are indicated as
dotted lines. Within disordered samples the dipolar vector r can exhibit all possible
orientations with respect to the magnetic field. Thus, its direction is statistically
distributed over the unit sphere (indicated as dashed lines) and a powder average is
performed by integration over ©44 using the weighting factor sin®,44. The parallel case
occurs when spin B is located at the poles (white arrows) (©44 = 0°), the perpendicular
(B4q = 90°) case appears for spin B located on the equator (black arrows). Top (right):
The inversion of spin B leads to the inversion of the transition distribution. Bottom:
Shifts of resonance positions w due to dipolar interaction according to the cases shown
above. Transition distribution and corresponding intensities result from the average of
w over B4y using the weighting factor sin®,44. The resulting Pake pattern (center) is a
superposition of the two cases. Picture modified from [26].

The dipole-dipole coupling contribution H,, to the hamiltonian is characterized
by the dipole-dipole or also called zero field splitting tensor D and is given by:

Hy, =S,DSp (3.38)
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3.2 The M'TSSL and the total spin Hamiltonian

, where S, and Sg are the interacting electron spins. The use of the point
dipole together with the high field approximation equation 3.38 leads to:

Hyq = waiSa zSB zh (3.39)

with:

2.2 (1_ 2

Wdd = T 7“1311 B
wqq is called dipolar frequency and depends on the angle ©44 between the mag-
netic field and the vector r4p connecting spin A and spin B and the distance
between those spins. The dipolar interaction causes a splitting of the resonance
lines of +wyg and -wgqy. The connection vector between spin A and spin B is
called dipolar vector or dipolar axis. In case of macroscopically disordered sam-
ples, in which a statistical distribution of dipolar axis orientations with respect
to the magnetic field exists, equation 3.40 has to be averaged over the angle © 44
with the usual weighting factor sin®44. This leads to an observation of a Pake
pattern (PP) (figure 3.4). The angle ©* ~ 54.7° leading to wy4=0 is known
as the magic angle. A dipolar axis orientation exhibiting ©* causes no dipo-
lar splitting and no dipolar interaction is detectable in this case. The largest
splitting is obtained at ©44 = 0° (parallel component of the PP). ©45 = 90°
(perpendicular component) gives the highest intensity contribution to the PP,
due to the weighting factor of sinG44 used for averaging.

Since the shape of the Pake Pattern depends on r4p, the determination of wgyy
or the PP, respectively, enables e.g. the determination of interspin distances.
A direct detection of the Fourier transform of the PP can be obtained by four
pulsed DEER spectroscopy (see below). In low temperature cw-EPR measure-
ments the dipolar interaction results in a considerable line broadening of the
EPR spectra, detectable for distances below 2 nm.

3.2.7 Heisenberg spin exchange

The second electron-electron interaction, that has to be mentioned, is the
Heisenberg spin exchange interaction or briefly exchange coupling Hg,. Ex-
change coupling becomes significant for very small inter-spin distances (= 0.8
nm [63]). In this situation the electron orbitals can partially overlap and the
two electrons have a non-vanishing probability of presence at the same location.
Thus, the Pauli exclusion principle lead to a weak binding (anti parallel spins)
interaction. An extreme case would be the formation of an electron pair or a
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covalent bond, but is not considered here, because this situation would not con-
tribute to the EPR signal. The relevant interaction in this case, the Coulomb
interaction between two electrons, leads to a weak anti-binding (parallel spins)

interaction. The exchange coupling is represented by the Hamiltonian:
Hp, = S35, (3.41)

J is a 3x3 tensor, which takes the coulombic interaction between the electrons
into account. In general, only the most important part of the exchange-energy
operator, the isotropic part, is considered:

HY, = J0S:S, (3.42)

Jo is the isotropic exchange coupling constant [80] describing the strength of
the orbital overlap, which is given by the exchange integral:

62

Jo = —2(Va(1)Ws(2)]

e [ a2)W(1) (3.43)
with ¥, and ¥, as different spatial molecular-orbital wave functions, evaluated
considering the electrons to be non-interacting. ¢g is the permittivity in vacuum
and r is the electron-electron distance. Since the exchange coupling depends
on the inter spin distance, it is possible to obtain information about r by de-
termining J. Furthermore, the investigation of the exchange interaction can
be used to determine spin label accessibilities to rapidly relaxing paramagnetic
species exchanging with the unpaired electrons from the attached spin labels
(see chapter 3.3.4).
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3.3 Continuous wave (cw) EPR

In cw-EPR (cw=continuous wave) experiments the sample is placed in an ex-
ternal homogeneous magnetic field and is irradiated by microwave radiation
exhibiting a constant frequency. The EPR spectrum is obtained by detecting
the absorption of the microwave energy in dependence of the external magnetic
field strength. In general, the first derivative of the EPR absorption spectrum
is obtained due to technical reasons. The shape of the spectrum depends, as al-
ready mentioned, on the energetic nature, described by the Hamiltonian of the
investigated system. This fact will be explained on a simple example (MTSSL
single crystal). Furthermore, cw-EPR enables the determination of numerous
parameters like spin label mobility and its accessibility towards specific sub-
stances. These measurements are usually carried out at room temperatures.
The polarity of the spin label micro-environment and distances between two
spin labels exhibiting distances below 2 nm can be investigated at low temper-
atures (below 200K). The influence of these parameters on the spectra shape,
their determination and information provided thereby are explained in the fol-

lowing chapters.

3.3.1 Single crystal and powder spectra

Since the shape of the cw EPR spectrum depends on the energetic nature,
described by the Hamiltonian, a short example is given to understand later
discussions. Considering a MTSSL single crystal, in which all molecules are
oriented in the same way, and the unpaired electron exhibits a hyperfine inter-
action with a nitrogen atom (I=1), the Hamiltonian has the form:

H=Hpgz;+Hyr=pupBgS+SAT (3.44)

With B = (0,0, B) and disregard of the contributions containing x- and y-
components of S and i, as good approximation at high magnetic fields [26], the
energy eigenvalues can be calculated to:

Emmi = goehsmsB+ Ay omemy (3.45)

g9,, and Ay, are the g factor and the hyperfine coupling constant in depen-
dence of the magnetic field direction with respect to the MTSSL molecule (see
equations 3.20 and 3.34). mg and m; are the magnetic electron and nuclear
quantum numbers, respectively (ms = 1/2,—1/2 and m; = 1,0, —1). Taking
the quantum mechanical selection rules (Amg =1 and Am; = 0 ) into account

one obtains three resonance positions:
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AE - A
By = —— e (3.46)
99,pUB
AFE
By = (3.47)
99,pUB
AE+ A
By = 20T e (3.48)
99,pUB

Thus, the EPR spectrum consists of three lines centered at gy , and separated
by Ay, (figure 3.5).

a) b)
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m,= | £,=2.0087 g, =2.0026
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Figure 3.5: a): Schematic representation of the energy levels in a system exhibiting an
unpaired electron (S=1/2) hyperfine coupled to a nucleus (I=1) in an external magnetic
field B (top). The two energy states resulting from the electron Zeeman interaction
are particularly split in three levels due two the hyperfine interaction. The presence of
six energy levels leads to the observation of three EPR transitions (bottom) separated
by the orientation dependent value Ay . Picture was modified from [19]. b): B-field
orientation dependence of single crystal spectra. The extreme cases are obtained for
a magnetic field direction parallel to the spin label molecule’s x-, y- and z-axis (black
spectra). A powder like sample exhibiting all possible cases for the magnetic field direc-
tion with respect to the molecules (9, ¢) provides a powder spectrum (blue) composed
as the sum of all single crystal spectra governed by the isotropically distributed values
for ¢ and ¢.

In the given example a single MTSSL crystal was considered, in which all spin
labels exhibit the same orientation. In case of spin labeled proteins in water
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solutions the EPR sample consists of numerous molecules with isotropic dis-
tributed orientations. At temperatures below 200K the proteins and attached
spin labels are in a frozen state and the sample can be treated as a powder
sample, in which the spin label orientations with respect to the magnetic field
are randomly distributed. Three extreme cases occur, namely the magnetic
field is parallel aligned to the spin label molecule’s x-axis, y-axis or z-axis. The
corresponding spectra are then governed by A, and g., Ay, and gy, or A,
and g, (figure 3.5 b). All magnetic field orientations inbetween these extremes
provide effective g and A values according to equations 3.20 and 3.34. The EPR
powder spectrum (figure 3.5 b bottom) is the sum (superposition) of the single
crystal spectra corresponding to all occurring magnetic field orientations (¢, ¢),
which are in this case assumed to be homogeneously distributed over the unit
sphere.

However, the EPR spectra are not only influenced by the spin label orienta-
tions. Furthermore, they are sensitive to the spin label side chains motion. In
liquid solution at room temperatures the orientations of the spin labels, and
thereby the effective g- and A-tensors, become time-dependent. Molecular mo-
tion during microwave absorption, taking place on a nanosecond time scale, is
the reason for a particular averaging of the tensors occurring in the Hamilto-
nian. This results in EPR line shapes, which differ from the powder sample
case. Consequently, the protein movement, the spin label motional freedom,
the viscosity of the solvent and temperature are significant parameters, which
affect the EPR spectra shape. Additionally, electron-electron interaction is re-
flected in the EPR line shape as well. These effects can be used to obtain
various suitable information about the spin label side chain environment and
the protein itself. Numerous EPR applications were developed in the last years
to gain diverse information about the samples under investigation. In the fol-
lowing chapters the here applied methods and the thereby available information

are described.

3.3.2 Side chain dynamics and mobility measurements
3.3.2.1 Mobility regimes

The term mobility is employed to characterize the motion of the MTSSL side
chain as extracted from general features of the EPR spectrum usually recorded
at room temperatures [46]. The motion of a spin label side chain attached to a
specific position of a protein depends on three important parameters. These are
the entire protein motion, the segmental protein backbone motion and primarily
the motion of the spin label molecule itself, defined by the possible rotations
around the particular bonds connecting the nitroxide group with the protein
backbone. The rotational and transversal motion of substances in aqueous
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solution can be characterized as random diffusion processes, and their time
scale can be quantified by the rotational correlation time 7, describing after
which time the alignment of a molecules in a viscous solution is not anymore
correlated to its initial orientation. Proteins are in general not spherical, but
in most cases it can be assumed as a good approximation, and the value of 7
can be extracted from the Stokes-Einstein relation:

B 4rna’d - n
- 3kgT kT

T (3.49)
where 7 is the viscosity of the solution and a is the effective radius of the
molecule. T is the temperature and kp the Boltzmann constant. V describes
the molecular volume, which is approximately proportional to the molecular
mass M [13].

The effective 7 is composed of the rotation correlation times of the three above
mentioned motional contributions. The entire protein motion can be often
neglected when considering vesicle!-bound proteins, soluble proteins with a
molecular weight above 200 kDa or within a solvent exhibiting an appropri-
ate viscosity. In these cases the rotational correlation time of the protein is
beyond the sensitivity of the EPR time scale [13].

Regarding the spin label motion the effective correlation time 7 can be under-
stood as a measure for the average extent of the spectral anisotropies. In case
of a spin labeled protein, this averaging depends for example on the motional
freedom of the label attached to a specific site. A spin label located at a loop
position exhibits a higher motional freedom than a buried label, whereby its
motion is restricted by sterical contacts with other protein parts. Two repre-
sentative examples are shown in figure 3.6 (top).

Generally, a distinction is made between four different 7 regimes according to
the spectral anisotropy Aw (figure 3.6, see also [75] for an overview). The
spectral anisotropy describes the maximal possible resonance frequency shift
caused by anisotropy of the magnetic tensors. Using MTSSL at X-band fre-
quencies the spectral anisotropy is governed by the hyperfine anisotropy, leading
to Aw/27 ~ 130MHz.

The fastest motion regime is the isotropic limit ( Aw << 771), where the
anisotropies are completely averaged. In this case the positions of the spectral

lines can be calculated with the isotropic g- and A-values:

Giso = 1/3(gaxv + Jyy + gzz) (350)

!Lipids in water solutions form under certain conditions spherical bilayers called vesicles.
They are often used to mimic artificial membranes.
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Figure 3.6: Dynamical regimes of nitroxide cw EPR spectra at X-band frequencies.
The regimes are characterized by the rotational correlation time 7 and the borders
are specified by the ratio Aw/7, with Aw/27 = 130MHz as the spectral anisotropy
at X-band in frequency units. Two representative examples for specific spin labeled
positions are shown (top). A spin label attached at a protein loop region (right) reveals
a high mobility (probability of orientation highlighted in green) and a small value for
the effective 7, whereas a label at a protein buried site (left) exhibits a larger effective
7 due to its restricted motional freedom. Picture was modified from [41] and [39].

Aiso = 1/3(Azz + Ayy + As2) (3.51)

To account for the line width for spectra simulation the calculated stick spec-
trum, consisting of the resonance line positions, is convoluted with a Lorentzian
line exhibiting a FWHM, which is proportional to 1/T5. T» is called the spin-
spin relaxation time (see chapter 3.3.4). In the fast-motion regime (Aw < 771)
differences in the line intensities can be observed. Simulation methods using
the Redfield theory reflect the spectral shapes precisely (see [72]). In that case,
the line broadening is determined by the following equation:

= = Ao+ A+ Bmy +Cm? (3.52)
2

In Ag, effects such as natural line width or unresolved hyperfine splittings are
considered, whereas the parameters A, B and C describe the broadening due
to the motional averaging. It is noteworthy, that in the fast motion regime the
line width depends on the nuclear quantum number m;. This means that e.g.
in case of a MTSSL (m; = —1,0,1) the spectral lines located at high and low
magnetic fields differ in width. Since the double integral of the EPR spectrum
is proportional to the number of spins, a broader high field peak is accompa-
nied by a decrease in intensity compared to the low field peak. The upper limit
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for the fast motion regime is defined by a correlation time of approximately
7 = 0.1ns at X-band frequencies.

The slow motion regime (Aw > 77 1) still holds the biggest challenge according
to spectra simulation, since the perturbation theory based method is not suffi-
cient to describe the motional averaging anymore. Here, another formalism is
necessary to achieve reasonable results for the agreement between the simulated
and experimental EPR spectra. The basis of this method is the determination
of the expectation value p of the time dependent density matrix, which can
then be used for spectra calculations. It can be obtained from the stochastic
Liouville equation (SLE) describing the time evolution of p [21]:

I5(Q1) = Q). o0 1)] ~ T[p(E2,1)  po()] (3.53)

where I is a Markoff operator describing the rotational diffusion, such as Brow-
nian diffusion or jump diffusion, which are commonly used as models. pg is the
equilibrium population of the density matrix. €2 is defined by a set of three Euler
angles, which describe the spin label orientation with respect to the preferred
orientation, also known as internal director frame. This frame originates from
the SRLS (slowly relaxing local structure) model describing a specific way of
the rotational diffusion of a MTSSL. For a detailed description see [10]. To solve
the SLE it is convenient to introduce Wigner rotation functions as eigenfunc-
tions of the Hamiltonian H and T representing the orientation distributions.
For 7 > 300ns the rigid limit (Aw >> 771) is reached and the spin label can
be treated as completely immobilized. This is the case for powder samples or
frozen solutions. The Hamiltonian is then time independent and the spectrum
corresponds to a powder spectrum described in 3.3.1. The powder spectrum
simulation will be discussed in 3.3.3.3.

3.3.2.2 Mobility parameters

The effective correlation time due to the reorientational motion of the spin la-
bel is assumed to be a complex function of secondary, tertiary, and eventually
quaternary structure of the protein under investigation [13]. A quantitative
description of the dynamic modes of the MTSSL side chain requires simulation
of the EPR spectra, preferably at multiple frequencies.

However, two semi-empirical parameters extractable from certain spectral fea-
tures can also be used for a spin label side chain mobility analysis. As can be
seen from figure 3.6 the width of the central line (m; = 0) increases with larger
correlation times. Another effect coming along with the line broadening, is the
distinct broadening of the lines corresponding to the my = —1,1 transitions
(low and high field peaks). The inverse line width of the central resonance
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(1/AHy) has proven to be a convenient experimental measure of the nitroxide
mobility [47, 13]. The accompanying effect of the distinct broadening can be
considered by the calculation of the inverse second moment (1/(H?)) of the
spectrum defined as:

/(B — (H))*S(B)dB
(g?) = TS(BdB (3.54)
with
, | BS(B)B
(H)" = TS(B)B (3.55)

, where B is the magnetic field strength, and S(B) is the EPR absorption spec-
trum. Here it should be mentioned that these measures lead to problems when
a two component spectrum is analyzed. The inverse line width overestimates
the mobile component, whereas the inverse second moment overestimates the
immobile component. Even if the contribution of the second component is
small, one of the parameters will overestimate its contribution, e.g. the sec-
ond moment of a spectrum, exhibiting predominantly mobile features, might
be misleading due to a present minor immobile spectral component.
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Figure 3.7: Classification of side chain localizations with regard to the protein struc-
ture by plotting the inverse spectral second moment (1/ <H 2)) versus the inverse cen-
tral line width (1/AHy) as semi empirical parameters calculated from cw X-band EPR
spectra at room temperature. Picture modified from [13].

These semi empirical mobility parameters have been found to be even corre-
lated with the structure of the protein attached spin label side chains vicinity
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[47]. The plot of these mobility parameters versus residue number reveals the
secondary structure element of the spin labeled site and its microenvironment
in terms of exhibiting tertiary contact, being surface exposed or buried. This
classification can be problematic, if a second component, governed by differ-
ent mobility, is present, see above. Figure 3.7 shows a diagram containing the
corresponding topological regions in such a plot. The main regions were deter-
mined by [47] and extended by [13]. Another advantage of a mobility analysis
using the mentioned parameters is the fact that these parameters are directly
extractable from X-band spectra, and that simulation approaches or measure-
ments at multiple frequencies are not required.

3.3.3 Polarity and distance measurements
3.3.3.1 Polarity measurements

In frozen protein solutions at low temperatures (below 200 K) the spin labels
are completely immobilized (vitrification). Cw-EPR measurements at these
temperatures yield the so called powder spectra. One of the parameters, which
primarily influences the spectral shape, is the hyperfine coupling.

2A

A
A J

350 355 360

magnetic field (mT)

Figure 3.8: Simulated X-band cw EPR powder spectrum of a nitroxide spin label.
The peak to peak distance of the low and high field equals 2 - A,,. Figure modified
from [15].

As already mentioned in 3.2.5 the hyperfine tensor element A, is sensitive to
the polarity of the spin label environment, since a certain solvent induces a
local electric field component E, along the N-O bond direction (molecular x-
axis) as shown in figure 3.2. This field causes a change of the 7 electron density
distribution within the N-O bond. In polar solvents the density is shifted into
the direction of the nitrogen atom, leading to a stronger hyperfine coupling
with the N-atom (I=1). In contrast, an unpolar environment causes a density
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shift into the direction of the oxygen (I=0). The electron density shift along
the N-O bond leads either to a weaker or a stronger hyperfine coupling, well
reflected in the A,, value of the cw EPR spectrum, which is given by:

A, = QpY (3.56)

Thus, A, is proportional to the 7w spin density in the 2p, orbital of the nitrogen
atom (pY). The proportional constant Q=73 G (7,3 mT) was determined by
Plato et al. [58].

The largest observed hyperfine splitting in the obtained powder spectrum arises
from the hyperfine value governed by A... Figure 3.8 shows a representative
powder spectrum, simulated for the low temperature case using the typical g-
and A-tensor elements of a nitroxide spin label. The A,, value can directly
be extracted from the low temperature cw X-band EPR spectrum as the half
spacing between the low and the high field peak or can be obtained by spectra
fitting (see chapter 3.3.3.3).
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Figure 3.9: Plot of A,. versus the spin label distance r from the lipid membrane
surface. Spin labels located in the middle of the lipid membrane exhibit smaller A,
values, whereas spin labels located near the lipid head groups reveal values larger values
due to the polarity of the spin label environment. The data shown here where obtained
from measurements on several spin labeled mutants of the membrane reconstituted
transmembrane protein BR. Figure is taken from [68].

Polarity determination of the spin label environment enables for example the
discriminability between protein domains, which are located within water or
lipid membrane phases. The inner membrane regions differ immensely in po-
larity compared to lipid surface or solvent exposed regions. In figure 3.9 A4,,
is plotted versus the distance r from the lipid membrane surface. Spin labels
located in the middle of the lipid membrane exhibit A,, values of approximately

35



3 EPR Spectroscopy

3.35 mT, whereas spin labels located close to the lipid head groups (surface)
reveal values larger than 3.60 mT. In this example several spin labeled mutants
of the transmembrane protein bacteriorhodopsin (BR) reconstituted in lipid
membranes have been investigated [68]. The particular values may differ by
the use of different lipid and buffer types, but are in general comparable. A
recalibration of the A,.-behavior is in general convenient. Moreover, polarity
investigations provide the traceability of structural changes of proteins on the
molecular level and the means to obtain specific details of essential biological

processes.

3.3.3.2 Distance determination

A further parameter, influencing the low temperature cw EPR spectral shape,
is the dipolar interaction between two spins. In the distance range below 2 nm
dipolar splitting, described by the Pake pattern, causes a significant line broad-
ening (see chapter 3.2.6). The spectrum can be treated as a powder spectrum
convoluted by the Pake pattern (PP) governed by the corresponding distance.
Thus, smaller distances lead to broader EPR spectra, since the PP broadens
along with smaller distances (wgq < 7~3). This behavior is schematically shown
in figure 3.10. In this case, the distance or distance distributions, respectively,
can be obtained by fitting of simulated dipolar broadened powder spectra to
the experimentally obtained spectra using a model of statistically oriented pro-
tein molecules. The determination of spin-spin distances is a further tool to

investigate structural changes within proteins.

Figure 3.10: Elucidation of the influence of the dipolar interaction on low temperature
X-band cw EPR spectra. The spectra were simulated with different inter-spin distances
exhibiting a Gaussian distribution. Grey: > 2nm (no visible dipolar interaction), black:
1.8, 1.4 and 1.0 nm. Picture taken from [13].

3.3.3.3 Low temperature cw-spectra fitting

For polarity (A,,) and inter spin distance (r) determination powder spectra can
be simulated and fitted to the experimental data. The powder spectra can be
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calculated using equations 3.46, 3.47 and 3.48 (chapter 3.3.1). The calculation
of the resonance positions is performed considering a homogeneous distribution
of magnetic field directions (¢, ) over an unit sphere. The sum of all calcu-
lated positions leads to a stick spectrum, which has to be convoluted with a
pseudo-Voigt function to account for the respective line width. An additional
convolution with a PP governed by the inter spin distance is done to consider
the line broadening caused by dipolar interaction.

The spectral fitting is done by variation of the wanted parameters (e.g. A,
and r) until the deviation between the simulated and the experimental spec-
trum is minimized. The quality of the agreement is in general judged by the
calculation of the root mean square deviation x? (RMSD). The EPR spectra
simulation program DIPFIT (developed by Steinhoff and coworkers) considers
a Gaussian distribution of inter spin distances, variable contributions of singly
spin-labeled protein and employs automated routines to determine best-fit pa-
rameters [13, 64].

Another possible procedure for the determination of inter spin distances is im-
plemented in the program Short Distances developed by Altenbach and cowork-
ers. In this case, the distance distribution is obtained without explicit spec-
tra simulation. Therefore, a spectrum composed of the sum of singly labeled
species, exhibiting no dipolar broadening, is convoluted with PP according to
an arbitrary shaped distance distribution. The shape of the distance distribu-
tion is varied in a way that the convoluted spectrum reveals the lowest deviation
from the experimentally obtained spectrum, judged by x2. This is done using
Tikhonov regularization as also used for DEER spectra analysis (see chapter
3.4.1 for more details).

3.3.4 Accessibility measurements
3.3.4.1 Collision reagents and relaxation times

The determination of the accessibility of paramagnetic quencher molecules to
the protein bound spin label is a valuable tool in obtaining structural informa-
tion for soluble and membrane proteins. Since specific paramagnetic quenchers
possess characteristic access to the different phases of the sample, such as bulk
water, lipid phase and protein interior, a distinction of the locations of the spin
label sites regarding these phases can be done. Usual quencher compounds
are the water soluble metal complex NIEDDA and molecular oxygen (O2). In
a membrane water system the NIEDDA presence is restricted to the aqueous
environment and is excluded from the core of lipid vesicles and the membrane
interior. In contrast, Oy as a non-polar compound preferentially concentrates
in hydrophobic regions, such as the inside of lipid bilayer membranes, with a
well defined and lipid characteristically intra-membraneous concentration pro-
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Figure 3.11: Left: Schematic illustration of the accessibility of the spin label side chain
to the paramagnetic quenchers NIEDDA and Os. Oz exhibits a higher concentration
within the lipid membrane, whereas the NIEDDA concentration is larger in the bulk
water part of the sample. Right: examples of typical saturation curves are shown in
presence of the reagents NiEDDA (blue) and Os (green) according to equation 3.57.
The red line indicates the saturation behavior in absence of a collision reagent (sample
fluxed with Ny (see material and methods)). Figure adapted from [62].

Consequently, a spin label located in the membrane interior reveals a larger
accessibility to Oy than compared to NIEDDA, whereas a water exposed site
is associated with a high NiEDDA accessibility and a smaller Oy accessibility
(see figure 3.11). In case of a spin label localization within the protein interior,
no or low accessibility for both, Oy and NiEDDA, is generally observed.

The determination of the accessibility relies on the measurement of the collision
frequency We, between the spin labels and the quencher reagents (NiIEDDA and
O3). The collision frequency between a nitroxide and a paramagnetic quencher
molecule is estimated from the change in spin-lattice relaxation time 77 of the
spin label involved in the collision event [54]. The spin-lattice relaxation is
governed by energy transfer effects between electron spins and their environ-
ment, historically called lattice. The value of T} characterizes the relaxation of
a spin system to thermal equilibrium, where the spin states (up and down) are
populated according to a Boltzmann distribution. The rate 1/T} describes how
rapidly the spin system equilibrates, influenced by its environment.

In solutions, the relevant effects originate from fluctuating fields around the
spin label caused by molecular motions, such as the Brownian diffusion of sol-
ubilized substances, or as in the here discussed case from molecular collisions.
This effect is accompanied by an energy change of the system, since in case
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of a collision the singly occupied orbitals of the two species overlap leading to
Heisenberg spin exchange. This interaction in turn leads to an energy exchange
pathway resulting in shorter life times of the microwave excited spin label states
(spin up).

Another relaxation effect, which has to be mentioned, is the spin-spin relaxation
characterized by the relaxation time 75 or the relaxation rate 1/75, respectively.
This type of relaxation originates from the energy transfer between two electron
spins (flip-flop processes). This electron flip-flop is an energy conserved process,
thus the energy of the system remains unchanged, whereas phase information
between the respective spins get lost. An introduction to spin relaxation pro-
cesses can be found in [61].

3.3.4.2 Theoretical background and accessibility parameters

The relaxation times 75 and 77 determine the shape and the saturation behav-
ior of cw EPR spectra. Since the collision frequency W,, between a spin label
and a quencher reagent has a more dramatic effect on 77 as compared to Ts, a
determination of T; leads to a good estimation of We,. T7 or W, respectively,
can be determined by cw EPR power saturation measurements (see [13, 1, 54]
for an overview).

Therein, the central line amplitude of the cw EPR signal is monitored as a func-
tion of the square root of the incident microwave power. The intensity rises to
a maximum value followed by a decrease of the signal giving the so-called sat-
uration curve, from which a parameter (P /2) related to the relaxation rates of
the nitroxide can be determined (see figure 3.11 and 3.12). In the following a
brief description of the theoretical background of the cw saturation method is

presented.

The amplitude of the central line of a cw EPR spectrum in dependence of the

microwave power is given by [54]:

1P

Y =
L+ (@Y= 1)P/Py )

(3.57)

, where € is accounting for the homogeneity of the saturation. The extreme
values are € = 1/2 for a complete inhomogeneous and ¢ = 3/2 for homogeneous
saturation. A detailed description and calculation can be found in [39]. I is a
scaling factor and Py /5 is the power, at which the signal amplitude is reduced
to half of its theoretical unsaturated value. The saturation begins at a position,
where the curve given by equation 3.57 significantly deviates from the linear
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dependence of /P, valid for small microwave power values. Figure 3.12 shows a
typical saturation curve and its theoretical behavior without saturation effects.
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Figure 3.12: Plot of the experimentally obtained cw EPR signal amplitudes of the
central line versus /P (black dots). A fitting according to equation 3.57 is shown as
black line. The blue line shows the theoretical behavior in the absence of saturation
determined by extrapolating the linear region at small microwave power values. The
value P; 5 extractable from this plot is indicated. Figure adopted from [19].

The value P; /5 can be extracted from a plot of Y’ versus v P and is a measure
for the strength of the saturation effect, which are governed by the relaxation
times 77 and T>. Consequently, the behavior of the saturation curve, thus the
value of Py 5 is a function of T} and T with:

1
T - Ty

Since the peak-to-peak line width of the EPR central line (AH,,) is inversely
proportional to T, dividing P, ;5 by AH,,, leads to a parameter proportional to
1/Ty. This can be done, if W, << 1/T5. This is the case for room temperature
measurements on spin labeled proteins, where 77 is a few microseconds and 15 is
about 100 times faster [54, 1]. Thus a collision frequency in the MHz range will
have a dramatic effect on 77, whereas T5 is not significantly affected. This holds
for reagent concentrations, at which the spectral line width (governed by T5) is
not altered by adding the reagent compound to the sample. The accessibility
II 2 of a collision reagent to the spin label molecules nitroxide group can be

2In several works the accessibility parameter is normalized to a dimensionless parameter
by division by a corresponding value of a reference sample to account for instrumental
variability. Usually DPPH is used as reference. This is not the case here, since the
determination of the proportional constant « leads to a direct calculation of We, as the
measure for the accessibility.
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determined by the change of P/, in the absence and presence of the reagent.
This change AP/, is proportional to the collision frequency We, and can be

calculated according to [1]:

APy P1/2_P10/2
= A, AH, aW., (3.59)

II

Py /5 is the value in the presence and 1’310/2 in absence of a collision reagent. The
proportional constant « is a reagent and EPR spectrometer specific value, and
has to be determined for each spectrometer individually. A detailed way to
determine « is described in [19]. In figure 3.11 typical examples of saturation
curves in presence of NIEDDA and O, are given, revealing different values for
Py /5 and We, with respect to the spin label location within the investigated
System.

In general, values for W,, can be determined by fitting simulated to the exper-
imentally obtained saturation curves (see Materials and Methods 4.1.2.2).

3.3.4.3 The immersion depth parameter ¢

Another viable parameter, which can directly be calculated from the different
We, values for NIEDDA and Os, is the immersion depth parameter ®.
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Figure 3.13: The immersion depth parameter ® calculated from the collision frequen-
cies between the paramagnetic reagents (NIEDDA, Os) and a nitroxide spin label. The
values were obtained from measurements on several BR mutants in a lipid bilayer. The
dashed line indicates the bilayer center. The distances corresponding to the residue
positions were determined from the BR structure. Figure adopted from [30].

® is a measure for the immersion depth of spin label with respect to a lipid
bilayer membrane. According to [2] it is defined as:

®d = In(WD2) /in(W) (3.60)
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, where W22 and W2 are the collision frequencies determined in the presence
of Oy and NiEDDA, respectively. This parameter does not strongly depend
on the lipid composition of the bilayer [30]. An extensive research regarding
the immersion depth parameter was done by Hubbell and coworkers [30, 2] by
calculating ® for numerous spin labeled positions of the transmembrane protein
BR reconstituted in a lipid bilayer. Figure 3.13 shows a plot of ® versus the BR
sequence positions, which are located along the transmembrane helix D of BR,
spanning the whole bilayer. It is obvious that the depth parameter is a linear
function of the distance from the bilayer head groups and reaches its maximum
in the middle of the bilayer. This type of plot allows the determination of the
distance of a nitroxide spin label from the lipid head groups by the calculation
of .

For more details about experimental conditions of cw EPR measurements re-
garding sample preparations, spectrometer setups and data analysis see chapter
Materials and Methods.
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3.4 Pulse EPR

Besides the fact that cw-EPR spectroscopy provides numerous information
about spin labeled protein systems, the applicability of EPR spectroscopy is
greatly increased by pulse EPR methods. In contrast to cw EPR, in which the
sample is permanently irradiated with microwave radiation and the magnetic
field is swept, in pulse EPR methods short microwave pulses on the nano-second
time scale are applied using a constant external magnetic field strength. Var-
ious pulse sequences (2- and 3-pulse ESEEM, HYSCORE, Mims and Davies
ENDOR, DEER, etc.) were developed in the last years, yielding different in-
formation about the spin system [78]. Especially the development of double
electron-electron resonance (DEER) spectroscopy (also named pulsed electron
double resonance (PELDOR)) contributes substantially to the investigations
of biological systems. In contrast to cw-EPR methods, providing measure-
ments of distances below 2 nm, DEER spectroscopy enables the determination
of distance distributions in the 2-8 nm range. Another, still advancing but well
applicable, method is orientation selective DEER spectroscopy. This method
is based on DEER, spectroscopy and yields orientation information about two
dipolar coupled spins. In the following chapters a short theoretical background
of both mentioned pulse EPR methods is given.

3.4.1 Distance measurements with DEER spectroscopy

The 4-pulse DEER method was developed in 2000 by Pannier et al. [56]. This
method allows the determination of dipolar coupling frequencies (see section
3.2.6) of dipolar coupled spins, giving information about the inter spin distance.
The basic idea behind a DEER experiment is based on the selective excitation of
the particular partners A and B of a dipolar interacting spin pair. The selective
excitation can be done by the use of two different microwave frequencies v4 and
vp. v is called observer frequency and vp the pump frequency. These nota-
tions arise from the fact that in the experiment the behavior of a spin ensemble
of species A excited at its resonance frequency v4 is observed, whereas the po-
larization of the interacting spin species B is flipped by a so called microwave
pump pulse, exhibiting the frequency vp. The resulting effects observed for the
A spins arise from the dipolar coupling to the B spins. Monitoring this effect
enables the determination of the dipolar coupling strength and thereby of the
inter spin distance. How the effect can be observed and analyzed is described
in the following.

First it has to be mentioned that the frequencies v4 and vg have to be well sep-
arated from each other. The application of a microwave pulse of a finite length
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always leads to a certain bandwidth of exciting frequencies. This excitation
profile can be calculated as the Fourier transform of the applied pulse shape
function, but can in good approximation be treated as a Gaussian. Its width
can be approximated to 1/ty,, where t,, is the pulse length. That means, the

smaller t,, the broader the exciting frequency range.
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Figure 3.14: The positions of the pump pulse frequency vp and the observer frequency
vy are shown with respect to the EPR absorption spectrum (black noisy trace) in a
DEER experiment. The excitation profiles can be approximated as Gaussians. The
different (typical) values for the m-pulse lengths of the observer pulse t, = 32ns (v4)
and pump pulse ¢, = 12ns (vg) lead to different widths of the Gaussian shaped profiles
indicated as black bars (FWHM). The color intensities in the colored bars represent
the intensities of the Gauss-functions in a 1D manner. The magnetic field strengths
(x-axis) can be translated into frequency units using the resonance condition 3.8.

In the DEER experiment it is convenient to adjust the respective pulse lengths
and the frequency offset Av = vg — v4 in a way that an overlap between the
respective excitation profiles is excluded or minimized 3. Thereby it is ensured
that two different populations of spins are excited with v4 and vg, respectively.
On the other hand, it is favored to excite as much spins as possible to optimize

3The resonator efficiency Q = v/Avy, is a limiting factor for Av, since it determines the
bandwidth Av,, of microwave frequencies around its resonance frequency v which can be
coupled into the cavity.
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the signal intensity and to increase the probability to excite coupled pairs.
Therefore, an usual choice for the pump frequency vp is the frequency, which
corresponds to the maximum of the EPR absorption spectrum 4 and the length
of the m-pump pulse is usually set to ¢, = 12ns. The observer frequency v4
(m-pump length t, = 32ns) is commonly set to the low field maximum, which
corresponds to a value approximately 65MHz larger than vp (see figure 3.14)
in case of nitroxide spin labels [60].

In order to understand the DEER signal the applied 4-pulse DEER sequence
should be explained. Figure 3.15 shows a schematic representation of the ap-
plied pulse sequence. The first two pulses (w/2 — 7 — ) applied with the
observer frequency v4 correspond to a common Hahn-Echo experiment, lead-
ing to a spin echo after the time 27, where 7 is the delay time between the

two pulses.
T, T, 1, I T,
t W(t)
n/2 n il n
t
p—

Vi —

T t/ns

Figure 3.15: Left: Schematic representation of the 4-pulse DEER sequence. See
text for details. Figure taken from [41]. Right: A typical DEER signal obtained by
monitoring the echo intensity at position 2(71472) in the DEER sequence in dependence
of the pump pulse position t. The modulation arises from the dipolar interaction of the
coupled spin pairs and the modulation frequency is the dipolar frequency wgq depending
on the inter spin distance.

A second 7 pulse (v4) after the time 7 is applied to refocus the echo detectable
at time 2(7; + 72). This echo originates just from the A spins exhibiting the
resonance frequency v4. The main part of this sequence is the application
of an additional 7 pulse at time t after the second observer pulse, changing
the polarization of B spins by excitation with vp. This causes a resonance
frequency shift of the partial amount of the A spins, interacting with the B spins
of +2wy4 (the dipolar frequency). Monitoring the echo amplitude at 2(7; + 72)
in dependence of the time t (the pump pulse position) yields the DEER signal
(for a detailed description see for example [40, 71, 60, 27]).

The total DEER signal intensity V' (¢) (figure 3.16 a) is composed of a damped

4The absorption spectrum is obtained by Echo detecting field sweep measurements, whereby
the spin echo intensity (Hahn sequence) is detected as function of the magnetic field
strength. The recorded spectrum corresponds to the cw EPR low temperature powder
spectrum. Here the direct absorption spectrum is measured, not as in earlier discussions
the 1. derivative.
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V(t)/V(0)/ a.u.

t(us) . ' t(us)

Figure 3.16: a): Experimentally obtained DEER spectrum V'(¢) is composed of a
damped modulated contribution Vi(¢) and an exponentially decaying background part
V?(t). The simulated background part is highlighted as a red line. b): The form factor
F(t) or also dipolar evolution function (V(t)) is obtained after background correction
by division of V®(¢). The modulation depth A is indicated. Figure adopted and slightly
changed from [19].

wgqg modulated part Vi(t) (also called the intra molecular contribution) and an
unmodulated background contribution V(¢ [71, 11]:

V() = Vi)Vo(t) (3.61)

The background part arises from homogeneous distributed molecules within
the sample exhibiting statistically distributed inter spin distances r to each
other, and can be understood as a superposition of all wyq(r) modulated signals
governed by these distances. Thus, it can be described as an exponential decay
of the form:

V(L) = ekt (3.62)
with

. _ 87°1uhoagn

9v/3h

where C' is the spin concentration and A the fraction of spins excited by the

(3.63)

pump pulse. g4 and gp describe the g-factors for the A and the B spins,
respectively. D is the dimensionality of the background. In case of frozen
protein solutions, where the spins causing the background contribution are three
dimensionally homogeneously distributed, D=3 can be assumed [52, 60].

To separate the background part from the wanted intra molecular part, allowing
the distance distribution calculation, a division of the experimentally obtained
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3.4 Pulse EPR

DEER spectrum by V? is done in general. This background correction leads to
the wanted intra molecular contribution V*(¢). The normalized signal intensity
is theoretically ® given by [34, 71, 11]:

Vi) = (1= A) +AVit) =1 -1 - V(1)) (3.64)

with

V(t) = cos(waat), (3.65)

where wgq is the dipolar frequency (already introduced in 3.2.6) and A the
fraction of spins excited by the pump pulse, influencing the modulations depth
A of the signal:

A=1-(1-)N"1 (3.66)

where N describes the number of interacting spins [36]. V(t) is also known as
dipolar evolution function or form factor F(t) (see figure 3.16 b). This describes
a with wgg oscillating function (shifted by 1-)\) beginning at V*(0) = 1 with
the amplitude A. The damping of the background corrected function V(t)
has different reasons. On the one hand it can be explained by the presence of
distance distributions exhibiting a certain width, leading to the superposition of
different oscillating functions governed by the corresponding values for wgq(r).
On the other hand the dependency of wgg on ©4g contributes to the signal
damping as well, since a distribution of ©44 leads to a superposition of signals
governed by the corresponding values for wgyq(©44).

At this point it is anticipated that V() also depends on various parameters,
describing mutual spin label orientations [44]. In the case of full orientation
correlation between two dipolar interacting spin labels their mutual orientation
is given by a set of three Euler angles, described by a transformation matrix €2,
which transforms the spin label A molecular frame into the frame of spin label
B (figure 3.17). As it can be seen from equation 3.66 wgq depends, besides on
the inter spin distance r, on the angle ©44 between the dipolar axis D and the
magnetic field direction. The magnetic field direction with respect to spin label
frame A can be described by two angles ¥ and ¢. In the here considered case
the dipolar axis orientation (1,n) is fixed within the spin label frame A, thus

In the here made considerations the Heisenberg interaction is neglected, considering dis-
tances beyond 1 nm. The dominating contribution of the Hamiltonian in this case is the
dipolar interaction described by equation 3.39
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the dependency of wgyy on 44 can be replaced by 9 and ¢, since the respective
orientation information is with constant values for ¢ and 7 also given by ¢ and
9.

Figure 3.17: Representation of the orientations influencing the DEER signal shape.
The mutual orientation between two spin label molecules A and B (black frames) is
given by three Euler angles described by 2. The dipolar vector D (blue) orientation
with respect to the spin label molecule A frame is given by 1 and n and the magnetic
field orientation B (red) in the same frame by ¢ and .

The pump efficiency A depends, besides ¢ and 1, on the orientation {2 between
the two interacting spin label molecules and on the pump frequency vp (see
figure 3.14). To elucidate which parameters influence the shape of the DEER
spectra the dependencies are summarized in the following formula [44]:

Vi<t7 VB, Q? 797 2 T) =1- )‘(VBa Qv 7-97 (P)[l - COS(wdd(ﬂ, 2 T)t)] (367>

The origin of the orientation dependence of V%(¢) will be described in the next
chapter.

To obtain the signal for a powder-like sample 3.67 has to be integrated over ¢
and ¢ using the weighting factor sin(1), leading to:

Vittvave, Q) = [ [ Vit vavs 9.0, 00)sin(0)dods (3.68)

Considering the case of orientational full uncorrelated spin label pairs exhibiting
a single fixed distance r, the relative orientations between spin A and B ()
as well as with respect to the vector D (¢,n) will all be random. In these
cases, integration over all 2 values will effectively average the magnetic field
orientation dependence of the parameter A [44], and the double integration in
equation 3.68 can be converted into an integration over the dipolar angle ©g44,

leading to:

Vi) =1 Al - / c05(0aa(Oaa)t) 1O g (3.69)
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In the considered case the background corrected dipolar evolution data would
have the shape describable by equation 3.69. The Fourier transformation of this
function into the frequency domain provides the Pake pattern (PP), described
in 3.2.6, from which the inter spin distance can be calculated. In contrast, if
an orientation correlation between the two spin pairs under investigation ex-
ists, a distorted Pake pattern (DPP) revealing shape differences compared to
the undistorted Pake pattern (PP), is observed. The reason arises from the
orientation selectivity of the applied pulses. Means to consider the orientation
correlation between the spin label pairs in data analysis programs are still a
challenge. One applied methodology, giving rise to the orientational situation
of spin labels, is orientation selective DEER, what is presented in the next
chapter.

However, in many systems the orientation correlation between the interacting
spin labels is mostly unknown and the assumption of random orientations leads
in general to reasonable results regarding inter spin distance determinations.
Once the background contribution to the DEER signal has been removed, the
resulting contribution V*(¢) has to be analyzed in terms of a distance distribu-

tion.
a b
. ) 0.03 | )
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Figure 3.18: a): Example for a L-curve calculation (p = ||S(t) — D(t)|?
) 2
and n = H#P(T)H ) using the typical regularization parameter values of a =

0.001,0.01,0.1,1, 10, 100, 1000, 10000, 100000. The ideal value of « is extractable at
the kink (red dot). b): Example for a distance distribution P(r) used for the simula-
tion of the DEER spectrum (D(t)). Figure adopted and slightly changed from [19].

DEER data can be analyzed by fitting a distance distribution P(r) to V(t).
The computation of the distribution P(r) is an ill posed problem, meaning
that the solutions are not unique or stable, since small variations in the DEER
spectra (artifacts, signal-to-noise ratio, etc.) can cause large variations in the
calculated distance distributions. A widely used approach for the analysis of
DEER data is Tikhonov regularization, which has been implemented in the

software DeerAnalysis developed by Jeschke and coworkers [35] and is used in
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this work for the DEER data analysis. This approach relies on the minimization
of the function:

2 2

L p(r)

Ga(P) = ||S(t) = D®)|* + ||

(3.70)

The first term on the right hand side represents the root mean square deviation
(RMSD) between the simulated S(t) and the experimental background corrected
DEER spectrum D(t). The second term is the regularization parameter «
weighted square norm of the second derivative of P(r), which is a measure for
the smoothness of the distance distribution. The calculation of the simulated
spectrum is done according to:

S(t) = / K(t,r)P(r)dr (3.71)

The simulated signal S(t) (equation 3.71) is the superposition of all functions
(K(t,r)), oscillating with the respective wqq governed by the contributing inter
spin distances r. The intensities (amplitudes) of the particular contributions
of K(t,r) are considered by a weighting with the corresponding intensities of
the distance distribution P(r) (for a typical example for P(r) see figure 3.18 b).
K(t,r) is the so called Kernel-function:

K(t,7) = /0 " o(0aa(Oua)t)dOus (3.72)

Here, the similarity to equation 3.65 or to the modulated part in 3.69 should
be pointed out. To consider the fact that wyg depends on the dipolar angle ©44
in a Pake pattern manner an integration over all angles from 0-7/2 is necessary
to account for randomly distributed molecules. Additionally, it was found that
the pump efficiency A\ depends also on wgyg and on the excitation bandwidth
Oeze Of the whole 4-pulse DEER experiment. In general, the dependence of
A on wgg can be fitted quite satisfactorily by a Gaussian [8]. To account for
this phenomenon, becoming significant at very small distances (below 2nm),
equation 3.72 has to be expanded according to:

/2 w2
K(t,r) = /0 exp (—(ﬂdd> c08(wgq(©4q)t)dO4q (3.73)

This arises from the fact that a B spin inversion shifts the resonance frequency of
the A spins by twice the dipolar coupling frequency. Hence, the subsequent echo
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refocusing by the final observer pulse can only take place, if both components
of the dipolar douplet of A spins are located within the excitation range of
the refocusing pulse. Consequently, in case of small distances (large dipolar
splitting) a larger bandwidth is required.

Tikhonov regularization finds a compromise between smoothness and resolution
of P(r) by the calculation of a regularization parameter a.. A suitable value for «
can be determined by the calculation of the so called L-curve, which is the plot
of log(||S(t) — D(t)||?) versus log(’ ﬁP(T)H2). This leads to a L-shaped curve

dr?
and the most adequate value for « corresponding to the best above mentioned

compromise is extractable at the kink (sharp bend) of the L-curve (figure 3.18

a).

3.4.2 Orientation selective DEER (OS-DEER) spectroscopy

As already mentioned, the shape of a DEER spectrum depends on various
molecular orientations (see equation 3.67). In case of frozen protein samples
the powder average, as calculated by equation 3.68, is always necessary to de-
scribe the DEER spectrum. However, the dependence of A on the mutual spin
label orientation 2 is not averaged out, if a strong orientation correlation be-
tween the two interacting spin label molecules exists. In this case, the obtained
DEER spectrum differs from the shape described by 3.69. The assumption of
statistically distributed spin label molecules with respect to the dipolar axis
orientation, which all contribute to the DEER signal, is not true anymore and
the usual weighting factor of sin®y4 can not be used for integration in case of
an orientation correlation. This fact should be explained in more detail.

3.4.2.1 Orientation selectivity of the applied pulses

Coming back to the finite pulse lengths used in a DEER experiment, a cer-
tain bandwidth of exciting frequencies is generated by the application of short
microwave pulses. In general, it can be well approximated to a Gaussian
shaped profile (figure 3.14). The positioning of pump and observer pulses
(Av = 6bM HZ) according to the EPR low temperature absorption spectrum
leads to an excitation of spin label molecules exhibiting different orientations
with respect to the external B-field. This fact is schematically shown in figure
3.19.

As discussed in 3.3.1, the EPR spectrum of a single nitroxide spin label molecule
consists of three lines centered at the magnetic field orientation dependent value
g9, and separated by the corresponding value Ay, (hyperfine splitting). The
g-anisotropy of nitroxide spin label is not resolved using X-band frequencies (9.5
GHz). That means, the m; = 0 transitions of all molecules for all magnetic field
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Figure 3.19: Orientation selectivity of the applied microwave pulses in a DEER ex-
periment. The observer frequency v4 separated by 65 MHz from the pump frequency
vp primarily excites m; = —1 transitions of spin labels, which z-axis is approximately
parallel to the magnetic field direction. vp corresponding to the EPR absorption spec-
trum center excites spin label molecules exhibiting almost all possible orientations with
respect to the magnetic field due to the unresolved g-anisotropy at X-band frequen-
cies. As examples, the resonance positions of MTSSL exhibiting a molecular z-axis and
x-axis parallel to the B-field direction (B||z and B||z) are shown (black bars).

orientations (9, ¢) are located near the center (maximum) of the EPR absorp-
tion spectrum. Even the m; = +/— 1 transitions of the single molecule spectra
exhibiting a respective magnetic field orientations governed by small values for
Ay, (such as Ay, or Ayy) are situated near the EPR spectrum center (figure
3.19).

Consequently, the molecules excited by the pump frequency vp (excitation pro-
file centered at the EPR absorption spectrum center) exhibit all different orien-
tations (¥, ¢) with respect to the B-field. In contrast, the observer frequency v4
excites primarily m; = —1 transitions of molecules, which z-axis orientations
are parallel aligned to the magnetic field, thus exhibiting hyperfine splitting
values equal or close to A,,. How this fact influences the DEER signal in case
of the orientation correlation between two dipolar interacting spin labels should
be explained in the following by two different examples.
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3.4.2.2 Orientationally uncorrelated spin pairs

The first example describes the case in which no angular correlation between
two interacting spin labels A and B exists, meaning all possible values and
combinations of €2, ¥, n are present within the sample (for definitions see 3.17).
In case of frozen protein solutions, the magnetic field orientation (9, ¢) and
thus the angles ©44 between the dipolar axis D and the magnetic field B are
randomly distributed (figure 3.20 a). Furthermore, the pump pulse excites spin
label B molecules, possessing all possible orientations with respect to the exter-
nal magnetic field. Since no orientational correlation is present, in each group
of excited B spins defined by a certain orientation with respect to the magnetic
field (€2, ¥ and ), there will be the situation, in which an interacting spin part-
ner (A spin) exhibits a molecular z-axis orientation, which coincides with the
magnetic field. This situation appears for each arbitrary dipolar axis orientation
O44. Consequently, all these cases can be observed using v4, exciting primarily
B||z. That means that the observed interacting spin pairs contributing to the
DEER spectrum exhibit statistically distributed values for their dipolar angle
©4q between 0 and 7/2 (figure 3.20 b)). The DEER spectrum then contains all
dipolar frequencies determined by wgqq(©44) leading to the observation of a Pake
pattern (PP). In this case the spectrum can be calculated using the weighting
factor sin©qq to account for the powder average as done in equation 3.69.

3.4.2.3 Fully correlated spin pairs and OS-DEER

The situation becomes more complicated if an orientational correlation between
the two interacting spin label molecules exists. Considering the case of full ori-
entation correlation, the orientation between the two molecules is given by fixed
values for 2, ¢ and 1. The molecules should be frozen in random orientations
for ©44 or ¥ and ¢, respectively. Also in this example, the pump pulse excites
B spin carrying molecules exhibiting all possible orientations with respect to
the magnetic field (figure 3.20 c)). However, the use of the observer frequency
v4 located at the low field maximum of the EPR absorption spectrum leads
to the observation of just those molecules, which spin label A z-axis is par-
allel to the B-field. In case of full orientation correlation the number of the
observed molecules (affecting the modulation depth A) is then decreased, and
the observable range of ©44 is considerably restricted. Figure 3.20 d) shows a
schematic representation for this case.

Here, the specific excitation bandwidth of the observer pulse always leads to the
observation of spin label A molecules, which z-axes orientations exhibit small
deviations relative to the magnetic field direction. Thus, the DEER spectrum
is governed by a certain distribution of ©44 or wgyq, respectively. However, the
restriction for the observable dipolar frequencies is still strong and the fact that
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Figure 3.20: Schematic representation of the influence of the orientation selectivity
of the pulses in a DEER experiment in case of frozen protein solutions, where the
angle ©44 between the dipolar axis and the external magnetic field (red) is randomly
distributed. The spin label pairs exhibit no (a)) or full (c)) orientational correlation.
Thus, the mutual spin label orientations between spin label A (blue) and B (green) as
well as the orientation of the dipolar axis (light blue) within their frames are completely
random (a)) or fixed (c)). Shown are the molecules excited by the pump pulse exhibiting
all possible orientations with respect to the magnetic field. For better visualization only
the spin label z-axes are indicated. The orientation selectivity of the observer pulse
(Av = 65M H z) leads to the observation of spin pairs, whose A spin molecule z-axis is
parallel to the B-field. Molecules which does not fulfill this conditions are blanked out
(blurry red). In case of no orientational correlation (top) all possible values for ©44 are
observed (b)) leading to the observation of a Pake pattern. In case of full orientational
correlation case (bottom) the number the observed molecules is decreased compared to
the uncorrelated case, and the observed values for ©4, are restricted. This leads to a
distorted Pake pattern (DPP), which differs in shape in comparison with an usual PP.

only specific orientations are selected is leading to a frequency selection in the
dipolar spectrum. This in turn causes a dependence of the DEER spectrum
shape on the spin label orientation, affecting the Fourier transformation of the
dipolar evolution function. The Fourier transformation does not anymore lead
to the PP described above, but to a distorted Pake pattern (DPP), which may
differ significantly in shape.
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In order to calculate the DEER spectrum in case of orientational correlation
between the spin labels, the integration over © 44 from 0 to 7/2 can not be done
anymore using a weighting factor of sin©44. The pump efficiency A will depend
on the mutual orientation of the two molecules A and B. Additionally, it is
obvious from figure 3.19 that the respective pulse positions influence the DEER
spectrum shape, since v4 defines the observed orientations, which contribute
to the signal. Moreover, the pulse lengths (t,,t,) determine the width of the
excitation profile and, thereby, the orientation selectivity of the pulses. This
orientation selectivity will lead to a distribution function P(©4q, 4, VB, to, tp) of
dipolar angles, which differs from the sin©44 distribution of a PP. A weighting
factor has to be introduced to account for the orientation dependence. The
echo normalized signal intensity for a given pump and observer frequency can,
in such cases, be described by [44, 11]:

Vi(t)=1— / P[1 — cos(waa(Oua)t)dO ] (3.74)

where P is the above mentioned distribution function. Jeschke and coworkers
[59] calculated the excitation profile for a total DEER experiment and the
weighting factor for the on ©4; depending positions in the Pake Pattern can be
approximately described by:

— — Av\4
w = exp <_ (VA,T(:‘S VB, res V) ) (375)

AVege

Thus the corresponding function P would be described by:

res res A 4
P = exp (- (”A’ V5B, ”) ) $inOgq (3.76)

AVege

where v4 s and vp s are the resonance positions (in frequency units) of spin
label A and B, respectively. Here, it should be again referred to figure 3.19.
Av = vyq — vp is the frequency offset between the pump and the observer
frequency, and Ave.. describes the the effective excitation bandwidth of the
experiment.

However, if the geometry of the system (the orientation correlation between the
molecules A and B) is unknown, the determination of the weighting function
P is difficult and still a challenge for researchers at present. The significance
of this problem is clear, considering the case of spin labeled proteins, where
the spin label motion and spacial freedom is restricted by interactions with the
protein backbone and side chain atoms. This leads in the most cases to an
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angular correlation between two spin labels attached to a protein, and thus
to a dependence of the DEER spectral shape on their mutual orientation. In
turn, the spectral shape influences the shape of the distance distributions cal-
culated from the DEER spectra, if the angular correlation of the spin labels are
omitted. This can easily lead to misinterpretation of the experimental data.
The determination of spin label orientations on spin labeled proteins, therefore,
would support the analysis and interpretation concerning the obtained distance
distributions.

A innovative method for this purpose is orientation selective DEER spectroscopy.
Therein, the pump and observer pulse frequency positions are shifted within the
corresponding EPR absorption spectrum range. A typical choice is the variation
of the observer pulse frequency (v4), whereas the pump pulse frequency stays
located at the EPR absorption spectrum center. In this way the orientations
selected by v4 are systematically scanned and the behavior of the spectra in
dependence on the frequency offset Av = v4 — vp give rise to the orientational
situation of the investigated system. If the spectra recorded at different Av
reveal differences in shape, this is a first indication for an orientation correla-
tion between the spin pairs, and one has to assume that distance distribution
calculated from DEER measurements are affected by this fact.

However, the resulting weighting function P can for instance be calculated, if
a molecular model of the investigated system exists [11, 59]. In this case all
possible orientations with regard to the model are considered by a set of differ-
ent conformers. For each of these conformers, the resonance positions of spins
A and B are calculated for all orientations of the magnetic field vector. Their
individual contribution to the signal or to the PP, respectively, (defined by P) is
calculated by the Av depending weighting with the intensities of the excitation
profile, corresponding to the respective resonance position. Simulated spectra
can be compared to the experimental results to validate the accuracy of the
model. If the molecular model is adequate, the calculated spectra using the
corresponding function P (calculated for the model), reflect the behavior of the

experimental spectra along with Av well.

To the best of my knowledge, up to now only this strategy has been used. The
vice versa procedure, meaning the calculation of P from the experimental results
without any knowledge about the orientational correlation between the spin
pairs seems to be problematical. Especially, if orientational distributions of the
investigated molecules or even different molecular conformations are present, a

fitting of P to the experimental data is computational intensely demanding.
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4 Material and Methods

4.1 EPR measurements and procedures

4.1.1 Sample preparations
4.1.1.1 Vt preparation

Cloning and expression procedures, described in the following, were carried out
by Franziska Dietrich (IZKF Leipzig).

Cloning and mutagenesis of vinculin tail constructs Vinculin encoding cD-
NAs used in this study are described in [16]. Vinculin tail (Vt) constructs
in pQE-30 (Qiagen) encoding amino acids 858-1066 are equipped with an N-
terminal FLAG and His tag. The Quick Change® Method (Stratagene) was
used to replace the three wild type cysteines at positions 950, 972 and 985 by ala-
nines. Subsequently, the triple alanine mutant of Vt was used to generate eight
mutants carrying a single cysteine ( Vt-(A901C), Vt-(A922C), Vt-(A950C), Vt-
(A957C), Vt-(V984C), Vt-(S1033C), Vt-(A1062C) and Vt-(A1067C)) as well
as four double cysteine mutants ( Vt-(A901C/A957C), Vt-(A901C/S1033C),
Vt-(A922C/A957C), Vt-(V984C/C9I85V /S1033C)). All mutant constructs were
verified by DNA sequencing.

Protein expression, purification and characterization Recombinant cysteine
mutants were expressed and purified as described in [83]. Labeling with the
MTS spin label ((1-oxy-2,2,5,5-tetramethyl-pyrrolinyl-3-methyl) methanethio-
sulfonate) was carried out overnight by incubating the proteins bound to Ni-
NTA beads (Qiagen) with ImM MTSSL, for single cysteine mutants, or 2 mM
MTSSL, for double cysteine mutants. Free label was removed by washing the
Ni-NTA beads several times with 50mM phosphate buffer, pH 7.2. Labeled
protein was eluted according to the manufacturer’s instructions (Qiagen) and
transferred into 20 mM phosphate (pH 7.2) buffer using PD10 desalting columns
(GE Healthcare). Protein integrity was confirmed using SDS-PAGE and cir-
cular dichroism spectroscopy. Concentrations were determined using a BCA
assay (Thermo Fischer Scientific).

The MTS labeled single cysteine (R1) mutants are termed Vt901R1, Vt922R1,
Vt950R1, Vt957R1, Vt984R1, Vt1033R1, Vt1062R1, Vt1067R1 and the double
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cysteine mutants Vt901/957R1, Vt922/957R1, Vt901/1033R1, Vt984/1033R1
in following discussions. R1 positions under investigation are illustrated in
terms of their location in the Vt crystal structure (and Vt amino acid sequence)
in figure 4.1.
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Figure 4.1: R1 locations after spin labeling are illustrated on the Vt crystal structure
(PDB-code:1ST6) from different views (side, top, bottom) and on the Vt amino acid
sequence. Spin labeled positions are indicated.

4.1.1.2 Vt in lipid vesicle solutions

Preparation of lipid vesicle solutions Lyophilized phospholipid powder (3-sn-
Phospatidyl-serine (PS) and 1-palitoyl-2-Oleoyl-sn-3-Phosphocholine (PC)) was
purchased from Sigma Aldrich. In each case the powder was dissolved in liquid
chloroform (10 mg/ml final lipid concentration). For experiments with solutions
containing different lipid mixtures the lipid/chlorophorm solutions were mixed
in the respective ratios. To obtain vesicle solutions containing spin labeled
lipids, 1 mg spin labeled 5/16-doxyl-stearic acid (SA) powder was dissolved in
1 ml chloroform, and added to the respective lipid /chloroform solution to a final
lipid:SA molar ratio of 100:1. 100 pl of the final lipid/chloroform solution was
filled in a 2 ml Eppendorf vial, and the solvent was evaporated under continuous
gaseous Ny flux for at least 1.5 hours. 1.5 ml of 20 mM Tris-HCl-buffer (150
mM NaCl, pH 7.5) was added and the solution was incubated at 42 °C for
3 hours, permanently shaking in an incubation shaker. After incubation, the
vesicles were pelleted down by centrifugation at room temperature with 12000
rpm for 1 hour in a tabletop centrifuge. The supernatant was discarded and the
pellet was resuspended in 100 ul of the same buffer leading to a giant vesicle
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(GV) solution (ca. 10 mg/ml). Small unilamellar vesicle (SUV) solutions were
obtained within at least two minutes of sonication using a dip-sonifier (Branson
250).

Preparation of Vt in lipid vesicle solutions Protein solutions containing 2-3
mg/ml Vt were mixed with the GV lipid vesicle solution, exhibiting a volume
ratio of 1:4 (lipid:Vt). The protein/lipid solution was incubated for at least 30
min, permanently mixing at 42°C in an incubation shaker. For DEER mea-
surements, 10% deuterated gylcerol was added to increase relaxation times. In
following discussions the respective samples are termed as mentioned before
with the appendix PS.

4.1.1.3 F-actin binding assay

For sample preparations of Vt bound to filamentous actin (F-actin) an actin
toolkit, purchased from Hypermol (Ulrike Hinssen, Bielefeld), was used.

Preparation of G-actin solutions To obtain 1 mg/ml (globular) G-actin stock
solution, 1 ml H20O was added to the vial, containing 1 mg lyophilized actin
powder. After vortexing for 30 sec, the protein solution was kept at room
temperature for 2 min for rehydration.

The actin solution was dialyzed for at least 12 hours against 25-50x volume of
dialysis buffer, containing 2mM Tris-Cl pH 8.2, 0.4 mM ATP, 0.01 mM DTT
and 0.1 mM CaCl2 (MonoMix), using ZelluTrans dialysis tubes (MWCO:8000-
10000). The same was done for 1 ml of the solution, containing the respective
spin labeled Vt mutant (2 mg/ml), simultaneously. To obtain solutions con-
taining mixtures of Vt single mutants the Vt solutions were mixed in a molar
ratio of 1:1. After dialysis a low speed cosedimentation of both solutions was
carried out for 45 min in a tabletop centrifuge (13000 rpm, at 4 °C). The pellets
were discarded. After cosedimentation the supernatants exhibit experientially
a concentration of around 1 mg/ml Vt due to the loss of protein by aggregation
during the dialysis process. All stock solutions were stored on ice.

Preparation of F-actin solutions 1.25 ml H,0O was added to the vial contain-
ing the lyophilized actin polymerization buffer (Polymix; 0.1 M KCl, 2 mM
MgCl12, 1 mM ATP, 10 mM Imidazol, pH 7.4) and vortexed until the powder
was fully dissolved. The resulting solution is termed 10xPolyMix in the follow-
ing. 40 pl 10xPolyMix was added to 1 ml G-actin stock solution and was mixed
using a pipette. The polymerizing actin solution was kept at room temperature
for approximately 30 min without agitation. To verify the polymerization the
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visible change in viscosity was tested by turning the vial upside down. In con-
trast to the aqueous G-actin solution, (filamentous) F-actin is a gel like matrix.

F-actin solution was stored on ice.

F-actin bundling by Vt In order to prepare sample mixtures of the ligand
protein Vt and F-actin 50 pl 10xPolyMix was added to 450 ul HoO leading
to 1xPolyMix solution. Thereafter, 360-400 pl of the dialyzed Vt solution (1
mg/ml) was added to 500 pl F-actin solution (molar ratio 1:1). To obtain
1 ml of solution with a final actin concentration of 0.5 mg/ml 100-140 pul of
1xPolyMix was added. After cautiously mixing with a pipette, the mixtures
were incubated for 60 min at room temperature. To remove unbound Vt the
solutions were centrifuged for 60 min in a tabletop centrifuge (13000 rpm at
room temperature) and the supernatant was carefully discarded. The residual
gel like pellet, containing the Vt bundled F-actin filaments, was resuspended in
500-1000 pl 1xPolyMix and the procedure was repeated. Afterwards, the pellet
was resuspended in 50-80 pl 1xPolyMix. For DEER experiments, 1xPolyMix
was prepared with DoO and samples were resuspended in 50-80 ul deuterated
1xPolyMix. Finally 10% deuterated glycerol was added. The sample was imme-
diately filled in the DEER capillary and frozen in liquid nitrogen. In following
discussions the samples containing actin bound singly and doubly labeled Vt are
termed as mentioned before with the appendix A. Samples containing mixtures
of two different Vt single mutant are nominated with Vt901R1/Vt957R1A and
Vt901R1/Vt1033R1A.

4.1.1.4 Lipid and F-actin competition measurements

For lipid and F-actin competition measurements, SUV vesicle solutions con-
taining different lipid types (PC and PS) were prepared according to 4.1.1.2.
Vt957R1A solutions were prepared according to the F-actin bundling assay de-
scribed above. Vt concentration after acting bundling was determined by spin
number determination using a 100 pM MTSSL solution as reference. Lipid
solutions were added to Vt957R1A, resulting in final Vt:lipid ratios of ca. 1:30,
1:100 and 1:200, respectively. After adding lipid solutions the samples were
immediately transfered into an EPR quartz capillary (inner diameter 0.9 mm).
Room temperature EPR spectra were recorded and stored in 1 min steps.

4.1.2 Cw-EPR measurements
4.1.2.1 Mobility measurements

Room temperature cw-EPR measurements were carried out on a MiniScope
benchtop EPR spectrometer (MS200; Magnettech GmbH, Berlin, Germany)
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equipped with a rectangular TE102 resonator fluxed with gaseous nitrogen for
temperature stabilization. The microwave power was set to 10 mW and the B-
field modulation to 0.15 mT. To solutions containing Vt in absence of binding
partners, 40 % (m/v) sucrose was added to reduce protein rotational diffusion.
10 pl of sample volume with protein concentrations of 80 - 120 M (2-3 mg/ml)
were filled in EPR glass capillaries (0.9 mm inner diameter). As semi-empirical
mobility parameters the width of the central line and the spectral second mo-
ment (see 3.3.2.2) were used for the analysis of spin label mobility. The central
line width was extracted directly from the EPR spectrum, whereas the second
moment was calculated using the program unispec written by Christian Beier.
For lipid and F-actin competition measurements a Varian spectrometer (Stan-
dard E-109, X-band) was used. Room temperature measurements on Vt in
presence of PS-vesicles were repeated to verify results obtained by Klaus Peter
Vogel (University of Osnabrueck, unpublished).

4.1.2.2 Accessibility measurements

Accessibilities were determined for the collision reagents gaseous oxygen and
NiEDDA (Ni(II)ethylenediamine diacetate). Measurements were carried out
on a homebuilt cw EPR spectrometer equipped with a loop gap resonator.
The B-field modulation was set to 0.15 mT. The applied microwave power was
varied in the range from 0.1 to 65 mW. In order to change the main attenu-
ator during the measurement a motor, controlled by the measuring software,
was used. Gas permeable TPX (Polymethylpenten) capillaries (RototecSpin-
tec GmbH, Biebesheim, Germany) were filled with 5 ul of sample solution and
placed into the resonator.

For reference measurements the sample was deoxygenated by fluxing the res-
onator permanently with nitrogen gas. In order to obtain accessibilities for
oxygen, the nitrogen was replaced by air (21 % O3). For Ni-accessibility deter-
mination, 1 ul of 200 mM NiEDDA solution was added to 9 ul sample solution,
leading to a final concentration of 20 mM. During the measurement the nitro-
gen gas flux was preserved. Before each experiment the sample was fluxed with
the respective gas for at least 15 min.

We, was calculated using the program powerfit written by Martin Kiithn [39].
Therein, a set of EPR spectra recorded at different microwave powers P are
analyzed. The peak-to-peak line widths of the EPR central line (AH,,) and
the corresponding amplitudes Y’ were obtained by fitting of a pseudo-Voigt
function to the EPR central line. Thereafter, the calculated amplitudes Y’
were plotted versus the square root of the power P, automatically done by the
program satfit. To these data points a curve according to equation 3.57 was
fitted, where I, € and Py, are adjustable parameters. The parameter P/, was
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calculated from the resulting best fitting curve as the power value, at which the
central line amplitude is reduced to half of its theoretical unsaturated value.
The accessibility parameter II or We,;, respectively, was determined using equa-
tion 3.59. Under the here applied experimental conditions the value for «,
needed for the calculation of W,, amounts o = 1,91+ / — 0,20 (derived by M.
Doebber, personal communication). ® was calculated using equation 3.60.

4.1.2.3 Polarity and distance measurements

Low temperature cw-EPR measurements were carried out at 160 K using a
homemade X-band EPR spectrometer equipped with an AEG H103 rectangu-
lar cavity. The microwave power was set to 0.2 mW and a B-field modulation
amplitude of 0.24 mT was used. 40 ul of sample solution with a final protein
concentration of 80-120 uM was filled into an EPR quartz capillary (3 mm
inner diameter). A continuous flow cryostat Oxford ESR 900 allowed stabiliza-
tion of the sample temperature. Measurements on Vt in absence and presence
of PS-vesicles were repeated to verify results obtained by Klaus Peter Vogel
(University of Osnabrueck, unpublished).

Inter spin distances and A, were determined from a detailed line shape analysis
using the program Dipfit (see 3.3.3.3). Parameters for the hyperfine coupling,
g-tensor and line width parameters were obtained by fitting simulated EPR
spectra to the experimental data of the corresponding singly labeled protein
samples. For analysis of distances below 1 nm the program Short Distances
was used (see also 3.3.3.3), kindly provided by Christian Altenbach (UCLA,
CA). All fits were performed assuming an isotropic distribution of mutual ni-
troxide orientations, disregarding Heisenberg exchange interaction.

4.1.3 Pulse EPR measurements
4.1.3.1 DEER spectroscopy

DEER experiments were performed at X-band frequencies (9.4 GHz) with a
Bruker Elexsys 580 spectrometer equipped with a Bruker Flexline split ring
resonator ER 4118XMS3. 40 ul of sample solution with a final protein concen-
tration of 80-120 uM containing 10% of deuterated glycerol was filled into an
EPR quartz capillary (1 mm inner diameter). A continuous flow helium cryo-
stat (ESR900; Oxford Instruments) and an Oxford Instruments ITC 503S were
used for temperature controlling. All measurements were performed using the
four-pulse DEER sequence: 7/2(vq) — 11 —7(va) —t —w(vg) — (i + 12 —1t') —
m(v4) — o —echo. For the DEER pulses at the observer frequency the (x) chan-
nels were used. A two-step phase cycling (4 (z), - (x)) is performed on 7/2(v4).
Time t is varied, whereas 71 and 79 are kept constant, and the dipolar evolution
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time is given by t = t’ - 7. Data were analyzed only for t > 0. The resonator
was overcoupled to Q =~ 100; the pump frequency vy was set to the center of
the resonator dip and coincided with the maximum of the nitroxide EPR ab-
sorption spectrum, whereas the observer frequency v4 was 65 MHz higher and
coincided with the low field local maximum of the absorption spectrum. All
measurements were performed at a temperature of 50 K with observer pulse
lengths of 16 ns for 7/2 and 32 ns for 7 pulses and a pump pulse length of 12
ns. Deuterium modulation ! was averaged by adding traces at eight different
71 values, starting at 71,90 = 400 ns and incrementing by 56ns. This corresponds
to an averaging over one modulation caused by deuterium. Background cor-
rection and determination of interspin distance distributions were carried out
using the programm DEERAnalysis (2006) using a model of randomly oriented
spins with respect to the dipolar axis and Tikhonov regularization (see chapter
3.4.1).

4.1.3.2 OS-DEER spectroscopy

Orientation selective DEER measurements were done using the four pulse DEER
sequence as described before. The length of the pump pulse was set to 32 ns
to minimize overlaps of the particular excitation bandwidths, especially for
measurements at small frequency offsets. DEER spectra were recorded at five
different frequency offsets Av = v4 — vg. The frequency offset was varied from
+40 to +80 MHz in steps of 10 MHz (figure 4.2).

The experiments were carried out with the double mutant Vt901R1/957R1
mixed with unlabeled wild type Vt in a molar ratio of ratio 1:2 (Vt:Wt) in order
to suppress contributions of intermolecular distances to the DEER traces. The
obtained dipolar spectra were analyzed using a modified simulation program
kindly provided by Y. Polyhach and G. Jeschke (ETH Ziirich), and a home
written matlab script as described in the next chapter.

4.1.3.3 OS-DEER data analysis

The program DEERsim Simulations of distorted Pake pattern (DPP, see
chapter 3.4.2.3) were done in order to obtain orientational information about
the system. Orientation dependent DPP simulations were performed using a

! Adding deuterium to the sample leads to an increase of the relaxation times, since the mag-
netic moment of a deuterium nucleus is significantly smaller than that of a proton. Thus,
the dipolar interaction, influencing the effective relaxation time, between the magnetic mo-
ments of an electron and a deuterium nucleus is smaller than compared to protons. This in
turn enables the use of larger 2. Longer time traces are thus recordable meaning that the
determination of larger distances is possible. However, hyperfine interaction between the
deuterium and the nitroxide label can lead to an additional unwanted modulation within
the DEER time trace.
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EPR absorption spectrum of Vt901R1/957R1

pump

observe l
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Figure 4.2: EPR absorption spectrum of Vt901R1/957R1 (blue line). For orientation
selective DEER measurements spectra were recorded using five different frequency off-
sets AV = Vpump — Vobs- The frequency offset Av was varied from 440 to +-80 MHz in
steps of 10 MHz.

modified Matlab script kindly provided by G. Jeschke and Y. Polyhach (ETH
Zirich). The simulation program enables calculation of DPP for fixed orienta-
tions of two nitroxide spin labels, exhibiting a fixed distance between the spins.
In order to describe the mutual spin label orientations within the system it is
convenient to introduce a common reference frame D [59]. The dipolar axis
is fixed in this reference frame aligned along the y-axis (Yp). The orientation
of the two spin labels, A and B, in this frame are given by the Euler angles
(94,p4,xa) and (VB, ¢B, XB), respectively. The B-field direction with respect
to the dipolar axis is then defined by two angles (9, ¢)? (see figure 4.3). Aver-
aging is performed by taking a random distribution of the protein orientations
within the sample into account. Thus, the DPP depends on six different angles
(94,04, X4,9B, 9B, xB) and the interspin distance r.

The program was modified according to a geometrical model described in the
following. First, the presence of distance distributions is neglected, and all
calculations were done using a defined value for r. Furthermore, an axial sym-
metry of g- and A-tensors, which is a good approximation at X-band frequencies
(A=A > Al = Ay = Agp and g)| = g2z < g1 = Gyy = Guu), is assumed.
In this case, the orientation of A with respect to the dipolar axis Yp can be

2Here ¥ and ¢ do not anymore describe the angle between the spin label molecule frame and
the magnetic field directly as discussed before (chapter 3.4.1), but the same informations
are included in these parameters.
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described by only one angle 9 4, and the orientation of B with respect to A or
D is given by the two angles ¥p and ¢p. A frame rotation around the spin
labels z-axis (using x) does not change the situation in case of axial symmetry.
In other words, here it is sufficient to describe the spin label molecules z-axis
orientation with respect to the dipolar frame D. The number of orientation
variables is then reduced to three.

The B-field direction with respect to the dipolar axis is still given by ¥ and
¢. After performing the powder average (see below) for a single orientation
(and defined distance r) the Fourier transform of the dipolar evolution function
would reveal the shape of a DPP(¥4,9Yp, ¢p, r) depending on only one set of
angles describing the mutual spin label orientation (94,95, ¢B).

YUXB

spin label A frame dipolar axis frame spin label B frame

Figure 4.3: Angle definitions used in the program DFEFERsim after modification. 94
is the angle between the spin label A (blue frame) z-axis and the z-axis of the reference
frame D (light blue). The dipolar axis is fixed in D and aligned along Yp. ¢p and 9p
describe the orientation of the spin label B (green frame) z-axis with respect to the

dipolar axis, or Zp respectively. The magnetic field orientation (red) is given by ¢ and
9.

The dipolar angle ©4,4 is defined as the angle between the magnetic field orien-
tation and the dipolar axis (yp) and can be calculated by:

©4q4 = arcos (yp - B) (4.1)

where yp is the unit vector along the y-axis of frame D (the dipolar axis),
and B the normalized magnetic field vector. The dependency of wgq on the
B-field direction is averaged out by assuming a random distribution of protein
orientations within the sample. To consider this powder average a set of ho-
mogeneously distributed magnetic field orientations is generated using the grid
function provided by Easyspin (written by Stefan Stoll, www.easyspin.org) (for

65



4 Material and Methods

a schematic representation see figure 4.4). For each magnetic field orientation
the resonance frequencies (according to 3.46, 3.47 and 3.48) for both spin label
molecules and the corresponding dipolar frequencies wyq ((according to 3.66)
are calculated. For a given frequency offset Av the respective doublet intensity
contributing to the the DPP is then determined as the sum of the weightings
calculated by equation 3.75, where both spin label molecules are treated as
pump and as observer spins, respectively. The superposition of all calculated
values for wgq (frequency doublets) with the corresponding weightings in a his-
togram manner lead to the DPP(J4, U5, ¢p5). Note, that to achieve a PP (for
a single distance) as expected for the uncorrelated case would require the cal-
culation of the superposition of such calculated DPPs for all orientations (94,
Yp and @p). Moreover, in case of a present distance distribution, the spectra
are composed by the superposition of the distance dependent DPPs weighted
by the corresponding intensities of this distribution, what is not considered in

the approach presented here.

Figure 4.4: Schematic representation of the coarse orientational grid iteration used
for DPP calculations. The knots on the grids indicate the calculated orientations. The
angle 94 was varied from -90 to 0°. For each ¥4 value ¢p was varied from 90° to 270°
and ¥ from 0° to 90°. In each case the variation was carried out in steps of 15°. The
chosen orientation ranges are sufficient to sample all occurring combinations of z-axis
orientations between A and B due to the assumed axial symmetry.

Simulation procedure To investigate the orientation correlation of the spin
label pairs of Vt901R1/957R1, DPPs(d4, U5, ) were calculated over orien-
tation grids using two iterations. The first iteration was done using a coarse
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orientational grid (figure 4.4). The angle ¢ 4 between the spin label A z-axis and
the D z-axis was varied from -90 to 0° in steps of 15°. For each ¥ 4 value, pp was
varied from -90° to 90° and ¥ from 0° to 90° in steps of 15°, respectively. The
orientation ranges chosen are sufficient to sample all occurring combinations of
z-axis orientations between A and B, assuming axial symmetry of the tensors
g and A. This is because the investigated system exhibits a mirror symmetry,
wherein the plane spanned by Yp (dipolar axis) is a mirror plane, and a point
symmetry due to the reversibility of the z-axis orientations. Thus, the sampling
of Zp directions located only in one octant (of frame D) is required, leading in
turn to a shorter computation time. The calculations were done for different
frequency offsets between pump and observer pulse frequencies according to
the experiments (40-80MHz, see figure 4.2) using the experimentally obtained
mean distance of 2.65 nm (see chapter 5.1.4). This leads to a number of more
than 3000 DPPs.

Data analysis Further Data analysis was done using a self made Matlab script
(DEERsimAnalysis.m). All obtained DPPs(d4, ¥p, ¢p) were convoluted with
a narrow Gaussian to account for small distance and angle distributions. This
approximation is adequate, if the DPP broadening due to distributions in dis-
tance and orientation are small and of similar extent in the frequency domain.
Furthermore, the RMSD (root mean square deviation) for each convoluted
DPP(¥4, 9B, ¢p) with respect to the corresponding experimental spectrum
was calculated. As a measure for the agreement between simulation and ex-
perimental data the RMSD of each single orientation for the five investigated
frequency offsets Av were summed up. The minimum of this overall RMSD
reveals the orientation, at which the DPP shows the best agreement with the
experimental data. In order to refine the results, a second iteration was done
by repeating the procedure introduced above with a small range of orientations
around the best fitting orientation obtained, using a finer orientational grid (5°

steps for ¥4, ¥p and pp).

4.2 Other computational methods

4.2.1 MD simulation

The experimentally obtained distance distributions for Vt in an aqueous buffer
solution were compared to the results of MD-simulations. The MD simulations
were carried out by Prasad Gajula (University of Osnabrueck). The result-
ing distance distributions used for further comparisons were taken from [22].
However, a small introduction into the topic MD simulations is be given in the

following, and the simulation parameters are described.
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Molecular dynamic (MD) simulations provide insight into the spin label side
chain’s motion over the course of time, considering the movement of all wanted
protein atoms. Generally, in molecular dynamics simulations a system is mod-
eled out of individual atoms. For Vt for example the X-ray structure is obtain-
able containing the 3D informations about the positions of all protein atoms.
For this model, the dynamics are calculated based on a MD force field. The
force field is a model of the interactions between the individual atoms and gives
rise to forces, which turn the static model into a dynamic system. The force
fields contain libraries of pre-calculated terms of force constants or potential en-
ergies (E) on all atoms. The total potential energy is composed of the potentials
of bonded and non-bonded atoms. Potentials due to inter atomic bonds, an-
gles and dihedrals together form the bonded potential, whereas potentials due
to the van der Waals and the electrostatic interaction together form the non-
bonded potential. MD simulations are generally calculated in a classical way
using Newtons equations of motion, combined with the use of force constants,
generally calculated in a non-classical way, provided by the force field:

2
F:—QE:ma:mdv(t) _dr(t)

or e

(4.2)

with a as the acceleration of the mass m. r describes the 3D-coordinates of an
atom as part of the system. Additionally, it is possible to couple the system to a
thermal bath to control the temperature. The time evolution in MD simulations
is provided by an algorithm, which calculates successively the velocities v and
coordinates r of the system. The integration for all atoms in discrete time steps
yields the dynamics in a stepwise manner. However, it is very time-consuming
and demands high computational resources. For more detailed literature about
MD simulations see for example [70].

The dynamics of a spin label attached to a specific protein site can be calcu-
lated in this way leading in general to appropriate results [23, 9]. The MD

simulations used for comparisons in this work were done in the following way:

The R1 side chain was modeled and attached to each of the investigated residues
in the crystal structure of Vt (PDB-code: 1ST6) and reoriented manually to
avoid steric overlaps with neighboring residue side chains. All MD simula-
tions were performed with the GROMACS simulation suite. The force field
ffG43b1 from GROMOS, which is integrated into GROMACS, was used for the
simulations in vacuum. FEnergy minimization to obtain an initial model was

performed by using steepest descent and conjugate gradients algorithms for

68



4.2 Other computational methods

1000 steps. Several MD simulations were performed with different spin labeled
sites according to the experiments at 600K in vacuo with position restraints on
the backbone atoms. The final production MD runs were carried out for 5- 108
steps with a time increment of 2 fs. The current structure was saved every 0.2
ps giving a 10 ns trajectory file with 50000 frames. Distances between nitrox-
ide N-O group centers were extracted from each frame of the trajectory files
and used for inter spin distance calculations, leading to distance distribution
histograms.

4.2.2 The rotamer library analysis

To predict possible orientations of R1 side chains and distances between these
side chains attached to different helix positions a semi-dynamic structure model
of the spin label can be used. In this model the dynamics of the R1 side chain
is represented by a discrete set of possible rotational isomers (rotamers).

The program used in this work, performing the rotamer analysis, was kindly
provided by Y. Polyhach and G. Jeschke (ETH Ziirich) and is well described
in [60]. In this case conformational structures of the MTSSL (R1) were pro-
vided by a so called rotamer library, containing 98 R1 rotamer structures. The
structures of the library had been generated by systematic variation of dihedral
angles of R1 attached to a single cysteine residue and geometry optimization
using the DFT package ADF2002.

The thus determined structures of R1 can be attached to a specific position
in a protein structure, such as X-ray structure files, obtainable from the pro-
tein data bank (PDB). The set of possible rotamers on the selected position
is determined by calculating the probability of each particular rotamer of the
library to occur in the protein structure. These probabilities are influenced
by spatial restrictions of the R1 chain due to its local environment defined by
other protein atoms. Therefore, the free energy for each rotamer is computed
as the scoring function considering the interactions between atoms of the label
and atoms of the protein using a Lennard-Jones potential parameterized by an
OPLS (optimized potentials for liquid simulations) force field. The Lennard
Jones potential takes the repulsion (clashes) and van-der-Waals attraction of
spin label and protein atoms into account. The energy Ej. for the k-th rotamer
of the library attached to the protein is therefore calculated by:

i J A\ 12 N\
By =) 4e; <(:,”> —<%> fij (4.3)

ij Tij

Here, r;; is the distance between the i-th atom of the spin label side chain
and the j-th protein atom. ¢; = (eiej)l/ 2 is the interaction coefficient from
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the individual atom coefficients (extractable from the used force field), and
o = (O‘iO'j)l/ 2 describes the effective radius from the van der Waals radii of
the respective atoms. f;; is an energy scaling factor, which originally was set
to 1 in the OPLS force field. Reducing the scaling factor in this case would
reduce the energy penalty, which defines atomic clashes. In this way a certain
amount of protein structure flexibility is mimicked. The grade of flexibility is
in general unknown. Hence here, the scaling factor, also called forgive factor,
is an adjustable parameter.

Furthermore, the population (probability) Py for the k-th rotamer in the library
attached to a certain protein position is then calculated by weighting the deter-
mined energy Ej according to a Boltzmann distribution normalized by division
by the partition function Z:

_ew (i) ew (k)
Pr = 7Z s S Fexp (—BkikT) 4

Rotamers are considered, if their calculated population exceeds a certain thresh-
old value (e.g. P, = 0.001). From the rotamer sets of two different residual po-
sitions all possible distance combinations were calculated and their intensities
were weighted by the product of the populations of the considered rotamers.
Small spatial fluctuations around the conformational state of each rotamer are
taken into account by convoluting the calculated distances with a non signifi-
cant Gaussian (0.05nm width).

The rotamer analysis was done using the Vt crystal structure (PDB-code:

1ST6) for all positions according to the experiments.

4.2.3 Determination of the molecular alignment within the Vt-dimer

To obtain information about the mutual orientation between two Vt molecules,
forming a dimer in aqueous solution, a self made Matlab script (OrientSol.m)
was used. As input, the measured distances together with the corresponding
width of the distance distribution, and a protein structure file are required.
Here, the Vt crystal structure (PDB:1ST6) was used. To this structure the
spin label side chains were attached to the six investigated positions (901, 922,
950, 957, 984, 1033), exhibiting the structural conformations of the rotamers
revealing the highest population obtained from the rotamer library approach.
The corresponding experimental values for distances and distance widths were
extracted from the results of DEER measurements of singly labeled Vt in solu-
tion.

First, the protein structure is duplicated to obtain two equal molecules 1 and
2. A translation vector t has to be considered connecting the centers of mass
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of both molecules, which shifts molecule 2 away from molecule 1. The orienta-
tions of t were generated with the above mentioned grid function provided by
Fasyspin. Since Easyspin generates an array of unit vectors over a half sphere,
the second half of the sphere was considered by rotation of a copied set of ori-
entations by 180° to obtain unit sphere vectors homogeneously distributed over
an entire sphere (number of grid points = 362). The grid point orientations
then are defined by a pair of two angles ¥y and ;. The absolute value of the
vector t was varied from 1.6 nm (corresponding to a value smaller than the
diameter of Vt) up to 3.8 nm (no possible contact between molecule 1 and 2 for
all orientations) in steps of 0.2 nm. At each grid point of t an orientational grid
search for the orientations between molecule 1 and 2 is performed. The orien-
tation of molecule 2 with respect to molecule 1 is given by a set of three Euler
angles (a, (3, 7). « and v has to be varied from 0°-360° and 8 from 0°-180°
to sample all possible mutual orientations. Therefore, o, 8 and ~ were varied
in 5°-steps. The rotations of molecule 2 were carried out around its center of
mass.

For each calculation step inter-spin distances as the distance between the N-O
group centers of the investigated R1 chains of molecule 1 and 2 are calculated.
The deviation between the modeled 7,,,q and the experimentally obtained dis-
tance re;, was calculated considering a tolerance for 7., by taking the respec-
tive distribution width Arc,, into account. A modeled distance is in agreement
with the experimentally obtained one, if the following condition for the judge
parameter s is fulfilled:

s = ’rmod - Texp‘ - Arexp <0 (45)

Therefore, the modeled distance is calculated by:

Tmod = |(Q(Oé, 67 7)1'2 + t) - I‘1| (46)

where r1 and rg are the coordinates of the N-O group center of the R1 side
chain attached to the investigated position of molecule 1 and 2, respectively. 2
is the Euler rotation performed on molecule 2, determined by the three Euler
angles. The condition for s has to be fulfilled for all six investigated positions.
Therefore, a scoring function was introduced to judge the grade of agreement
of the respective distances for all investigated positions giving the value s;. as
a measure for this agreement:

6
Stot — Z SZ2 (47)
=1
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4 Material and Methods

Figure 4.5: Schematical representation of the strategy used in the self made script
OrientSol. The translation vector t (solid black) connects the center of mass of both
molecules 1 (blue) and 2 (green). Its orientations were varied on a grid (black) lying on
a sphere with the radius of its absolute, wherein the center of mass of molecule 1 defines
the origin. The knots on the grids represent the calculated orientations schematically.
The absolute of t (radius of the sphere) was varied during the calculations. Here, only
one example (no possible clashes) is shown for reason of better visualization. At each
grid point the orientation («, 3, v) of molecule 2 with respect to molecule 1 was varied
as described in the text. The orientational variation of molecule 2 is indicated by the
green grid. After each calculation step all distances 7,04 (dashed line) between the
N-O centers of the corresponding attached R1 side chains were calculated and judged
by comparison with the experimental data. Additionally, molecular clashes between
the two molecules were checked as well.

where s; is the judge value for the i-th investigated position. The smaller the
value for s is, the better is the agreement of all modeled distances. In each
calculation step protein clashes were checked using the scoring function:

Tm,n >2- TvdW,C (48)

Here, 7, 5, is the distance between atom m of molecule 1 and the n-th atom of
molecule 2. r,gw.c is the van der Waals radius of the carbon atom (170 pm). A
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4.3 Fluorescence laser scanning microscopy

more accurate way would have been the use of the corresponding van der Waals
radii of each respective atom or even the calculation of the molecular energies
in each step, but was not chosen here because of computational effort reasons.
An adequate check for clashes is also given by equation 4.8, since C-atoms and
N-atoms are besides (smaller) H-atoms the primarily part of protein backbones
or even side chains. Moreover, the vdW radius of C is slightly larger than the
vdW radius of N.

If a clash-free solution is found for a combination «, (3, v and t these values
together with the corresponding value for s;,; are stored. A plot of the wanted
values versus sy, reveals the most probable orientation of the two Vt molecules
(see chapter 5.1.5.2 for details).

4.3 Fluorescence laser scanning microscopy

Sample preparation For fluorescence laser scanning microscopy, PS-SUV so-
lutions were prepared as described above. For F-actin preparations the Actin-
Toolkit Fluorescence Microscopy purchased from Hypermol (Ulrike Hinssen,
Bielfeld) was used. Rhodamine-actin (Rh-actin) labeled at Cys374 with tetram-
ethylrhodamine was mixed with Actin in a ratio of 1:1. Vt957R1A(Rh) was
prepared in accordance to the F-actin bundling assay described in 4.1.1.3.
Experiments were done with solutions containing actin bound Vt in the ab-
sence (Vt957R1A(Rh)) and in the presence of lipids (Vt957R1A(Rh)+PS). In
case of Vt957R1A(Rh)+PS, Vt957R1A(Rh) was mixed with PS-SUV solutions
leading to a final Vt:PS ratio of 1:200, and was incubated for at least 20 min
at room temperature. Additional control measurements were done with pure
F-actin (Rh) solutions. In all cases 3.5 ul of sample solution were applied on
a glass slide and fixed by a cover glass. Measurements were performed using a
confocal laser scanning microscope (CLSM) type TCS SL (Leica Microsystems
Heidelberg GmbH) equipped with an 40x immersion oil objective (NA=1.25,
resolution: 160x160x200 nm) and an Ar-laser. The excitation wave length was
set to 514 nm. Fluorescence light was detected at ca. 610 nm using a beam
splitter DD 458/514. Pinhole size was set to 82 um.
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5 Results and Discussion

R1 labeled Vt was investigated in terms of side chain dynamics, accessibilities,
polarities and inter spin distances in the presence and absence of acidic PS-lipid
vesicles and F-actin. The results, leading in each case to the construction of
new molecular models for Vt, are presented in the first part of this section.
The second part deals with the results obtained from orientation selective DEER
measurements on the double mutant Vt901R1/957R1. A tool is presented to
determine the mutual spin label orientation of R1 labeled proteins.

5.1 Vinculin Tail structure in aqueous buffer solution

For the structural elucidation of Vt in aqueous solution the above mentioned
EPR methods were applied on singly and doubly labeled Vt. For comparison
with the mobility and distance measurements, a rotamer analysis was carried
out on the Vt crystal structure. Moreover, the results discussed in the following
are used as reference for further investigations on Vt in the presence of binding
partners.

Furthermore, DEER measurements on singly labeled Vt reveal a small fraction
of dimeric Vt present in aqueous solutions in absence of binding partner. These
results were used in order to determine the structural arrangement of two Vt

molecules forming the dimer.

5.1.1 Mobility measurements

Room temperature spectra of the singly labeled Vt variants in 40 % sucrose are
shown in figure 5.1 (right). The analysis was done in terms of the classification of
R1 side chain localizations with regard to the protein structure. Therefore, the
semi empirical mobility parameters 1/ (H?) (inverse spectral second moment)
were calculated and plotted versus the inverse central line widths (1/AHp) (as
described in chapter 3.3.2.2)(figure 5.1).

Remarkably, Vt901R1 reveals two spectral components. Under the assumption
that the protein exhibits just one single conformation in the sample, this result
would indicate the presence of two motional states for the spin label attached
at position 901 [57]. On the other hand, the different observed mobility states
of Vt901R1 could arise from two different Vt conformations existing in the
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5 Results and Discussion

sample. Here, it can not be distinguished between those two cases. However,
the spin label (or protein) conformation, contributing to the immobile spectral
component, is dominating.

However, the value of the inverse line width is dominated by the mobile compo-
nent, which individually reflects a loop or surface exposed site. In contrast, the
value of the inverse second moment is governed by the (dominating) immobile
spectral component and refers to a tertiary contact or protein surface related
position, which might describe the situation here more likely. However, in this
case, the presence of two spectral components complicates an exact interpreta-
tion in terms of protein atoms and R1 interaction, and the results for Vt901R1

should be treated with caution.

- _’_JL/ Vt901R1
loop/surface + Vi922R 1

i helix/buried
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Figure 5.1: Mobility analysis of R1 side chains attached to Vt in aqueous solution
containing 40 % sucrose. Left: Plot of the semi empirical mobility parameters 1/ <H 2>
(inverse spectral second moment) versus the inverse central line width (1/AHg). The
topological regions were drawn according to [47] and [13] (see figure 3.7). Right: Cw-
EPR room temperature spectra of the singly labeled Vt variants.

The results of the other investigated positions are more definite. The results
indicate that the R1 side chains attached to Vt922R1, Vt950R1, Vt957R1 ,
Vt984R1, Vt1033R1 and most likely also Vt901R1 are attached to helical sec-
ondary structure elements and might exhibit tertiary contacts to other helices.
In terms of the topology regions, marked in figure 5.1, Vt922R1, Vt984R1 and
Vt1033R1 are located at the border between areas, representing surface ex-
posed and helix contact sites. In contrast, Vt957R1 shows clear features of a
side chain yielding strong tertiary contact, and might even be buried in the pro-
tein interior. This is difficult to distinguish here. Accessibility measurements

will give rise to an answer concerning this question (see next chapter). These
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5.1 Vinculin Tail structure in aqueous buffer solution

results are consistent with the Vt crystal structure, where the C, — Cjg bonds of
the above mentioned positions are oriented towards neighboring helices. This
applies also for Vt950R 1, however the EPR results indicate that position 950 is
surface exposed, or, under consideration of the experimental error be classified
as being attached to a loop region exhibiting tertiary contact. The latter is in
line with the fact that position 950 is located two helical turns below 957 close
to the N-terminal end of helix three (H3) (cf. figure 5.4). It could be shown by
the analysis of the root mean square fluctuations of C,-atom locations during
MD simulations as a function of the Vt residue number [22] that Vt exhibits a
larger flexibility at helical ends than compared to regions close to the middle of
the helix, where residue 957 is situated. Thus, in case of Vt950R1 the higher
flexibility of the H3 N-terminal end might lead to a higher observed mobility
of the attached spin label and in turn to an EPR spectrum, reflecting a higher
R1 mobility as compared to Vt957R1.

The results for Vt1062R1 and Vt1067R1 indicate that spin labels bound to
these respective positions can be classified as sites, which are located at surface
exposed loop regions. These findings agree with the crystal structure as well, in
which position 1062 is situated at the accessible C-terminal random coil domain
of Vt and 1067 on the very end of the C-terminus, which is therefore supposed
to exhibit a higher mobility compared to position 1062.

5.1.2 Polarity and accessibility measurements

In order to specify the relative alignment of the R1 side chains with respect
to the Vt structure in solution, polarity and accessibility measurements were
carried out on spin labeled Vt variants. Accessibility measurements were per-
formed to distinguish between residues exposed to the bulk water (buffer) or
buried in the protein interior. Polarity determination of the R1 side chains
environment provides a further mean to affirm the findings obtained from the
accessibility investigations.

5.1.2.1 Accessibility measurements

Measurements were performed as described in 4.1.2.2 and data analysis was
done using the program powerfit (explained in 4.1.2.2). From the thus obtained
We, values (NIEDDA and 03) the immersion depth parameter ® was derived
(see chapter 3.3.4).

® values obtained for all investigated positions are in the range —2.5 < & < —1

(see figure 5.2). The reference data obtained from spin labeled BR mutants
(figure 3.13) reveals that values below ® = —1 refers to completely water ex-

77



5 Results and Discussion

posed sites, indicating that all investigated positions in Vt are exposed to the
bulk water. This is in accordance with the mobility analysis (5.1.1). The pos-
sibility that Vt957R1 might be a protein buried site, as proposed by mobility
measurements, can thus be excluded. This implies that the R1 side chain of
Vt957R1 points into the direction of the bulk water, but nevertheless shows
the strongest immobilization due to neighboring side chains compared to other

positions.

Vt accessibility

D -1 957

1062
950 1
"2 977 984 "
9017 7~ 1067
-3

880 900 920 940 960 980 1000 1020 1040 1060
Vt residue number

Figure 5.2: Accessibility measurements: Plot of the immersion depth parameter ®
versus the Vt residue number.

The strong interaction between the R1 side chain attached to residue 957 and
neighboring helices and/or other protein atoms is likewise accompanied by a
partial shielding of the R1 side chain from the molecules contained in the sol-
vent. This fact is also reflected in the results obtained from accessibility deter-
mination. Vt957R1 reveals the largest ® value (& = —1.1) compared to other
positions, indicating that the accessibility of the collision reagents (NiEDDA
and O3) to Vt957R1 is slightly decreased, most likely due to surrounding protein
atoms. Nevertheless, the spin label attached to Vt957R1 is still water exposed.
In case of Vt901R1, Vt922R1, Vt950R1, Vt984R1, Vt1033R1, Vt1062R1 and
Vt1067R1 the obtained ® values are similar and around & = —2 4+ 0.4. This
refers in each case to water exposed R1 side chains, which are more accessible,
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5.1 Vinculin Tail structure in aqueous buffer solution

and thus, exhibiting less contacts to neighboring protein atoms than in case of
Vt957R1.

5.1.2.2 Polarity determination

The hyperfine coupling tensor element A,, is obtained from low temperature
(160 K) cw-EPR spectra and is a measure for the polarity of the R1 side chain’s
environment. Thereby, high A, values reflect the presence of a polar solvent,
whereas the presence of an apolar environment leads to the observation of sig-
nificantly smaller A,, values (see chapter 3.3.3.1 for details). Experimental
conditions are described in 4.1.2.3. The spectra analysis (A,, determination)

was performed with the program Dipfit as described in 3.3.3.3.
Vt polarity
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Figure 5.3: Polarity measurements: Plot of the hyperfine tensor element A,, as a
measure for the R1 environments polarity versus the Vt residue number.

In figure 5.3 A, is plotted as a function of the Vt residue number. All positions
reveal A,, values within a range of 3,6 mT £ 0.03 mT (for detailed numbers see
table 5.6), referring in each case to a highly polar R1 environment. This is an

additional evidence that the nitroxides are accessible to water [58, 68, 13]. Inter-
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estingly, Vt957R1 exhibits the highest polarity value. As the R1 chain attached
to this position exhibits the lowest solvent accessibility (highest ®), a smaller
polarity value compared to the other R1 side chains, exhibiting higher solvent
accessibilities, is expected. Consequently, the high A,, value for Vt957R1 could
result from the polarity provided by surrounding protein side chains. According
to the Vt crystal structure several hydrophilic residues (polar and capable of hy-
drogen bonding) are in the closer vicinity of residue 957. These are amino acids
ASP(953, H3), LYS(956, H3), ASP(959, H3), GLU(960, H3) and ARG(925,
H2). These protein side chains might have the observed increasing effect on
A, in case of Vt957R1. Moreover, considering all investigated positions the
deviations from 3,6 mT are £+ 0.03 mT at maximum, which is inconsiderable
small and comparable to the experimental error of 0.02 mT. In summary, the
results are in line with the results obtained by accessibility measurements.

5.1.3 Rotamer analysis

A rotamer analysis was carried out to obtain additional information about the
possible structural alignment, as well as about the motional freedom of R1 side
chains, attached to Vt. The rotamer analysis was performed on the Vt crystal
structure (pdb: 1ST6) using a Matlab script, kindly provided by Yevhen Poly-
hach (ETH, Ziirich). The rotamer library contains 98 rotamer structures, which
were analyzed in terms of their probability to occur in the protein structure at
the particular position (see chapter 4.2.2 for details). The analysis was done for
each position separately, except for position 1067, which is not provided by the
Vt crystal structure (last residue: 1066). A manual attachment of this residue
to the Vt structure would be inaccurate, because a qualitative investigation
would require the consideration of the complete FLAG and HIS-tag structure,
which is attached to this residue in the experimental case.

The RLA results are presented in figure 5.4. The R1 rotamers populated above
the given threshold for each investigated position attached to the Vt crystal
structure are shown. The numbers of possible rotamers for each case are listed
in the table shown in figure 5.4 (bottom, right).

For position 922 (H2) and 1033 (H5) only one possible rotamer is obtained, in-
dicating that the spatial freedom of R1 side chains attached to these positions
are highly restricted due to surrounding protein atoms (figure 5.4 a)-c)). The
same applies to positions 950 (H3) and 957 (H3), which reveal two populated
rotamers, exhibiting very similar structures in terms of the ring position and
their R1 z-axis orientation (figure 5.4 c)).

Position 901 (H1) reveals three possible rotamers, still indicating a spatial and
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c)

residue number of
—— populated
rotamers
901 3
922 |
950 2
957 2
984 6
1033 |
1062 49

Figure 5.4: RLA results, a)-e): Populated R1 rotamers for each investigated position
are shown attached to the Vt crystal structure (pdb: 1ST6). The numbers of possible
rotamers for each case are listed up in the table (right bottom). Except for position 1062
(e), the number of possible rotamers is considerable small indicating highly restricted
spatial freedom of R1, whereas the high number of rotamers for residue 1062 reflects a
high mobility of R1 at this position.

motional restriction of a R1 side chain at this position (figure 5.4 s)). However,
two of the three rotamers have similar structures and populations !, whereas
the third rotamer has a slightly different conformation and exhibits the smallest
population value (ca. 4%). In case of position 984 (H4), six possible rotamers
are obtained, suggesting that R1 attached to this position is more flexible as
compared to the aforementioned cases. For position 1062, which is located
on the C-terminal end (random coil domain) of Vt, the highest number (49)

!Population for the three rotamers obtained for position 901: rotamer 1 & 52 %, rotamer 2
=~ 44 %, rotamer 3 ~ 4 %.
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of populated rotamers was obtained (figure 5.4 d), e)), indicating a very high
degree of motional freedom for the attached R1. Taken together, in all cases,
exept for position 1062, the number of populaterd rotamers is small, referring
in each case to spatial and motional restrictions caused by strong secondary and
tertiary interactions. Due to this fact, the EPR spectra should reveal in each
case very immobile features. However, this is only the case for Vt957R1. It has
to be mentioned that the movement of protein side chains and backbone atoms
are completely neglected in the RLA. This is most likely the reason for the
observation of higher R1 flexibilities in the experiments, as expected from the
RLA results. Furthermore, regarding the assigned topology regions, the RLA
results for positions 922, 957, 984, 1033 are in line with the mobility measure-
ment results, since all these positions could be characterized as helix attached
sites exhibiting tertiary contacts. Likewise, the large conformational space of
the R1 side chain attached to position 1062, as predicted by RLA, is reflected
in the EPR results as well.

In contrast, position 950 could be assigned as a helix/surface related site, which
is not in agreement with the RLA result, since here a strong tertiary contact
is revealed. As already mentioned in chapter 5.1.1, the location of position
950, namely at the more flexible end of helix H3, might explain this deviation.
Furthermore, the obtained two different rotameric states for 901 might explain
the two spectral components observed in the EPR spectrum, whereby the ad-
ditional mobile component could emerge from the reorientation of surrounding
side chains, providing more space for one of both conformational states (defined
by the less and the two highly populated rotamers).

Another important fact can be extracted from the RLA results. The rotamer
structures obtained for each position are aligned in a way that the nitroxides
are located on the water exposed protein surface and pointing away from the
protein interior (figure 5.4 b)), which is in accordance with the results obtained
from accessibility and polarity measurements.

In summary, the RLA results are in line with the experimentally obtained EPR
results, indicating that the structure of Vt in an aqueous solution agrees largely
with the Vt crystal structure.

5.1.4 Distance determination on Vt double mutants
5.1.4.1 EPR distance measurements

Inter spin distances were determined, testing four different Vt double cysteine
mutants: Vt901R1/957R1 with spin labels at distant helices (H1 and H3) and
three Vt variants, Vt922R1/957R1 (H2/H3), Vt901R1/1033R1 (H1/H5) and
Vt984R1/1033R1 (H4/H5) to analyze distances between neighboring helices.
Low temperature cw-EPR and DEER spectra were recorded as described in
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4.1.2.3 and 4.1.3.1. The crystal structure, where investigated spin label posi-
tions are indicated, and the corresponding cw-EPR low temperature spectra (T

= 160K) are shown in 5.5.

. a) b)
z|  VI90IRIASTRI 2 Vi922R 1/957R
3 A J\ 3 984 (H4)
1 M| i| 590
F;_iu 35 a0 345 380 B B0 30 340 350

B/mT B /mT

VI984R1/1033R1 Vi901R1/1033R1

5
5| E / \
o =
e e
& E| |
320 330 300 350 320 330 340 350
B/mT B/ mT

Figure 5.5: a): Low temperature cw-EPR spectra of the four investigated doubly
labeled Vt variants. b): Schematic representation of the labeled positions (balls) in
the Vt crystal structure. Residue numbers and numbers of corresponding helices are
indicated. The measured distances are highlighted by dashed lines.

The spectra of Vt922R1/957R1 (H2/H3), Vt901R1/1033R1 (H1/H5) and Vt-
984R1/1033R1 (H4/H5) display a significant broadening 2, indicating close
proximity between the respective spin labeled side chains. In contrast, no dipo-
lar broadening is observed for Vt901R1/957R1 (H1/H3), revealing an inter spin
distance larger than 2 nm, which is not detectable using cw-EPR. The spec-
tra analysis of the cw-EPR spectra in terms of distance distributions was done
using the two different programs Dipfit and Short Distances (see 3.3.3.3). The
fitting using Dipfit leads in case of Vt922R1/957R1 (H2/H3), Vt901R1/1033R1
(H1/H5) and Vt984R1/1033R1 (H4/H5) to unsatisfactory results. The exper-
imentally obtained spectral shape could not be reflected by the spectra simu-
lated by Dipfit. A possible reason might be that in the algorithm implemented
in Dipfit a single Gaussian shaped distance distribution is assumed. Further-
more, Heisenberg spin exchange becomes relevant for interspin distances below
0.8 nm [63]. This fact might also affect the spectral shape, but is not consid-
ered in Dipfit. Thus, in the cases of Vt922R1/957R1, Vt901R1/1033R1 and
Vt984R1/1033R1 the results obtained by Dipfit were discarded and are not
shown. In contrast, the results obtained with the program Short Distances
using Tikhonov regularization are more reasonable. The fitting results and
the obtained distance distributions for Vt922R1/957R1, Vt901R1/1033R1 and

2The narrow central lines arise from ca. 20 % of singly labeled species in each case.
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Vt984R1/1033R1 are shown in figure 5.6. Mean distances and widths of the

resulting distributions are summarized in table 5.1.
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Figure 5.6: Experimentally obtained low temperature cw-EPR spectra (black) of
Vt922R1/957R1 (H2/H3), Vt901R1/1033R1 (H1/H5) and Vt984R1/1033R1 (H4/H5)
are overlaid with the fits calculated with the program Short Distances (red), obtained
by the fitting procedure using Tikhonov regularization. The corresponding distance

distributions are shown below.

In case of Vt901R1/1033R1 the Tikhonov-fit reflects the experimentally ob-
tained spectrum well. The mean distance extracted from the corresponding
distance distribution is 7.2 nm + 0.08 nm (HWHM). Additionally, a small con-
tribution around 1 nm is present in the distribution. The simulated spectrum
of Vt984R1/1033R1 reveals small deviations in the region of the low field max-
imum. The mean distance, extracted from the calculated distance distribution
(0.74 nm £ 0.07 nm) is similar to the result obtained for Vt922R1/957R1 (0.76
nm + 0.08 nm).

The intensity of the first minimum of the experimental spectra (low field mini-
mum) differs in all cases from each other, whereas the obtained mean distances
are comparable. In case of Vt901R1/1033R1 and Vt984R1/1033R1 these par-
ticular different intensities are even reflected by the simulations. Interestingly,
this affects the obtained mean distances insignificantly and results only in mi-
nor deviations of the distribution shapes. However, in case of Vt922R1/967R1
the highest deviations between simulation and experiment is achieved. Spectral
regions, where the low field minimum intensity reaches values below zero, can
not be reflected by the simulations, leading to further deviations at the wings.
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The shapes of the individual parts of the low field maximum, the central line
region and the high field minimum, separately, are however well reflected by
the simulations.

A possible explanation for the deviations between simulations and experimen-
tal data might be the fact that in the here discussed distance range the point-
dipole approximation (a reasonable approximation in the distance range 1 - 2
nm, allowing the Pake pattern calculation as described in 3.2.6), might not be
valid anymore. Furthermore, since the fitting procedure (convolution with Pake
patterns) is based on an isotropic distribution of R1 orientations, deviations be-
tween simulation and experimental data may arise from present correlations of
the relative orientations of the nitroxides. Mobility measurements and RLA,
indicating motionally restricted and thus orientationally correlated spin label
pairs, support this assumption.

Additionally, in the here discussed distance range Heisenberg spin exchange be-
comes relevant, and the disregard of this interaction in the here applied analysis
may account for further deviations. Moreover, Heisenberg exchange coupling
depends, besides the interspin distance, on the mutual R1 orientation as well.
This is obvious, since the respective strength of the coupling depends on the
extent of the electron orbital overlap. Considering the case of a fixed distance
in which the R1 z-axis of both spin label are parallel to each other, the orbital
overlap would be of more extent as compared to the case, where their x-axes are
parallel to each other (here it should be referred to figure 3.2). This means, the
mutual spin label orientation in case of Vt901R1/1033R1, Vt922R1/957R1 and
Vt984R1/1033R1, respectively, might differ, whereas the nitroxide distances are
similar. The influence of the R1 orientation on the spectral shape in case of
a present Heisenberg exchange interaction is (to the authors knowledge) still
unknown, thus no exact predictions in terms of spin label orientations can be
made at this point.

However, the fact that the deviations are small in each case, and the overall
broadening of the EPR spectra is well reflected in the simulations, leads to the
assumption that the obtained mean distances are reasonable and a more precise
analysis by a consideration of Heisenberg spin exchange is assumed to change
the results insignificantly.

The short distances determined for Vt922R1/957R1, Vt901R1/1033R1 and
Vt984R1/1033R1 indicate that the spin labeled positions are located in close
vicinity. In comparison to the C, — C\, distances extracted from the Vt crys-
tal structure, the results imply that the inter helical distances between H1-
H5, H2-H3 and H4-H4 of Vt in aqueous solution agree with the helical align-
ment revealed by x-ray crystallography (see table 5.1). The deviations between
inter spin and C, — C, distances are smaller than expected, considering an

85



5 Results and Discussion

Cy-nitroxide distance of approximately 0.65 nm ® and the structural diver-
sity of R1 chains. Since in the case of Vt922R1/957R1, Vt901R1/1033R1 and
Vt984R1/1033R1 the R1 side chains are attached to neighboring helices, this
leads to the conclusion that the vector connecting C,, and the nitroxide center
of the two attached R1 side chains, in each particular investigated case, have
similar orientations (aligned in parallel) with respect to the respective helix
long axis. This result is supported by the RLA results (see figure 5.4). The
nitroxide distance distributions resulting from the RLA will be discussed in the
next paragraph.

Mean distances obtained from ShortDistances [nm)]

sample Vt901R1/1033R1 | Vt922R1/957TR1 | Vt984R1/1033R1

EPR 0.72 £0.08 0.76 = 0.08 0.74 £0.07
C,—C, 1.08 0.58 0.69
Table 5.1: Mean distances extracted from the distance distributions for

Vt901R1/1033R1, Vt957R1/957R1 and Vt984R1/1033R1 obtained from Short Dis-
tances using Tikhonov regularization. For comparison the C,, — C,, distances extracted
from the Vt crystal structure are given.

As mentioned above, in case of Vt901R1/957R1 no dipolar broadening was
observed in cw-EPR measurements, indicating a distance larger than 2 nm.
The dipolar evolution function obtained by DEER spectroscopy overlaid with
the fits obtained by DEERAnalysis is shown in figure 5.7 (left). Within the
time domain of 2200 ns six well resolved modulation maxima are detected.
Fourier transformation into the frequency domain generates the Pake pattern,
shown in figure 5.7 (middle). The distance distribution calculated by Tikhonov
regularization (figure 5.7 (right)) shows a major distance of 2.65 nm + 0.10
nm. Additional low-populated contributions at different distances are visible in
the distribution, which correspond to frequency features in the Pake patterns,
which most probably arise from inter molecular distances due to Vt dimerization
(see chapter 5.1.5). However, the main peak at 2.65 nm is dominating and the
additional contributions are small. The HWHM of the main distance peak
of 0.1 nm reflects a strong restriction of the reorientation of both of the spin
label side chains. The inter spin distance is larger than the C, — C,, distance
(1.7 nm in this case). Considering the R1 chain length of around 0.65 nm the
experimentally obtained distance of 2.65 nm is in the range between 1.7 nm

3An analysis of all 98 rotamer structures of the library used in this work reveals a range of
0.5 nm - 0.8 nm for the nitroxide-C,, distance.
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and the maximal reachable distance of 1.7+ 2-0.65 nm = 3.0 nm, being in line
with the crystal structure.

1,007 OOTRIASTR VI901R1/957R1 V1901R1/957R1
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Figure 5.7: Results of DEER distance measurements on Vt901R1/957R1 (H1/H3).
Left: Dipolar evolution function (black line) overlaid with the fit obtained by DEER-
Analysis (gray line). Center: The Pake pattern obtained by Fourier transformation of
the dipolar evolution function and the corresponding fit (gray line). Right: Distance
distribution calculated by DEERAnalysis using Tikhonov regularization, revealing a
mean distance of 2.65 nm with a HWHM of 0.10 nm.

5.1.4.2 RLA and MD distance distributions

Theoretical distance distributions based on the Vt crystal structure for the
investigated double mutants were calculated by RLA and MD simulations as
described in 4.2.2 and 4.2.1. The resulting distance distributions will be com-
pared to the outcome of EPR experiments and discussed in the following.

The RLA yields only one significantly populated spin label rotamer for posi-
tions 1033 and 922, whereas up to six different rotamer conformations can be
found for the other mutated positions (see chapter 5.1.3). The distance distri-
butions were calculated considering all possible rotamer combinations, weighted
according to the product of the respective populations.

In case of very small distances, the investigation of each individual position sep-
arately can lead to rotamer combinations, in which two spin label side chains ex-
hibit steric clashes. Therefore, these rotamer combinations are excluded by the
following procedure. The computations for double mutants Vt901R1/1033R1,
Vt922R1/957R1 and Vt984R1/1033R1, where the close vicinity of the respec-
tive labeled positions can lead to clashes or overlaps between R1 side chains,
were also done using the Vt crystal structure, to which the previously found
(unique) R1 rotamer structures of positions 1033 and 922 were attached. In this
way, atoms of these rotamers are considered in the population calculation and
combinations of clashing rotamers are not anymore considered in the calculated
distance distributions.

87



5 Results and Discussion

-@ 1033 (HS)
A

Vt901R1/1033R1

-. m— RLA
'-\ exp.
1M N\ R, RN, il . AN
0.0 0.5 1.0 1.5 2.0 2.5 3.0
901 (H1)
Vt901R1/957R 1
: m— RLA
3l exp.
wis~ MD _
957(H3) 00 05 10 15 20 25 30
o84 iy (D Vt984R1/1033R1
\ r = RLA
&?*’H exp.
R i~ MD
1033 (HS)
0.0 1.5 2.0 2.5 3.0
957 (H3) Vt922R1/957R1
/"i- m— RLA
s | exp.
%: J i« MD
{ “£ 927 (H? :
R22(HD 0 1.5 2.0 25 3.0

r/nm

Figure 5.8: Distance distributions for Vt901/957R1 (H1/H3), Vt984/1033R1
(H4/H5), Vt922/957R1 (H2/H3), Vt901/1033R1 (H1/H5) obtained by EPR-
spectroscopy (gray lines), Rotamer Library Approach (dotted lines) and MD-
simulations (noisy traces) are shown. Populated rotamers of the respective positions
used for distance distribution calculations are shown attached to the Vt crystal struc-
ture. By attaching the previously obtained unique rotamers of position 922 and 1033
at the crystal structure for the analysis, the number of populated rotamers in case of
Vt984/1033R1 is reduced from six to three. This indicates that three of the previously
obtained rotamers at position 984 reveal clashes with the only obtained R1 attached
to position 1033. Only the displayed rotamers were considered in the distribution
calculation.

In the presence of the R1 rotamer at position 1033 in the structure file, for
residue 984 (H4) the number of populated rotamers is reduced from six to
three, indicating that the R1 side chain bound at position 1033 (H5) restricts
the spatial freedom of R1 bound at position 984 (H4). For Vt901R1 (H1) three
significantly populated rotamers were found in absence and presence of R1 at
position 1033 (H5). The number of populated rotamers (two) for Vt957R1 (H3)
does also not change in dependence of presence of the R1 rotamer 922 (H2) in
the crystal structure file of Vt. This indicates that the motional and spatial
freedom of R1 at positions 957 (H3) and 901 (H1) are not influenced by a R1
side chain at position 922 (H2) or 1033 (H5), respectively.

The rotamers exhibiting the highest population (> 0.1 %) are shown in figure
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5.8 (left panel). The calculated distance distributions for the double mutants
under investigation are shown in figure 5.8 together with the experimental EPR
data and the results from the MD simulations. Mean distances and distributions

widths are summarized in table 5.2.

Mean distances obtained from RLA and MD simulation
residues EPR RLA MD
901/1033 || 0.76 £ 0.08 | 1.00(1.15) + 0.05 1.27+0.11
901/957 || 2.65 £ 0.10 2.80 £0.05 2.73 £0.08
984/1033 || 0.74 £ 0.07 0.70 £ 0.05 0.73(0.9) £ 0.05
922/957 || 0.76 £ 0.08 0.90 £+ 0.05 0.95+0.11

Table 5.2: Mean distances and distribution widths extracted from the distance dis-
tributions obtained from RLA and MD simulations. For comparison the experimental
EPR results are shown in the left column.

The experimentally obtained distance of 2.65 nm for Vt901R1/957R1 is in line
with the computational results taking experimental errors into account. For
Vt922R1/957R1 and Vt984R1/1033R1 the distributions determined by MD
simulation and RLA show mean distances < 1 nm. In this distance regime
Heisenberg exchange coupling might contribute to the EPR spectra shape, what
is assumed to be a reason for the deviations of low temperature cw-EPR spectra
and the corresponding simulations of the two double mutants.

The obtained distance distribution for mutant Vt901R1/1033R1 (H1/H5) yields
the highest distribution width, indicating a higher motional flexibility of 901
and 1033 compared to the other cases, where the smaller distance distribu-
tions widths reflect restricted flexibilities of the attached spin label side chains.
Furthermore, this mutant reveals small deviations in the distance distributions
obtained by MD and RLA. The center of the distance distribution obtained by
MD is located at 1.27 nm, RLA exhibits 1.1 nm. Moreover, the RLA shows
two distinct components, corresponding to two different rotamer structures,
whereas the MD simulation yields a single Gaussian shaped distribution. How-
ever, the distance range obtained by RLA is covered by the MD simulations,
indicating that the MD simulation samples more R1 orientations compared to
RLA. During MD simulations and RLA calculations the protein backbone atoms
were fixed. Therefore, the deviations between RLA and MD results in case of
Vt901/1033R1 (H1/H5) could be explained by the fact that in MD simulations
protein side chains are able to reorient due to interactions with other residues
or R1 side chains. In contrast, all protein atoms were fixed in the RLA, leading
to a smaller accessible space for R1 compared to the MD simulation results.
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The distributions obtained by MD simulations show even larger distances than
the RLA results, indicating that the distances between MTSSL on helix H1 and
H5 are larger than 1 nm in the Vt crystal structure. In contrast, EPR mea-
surements on Vt901R1/1033R1 (H1/H5) reveal a mean distance of 0.76 nm,
indicating that the helical arrangement of helix one and five of Vt in solution
differs from the crystal structure. One possible explanation of the results could
be the fact that helix one and five of Vt in an aqueous solution are able to
converge, whereupon the spin label side chains at positions 901 (H1) and 1033
(H5) might come slightly closer to each other.

For Vt984R1/1033R1 (H4/H5) two distinct populations centered at 0.73 and
0.90 nm were found by MD simulations, indicating that at least for one of the
R1 two dominating conformations exist, whereby the most dominant confor-
mation results in a mean distance of 0.73 nm. In fact, the MD trajectories
suggest two distinct orientation ranges for position 1033 (data not shown), but
no indication for two conformational components is apparent in the distance
distribution of Vt901R1/1033R1, indicating that the presence of 984R1 affects
1033R1 in a way that mainly two different conformations in case of 1033R1 are
preferred. However, the second component is not visible in the distance distri-
bution obtained by RLA. Also here, the possible side chain movement in case
of MD could explain this result. The more dominant peak of the MD distance
distribution is well reproduced by RLA and the experimentally obtained dis-
tances for the mutant Vt984R1/1033R1 (H4/H5) are in very good agreement
with the computational results, indicating that in the experimental case the
helical arrangement between H4 and Hb5 is similar to the Vt crystal structure
case. This means that mainly helix H1 is involved in the above mentioned
structural rearrangement of Vt in solution. The helix movement is assumed to
be a combination of both, a slightly rotation of helix H1 and a small shift in the
direction of helix H5, enabling the convergence of R1 side chain attached to po-
sition 901 to 1033. However, since Heisenberg exchange interaction is neglected
in the analysis the interpretation in terms of the proposed small conformational
change should be treated with caution.

Furthermore, the computational results of mutants Vt922R1/957R1 (H2/H3)
(MD: 0.95 nm; RLA: 0.9 nm) and Vt901R1/957R1 (H1/H3) (MD: 2.73 nm;
RLA: 2.8 nm) are in very good agreement. In case of Vt901R1/957R1, the de-
viation of the experimentally obtained distances of around 0.1 nm could also be
an indication for a small reorientation of corresponding helices of Vt in solution,
but the effect is assumed to be insignificant small, as the observed deviation is
in the range of the experimental error.

In summary, the experimentally determined inter helical distances between H1-
H3, H1-H5, H5-H4 and H2-H3 are in line with the crystal structure. Further-
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more, assuming an antiparallel five-helical bundle (as predicted by the crystal
structure), meaning that all helices are parallel aligned to each other and one
helix is connected to its neighboring helices on opposite sites, the individual
distances in the investigated two-helical bundle parts depending strongly on
each other. Consequently, a small conformational change of Vt in solution with
respect to the crystal structure involving even only one helix would effect sev-
eral inter helical distances of the here chosen combinations, which could not be
observed here. Taken together, the results provided by EPR distance measure-
ments for the here investigated doubly labeled Vt variants indicate that the
complete five helical bundle arrangement proposed by the crystal structure of

Vt is preserved in an aqueous environment.

5.1.5 Distance measurements on Vt single mutants reveal
dimerization

In crystals Vt was found to be a dimer [7]) leading to the question, if this is
an artificial result arising from the crystallization conditions (high protein con-
centrations, low pH etc.) or if the dimerization also occurs under physiological
conditions. This question could be answered by previous NMR spectroscopy
results [55], which reveal a dissociation constant of K, ~ 300uM under similar
conditions as applied in this work, leading to a Vt dimer fraction of approxi-
mately 10 %. This percentage of Vt dimers is minor, but is likely to be crucial
for the F-Actin bundling function of Vt. Knowledge about the mechanism of
the self association could support investigations of Vt dimerization, which is
observed for Vt in the presence of F-actin.

Here, the dimerization of Vt in an aqueous solution is investigated by DEER
distance measurements on singly labeled molecules . The results obtained
for helix attached sites (positions 901 (H1), 922 (H2), 950 (H3), 957 (H3), 984
(H4) and 1033 (H5)) are used to propose a model for the conformation of the Vit
dimer, regarding the relative orientations of two Vt molecules and their inter-
actions surfaces. The labeling positions chosen are evenly distributed over the
a-helical core of the protein, leaving out loop regions and the N- and C-terminal
ends. DEER and computational results for the Vt alignment are discussed in
the following chapters.

5.1.5.1 DEER measurements on Vt single mutants

DEER measurements were performed as described above. The DEER dipo-
lar evolution functions are shown in figure 5.9 (left panel) together with the

resulting distance distributions (right panel).

4 Cw-EPR distance measurements were carried out in addition revealing no indication for a
dipolar interaction (distances below 2 nm) in each case.
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Figure 5.9: DEER spectroscopy results of Vt single mutants. Left: Dipolar evolution
functions are shown as black lines and the corresponding fits calculated with DEER-
Analysis are indicated as gray lines. Right: Resulting DEER distance distribution
obtained from DEERAnalysis.
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Dipolar oscillation could not be observed in case of Vt1062R1 (data not shown),
indicating that either the modulation frequency is too low to be traced within
the applied dipolar evolution time (1200 us), corresponding to distances larger
than 4 nm or the absence of dimerization. The latter would be an indication
for the fact that the mutation of position 1062 effects the dimerization behavior
of Vt and thus, it plays an important role for the dimerization.

However, except for Vt1062R1, in each case dipolar modulations are observed
in the DEER time traces, indicating a dipolar interaction caused by Vt dimer-
ization. The particular modulation depths vary between < 0.1 and 0.2. This
corresponds to a number of interacting spins of ca. 1.1 - 1.3 (determined using
DEERAnalysis), which reflects the percentage of dimers in the sample (10% -
30%). A reason for the variation of the modulation depth among different sam-
ples might be that some mutations affect the grade of the self dissociation, and
thus the percentage of dimers within the sample. Slight variations in protein
concentration in different experiments might also contribute to this fact. How-
ever, in each case the Vt dimer fraction is < 30 %, indicating small fractions
of dimers present in the sample, which are comparable to the above mentioned
results obtained by NMR spectroscopy.

Mean distances of Vt single mutants (helix attached sites)

Vt901R1 | Vt922R1 | VI950R1 | Vt95TR1 | Vt984R1 | Vt1033R1
23+£03 | 48+02 | 43+02 | 48+02 | 23+£04 | 2.0£0.2

Table 5.3: Mean distances and HWHM extracted from the DEER distance distribu-
tions obtained for Vt single mutants.

Vt1067R1 reveals a very broad distance distribution covering the range be-
tween 2 nm and 4 nm. Due to the used dipolar evolution time in this case,
distances above 4 nm are not detectable, but might be present. The contri-
butions below 2 nm present in the distribution arise most likely from noisy
parts in the beginning of the DEER trace. However, the distribution width
reflects a high mobility of the R1 attached to Vt1067R1, and is in line with
the mobility measurements. In contrast, the resulting distance distributions of
the helix attached sites (Vt901R1-Vt1033R1) reveal well defined dominating
distances. Mean distances and corresponding HWHH are summarized in table
5.3. Additional small contributions occur most likely as consequence of the low
signal to noise ratio, especially in case of Vt922R1 (H2), Vt950R1 (H3) and
Vt1033R1 (H5). The same applies for the contribution below 2 nm in case of
Vt901R1 (H3). The contribution above 3 nm is not reliable, since the dipolar
applied evolution time is too short to judge distances above 3 nm. Uncertain-
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ties concerning the distance determination might also be taken into account for
Vt922R1 and Vt957R1, where the applied dipolar evolution time allows reliable
distance quantification up to approximately 5.0 nm. Thus the distances in the
cases Vt922R1 and Vt957R1 might be slightly larger than those obtained by
Tikhonov regularization.

The distances of Vt901R1, Vt984R1 and Vt1033R1 are considerable smaller
compared to Vt922R1, Vt950R1 and Vt957R1, indicating that helix one, four
and five might be involved in, or close to the dimerization interface. This fact
was investigated in more detail by the computational analysis of the here ob-
tained DEER results in terms of the Vt dimer configuration, as described in
the following chapter.

5.1.5.2 Determination of the molecular alignment within the Vt dimer

NMR studies [55] as well as DEER measurements on singly labeled Vt per-
formed in this study provide evidence for the presence of dimeric Vt in aqueous
solution even in the absence of interaction partners. Here, the DEER data of
the helix bound R1 side chains exhibiting well defined mean distances are used
in order to answer questions concerning the dimerization interface and the rela-
tive alignment of two Vt molecules. For the orientation determination between
two Vt molecules forming the dimer, the self written Matlab script OrientSol
(explained in 4.2.3) was used. Since the above discussed results for Vt reveal
its structure to be largely in accordance with the structure obtained by X-ray
crystallography, the computational analysis was performed using the Vt crystal
structure file. To this structure, the R1 side chains, exhibiting the structural
conformations of the highest populated rotamers (obtained by RLA), were at-
tached to positions 901, 922, 950, 957, 984 and 1033, respectively.

The experimental mean distances and distance widths were obtained from
DEER experiments on Vt901R1 (H1), Vt922R1 (H2), Vt950R1 (H3), Vt957R1
(H3), Vt984R1 (H4) and Vt1033R1 (H5) (see chapter 5.1.5). All calculations
were also done by omitting the N- and C-terminal domain atoms for the clash
determination, since a rearrangement of the strap and the C-terminus after
Vt dimerization can not be excluded. The thereby obtained results show in-
significant differences compared to the case discussed in the following, where
all protein atoms were considered.

Using the orientational grids as defined in 4.2.3, the calculations lead to ap-
proximately 1000 clash-free solutions. The quality of the agreement with the
DEER data for each of these 1000 structures was judged by the parameter s
(see 4.2.3). All structures were analyzed by plotting the Euler angles a, § and ~
versus the corresponding s¢¢ for each solution in order to find adequate values
for the Euler angles, reflecting the most probable relative orientation of two Vt
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molecules (figure 5.10). In each case, the plot reveals two characteristic regions.
The regions between s;,; = —14 (best agreement) and s;,; = —9 show minor
variances of the respective Euler angles. In contrast, in the region sy > —9
the values for a, 3 and v begin to disperse. This was expected, considering the
fact that the more an Euler angle value differs from the best solution (smaller

Stot) the worse is the agreement with the experimental data (larger syot).

The appearance histograms in the left panel of figure 5.10 reveal the most fre-
quent occurring values for each Euler angle considered. In each case a dominant
peak is visible corresponding to a certain value for «, 3 or -, respectively.

At this point it has to be mentioned that no orientational correlation between
the peaks with similar intensities of the particular histograms have to exist.
That means for example that the best obtained solution does not necessarily
correspond to the Euler angle combination extracted from the histogram max-
ima. But here, the centers of the dominant peaks in the histograms coincide
approximately with the maxima, corresponding in each case to the value, around
which the particular Euler angle values in the good agreement region vary. Ad-
ditionally, the variances around each maximum (or center) are small, indicating
that a certain value for o, 3 and +y is preferred and that the desired orientation
does not differ significantly from the orientations determined by the histogram
maxima. However, it is extractable from both plots that a second area within
the bad agreement region emerges, in which some of the solutions accumulate,
indicating a second possible conformation for the two Vt molecules. Also obvi-
ous from figure 5.10 is the fact that the additional, less dominant, peaks in the
histograms arise from those solutions exhibiting the worst agreement with the
DEER data. Samples taken from this area also reveal a structural alignment,
in which the actin binding sites (primarily helix three [33]) are masked by at
least one of the two Vt molecules. Consequently, dimer molecules exhibiting
the conformations extracted from the bad agreement area would not be able to
bind and bundle actin filaments.

Due to these facts, solutions exhibiting s;,; > —9 were not considered, and
the average orientation («, 3, ) was extracted from the histograms centers,
corresponding to the best 20 % of all solutions. This leads to a = 120° + 20°
B =95°£10° and v = 40° £ 10° (figure 5.11 ). As uncertainties the HWHM of
the respective histograms are given.

The same analysis was done with the orientation (¢; and ;) of the translation
vector t and its absolute. The center of mass distance (defined by the absolute
value [t|) between molecule one and two could be determined to 2.8 nm + 0.2
nm as the well defined maximum in the histogram plot shown in figure 5.12
(left) reveals. The plots for ¥; and ¢; show a very defined orientation for 9,
(9 = 150° + 10°), whereas the distribution of ¢; (p; = 325° & 40°) is broader
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Figure 5.10: Euler angles «, 8 and v were plotted versus the corresponding sy, for
each solution in order to find adequate values for the Euler angles reflecting the most
probable relative orientation of two Vt molecules (right). Smaller values for s, reflects
better agreement with the experimental results. Appearance histograms (left) reveal
the most frequent occurring values for the Euler angles and were further used for
determination of the relative Vt alignment.

compared to ;.

Here, it has to be mentioned that in this analysis all spin label molecules were
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Figure 5.11: Appearance histograms resulting from a consideration of the best fitting
20 % of all solutions. Determined mean values are o = 120° + 20° 3 = 95° 4+ 10° and
v =40° + 10°. The HWHM of the respective histograms are given as uncertainties.
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Figure 5.12: Appearance histograms for 9;, ¢, and the absolute of the translation
vector t are presented. The exctracted mean values are ¥; = 150°+10°, p; = 325°+40°
and abs(t)=2.8 nm £ 0.2 nm.

treated as fixed with respect to the protein structure. In reality, the spin labels
perform a re-orientational motion. The width of the DEER distance distribu-
tions arise on the one hand from orientational distributions between the two
molecules, but also from the mentioned R1 motion. Here, by the use of the
DEER data, the distribution widths are translated into pure protein orienta-
tional distributions and the R1 side chain movement is neglected. Thus, the
here determined orientational distributions for the Euler angles and for the
translation vector are assumed to be smaller than indicated here.

The fact that the (; uncertainty is larger compared to 9¥; could be explained
with the anisotropy of the spin label side chain motion. All R1 side chains are
attached to helical domains and at each position the nitroxide groups are lo-
cated between two helices (see chapter 5.1.4.2). The R1 motion along the helix
or protein long axis, respectively, is favored compared to a motion perpendicu-
lar to that, because the freedom of movement into this direction is restricted by
two helices. Hence, this analysis would reveal a larger orientation distribution
along the protein long axis. This might be reflected by the larger distribution of
¢¢. In order to confirm this assumption, two extreme cases (@p;= 280° and 360°
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with similar values for «,3 and ) were chosen for comparison. It is obvious
from figure 5.13 that the shift caused by ¢; is approximately into the direction
of the long axis of molecule two, corresponding to the main direction of motion
of all attached spin labels. In this case, ¥ is 150° and the difference in ¢ of
both examples 80°. Hence, the angle ¢ between the respective translation vec-
tors can be calculated to ¢ = 80° - sin(v;) = 80° - sin(150°) = 40°, which is also
assessable from figure 5.13. This indicates that the obtained large uncertainty
of the value ¢, is most likely governed by the R1 chain motion, which is not
considered in this analysis.

main direction
of R1 chain motion

molecule 1

Figure 5.13: Two extreme cases exhibiting the values ¢;= 280° and 360°, respectively,
with comparable values for «,3 and « are shown for comparison. A shift of Ay, = 80°
results predominantly in a shift into the direction of the Vt long axis, which coincides
with the main direction of R1 motion indicating that the large uncertainty determined
for ¢, is most likely governed by the not considered R1 chain motion.

However, all parameters determining the relative orientation between the two
Vt molecules are well defined. A solution exhibiting the average values obtained
could be found within the best fitting 2.5% of all solutions. This average struc-
ture represents the most probable alignment of two Vt molecules and is shown in
figure 5.14). It reveals a cross-like upside-down alignment of the two molecules.
Two regions can be identified, where the two Vt molecules come very close
together, indicating that these regions constitute the contact interface (figure
5.14, front view).

More precisely, one Vt molecule (here: molecule one) reveals primarily helix
five to be involved in the main interaction surface together with parts of helix
H1 (second half) and a small part of helix four. Additionally, a small fraction of
the middle C-terminal end is assumed to be part of the dimerization interface.
The second smaller interface region of this molecule can be assigned to the
N-terminal end of helix five (figure 5.15 a) and c¢)). For the second binding
partner (molecule two) the main contact region can be specified as parts of the
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ribbon representation  ribbon and side chains molecular surface

Figure 5.14: The resulting molecular model is shown from different perspectives.
Vt molecules one (blue) and two (green) exhibit a cross-like upside down alignment.
Left: ribbon representation, middle: ribbon and side chains are shown, right: surface
representation.

N-terminal strap, which is adjacent to helix H1 and a major part of helix H1.
The end parts of the C-terminal end and likely of the N-terminal strap define
the counter part of the second smaller contact region (see figure 5.15 a) and

b)).
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Figure 5.15: Detailed view on the Vt dimer model. a): Zoom in the two different
assumed dimerization sites. Helix numbers, N- and C-termini are indicated. b): View
on the dimerization region of molecule two (green). Left: Vt dimer model. Middle:
Assumed dimerization surfaces are shown as black dotted circles. Right: Positively
charged surface areas are highlighted in blue, negative charges in red. The assumed
surfaces involved in the dimerization are circled with dotted white lines. ¢): View on
the dimerization region of molecule one (blue). Left: Vt dimer model. Middle: Two
different dimerization surface areas (black dotted circles). Right: Positively charged
surface areas are highlighted in blue, negative charges in red. The assumed dimerization
surfaces are shown as white dotted circles.

A surface charge analysis of the proposed contact regions in the Vt dimer show
that the respective counter parts reveal predominantly contrary charges (fig-
ure 5.15 b) and c), right panel). The large region of molecule one (5.15 c))
reveals positive charges located in the helix one/five regions and a small re-
gion with negative charges situated at helix H4 and at the C-terminal end.
The corresponding counter part of molecule two (5.15 b)) (helix H1), which
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5.1 Vinculin Tail structure in aqueous buffer solution

is supposed to bind to the negatively charged part of helix H4 of the other
molecule, is positively charged. Additionally, the negatively charged regions of
the molecule two strap are assumed to bind to the positively charged region
composed of the respective parts of helices H1 and H5 of its binding partner.
Furthermore, the small binding interface domain of molecule one is completely
negatively charged, whereas the corresponding part of molecule two exhibits
primarily positive charges. The opposing charges of the interface regions lead
to the assumption that the binding might be supported or even regulated by
the molecular surface charges, i. e. being primarily of electrostatic nature.

As an additional evaluation of the computational results, a rotamer analysis was
carried out on the obtained dimer model. The resulting distance distributions
are shown in figure 5.16, overlaid with the experimental DEER data.

Vt950R1 Vt984R1

P(r)
Vt922R1 Vt957R1 Vt1033R1

P(r)

2 3 4 3 5 3.4 8 7 3. & 5
r/nm r/nm r/nm

Figure 5.16: Comparison of the DEER distance distributions (black lines) with the
outcome of the RLA (blue lines) carried out on the Vt dimer model structure.

In each case, the mean distances of the distributions calculated from RLA are
in good agreement with the experimental results, even under consideration of a
tolerance value (experimentally obtained distributions width) for the distance
agreement used in the calculations for the Vt alignment determination. In
case of Vt984R1 even the width of the experimentally obtained distribution
is reflected by the RLA result. The largest deviations are obtained for posi-
tions 901 and 957. However, for position 901 a less dominating contribution of
the distribution obtained by RLA coincides with the mean distance obtained
by DEER experiments. The low populated rotamer conformation leading to
this contribution might be more dominant in the experiment (as already pro-
posed for Vt901R1 in 5.1.4.2), since rearrangements of neighboring protein side
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chains, influencing the rotamer populations, are not considered in RLA. This is
most likely also the reason for the fact that the RLA distributions are in each
case narrower as compared to the experimental results. The flexibility of the
protein side chains lead to a larger conformational space of the spin label side
chain, which in turn increases the distance distribution width. Additionally, a
small distribution of the orientational arrangement between two Vt molecules
building up the dimer, as well as the flexibility of the whole protein structure
contribute to the widths of the experimentally obtained distance distributions.
However, all deviations are minor, consolidating the fact that the dimer struc-
ture of Vt in aqueous solution is well represented by the here presented model.
In summary, the surface charge analysis and the RLA results support the above
made specification for the binding domains. The assumption of the preservation
of the crystal structure of Vt in an aqueous solution is also confirmed, since the
here made analysis was performed on the Vt crystal structure.

It has to be mentioned that the crystal structure of Vt was solved as a dimer
with helix H1 distal from the site of dimerization. In that case helix four and
five of both molecules are located within the interaction surface. Thus, the here
obtained structural model contradicts these findings. It is possible that under
the conditions used for crystallization (e.g. pH=5.0, see [7]) the mode of dimer
formation differs from that under more physiological conditions.

Previous NMR results reveal parts of helix five and helix four to be solely in-
volved in the dimerization sites leading to the assumption that the interaction
site is similar to that observed for the Vt dimer crystal structure [55]. That
parts of helix H5 and H4 belong to the dimerization interface is in agreement
with the results found in this work. Unfortunately, signals from residues 904-
914 (helix one) were not detectable in the mentioned NMR study, which are
here assumed to be important parts of the dimerisation interface of one binding
partner. Without this information, the dimerization sites found in the NMR
study have necessarily to be assigned to both molecules leading to the similarity
to the crystal structure. However, here it could be concluded that the in the
NMR study found dimerization sites apply only for one of the molecules.
Furthermore, the involvement of helix H1 and the N-terminal strap in the dimer-
ization interface proposed in this work is supported by another fact, which is
visible from the full length vinculin crystal structure. Vt in its inactivated state
is grabbed by the head domain. The strap and parts of helix H1 are not masked
by the head domain, so the dimerization binding sites of at least one Vt molecule
are accessible. Thus, the results obtained here could give also new insights into
the activation pathway of vinculin, considering that another activated vinculin
molecule can bind an inactivated Vt, which in turn is activated.
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5.2 Structure of Vinculin Tail bound to acidic lipids

Acidic phospholipids, such as PIPy and PS, play an essential role in cell migra-
tion. They regulate the assembly and disassembly of focal adhesions and assist
the linking of the actin-cytoskeleton with the cell membrane [45, 7]. Although
the propositions of the role of acidic lipids are discussed diversely in literature,
and numerous details remain largely unknown, the importance of the interac-
tion of acidic lipids and vinculin for its function in cell migration is beyond
dispute. Structural changes of Vt in presence of acidic lipids were reported
[7, 6], which are accompanied by a dimerization and/or higher oligomerization
of Vt [28]. However, detailed structural models of the Vt conformation bound
to acidic lipids are still unavailable. In order to answer questions concerning
structural changes of Vt in the presence of acidic lipids, various EPR methods
were applied in this work. The results of mobility, polarity, accessibility and
distance determinations of singly and doubly labeled Vt variants allow the con-
struction of a molecular model of Vt bound to PS-lipid membranes. The results
are presented and discussed in the following chapters.

5.2.1 Mobility measurements

Sample preparations and measurement procedures for singly labeled Vt in pres-
ence of PS-lipid vesicles (Vt901R1PS, Vt922R1PS, Vt950R1PS, Vt957R1PS,
Vt984R1PS, Vt1033R1PS, Vt1062R1PS and Vt1067R1PS) are described in
chapter 4. The mobility parameters 1/ <H 2> and 1/AH, are plotted in fig-
ure 5.17 (green) together with the results obtained for Vt in aqueous solution
(black) for direct comparison. The corresponding EPR spectra are shown in
figure 5.17 (right).

A minor fraction of mobile components is present in case of Vt901R1PS, Vt950-
RI1PS, Vt984R1PS and Vt1067R1PS, leading to higher uncertainties in terms
of the determination of the central line width. These spectral features addi-
tionally complicate the second moment calculations especially for Vt901R1PS,
Vt984R1PS and Vt1067R1PS, since in these cases the value of the second mo-
ment has shown to be very sensitive to the considered magnetic field range and
baseline corrections. Thus, the error for the calculations is assumed to be con-
siderably higher compared to the other cases. The inverse line width 1/AH,
in case of Vt901R1PS refers to a loop/surface, loop/contact and also to a he-
lix/surface related site, whereas the value for 1/ (H?) excludes the loop/contact
case. Considering the experimental error, in case of Vt901R1PS, here it can
not be precisely distinguished between loop/surface and helix/surface related
sites. However, assuming a preservation of the secondary structure elements,
Vt901R1PS (H1) can most likely be assigned to a helix attached site exhibiting
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Figure 5.17: Mobility analysis of R1 side chains attached to Vt in presence of PS-lipid
vesicles. Left: Plot of the semi empirical mobility parameters 1/ <H 2> versus 1/AHy.
The topological regions were drawn according to [47] and [13] (see figure 3.7). Results
for Vt in presence of lipids (green) are shown together with the results obtained for Vt
in absence of lipids containing 40 % sucrose (black). Right: Cw-EPR room temperature
spectra of the investigated singly labeled Vt variants in presence of PS-lipids.

no significant tertiary contacts. The same applies for Vt984R1PS. However,
due to the large error the results for Vt901R1PS and Vt984R1PS should not
carry significant weight.

The result obtained for Vt1067R1PS to be a loop attached site is more explicit,
whereas also here, taking the experimental error into account, it can not be
clearly indicated if a R1 attached to this position is surface exposed or exhibit
contact with surrounding atoms. Note, contact related positions might not
only refer to a tertiary contact to protein atoms in this case, but might also
reflect contact with atoms, which are part of the lipid bilayer, either the lipid
head groups or fatty acid chains. Positions, which reveal molecular contacts are
furthermore Vt950R1PS, Vt957R1PS and to a small extent also Vt922R1PS,
Vt1033PS and Vt1062PS. The result for position 1062 located at the C-terminal
end of Vt leads to the assumption that Vt1062R1PS is related to a loop/contact
site. In contrast, R1 side chains of Vt922R1PS and Vt1033R1PS are situated
on helix two and five, respectively, thus, Vt1033R1PS is most likely assigned to
a helix/surface related site, whereas Vt922R1PS can be both, a helix/contact
or helix attached surface exposed site. Vt950R1PS (H3) and Vt957R1PS (H3)
show clear features of surface related positions, whereas position 957 reveals
also the possibility to exhibit molecular contacts. The deviations in these cases
might be traced back to their respective position with respect of helix three.
The mobility of the R1 side chain bound to Vt950R1PS might be higher than
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5.2 Structure of Vinculin Tail bound to acidic lipids

compared to Vt957R1PS, because the R1 is attached close to the end of helix
three, where a higher mobility of the helix (backbone) is assumed as compared
to residue 957, which is situated in the middle of helix three.

Compared to the result in absence of PS-lipids the helical end located Vt950R 1
(H3) reveal insignificant changes. Similarly, the mobilization of R1 at position
922 (H2) in presence of lipids is small. However, several positions show consid-
erable changes in presence of lipids. Vt957R1 (H3) becomes clearly more mobile
in the presence of PS-lipids, indicating that the previously observed strong ter-
tiary contact is reduced or even not present in case of Vt957R1PS. An increase
of mobility is also observed for R1 at position 984 (H4), in presence of lipids,
clearly indicating that the tertiary contact in presence of PS is largely abolished.
The same applies for Vt901R1PS (H1), which shows an increase especially in
the inverse second moment. Vt1033R1 (H5) in terms of the topology region
plot is shifted towards the center of the area corresponding to helix/surface
related sites after adding lipid vesicles. The increase of 1/AHj indicates that
the interaction between Vt and PS lipid lead to a weakening of tertiary contact
in this case as well. The position of Vt1062R1 and Vt1067R1 are shifted into
the direction of the loop/contact related region, indicating that these position
are also affected by the presence of acidic lipids, thus, an interaction of R1 at
positions 1062 and 1067 with the lipid vesicles.

Taken together, the EPR mobility measurement results indicate a conforma-
tional change in Vt in presence of PS-lipid vesicles, leading to higher spatial
freedom of R1 attached to residues 901 (H1),957 (H3), 984 (H4) and 1033 (H5)
and most likely also 922 (H2). Since all helices are involved, this indicates
that the compact five-helical bundle structure might be particularly or even
completely released, meaning a considerable reorientation or separation of all
helices. One possibility would be an opening of the helix bundle upon binding
of Vt to a lipid vesicle, what was also be proposed in previous works [7, 6]. In
this case, Vt957R1PS (H3), and probably also Vt922R1PS (H2) would exhibit
contact to the phospholipids, whereas other helix attached R1 (901, 950, 984,
1033) might exhibit no or weaker interactions with lipid atoms. Additionally,
the EPR results indicate that positions 1062 and 1067 are affected by the Vt-
lipid interaction. A direct interaction of the C-terminal end of Vt with the
lipids would explain the decrease of mobility.

However, detailed insight into the structural change and questions concerning
the relative locations of helices and R1 side chains with respect to the lipid bi-
layer can not be extracted from the mobility measurements results. In order to
answer these questions polarity, accessibility and distance determinations were
carried out and are discussed in the following chapters.
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5 Results and Discussion

5.2.2 Polarity and accessibility measurements

In order to characterize the relative location and alignment of the Vt attached
R1 side chains with respect to the PS-lipid bilayer, polarity and accessibility
measurements were performed. Accessibility measurements were carried out
to distinguish between residues exposed to the bulk water and those which
penetrate the bilayer. The calculation of the parameter ® from the collision
frequencies of the paramagnetic reagents (NiEDDA, Os) with nitroxide spin
labels provide information about the immersion depth. The results should
be affirmed by polarity measurements. Since the parameters ® and A,, for
different immersion depths may depend on the lipid types used, measurements
on spin labeled stearic acids, incorporated into the lipid bilayer, were done in
absence of Vt in order to obtain reference values for investigations on Vt. Using
this calibration, the expected values for ® and A, for a certain immersion depth
of R1 attached to Vt can be indicated.

5.2.2.1 System calibration

Accessibility and polarity measurement procedures, data analysis and prepara-
tions of PS-lipid vesicle solutions containing ca. 1% 5- or 16-doxyl-stearic acids
(SA5PS and SA16PS) are described in chapter 4. Here, the nitroxide spin label
is bound to the 5th or 16th C-atom of the stearic acid alkyl chain, counted from
the head (carboxyl group). Sketches of the stearic acid and PS-lipid molecular
structures are shown in figure 5.18 a). The distances between the labeled posi-
tions and the head group are approximately 0.5 nm and 1.8 nm for positions 5
and 16 respectively. In case of PS-lipid, the fatty acid chain length is ca. 2 nm,
thus the PS-lipid-bilayer is assumed to exhibit a thickness of ~ 4 nm, disre-
garding headgroups. Consequentliy, after the incorporation of stearic acids into
the bilayer, position SA16 is located close to the middle of the bilayer, whereas
SAS5 is expected to be ca. 0.5 nm apart from the lipid head groups.

sample P A,, /mT
SA5PS 0.6+04 | 3,46 +0.02
SA16PS || 3.94+0.4 | 3.244+0.02

Table 5.4: Table containing the results obtained from accessibility (®)and polarity
(A..) measurements for SA5PS and SA16PS.

The results obtained from accessibility measurements are listed up in table 5.4
and plotted in figure 5.18 b) in order to compare the results with the findings
for the membrane spanning protein bacteriorhodopsin BR. Regarding the BR
example the here obtained results indicate that SA16PS is located close to the
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5.2 Structure of Vinculin Tail bound to acidic lipids

center of the lipid membrane and SA5PS approximately 0.8 nm apart from the
lipid head groups. Considering the experimental error (A® = £0.4) the values
are in reasonable agreement with the above mentioned theoretical values, thus,
for further discussions a direct comparison of the immersion depth ® for spin
labeled Vt in the presence PS-lipids with the BR results is reliable.

b)

Coa Bacteriorhodopsin residue number
103 105 109 113 116117 120 124 127 129

A
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Figure 5.18: a): Molecular structures of a stearic acid (SA) and a PS-lipid. Distances
from the lipid head groups are illustrated as green lines, distance values are indicated.
b): Immersion depth parameter ® and corresponding distances from the lipid head
groups obtained for SA5PS and SA16PS (orange dotted lines) are plotted into the
graph adopted from [30]. The values (black squares) were obtained from measurements
on various BR mutants reconstituted in a lipid bilayer. The black dashed line indicates
the bilayer center. The structure of a stearic acid molecule is shown (top) and the
labeled positions indicated as orange dots.

Furthermore, the determined polarity values for SA5PS and SA16PS (table
5.4) support these findings. An A, value of ca. 3,6 mT is expected for a
completely water accessible R1 side chain. Here, in case of SA5PS, the polarity
is clearly decreased (A, = 3,46 mT) indicating that SA5PS exhibits a reduced
environmental polarity due to its immersion into the apolar region of the lipid
bilayer. The A, value in case of SA16PS is significantly smaller (3,24 mT),
indicating a highly apolar environment. Such a situation is given in the middle
of the bilayer. These values obtained for SA5PS and SA16PS are used as
reference values for further investigations on Vt in the presence of PS-lipids.
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5 Results and Discussion

5.2.2.2 Accessibility measurements

For each position, the value of the immersion depth parameter ® is increased
in presence of PS-lipids (see figure 5.19 and table 5.5). This indicates that
the presence of PS-lipids affects the respective paramagnetic quencher molecule
accessibilities to R1. Vt950R1PS (H3), Vt957R1PS (H3) and Vt1062R1PS
show the highest obtained ® values. A comparison to the calibration measure-
ments using SA5PS, SA16PS and BR (figure 5.18 b)) enables the assignment
of the respective ® values to corresponding immersion depths into the lipid
bilayer. The highest immersion depth obtained (approximately 1 nm) is exhib-
ited by Vt950R1PS (H3). Similar values are determined for Vt957R1PS (H3)
and Vt1062R1PS (® = 0.3 — 0.4), indicating that the corresponding nitroxide
groups are located ca. 0.7 nm apart from the lipid head groups, similar to the

findings for SA5PS (0.8 nm).
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Figure 5.19: a): The immersion depth parameter ® determined by accessibility mea-
surements for Vt and Vt in presence of PS-lipids. b) Comparison to the results of spin
labeled stearic acids incorporated into PS-lipid vesicles (SA5/16PS). The results are
plotted into the graph determined by [30] (orange dotted lines). The range of obtained
® values in case of Vt+PS is indicated (green rectangle).

In general, two possibilities for the alignment of the respective helices with
respect to the lipid bilayer are assumed. Either, the helices span the whole
bilayer (helix long axis parallel to the bilayer surface normal) or the helices lie
on the lipid membrane surface (long axis perpendicular to the surface normal).
The longest helices of Vt are helices H3, H4 and H5 with a length of ca. 4.3 nm.
In the first mentioned case, these helices would penetrate the whole bilayer and
positions 957 and 1033, located on helix centers, would be situated close to the
bilayer center. However, the values obtained for Vt957R1PS and Vt1033R1PS
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5.2 Structure of Vinculin Tail bound to acidic lipids

indicate that the nitroxides are situated closer to the lipid head groups than
to the bilayer center, where ® = 3.9 (SA16PS) is expected. Furthermore the
distance between positions 950 and 957 (two helical turns: ca. 1 nm) would
lead to a larger difference in ® than obtained here, leading to the conclusion
that helix three is associated to the lipid membrane surface. The penetration
depth of around 0.7-1.0 nm (950 and 957) would in this case result from the R1
side chain length of approximately 0.65 nm.

labeled position (Vi) o (Vt+PS)
901 —24+£04| -1.2+04
922 —-234+04| -14+04
950 —-1.84+£04| 09+£04
957 —-1.1+£04 04+04
984 —22404| -09x04
1033 —-19404| -02+04
1062 —-1.9+04 0.3+04
1067 —-1.8404| -02+04

Table 5.5: Table containing the results obtained from accessibility measurements ()
in presence (Vt+PS) and absence (Vt) of PS-lipids.

This conclusion is also in line with mobility measurement results. The higher
mobility observed for Vt950R1PS compared to position 957 could again be ex-
plained by the higher mobility of the helical end. Moreover, the topology regions
in figure 5.17 are determined in terms of tertiary contact with protein atoms.
Here, the contact might be governed by interaction with phospholipid atoms,
which most likely reveal a higher mobility than secondary/tertiary structure
elements of proteins. Especially in the immersion depth range discussed here,
phospholipid fatty acid chains exhibit a considerable depth depending mobility
(the deeper within the membrane the higher the mobility), which also could be
shown by EPR measurements (data not shown, see also [48]).

The results for Vt901R1PS (H1), Vt922R1PS (H2), Vt984R1PS (H4) and
Vt1033R1PS (H5) clearly indicate that these positions are located in close vicin-
ity to the lipid head groups, leading to the assumption that helices H1, H2, H4
and H5 do also not penetrate the membrane, but lie on its surface. The reduced
accessibilities for all investigated positions in the presence of lipids could then
be explained, if the respective helices slightly immerse into lipid head group re-
gion and displace them marginally. Thus, in case of Vt901R1PS, Vt922R1PS,
Vt984R1PS and Vt1033R1PS the spin label side chains would be located close
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to the lipid head groups. Additionally, the slight deviation between the R1
side chain length (0.65 nm) and the penetration depth for Vt950R1PS and
Vt957R1PS (0.7 - 1.0 nm) could be explained by this fact. Taken together, the
® values obtained for each position are similar or smaller than that of SA5PS,
leading to the assumption that a bilayer penetration of the entire helices can be
excluded. An association of all helices to the lipid membrane surface requires
a conformational change within Vt in presence of lipids, since a simultaneous
association of all investigated positions would not be possible if the helical bun-
dle is preserved.

In the helical bundle structure the hydrophobic faces of the amphipatic helices
are oriented towards the protein interior. An acidic lipid induced conforma-
tional change, such as the bundle opening proposed here, could lead to an
alignment of the respective helices, in which the hydrophobic parts interact
with the lipid bilayer surface. Since the polar lipid head groups are hydrophilic,
a slight immersion into the lipid head group region is assumed, which in turn
facilitates the convergence of hydrophobic helix parts to the apolar fatty acid
region of the lipid molecules. This kind of arrangement would also be energeti-
cally more favorable than the case, in which hydrophobic helical parts interact
with either the polar head group region or the bulk water phase.
Furthermore, this conformational change might be triggered by the interaction
of the positively charged basic ladder (H3), the hydrophobic hairpin (C-terminal
residues 1062-1066) and the basic collar (including amino acids 910, 911, 1049,
1060, and 1061, see figure 2.4) with the acidic lipid head groups (predominantly
negatively charged) as already proposed by [7, 6]. Evidence for the hydrophobic
hairpin being involved in this pathway, is given by the clear increase of ® for
Vt1062R1PS and Vt1067R1PS upon addition of lipids. A possible explanation
might be that parts of the C-terminal end of Vt binds to the membrane surface.
This is in agreement with the assumptions made by Bakolitsa et al. [7, 6] that,
beside others, the hydrophobic hairpin mediate the first contact to the lipid

membrane.

5.2.2.3 Polarity measurements

In accordance with the accessibility measurement results, the hyperfine coupling
tensor element A, is decreased upon addition of PS-lipids for each investigated
position (figure 5.20 and table 5.6) by about 0.1 mT, indicating a polarity
change of the respective R1 side chain environment due to the presence of
a lipid membrane. These results support the above discussed possibility of
an association of the particular helices on the membrane surface and a slight
immersion into the lipid head regions.

Compared to the slightly smaller A,, value found for SA5PS the results for

110



5.2 Structure of Vinculin Tail bound to acidic lipids

Vt polarity

e Vit
® Vt+PS-lipids

PRI T A

| ; ; 957
3.55- 9(?! 9252 95}05

Z7
@

A /mT

3,40 e e B m e e e e e S S S !
~ 880 900 920 940 960 980 1000 1020 1040 1060
Vt residue number

Figure 5.20: a): Hyperfine coupling tensor elements A., determined by polarity
measurements for Vt (black) and Vt in presence of PS-lipids (green). The A,, value
obtained for SA5PS is drawn for comparison (orange dotted line).

Vt901R1PS, Vt922R1PS, Vt984R1PS, Vt1033R1PS, Vt1062R1PS, Vt1067R1-
PS are in agreement with accessibility measurement results, namely that these
positions are located in closer vicinity to the lipid head groups than SA5PS.
Since the A,, values for the investigated labeled positions resemble that of
SA5PS, and the expected A,, value for a membrane center located site is close
to 3.22 mT (SA16PS, see above), this supports the proposition that the corre-
sponding helices are associated to the lipid bilayer surface and do not penetrate

the whole bilayer.

Unexpectedly, for position 950, which reveals a comparable or slightly larger
immersion depth than Vt957R1PS, a higher polarity compared to 957 is ob-
served. This could be explained by the fact that the accessibility of the quencher
molecules to Vt950R1PS might be shielded by helical parts situated between
R1 (pointing into the lipid bilayer direction) and the bulk water. This situation
could affect the corresponding ® value, leading to the impression of a slightly
deeper immersion depth than actually present. However, the A,, value in case of
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Vt957R1PS (3.43 mT) is smaller compared to that of SA5SPS (A, = 34.6 mT)
and all other positions, indicating a deeper immersion depth for Vt957R1PS
with respect to SA5PS. This is in agreement with the results found by accessi-
bility measurements, leading to the assumption that R1 at position 957 (H3) is
located deeper within the PS-lipid membrane compared to other investigated
cases, indicating also here that H3 might be associated to the lipid membrane in
a way that residue 957 is pointing into the direction of the lipid bilayer center.
In summary, the polarity measurement results suggest an association of Vt to
the lipid vesicle surface and are in line with the accessibility results.

labeled position || A,, / mT (Vt) | A,. / mT (Vt+PS)
901 3.60 £ 0.02 3.51+£0.02
922 3.60 £ 0.02 3.51 £ 0.02
950 3.61 £0.02 3.5£0.02
957 3.62 £ 0.02 3.43 +£0.02
984 3.59 £0.02 3.49 +£0.02
1033 3.62 £0.02 3.54 £0.02
1062 3.59 £ 0.02 3.49 +£0.02
1067 3.57£0.02 3.53 £0.02

Table 5.6: Table containing the results obtained from polarity measurements (A.)
for Vt in absence (Vt) and presence of PS-lipids (Vt+PS).

5.2.3 Distance determination

In order to trace the assumed acidic lipid induced conformational change within
Vt, distance measurements with doubly labeled Vt constructs were carried out
using cw-EPR and pulsed EPR (DEER) techniques. Additionally, to investi-
gate the proposed dimerization and/or higher oligomerization of Vt distance
measurements were performed on singly labeled Vt in the presence of acidic
lipids.

5.2.3.1 Singly labeled Vt

DEER dipolar evolution functions obtained for singly labeled Vt in presence
of PS are presented in figure 5.23 (left). In each case dipolar modulations are
detected, clearly indicating a dimerization (or higher oligomerization) of Vt in
presence of PS-lipids. The modulations depth are equal or higher compared
to Vt in aqueous solution, indicating that a similar (10% - 30%, see above) or
slightly higher dimer fraction is bound to lipids. The corresponding distance
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distributions are shown in figure 5.23 (right). Contributions below 2 nm are
treated as artifacts, since cw-EPR results show no indication for distances below
2 nm (data not shown). Contributions above 3.0 nm or 3.5 nm, respectively,
are most likely present, but can not be judged in more detail due to the limited
dipolar evolution times. Moreover, these contributions could be artifacts arising
from uncertainties in the background corrections of the DEER spectra, which
in turn also result from the limited evolution times.

The distance distribution for Vt1067R1PS reveals a dominating peak at 2.5
nm, thus, a preferred inter molecular distance might exist in this case. How-
ever, distances covering the whole detectable range are present, indicating on
the one side a high flexibility of Vt1067R1PS and on the other side that the
C-terminal ends of Vt after lipid binding are still eminently disordered. This is
also and even better reflected by the distribution obtained for Vt1062R1PS.
The distribution obtained for Vt901R1PS reveals a dominating contribution at
r = 2.1 nm, and is similar to the value obtained for Vt901R1 in the absence of
lipids (r = 2.3 nm), indicating that the dimerization interface involving helix H1
might be maintained after membrane association. The peak at 3 nm is assigned
to the not reliable distance range, due to the above mentioned reasons.
However, assuming that only Vt dimers contribute to the distance distributions
the dimer structure determined for Vt in solution is not preserved, since most
of the dipolar evolution functions and the resulting distance distributions differ
significantly between the two preparations. This applies especially for the helix
attached sites Vt922R1PS, Vt950R1PS and Vt957R1PS, revealing (in contrast
to the lipid absence case) clear distance contributions in the range between 2
and 3 nm. This clearly refers to a conformational change within Vt. Further-
more, also Vt984R1PS and Vt1033R1PS show broader distance distributions
in the presence of PS-lipids, indicating a conformational change as well.

In case of Vt950R1PS, Vt957R1PS and Vt984R1PS preferred average inter spin
distances might be 2.4 nm, 2.3 nm and 2.2 nm, respectively, whereas the distri-
butions revealed by Vt922R1PS, Vt1033R1PS, Vt1062R1PS and Vt1067R1PS
cover the whole detectable range with similar intensities.

All distance distributions are remarkably broad. This should result from a
higher R1 mobility due to helical rearrangements after lipid surface association
of Vt, in line with mobility measurements. In addition, an orientational distri-
bution of both, the mutual alignment of two dimer forming Vt molecules asso-
ciated to the membrane and mutual helix alignments within a single molecule
with respect to each other, might contribute to the distance distribution widths.
This leads to two possible conclusions. First, the helical bundle is completely
released and the tertiary structure of Vt is abolished, enabling the convergence
of equivalent parts of two Vt molecules to each other in a parallel manner,
leading to distances in the range of 2-3 nm in each case. Or, second, the con-
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Figure 5.21: DEER spectroscopy results of Vt single mutants in presence of PS-lipids.
Left: Dipolar evolution functions are shown as black lines and the corresponding fits
calculated with DEER Analysis are indicated as gray lines. The data is overlaid with the
results obtained for Vt in absence of PS (gray noisy traces). Right: Resulting DEER
distance distributions of Vt in presence of PS (black) overlaid with the distributions
obtained for Vt in absence of PS (gray lines). The gray area represents the range of

not reliable distances due to the short dipolar evolution times used in the experiments
in case of Vt+PS.
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5.2 Structure of Vinculin Tail bound to acidic lipids

formational change of Vt leads to an unmasking of additional putative binding
sites, enabling the formation of higher oligomers, in which equivalent helical
parts of the involved Vt molecules can come closer to each other, but do not
deceed distances of 2.0 nm. It has to be mentioned that in each case indications
for distance contributions larger than 3.5 nm do exist, which could be caused
due to the formation of higher oligomers.

Based on the results presented here, it is not possible to determine the de-
gree of oligomerization, especially to distinguish between Vt dimers or higher
oligomers. However, the data unambiguously indicate the association of at least

two Vt molecules.

5.2.3.2 Doubly labeled Vt

Cw-EPR spectra detected for the investigated doubly labeled Vt mutants ex-
hibit no significant dipolar broadening (figure 5.22).

VIOOIR1/95TRIPS Vi922R1/957RIPS
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EPR absorption (1. derivative) a.u,

EPR absorptic

VI984R1/1033R1PS VIOOIR1/1033R1PS

EPR absorption ( 1. derivative) a.u.

EPR absorption ( 1. derivative) a.u.

: T T T T T
335 340 345 335 340 345
B/mT B/mT

Figure 5.22: Low temperature cuw-EPR spectra of the four investigated doubly labeled
Vt variants in the presence (black) and in the absence (gray) of PS-lipid vesicles are
shown. In the presence of lipids no line broadening due to dipolar interaction could be
observed, indicating inter spin distances above 2 nm.

Compared to Vt901R1/957R1 in absence of acidic lipids (r = 2.65 nm) no con-
formational change can be traced in the presence of lipids using low temperature
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cw-EPR. In contrast, the intense line broadening reflecting very small distances,
present in the low temperature spectra of Vt901R1/1033R1, Vt922R1/957R1
and Vt984R1/1033R1 vanishes in presence of PS-lipids. Thus, in each case
the intra molecular distances increase from below 1 nm to above 2 nm, in-
dicating a considerable acidic lipid induced conformational change within the
Vt structure, in which all helices might be involved. Furthermore, it can be
extracted that the fraction of unbound Vt is insignificant small, since a small
contribution of the spectra obtained for Vt901R1/1033R1, Vt922R1/957R1 and
Vt984R1/1033R1, exhibiting a huge line broadening in absence of lipids, would
considerably effect the overall EPR spectra shape. Moreover, the fraction of
intermediate structural stages of the binding process eventually frozen during
sample preparations is assumed to be small.

In order to gain more detailed informations about the respective distances
DEER measurements were performed on doubly labeled Vt in presence of PS-
lipids.

The results are shown in figure 5.23. Cw-EPR distance measurements have
shown that the intra molecular distances of Vt901R1/957R1PS, Vt901R1/1033-
R1PS, Vt922R1/957R1PS and Vt984R1/1033R1PS are beyond 2 nm (see above),
thus contributions below 2 nm can be attributed to noise close to t = 0 us. For
dimeric doubly labeled molecules also inter molecular distances are in general
detectable. These distances contribute to the signal obtained for doubly labeled
Vt. Thus, the determined distance distributions contain intra molecular as well
as all combinations of inter molecular distances. In order to illustrate where the
inter molecular distances at least between equivalent residues are expected to
be located within the distance distributions, the corresponding results of singly
labeled Vt are overlaid with the results obtained for Vt double mutants (see
figure 5.23 (right)).

In each case broad distance distributions covering a range between 2 nm - 3.5
nm or larger are obtained. In case of Vt922R1/957R1PS (H2/H3) two dominat-
ing contributions at ca. 2 nm and 2.6 nm can be observed. These contributions
are less dominant in the distributions obtained for singly labeled Vt. This
means, considering a Vt dimer that these contributions arise from intra molec-
ular distances or inter molecular distances between R1 combinations, involving
non-equivalent positions of two Vt molecules (e.g. 922R1 of Vt molecule one
and 957R1 of Vt molecule two and vice versa). In the latter case, these com-
binations would contribute with the same magnitude as those from equivalent
combinations, except for the very unlikely case that all distances are equal.
However, even in such a case the intra molecular distances dominate, since not
all molecules in the sample are supposed to oligomerize (10% - 30% of the Vt
molecules, see 5.2.3.1). Moreover, the significant increase in modulation depth
in each case (from =~ 0.2 (single mutants) up to ~ 0.5 (double mutants)), com-
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Figure 5.23: DEER spectroscopy results of Vt double mutants in presence of PS-
lipids. Left: Dipolar evolution functions (black lines) are overlaid with the correspond-
ing fits calculated with DEERAnalysis (gray lines). Right: Resulting DEER distance
distributions of Vt double mutants (black) are overlaid with the corresponding results
obtained for singly labeled Vt contributing to the here discussed DEER traces. The
gray dashed lines are the normalized and summed distance distributions of singly la-
beled Vt. The gray bars represent the area of not reliable distances due to the limited
dipolar evolution times. Well defined mean distances obtained for Vt in solution (in
the absence of PS-lipids) are given in brackets for comparison.

pared to the results obtained for Vt single mutants, indicates that the distance
distributions are dominated by intra molecular distances.
For Vt922R1/957R1PS the presence of small distances around 2 nm is obvious,
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but the extent is indefinable, since additional contributions to this peak can
also arise from the spectral fit of noise features as mentioned above. Thus,
the dominant peak close to 2 nm has to be treated with caution. The peak
at 2.6 nm is assumed to be an intra molecular distance between the R1 chains
attached to helices H2 and H3. Moreover, intra molecular contributions of dis-
tances larger than 3.5 nm are most likely present as well, indicating that more
than one favored mutual alignment between H2 and H3 might exist. Both facts
indicate a separation of H2 and H3 after Vt lipid association. Beside this, the
obtained distance distributions show distances distributed over the complete
detectable range. Both, higher R1 mobilities due to helical rearrangements af-
ter lipid binding and a distribution of the H2 and H3 orientation with respect
to each other might contribute to the large distribution width. Additionally,
minor contributions of inter molecular distances are assuredly present.

Within the detectable range of 2 nm - ca. 3.5 nm Vt901R1/1033R1PS (H1/H5)
reveals a broad distribution with a dominant peak centered at ca. 2.4 nm. Due
to the fact that the distribution maxima obtained by the sum of corresponding
singly labeled mutants does not coincide with this peak, no significant contribu-
tions from equivalent or non-equivalent inter molecular distances to this peak
are expected, meaning that the contribution at 2.4 nm in case of the double
mutant is most likely an intra molecular distance. Also here, indications for
distances larger that 3.5 nm do exist. These findings imply on one side a sepa-
ration of H1 and H5 and on the other side a bi- or multimodal situation as well.
The large distance width might originate from the same reasons as discussed
for Vt922R1/957R1PS.

Considering the mentioned results for Vt901R1/1033R1PS and Vt922R1/957R1-
PS, it can be inferred that helix H1 separates from H5 and helix H2 from H3,
leading to the assumption that the bundle part H1/H2 separates from the rest
of the bundle (H3/H4/H5). This would in turn affect the distance between
H1 and H3. This is supported by the results obtained for Vt901R1/957R1PS
(H1/H3). In contrast to the lipid absent case, in which a well defined distance at
2.65 nm is obtained, Vt901R1/957R1PS (H1/H3) reveals a very broad distance
distribution covering the range between 2 and 3.5 nm. This indicates that the
structural change of Vt in presence of PS-lipids affects the helical arrangement
of H1 and H3 and is in line with the above made assumption.

In case of Vt984R1/1033R1PS a very broad peak exhibiting a maximum at ca.
2.2 nm is obtained. The distribution shape is similar to the distribution ob-
tained from the sum of the results for corresponding singly labeled Vt, leading
to the impression that the obtained distribution results only from inter molecu-
lar distances, and that the intra molecular distances is beyond 3.5 nm. However,
the significantly increased modulation compared to the case of the singly labeled
Vt indicates that the DEER traces are dominated by intra molecular distances.
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5.2 Structure of Vinculin Tail bound to acidic lipids

Thus, the intra molecular distances are, at least partly, between 2 and 3.5 nm.
Consequently, a separation of position 984 (H4) and 1033 (H5) up to at least

2.2 nm takes place in the presence of lipids.

Taken together, the proposed opening of the helix bundle is further supported
by these results. The well defined intra molecular distances of doubly labeled Vt
in the absence of lipids are converted into broad distributions after addition of
PS-lipids, indicating that a defined helix-helix contact does not exist anymore.
Furthermore, the results show that a significant conformational change takes
place in Vt in which H1/H2 is assumed to separate from H3/H4/H5. A further
separation of H5 from H3/H4 is supposed. The respective separated helices
exhibit most likely orientational distributions rather than defined orientations,
with respect to each other. Moreover, the indications for intra molecular dis-
tances beyond 3.5 nm observed in all cases lead to the assumption that Vt exists

in more than one conformational state.

5.2.4 Molecular model of Vt bound to PS-lipids

The above discussed results of cw-EPR and pulsed EPR measurements on singly
and doubly labeled Vt were used for the construction of a molecular model  of
Vt bound to acidic PS-lipids (schematically shown in figure 5.24). Accessibility
and polarity measurements show that all investigated positions interact with
the lipid membrane surface. This is only possible if all helices are associated
to the lipid membrane, where the hydrophobic parts of the respective helices
point into the direction of the lipid bilayer. Consequently, Vt has to undergo
a significant structural change, since in the case of a preserved helix bundle
only specific sites would be able to contact the vesicle membrane. Distance
measurements on Vt double mutants reveal a separation of the helix bundle
away H1/H2 from H3/H4/H5. Furthermore, indications for a movement of H5
apart from H4 exist. The conformational change is assumed to be an opening of
the bundle at the side of the N-terminal strap and the C-terminal end domain
of Vt (figure 5.24 a). In this way, the domains H1/H2, H3/H4 and H5 are able
to separate directly from each other. This is in line with the propositions made
by [7, 6] that the hydrophobic hairpin and the basic collar of Vt regulate the
first contact to the lipid membrane.

5The model was constructed using the Vt crystal structure and the molecular modeling
tool YASARA. Loops were deleted and rebuild after helix alignment. R1 side chains
were connected to the investigated positions and reoriented by changing dihedral angles
corresponding to allowed rotations around linker atom bonds.
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5 Results and Discussion

Figure 5.24: Molecular model of Vt bound to a PS-lipid membrane. An opening
of the Vt helix bundle at the side of the N-terminal strap and the C-terminal end
domain of Vt and a subsequent association to the lipid bilayer (green) is assumed
(a). b): Average structure of possible Vt conformations. The bundle parts H1/H2
(yellow/orange), H3/H4 (light red/red)) and H5 (dark red) are supposed to separate.
The respective separated domains exhibit an orientational distributions with respect
to each other (black arrows). Favored conformational states of Vt might exist in which
corresponding helices are associated weakly in the respective extreme cases regarding
the assumed orientational distributions. Hydrophobic helix sides point towards the
lipid bilayer center. Orientations of R1 side chains and locations of nitroxide groups
with respect to the lipid bilayer are consistent with accessibility measurement results
(c-f). Measured interspin distances are indicated (white lines).
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5.2 Structure of Vinculin Tail bound to acidic lipids

The broad and/or bi/multimodal distribution obtained from DEER measure-
ments on doubly labeled Vt do not allow exact determinations of defined intra
molecular distances, but indicate in all cases distances within the range between
2.0 nm - 3.5 nm and probably larger distances. Consequently, orientational dis-
tributions between the respective separated helices, and high flexibilities of the
attached R1 side chains can be assumed. The high R1 mobilities, most likely
resulting from the helix separation, could also be traced by EPR mobility mea-
surements. The orientational distribution might arise from rotations of the re-
spective separated bundle parts around the center of the associated Vt molecule
(see figure 5.24 b), indicated by black arrows). It has to be mentioned that the
structure shown in the figure exhibit intra molecular distances beyond 3.5 nm
and has to be interpreted as an average structure. The assumed orientational
distribution of the separate domains can lead to conformations, in which the dis-
tances between R1 chains attached to H1-H5, H4-H5, H2-H3 or H1-H5, respec-
tively, reach values located within and covering the distance range detectable in
the DEER experiments, leading to the observed broad distance distributions.
However, the bimodal distributions obtained for Vt901R1/1033R1PS (H1/H5)
and Vt922R1/957R1PS (H2/H3) suggest that different preferred conformations
of Vt are frozen in the experiment, in which either the bundle part H1/H2 is
close to or weakly associated to H3/H4 or to H5, leading to the dominating
distances present in the corresponding distributions. Moreover, conformational
states in which H5 is associated to H3/H4 are supposed, since dominating con-
tributions around 2.2 nm are present in the distance distribution obtained for
Vt984R1/1033R1PS.

It has to be mentioned that no information about the alignment between H1
and H2 could be obtained from the Vt variants investigated here, thus a sep-
aration of H1 and H2 can not be excluded. This might lead to an additional
orientational distributions between H1 and H2, contributing to the correspond-
ing distances to H3 and H5, respectively. A separation of H4 and H3 can also
not be excluded, but is very unlikely, since H4 and H3 are connected via a very
short and inflexible loop consisting of three amino acids (CYS972, THR973 and
ASP974).

Furthermore, the results obtained from accessibility and polarity measurements
suggest that Vt950R1, Vt957R1, Vt1033R1, Vt1062R1 and Vt1067R1 exhibit
contact to phospholipid fatty acid chains, but are located closer to the lipid
head groups than to the lipid membrane center. The results for Vt901R1,
Vt922R1 and Vt984R1 on the other hand indicate that the attached R1 chains
are located near the lipid head groups. These findings are also consistent with
the proposed structural model shown in 5.24 (a-f). In addition, in the case of
the above made assumption of a partially helix association (extreme cases of
the assumed orientational distributions of helices), the proposed alignments of
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the respective R1 side chains do not lead to intra molecular distances below 2
nm, which is in agreement with the results obtained from cw-EPR, where no

indications for distances below 2 nm were found.

Figure 5.25: Molecular model of Vt bound to an acidic lipid membrane (top view).
Approximate D1 binding sites are schematically shown by grey ovals and were extracted
from figure 2.6.

The presented model describes the structural alignment of Vt in presence of
acidic lipid membranes. In nature, membrane associated Vt must be released
from the membrane bound state in order to provide the possibility for Vt to
fulfill its function in cell migration, such as a subsequent actin binding. The vin-
culin head domain is assumed to play an important role in the release process,
since, according to the full length vinculin crystal structure, Vt is masked by
several head domains (D1-D3), where D1 provides most of the Vt binding sites
(see section 2.2 and 2.2.2.2). Thus, one possibility for the Vt release may be the
interaction between D1 and Vt. In figure 5.25 the approximate Vt-D1 interac-
tion regions according to the vinculin crystal structure are indicated. It can be
clearly seen that these regions are located in the center of the model presented
here. A binding of D1 to the regions highlighted in figure 5.25, accompanied by
an application of a pulling force acting on the middle of the membrane bound
molecule could in turn lead to a release of Vt from the membrane, followed by a
reformation of the antiparallel helical bundle. This process might furthermore
lead to a vinculin head bound inactivated state, which after reactivation is then
again competent for ligand binding. Mohl et al. have shown that Y1065 phos-
phorylation of Vt enhances vinculin exchange in focal adhesions, which might
support this process [49].
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5.3 Structure of Vinculin Tail bound to F-actin

In cell migration, adhesion protein complexes link the cell cytoskeleton (consist-
ing, among other components of actin filaments) with the substrate. Vinculin
creates a linkage between these adhesion protein complexes and the actin fil-
aments, stabilizing the focal contacts by binding via its head domain to talin
and its tail domain to actin. The binding of Vt to filamentous actin (F-actin)
promotes Vt dimerization and thereby actin cross-linking [82]. Conformational
changes are supposed for Vt upon F-actin binding [7, 33|, but detailed infor-
mation regarding the structural rearrangement of Vt are still missing. Here,
various EPR methods, such as mobility, polarity and inter spin distance deter-
minations, are applied on Vt bound to actin filaments. Cw- and pulsed EPR
techniques were used in order to trace the conformational changes within Vt.
The results, enabling the construction of a new molecular model of the actin
bound Vt dimer, are presented and discussed in the following chapters. Sam-
ple preparations, measurement and data analysis procedures are described in
chapter 4.

5.3.1 Mobility measurements

Cw-EPR room temperature spectra of the investigated singly labeled Vt con-
structs in presence of actin and the corresponding mobility parameters, overlaid
with the reference data of Vt in solution containing of 40 % sucrose, are pre-
sented in figure 5.26. In all cases, except for Vt901R1A and Vt1062R1A, an
immobilization of the respective R1 side chain is revealed. A small contribution
to the observed immobilization, affecting all positions in a similar manner, is
to be expected by the prevented protein tumbling motion of Vt after binding
to the comparable large actin filaments. However, this effect is assumed to be
small, since 40% sucrose was present in the solutions, used in the absence of
actin, which increases the rotation correlation time of the reorientational mo-
tion of Vt [4]. Thus, especially the minor R1 immobilization observed for helix
attached sites Vt922R1A, Vt957R1, Vt1033R1A, Vt1067R1A, and most likely
the decrease of inverse linewidth for Vt1062R1A, might be caused by this fact.
However, the changes observed for Vt901R1A, Vt950R1A and Vt984R1A are
considerable, indicating structural changes within the respective R1 side chains
vicinities.

Vt901R1A reveals a significant R1 mobilization after actin binding. Moreover,
the mobility plot shown in figure 5.26 suggest that Vt901R1A is located at a
loop/surface region, indicating that Vt901R1A does not exhibit contacts to ter-
tiary or secondary structure elements anymore. This result could be explained
by a separation of H1 and H5. A subsequent higher mobility of helix H1 might
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contribute to the mobility of the R1 attached to Vt901R1A. A partially un-
folding of H1 after Vt dimerization and actin binding can also not be excluded

[42].
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Figure 5.26: Mobility analysis of R1 side chains attached on Vt bound to F-actin.
Left: Plot of the semi empirical mobility parameters 1/ <H 2> versus 1/AHy. The
topological regions were drawn according to [47] and [13] (see figure 3.7). Results
for Vt in presence of actin (red) are shown together with the results obtained for
Vt in absence of ligands (black). Right: Cw-EPR room temperature spectra of the
investigated singly labeled Vt variants bound to F-actin.

The immobile spectral component observed for Vt901R1 is significantly re-
duced in the presence of actin and a spectrum reflecting a very high R1 mo-
bility is obtained (see figure 5.27). For Vt in the absence of ligands it was
found that a small fraction of dimers (ca. 20 %) exists in the solution (see
5.1.5.1). The mobile component, present in the room temperature spectrum
of Vt901R1, may arise from dimeric Vt, whereas the immobile component
originates from monomeric Vt. The equilibrium between the structural con-
formtations (monomeric/dimeric Vt) might be shifted into the direction of the
conformation corresponding to the mobile spectral feature (dimeric Vt) in the
presence of actin. This is supported by the fact that the binding of Vt to F-actin
promotes Vt dimerization, thus the percentage of Vt dimers in the presence of
actin is assumed to be higher compared to Vt in the absence of ligands. Fur-
thermore, this would mean that the structure of helix H1 is affected in the same
manner after Vt dimerization leading to the assumption that the dimerization
interface domain in the case of F-actin induced dimerization might be very sim-
ilar compared to the interface found for Vt in solution, involving H1 (chapter
5.1.5.2).

Regarding the topology regions shown in the mobility plot, Vt950R1A is shifted
into the region corresponding to helix/contact related sites, reflecting the im-
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Figure 5.27: Room temperature spectra of Vt901R1 (black) and Vt901RI1A (red).
The immobile spectral component (low field peak) present in case of Vt901R1 is con-
siderably reduced upon F-actin binding.

mobilization of the attached R1 upon actin binding. A slight immobilization
was also observed for Vt957R1A, revealing the most immobile features com-
pared to other positions, and indicating that the R1 attached to position 957
remains motionally highly restricted. Also, in case of Vt984R1A a significant
immobilization can be observed. Compared to the actin absent case, in which
the R1 side chain attached to position 984 is supposed to be a helix bound
site exhibiting tertiary or secondary contacts, Vt984R1A clearly reveals fea-
tures of a helix/buried site, similar to Vt957R1A. In case of Vt950R1A (H3),
Vt984R1A (H4) and most likely also Vt957R1A the R1 immobilization might
be caused by a combination of both, a stabilization of the corresponding helices
after actin binding, and contacts to actin molecules. However, also a major
structural rearrangement of these helices can not be excluded. Helix H3 is as-
sumed to be mainly involved in actin binding by providing most of the binding
sites (including residue 950) [33]. Thus, the R1 side chains attached to H3, es-
pecially Vt950R1A, as well as on the neighboring helices H2 (position 922) and
H4 (position 984) might exhibit contacts to the ligand, decreasing the spatial
freedom of the respective R1 and thus their mobility, as it could be observed
for Vt984R1A. Actin binding sites are also proposed for the C-terminal end
of H2 [33]. However, residue 922 is located at the N-terminal end of H2, thus
the R1 side chain of Vt922R1A does not necessarily exhibit sterical contacts to
actin. The insignificant change observed for Vt922R1A compared to vt922R1
supports this assumption.

The spectrum of Vt1033R1A shows features of slightly more immobilized R1
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chains compared to the actin absent case. The change regarding the location
within the corresponding topology plot is small, and the slight immobilization
could be caused by the above mentioned effect of protein motional restriction
after F-actin binding. For Vt1062R1A, the inverse second moment is signifi-
cantly increased, reflecting a R1 mobilization, what indicates that parts of the
C-terminal end of Vt might be affected by actin binding. Besides H3 and parts
of H2, also the C-terminal end of Vt is assumed to be involved in actin binding
(residues 1050-1056 [33]). Binding of these domains to actin could lead to a
dissociation of the residual C-terminal domain from Vt including Vt1062R1A,
consequently leading to a higher R1 mobility. However, the deviation between
Vt1067R1A and Vt1067R1 is small, and the slight immobilization might also
be explained by the reduced Vt tumbling motion after F-actin binding. The
fact that the R1 on Vt1067R1A is still more mobile than that on Vt1062R1A
leads to the conclusion that the structural nature of the environment of residue
1067 is largely preserved after Vt dimerization and actin binding.

5.3.2 Polarity measurements

Hyperfine tensor elements (A,,) extracted from low temperature cw-EPR spec-
tra of singly labeled Vt are shown in figure 5.28 and summarized in table 5.7.
The data is overlaid with the results of Vt without binding partner. It has to
be mentioned that a direct comparison of the values obtained for Vt in absence
and presence of actin is not possible, since the polymerization buffer composi-
tion used for the measurements in presence of actin filaments differs from the
buffer used for Vt reference measurements (see chapter 4). Additional ions and
different ion concentrations, present in the buffer, most likely influence the elec-
tric field (E;) around the nitroxide N-O bond of R1 (see also 3.3.3.1) and thus
the overall polarity compared to the buffer used for Vt in solution.

Here, a slight shift (ca. 0.05 mT) to higher polarities can be observed, which
might be due to this fact. Considering this shift, the behavior of the A,, values
(excluding Vt922R1A) of Vt bound to actin is similar to the actin absent case,
indicating that the polarities of the micro-environment are unaffected by actin
binding. The increase of the A,, value observed for Vt922R1A indicates a
slightly higher environmental polarity of this position. However, in general no
significant shielding of respective R1 chains from the solvent by any actin or
Vt domains is revealed, and all positions are assumed to be accessible to the
solvent (bulk water).
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Figure 5.28: Hyperfine tensor elements (A..) extracted from low temperature cw-
EPR spectra of singly labeled Vt bound to F-actin (red) overlaid with the data obtained
from Vt in absence of actin (black). Due to the differing buffer compositions no direct
comparison between Vt and Vt+A is possible. Values of Vt+A might be shifted by ca.
0.05 mT to larger A,. values.

labeled position || A, /mT (Vt) | A,, / mT (Vt+A)
901 3.60 £ 0.02 3.64 £0.02
922 3.60 £ 0.02 3.70 £0.02
950 3.61 £0.02 3.65 £0.02
957 3.62 +£0.02 3.68 £0.02
984 3.99 £ 0.02 3.62 £ 0.02
1033 3.62 £ 0.02 3.65 £ 0.02
1062 3.59 £0.02 3.66 £ 0.02
1067 3.57+0.02 3.66 £ 0.02

Table 5.7: Table containing the results obtained from polarity measurements (A,)
for Vt in absence (Vt) and presence of F-actin (Vt+A).
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5.3.3 Distance measurements
5.3.3.1 Cw-EPR distance measurements

Dipolar line broadening was not observed in the low temperature cw-EPR spec-
tra (not shown) of the investigated singly labeled Vt constructs bound to actin.
The cw-EPR spectra obtained for doubly labeled Vt mutants under investiga-

tions are shown in figure 5.29.
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Figure 5.29: Cw-EPR spectra obtained for doubly labeled Vt bound to F-actin (black)
are shown together with the results for Vt in the absence of actin (gray).

Considerable line broadening was observed for Vt922R1/957R1A and Vt984R1/
1033R1A, as also obtained in the absence of actin for these cases. A higher
fraction of non interacting spin labels (fitting reveals ca 30% singly labeled
species) is present for Vt922R1/957R1A. This unbroadened spectral component
can be traced back to a low spin labeling efficiency in this batch of double
mutants. However, the presence of two different Vt conformations can not be
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5.3 Structure of Vinculin Tail bound to F-actin

excluded. The spectral fits and distance distributions calculated with Short
Distances are shown in figure 5.30. The spectral line shapes are well reflected
by the simulations. The distance distributions obtained for Vt922R1/957R1A
and Vt984R1/1033R1A reveal dominating peaks centered at 0.76 nm and 0.70

nm, respectively (summarized in table 5.9).
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Figure 5.30: Experimental spectra (black), fits and distance distributions (red) cal-
culated with Short Distances using Tikhonov regularization for Vt922R1/957R1A (a))
and Vt984R1/1033R1A (b)) are shown. Distance distributions are overlaid with the
results obtained for corresponding doubly labeled Vt in aqueous solution (gray).

These values are similar to the distances obtained from measurements with-
out F-actin (0.76 and 0.74 nm), leading to the conclusion that the helical ar-
rangements H2/H3 and H4/H5 are largely preserved upon F-actin binding.
Vt984R1/1033R1 in the presence of actin shows an additional contributions at
ca. 1.1 nm in the distance distribution. A slight rearrangement of helix H4
and/or H5, or of R1 surrounding side chains, could lead to a situation, in which
the respective R1 side chains exist in different rotameric conformations, leading
to the observed contributions with different inter spin distances. Alternatively,
Vt might exhibit two different conformations after dimerization, whereby the
helical arrangement of H4/H5 in one Vt molecule differs slightly from the other
Vt molecule within the dimer. However, indications for two different mobility

components are not visible in the room temperature spectra of the correspond-

129



5 Results and Discussion

ing single mutants. Consequently, if two different conformations are present,
the respective R1 side chains exhibit a similar restricted motional freedom. Fur-
thermore, the contribution below 1 nm dominates, and the deviations between
the particular components in terms of the inter spin distance are minor, indi-
cating that the helical arrangement of H4/H5 in Vt bound to F-actin is similar
to the structure of Vt in the absence of actin.

Vt901R1/957R1A does not reveal any dipolar broadening, indicating an inter
spin distance beyond 2.0 nm (in absence of actin r = 2.65nm). The same applies
to Vt901R1/1033R1A. In contrast, for Vt901R1/1033R1 (without actin) an ex-
tensive line broadening, yielding a distance of ca. 0.76 nm, was obtained. This
result shows on the one hand that the fraction of unbound monomeric Vt is
insignificantly small within the samples, supporting the above made conclusion
that the line broadening in case of Vt922R1/957R1A does not arise from un-
bound Vt. On the other hand, the vanishing line broadening of Vt901/1033R1A
indicates that a conformational change within Vt takes place upon F-actin
binding, involving H1 and/or H5. Considering the result for Vt984R1/1033R1
(H4/H5), the separation of helices H1 and H5 takes place in a way that H1
moves away from the bundle part H4/H5 or vise versa. However, also the
above made proposition of a partial unfolding of H1 could lead to the observed
distance increase between R1 chains attached on residues 901 and 1033.

5.3.3.2 DEER distance measurements

DEER measurements on Vt bound to F-actin were performed in order to trace
the conformational changes within dimeric Vt after F-actin binding. Mea-
surements on Vt single mutants were carried out to determine inter molecu-
lar distances and are compared to the results obtained for Vt in absence of
actin. Moreover, intra molecular distances beyond 2.0 nm which can not be
detected with cw-EPR (Vt901R1/957R1A and Vt901R1/1033R1A) are deter-
mined. DEER measurements and data analysis were performed as described
above.

Singly labeled Vt Dipolar evolution functions for singly labeled Vt bound to
F-actin are shown in figure 5.31 (left panel) together with the resulting distance
distributions (right panel). For Vt1062R1A and Vt1067R1A no traces with a
sufficient signal to noise ratio could be obtained (data not shown). No dipolar
oscillation was observed for Vt950R1A. Considering the applied dipolar evolu-
tion time of t=2.4 us this indicates that the inter molecular distance has to be
larger than 5 nm.

However, dipolar oscillations could be observed for the helix attached sites
Vt901R1A, Vt922R1A, Vt957R1A, Vt984R1A and Vt1033R1A. For these cases
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5.3 Structure of Vinculin Tail bound to F-actin

well defined distances are obtained. The modulation depths, reflecting the per-
centage of interacting spins and thus, the percentage of dimers, are similar to
these of Vt in the absence of ligands. Since dimerization should be promoted
by the presence of actin, a large modulation depth was expected. However, this
could not be observed here. Possible reasons for this fact can, in general, be low
label efficiencies or a small fraction of dimers present. In the latter case, single
Vt molecules would be bound to the actin filaments as well, contributing only
to the background signal. However, the dimerization of Vt upon actin binding
could be observed.

The small contributions at shorter distances obtained for Vt901R 1A, most likely
arise from fits of noisy spectral features. A small fraction of unbound Vt dimers
leading to these contributions can not be excluded, but is very unlikely due to
the removal steps in the sample preparations. However, a small contribution
of one-sided bound dimers, thus not cross linking and exhibiting partially the
same structure as found for Vt in solution might also be present for a small
extent in this case. However, the DEER traces and distance distributions for
position 901 in the presence and absence of actin show clear differences. The
distance distribution obtained in the presence of actin reveals a dominating
peak at 4.6 nm, indicating that the inter molecular distance increases signifi-
cantly compared to Vt in solution, where the major distance peak is at 2.3 nm.
Consequently, the structure of dimeric Vt bound to actin differs significantly
from the structure determined for Vt in the absence of actin®.

The result for position 922 has to be treated with caution. The distance ob-
tained for Vt922R1 (Vt in solution) is close to the border of the reliable range,
meaning that the intermolecular distance could be slightly larger than the ob-
tained value of 4.8 nm (see also 5.1.5.1). In case of Vt922R1A (in the presence
of actin) the longer dipolar evolution time, as compared to Vt922R1, could lead
to the observed shift of the mean distance to larger values, since background
correction might be more accurate in this case. Although a slight increase of
the inter molecular distance can not be excluded, detailed predictions in terms
of a change in the inter molecular distance can not be made in this case. How-
ever, the fact that Vt950R1A does not reveal any detectable dipolar oscillation,

5The applied dipolar evolution time in the experiments used for distance determination of
Vt901R1 and Vt1033R1 was set to lower values in order to improve signal to noise ratio,
especially in the beginning of the DEER trace. The possibility that a large distance, simi-
lar to that observed for Vt901R1A and Vt1033R1A, might be present in case of Vt901R1
and Vt1033R1 is excluded by repeating the experiments, using a comparable dipolar evo-
lution times as applied for Vt901R1A and Vt1033R1A. Indications for the presence of
dipolar modulation arising from larger distances could not be observed in both cases (see
appendix).
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Figure 5.31: Left: Dipolar evolution functions of singly labeled Vt bound to F-
actin black) and corresponding fits (gray lines) are presented and overlaid with the
results obtained for Vt in solution (gray). Right: Distance distributions calculated
with DEERanalysis of Vt bound to F-actin (black) overlaid with the distributions
obtained for Vt in absence of actin (gray).
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suggesting an inter molecular distance larger than 5.0 nm, indicates a struc-
tural rearrangement of dimeric Vt after actin binding, which could also lead to
an increased distance for position 922. In contrast, a significant change could
not be observed for position 957. The results for Vt984R1 reveal a distribution
centered at 2.6 nm. The deviation from Vt984R1 is small, but also visible from
the dipolar evolution functions, indicating that the arrangement of H4 might
also be slightly affected upon actin binding of Vt. The initial fast decay of
the dipolar evolution function obtained for Vt1033R1A might lead to the im-
pression that small distances are present. However, no indication for distances
below 2 nm could be observed in cw-EPR measurements. Thus, the fast decay
of the dipolar evolution function of Vt1033R1A is most likely artificial and the
contribution in the distance distribution below 2.0 nm can be traced back to
noise. But also here, an insignificant small fraction of unbound Vt present in
the sample can not be excluded. However, the inter molecular distance is in-
creased from 2.0 nm up to ca. 4.9 nm, clearly indicating a large rearrangement
of helix H5 upon Vt actin binding.

In summary, the results clearly show that the structure of the Vt dimer bound
to F-actin differs from the structure obtained for Vt in solution. Assuming that
the crystal structure of Vt would be preserved within a single molecule upon
actin binding, the results would indicate that the mutual orientational align-
ment between the two Vt molecules differs in presence and absence of actin.
However, this case is very unlikely, because of the following reasons. Vt984R1
reveals the smallest distance of 2.6 nm, leading to the assumption that H4 is
still involved in the dimerization or located near the dimerization interface.
The small deviation from the value found for Vt in solution (2.3 nm) indi-
cates that parts of the dimerization interface of Vt involving H4 are similar in
the presence and absence of F-actin. Consequently, in case of the helix bun-
dle preservation at least one inter molecular distance between R1 attached to
neighboring helices (next to H4), namely H3 or H5 is expected to be compa-
rable to the distance obtained for Vt984R1A. However, in all other cases inter
molecular distances around 5 nm are obtained leading to the conclusion that
a conformational change has to take place within the particular Vt molecules
forming the dimer.

The deviations between Vt in solution and Vt bound to F-actin are mainly
reflected by the inter helical distances for helices H1 and H5, respectively, in-
dicating that H1 and H5 are involved in the structural changes. This is in
line with the above made assumption of a H1-(H4/H5) separation. Such kind
of conformational change also lead to an increase of the intermolecular molec-
ular distance of Vt901R1A and Vt1033R1A. A partial unfolding of the first
helical turn of H1 seems unlikely, as in this case the distance distribution ob-
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tained for Vt901R1A would have to be broader as observed here, since the
conformational space of the R1 attached to an unstructured protein domain is
significantly larger than compared to R1 attached to a helix. However, since
the distribution width also depends on the mutual R1 orientation, the partially
unfolding can still not be completely excluded.

The inter molecular distance for position 984 remains less affected by the pro-
posed H1-(H4/H5) separation. A slight rotation of the bundle part H4/H5
around H4, leading to slight increase of the inter molecular distance of Vt984R1A
and a larger increase of the inter molecular distance between positions 1033
could explain the results. Moreover, this motion could affect the intra molec-
ular distance between residues 901 and 1033 in a way that its value is shifted
from below 1.0 nm to beyond 2.0 nm, as it could be determined by the cw-EPR

measurements.

Mean distances of singly labeled Vt
residues || without actin | with actin
901 2.3+0.3 4.6 +£0.2
922 4.8+0.2 5.3+ 0.10
950 4.3+0.2 > 5.0
957 4.84+0.2 4.854+0.15
984 2.3+04 2.6+0.4
1033 2.0+£0.2 4.9+0.1

Table 5.8: Mean distances and HWHM of singly labeled Vt bound to F-actin. Results
obtained for Vt in solution are given for comparison.

Doubly labeled Vt The structural change within Vt upon F-actin binding
involving helices H1 and H5 is obvious from the results obtained with singly
labeled Vt. In order to gain more detailed information about the structural
changes, DEER measurements on doubly labeled Vt constructs Vt901R1/957R1-
A (H1/H3) and Vt901R1/1033R1A (H1/H5) were performed. As already men-
tioned, in case of doubly labeled proteins equivalent and non-equivalent inter
molecular distances contribute to the distance distributions. Therefore, to dis-
tinguish the contributions from doubly labeled Vt from those of equivalent and
non-equivalent inter molecular distances, additional DEER measurements were
carried out on samples containing mixtures of different singly labeled constructs.
In this case, no intra molecular distances are present, whereas all combinations

of equivalent and non-equivalent inter molecular distances exist. Additionally,
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measurements were done using mixtures of doubly labeled Vt and unlabeled
wild type Vt. Thereby, inter molecular distances can be suppressed (spin dilu-
tion). Comparisons with the distance distributions of pure doubly labeled Vt
then gives rise to the identification of the intra molecular distances.
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Figure 5.32: Intra molecular distance determination of Vt bound to F-actin.
Top: DEER spectra and distance distributions obtained for pure doubly labeled
Vt901R1/1033R1A, middle: spin diluted sample of Vt901R1/1033R1A mixed with
unlabeled wild type Vt, bottom: mix of singly labeled Vt901R1 and Vt1033R1 in
presence of actin. Fits are indicated as gray lines.

The results for Vt901R1/1033R1A are shown in figure 5.32. The distance dis-
tribution reveals dominating peaks centered at ca. 2.6 nm, 3.55 nm and 4.6 nm.
In the distance distribution obtained for the spin diluted sample, the contribu-
tion between 2 and 3 nm is significantly reduced. This indicates that the peak
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centered at 2.6 nm is governed by inter molecular distances. The ratio between
the peak intensities of the mean distances at 4.6 and and 3.55 nm changes
in favor of the distance located at 3.55 nm, indicating that this contribution
arises from the desired intra molecular distance between positions 901 (H1)
and 1033 (H5). The results obtained by the measurement on the mixtures of
singly labeled Vt901R1 and Vt1033R1 bound to actin (Vt901R1/Vt1033R1A)
(no intra molecular distances) support this assumption, since the contribution
at 3.55 nm vanishes completely. These results suggest that the intra molecu-
lar distance of Vt901R1/1033R1A is 3.55 nm + 0.5 nm, thus, supporting the
proposed separation of H1 and H5 after F-actin binding.

The same procedure was applied for the double mutant Vt901R1/957R1A. The
distance distribution shown in figure 5.33 reveals a dominating peak at 2.65
nm, minor contribution below 3 and 4 nm, and a peak at approximately 5
nm. These small contributions are reduced in case of Vt901R1/957R1A+Wt,
indicating that the dominant peak at 2.65 nm constitutes the wanted intra
molecular distance. Measurements on the mixture of respective singly labeled
Vt (Vt901R1/Vt957R1A) yields a single peak located at 4.8 nm, which clearly
arises from inter molecular distances (equivalent cases: 4.6 nm (Vt901R1A),
4.85 nm (Vt957R1A)). Thus, the intra molecular distances can be assigned to
2.65 nm, which agrees with the case of Vt in absence of F-actin (see figure
5.33 top and table 5.9). This means that the helical arrangement between H1
and H3, and most likely also the connecting helix H2, remains largely unaf-
fected by actin binding. The fact that the distance distributions obtained for
Vt901R1/957R1A and Vt901R1/957R1 reveal a similar shape, further argue
against the above mentioned possibility of a partially unfolding of H1, since also
here the distance distribution would be expected to exhibit a broader width, if
901R1 would be located in an unstructured domain.

Mean distances of doubly labeled Vt
residues without actin | with actin
901/1033 0.76 £0.08 | 3.55+0.25
901/957 2.65+0.10 | 2.65+0.10
984/1033 0.74+0.07 | 0.70 +0.05
922/957 0.76 £0.08 | 0.76 = 0.08

Table 5.9: Mean distances obtained by cw and pulse EPR measurements of doubly

labeled Vt in presence and absence of F-actin.
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Figure 5.33: Intra molecular distance determination of Vt bound to F-actin.
Top: DEER spectra and distance distributions obtained for pure doubly labeled
Vt901R1/957R1A (overlaid with results of Vt901R1/957R1), middle: spin diluted sam-
ple of Vt901R1/957R1A mixed with unlabeled wild type Vt, bottom: mix of singly
labeled Vt901R1 and Vt957R1 in presence of actin. Fits are indicated as gray lines.

5.3.4 Molecular model of Vt bound to F-actin

For the construction of the structural model presented below, the following
assumptions are made. The dimerization process of Vt in absence of ligands
is supposed to constitute an initial step within the dimerization pathway in-
duced by actin. To the authors knowledge, the detailed dimerization pathway,
whether Vt dimerizes before or as a consequence of actin binding, is not known
at present. Both cases might occur in nature. Furthermore, in this work it could

be shown that a small fraction of dimeric Vt is present within the samples un-
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der investigation. Thus, F-actin induced dimerization of monomeric Vt as well
as already dimerized Vt molecules are supposed to lead to the observed actin
cross linking. Here, it is assumed that the resulting structures of dimeric Vt
bound to F-actin are similar (or even identical) in both cases. Therefore, for the
construction of the model, the structure of dimeric Vt in solution determined
in this work, is used as the initial structure, which is assumed to undergo con-
formational changes upon F-actin binding. This assumption implies that the
dimerization interface, found for Vt in aqueous solution, is largely preserved in
the presence of F-actin. This is supported by the results obtained by mobility
measurements on Vt901R1 and Vt901R1A (see 5.3.1).

The EPR spectroscopy results indicate that the relative helix alignment within
the bundle domains H1/H2/H3 and H4/H5 of both Vt molecules within the
actin bound dimer are virtually unaffected. Furthermore, the observed increase
of the intra molecular distance between positions 901 (H1) and 1033 (H5) (from
below 1 nm up to 3.5 nm) is supposed to be caused by a separation of these
domains. This is accompanied by an increase of the inter molecular distances
from 2.3 nm to 4.6 nm (901) and 2.0 nm to 4.9 nm (1033), respectively.

In figure 5.34 (top) a schematic illustration of the assumed initial situation
(Vt dimer in solution (see for 5.1.5.2 details)) is shown. Starting from this
structure, exhibiting an antiparallel Vt alignment, three different possibilities
of a structural rearrangement of Vt upon actin binding should be discussed.
The first two yield a symmetric conformational change, meaning that the final
structures of the particular Vt molecules are identical. In the first case (shown
in figure 5.34 a)) an opening of the Vt helix bundle caused by a relative outward
movement of H1/H2/H3 with respect to H4/H5 is assumed. Such movement
leads to the observed increase of the intra and inter molecular distance between
positions 901 and 1033, whereas inter molecular distances of residues 922 and
957 remain largely unaffected”.

The distances obtained for Vt901R1 and Vt1033R1 both changes from ~ 2 nm
to &~ 5 nm upon actin binding. Such simultaneous distance increase is possible,
if non-equivalent protein parts perform a reorientation within an antiparallel
Vt alignment as illustrated in figure 5.34. This supports the assumption of an

arrangement similar to Vt in solution, and the preservation of the dimerization

"It has to be mentioned that figure 5.34 illustrates the helical movement schematically. Here,
a top view of both Vt molecules was chosen for clarity. Due to the assumed flexibility of the
Vt dimer complex, the respective Vt molecules might exhibit a declination with respect to
each other (see 5.1.5.2 or 5.35), which leads in case of the illustrated helical rearrangement
to a slight increase of the inter molecular distance of Vt950R1A up to beyond 5 nm, whereas
the distances between 922 and 957 are largely preserved, which is in better agreement with
EPR spectroscopy results.
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Figure 5.34: Schematic illustration of the assumed rearrangement within the Vt
dimer bound to F-actin. Top views of the respective Vt molecules are shown for clarity,
helices corresponding to two different Vt molecules (green and blue) are indicated as
colored circles. Top: Sketch of the assumed initial structure corresponding to the above
determined structure of dimeric Vt in solution. Upon actin binding a conformational
change of dimeric Vt is assumed. Three different possibilities for the helix movement
are shown (bottom). a): The opening of the helix bundle takes place by a relative
outward movement of H1/H2/H3 with respect to H4/H5 (symmetric conformational
change). b): The structural rearrangement is governed by a rotation of bundle domain
H4/H5 around helix H4 (symmetric conformational change). ¢): The Asymmetric
conformational change as combination of both presented cases (a) and b)) reflects the
experimental obtained results at best. The sides at which F-actin is proposed to bind
are indicated in red.

interface. Moreover, in model a) the assumed actin binding sites (predomi-
nantly H3 and parts of H2 and H4) are located on opposite sides of the Vt
dimer and are completely accessible, enabling the bundling of actin filaments.
This model is in agreement with the experimental data. However, regarding the
proposed helical movement, the inter molecular distance of position 984 reaches
values > 3 nm, thus being not completely in line with the experimental results
obtained for Vt984R1 (2.3 + 0.4 nm) and Vt984R1A (2.6 £+ 0.4 nm), which
suggest that helix H4 is only slightly affected upon F-actin binding.

A second possibility for the structural alignment of Vt in presence of actin might
be that the separation of H1 and H5 in both Vt molecules results from a rotation
of domain H4/H5 around helix H4 (figure 5.34 b)). This symmetric alignment
is also in agreement with the findings by EPR distance measurements, however,
the actin binding sites of at least one Vt molecule are not completely accessi-
ble, since they are partially shielded by the other Vt molecule, complicating a
bundling of actin filaments.
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Due to these facts, a combination of the aforementioned symmetric conforma-
tional changes is assumed, in which one molecule undergoes the conformational
change according to possibility a) (outward movement of H1/H2/H3) and in
the second involved Vt molecule a rotation of H4/H5 around helix H4 (case b)
is taking place. The resulting model (figure 5.34 ¢)) is in good agreement with
the experimental results, and the actin binding sites are completely accessible.
However, the existence of the former two (symmetric) cases can not be excluded
and might also occur in nature. Here, the latter (asymmetric) case, describing
the experimental data at best, is assumed to be the favored structure, describing
the helical arrangement within Vt bound to F-actin most likely.

Furthermore, a dynamic flexibility of the dimer complex is suggested, slightly
affecting the mutual alignment of two Vt molecules in a similar way as assumed
for dimeric Vt in solution. This means that a small orientational distributions
between two Vt molecules is assumed, in which a complete antiparallel align-
ment (in terms of helix long axis orientations) of two Vt molecules and also a
small declination between them might exist. In figure 5.35 (a) a sketch of the
assumed average structure of dimeric Vt bound to F-actin is illustrated. The
approximate actin binding regions proposed by Janssen et al. [33] are high-
lighted in b) and c). It is obvious that the proposed actin binding sites are well
accessible and in close vicinity in the presented model.

A reason for the observed Vt opening might be that thereby a larger contact
surface for actin filament binding is provided, which could facilitate and have
a stabilizing effect on the filament bundling. In this way, the contact regions
might be enlarged from H3 to areas including parts of H2 and H4 [33]. As
a consequence, R1 side chains attached to these regions, and located between
the Vt and the F-actin interaction surface, are most likely affected by Vt actin
binding. This could be observed for Vt950R1A (H3), Vt957R1A (H3) and
Vt984R1A (H4), revealing the most significant decrease in R1 mobility, and is
in line with the model of Vt bound to actin filaments here presented. A further
contribution to the observed R1 immobilization of Vt984R1A might be caused
by the assumed rotation of H4/H5, taking place in one of the Vt molecules.
This might lead to a situation, in which the motional freedom of R1 attached
to position 984 is hindered by H5 and additionally by H3. Taken together,
the presented model is in line with the results obtained by EPR distance and
mobility measurements.

Two possibilities for the relative orientation of the Vt dimer with respect to
the bundled actin filaments are suggested in the following. The first possibility
exhibits a parallel alignment between Vt helix long axes and the actin filament
long axis (figure 5.36 a), b), c¢)). If a binding of the particular Vt molecules
to equivalent regions of the actin filaments is assumed (see also [33]), this case
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5.3 Structure of Vinculin Tail bound to F-actin

Figure 5.35: Model of dimeric Vt bound to F-actin. a): Schematic representation
of the assumed helix alignment within the Vt dimer. Helices of one Vt molecule are
displayed as green cylinders, helices corresponding to the second Vt molecule are shown
in blue. The shown model corresponds to the asymmetrical helical rearrangement
illustrated in figure 5.34 ¢). The Vt molecules exhibit a slight declination with respect
to each other. A minor mutual orientational distribution due to motional flexibility of
the dimer complex is assumed. The dimerization interface is suggested to constitute
H1 and parts of the N-terminal strap of one Vt molecule (blue) and H5 (and eventually
parts of H4) of the other Vt molecule (green). Approximate localizations of label
positions are indicated. b) and c): Approximate helix regions, exhibiting the in [33]
proposed actin binding sites, are highlighted by orange ovals. Beside smaller parts of
H2 and H4, H3 yields most of the actin binding sites. Moreover, the C-terminal end
of Vt reveals to be partially involved in the actin binding as well (gray). Information
extracted from figure 2.6.
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would imply that the two cross linked actin filaments are aligned in an an-
tiparallel manner, since the two Vt molecules exhibit an antiparallel alignment.
However, Vt is able to cross link parallel actin filaments as well. This would
only be possible, if the Vt binding sites in both cross linked filaments are not
equivalent, or if the orientation of Vt with respect to the filaments differs from
the discussed case. The former can not be excluded, and could explain the
observed asymmetric conformational change within Vt. A Vt dimer, exhibiting
a perpendicular orientation of Vt helix long axes with respect to the filament
long axis (as shown in figure 5.36 d), e), f)), might be able to cross link parallel
actin filaments by binding equivalent filament regions. Due to this fact, and
further taking the assumed flexibility of the Vt dimer complex into account, an
adaptability of Vt to the orientational situation of to be linked actin filaments is
suggested. This is supported by the following fact. Using the applied bundling
assay, Vt is able to cross link actin filaments, which are randomly orientated
with respect to each other. The case, in which two filaments exhibit a parallel
or anti parallel orientation occur more rarely compared to all other cases. This
would mean that statistically almost all of the filaments would not be cross
linked, what could not be observed here.

It should be noted that the actin binding sites and the proposed interaction sur-
face of Vt and acidic lipids (see 5.2.4) are located on opposite sides of the respec-
tive Vt molecules. Thus, the model, exhibiting partially opened Vt molecules,
would facilitate also lipid binding (to both hydrophobic helical parts and C-
terminus of Vt) and does not contradict the reported interplay between acidic
lipid and F-actin binding of Vt.

However, it has to be mentioned that the structural alignment and the ob-
served conformational change of Vt upon actin binding contradicts the find-
ings of Janssen et al [33], where no large scale conformational changes within
Vt after actin binding could be observed. Furthermore, the therein assumed
dimerization interface differs from the one presented here. However, the applied
tomography method (3D-cryo electron microscopy) is restricted in resolution.
Janssen et al. report a resolution of 2 nm or lower of their determined re-
construction, which was used for alignment determination of two Vt crystal
structures forming the dimer. In terms of the crystal structure the diameter
of Vt is approximately 2.5 nm, which is similar to the obtained resolution.
This might complicate the determination of the relative Vt alignment and the
traceability of structural rearrangements within the molecules, which could be
observed here using EPR spectroscopy.

The work of Janssen et al. reveals a distance of 10 nm between the centers of
two parallel aligned actin filaments (diameter ca. 7Tnm). The distances between
the molecular surfaces, pointing towards each other, of two parallel aligned actin
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Figure 5.36: Two discussed possibilities for the relative orientation of the Vt dimer

with respect to the bundled actin filaments. a), b) ,¢): Different views of the parallel
alignment between Vt helix long axis (green and blue molecules) and the actin filament
long axis (indicated as red cylinder). d), e), f): Perpendicular orientation between Vt
helix and actin filament long axis.

filaments is between 2.5 and 4.5 nm (information extracted from the resulting
structure file of Vt bound to actin filaments, kindly provided by Dorit Hanein
(Burnham institute, La Holla, CA) ). The here presented model of dimeric Vt
provides the possibility to link actin filaments exhibiting the mentioned dis-
tance range.

Furthermore, it has to be mentioned that asymmetric conformational changes
within protein dimers are infrequently reported, but could be proven for ex-
ample for GPCR and Hsp90 dimers [43, 65]. Here, the proposed asymmetric
conformational change of two different Vt molecules might be explained by the
non-equivalent protein parts, involved in the dimerization interface. The inter-
face is supposed to comprise H1 (and most likely also the N-terminal strap)
of one molecule and H5 (and eventually parts from H4 and C-terminus) of the
respective binding partner. This means that different molecular parts within
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particular Vt molecules are bound to each other and are thus differently motion-
ally restricted in terms of performing structural rearrangements. Consequently,
this asymmetric alignment might in turn trigger asymmetric structural changes
within the particular Vt molecules. A further possibility might be that non-
equivalent parts of actin filaments can be bound by two different Vt molecules,

which might induce asymmetric conformational changes as well.

144



5.4 Competition between F-actin and acidic lipids

5.4 Competition between F-actin and acidic lipids

In cell migration, F-actin and acidic phospholipids together control Vt inter-
action in adhesion sites and allow regulation of assembly and disassembly of
focal contacts. A competition between F-actin and acidic phospholipid binding
exists, which induces a release of vinculin from focal contacts and consequently
disassembly of these contacts at high lipid concentrations [25, 16]. How this
process is controlled in cells is only poorly understood at present.

Here, time dependent room temperature cw-EPR and confocal laser scanning
microscopy measurements were performed on actin bound Vt in the presence
of PS-lipids in order to investigate the influence of acidic lipids on the Vt-actin
assembly.

5.4.1 EPR spectroscopy

The EPR spectrum of Vt957R1A reveals a dominating immobile component,
meaning the low field peak maximum is shifted into the direction to lower field
strengths (figure 5.37 right). In contrast, the more mobile R1 side chain in case
of Vt957R1PS (dominating mobile component) leads to an EPR spectrum, in
which the low field peak maximum is shifted to larger fields (figure 5.37 right).
Since EPR spectra of Vt957R1A and Vt957R1PS show the largest differences
regarding the inverse second moment and line width compared to other Vt
constructs, this construct was used here to trace time depended spectral changes
upon addition of PS-lipids.

Sample preparations and time dependent EPR measurements were performed as
described in 4.1.1.4. The elapsed time between adding SUV (small unilamellar
vesicle) solution to Vt957R1A and the storage of the first EPR spectrum was
~ 3 min. Afterwards, EPR spectra for different Vt:PS ratios (1:30, 1:100 and
1:200) were recorded and saved in 1 min steps for 40 min. Representative EPR
spectra of Vt957R1A+PS are shown in figure 5.38 in dependence of time. As
a control, measurements were done using PC-lipid solutions. Using negatively
charged PS lipids, it can be seen that the spectra of Vt957R1A+PS reveal time
dependent alterations. Already in the first minutes the spectra clearly differ
from Vt957R1A. At higher SUV concentrations the spectral deviations are even
more pronounced and the EPR spectra becomes more similar to the spectral
shape of Vt957R1PS, especially after larger incubation times. In contrast, for
Vt957R1A+PC no significant changes can be observed within 30 min. These
results indicate that acidic PS-lipids induce a conformational change within
actin bound Vt. The similarity of the spectra obtained for Vt957R1A+PS
and Vt975R1PS for large incubation times leads to the assumption that Vt is
released from F-actin and turns over into the PS-lipid membrane bound state.
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Vt957R1A+PS (t=18min)

Figure 5.37: Right: The EPR spectrum of Vt957R1A, Vt957R1PS and Vt957R1A
after 18 min after addition of PS-lipids (Vt957R1A+PS) (sweep width 12 mT). The
position of the low field peak maximum of Vt957R1A is located at the field strength
By (red). The low field peak maximum in case of Vt957R1PS is shifted to a higher
field Bpg (green). Left: Enlarged view of the low field peak of the representative
Vt957R1A+PS spectrum. For the analysis from each spectrum the signal intensities I4
and Ipg at B4 and Bpg were extracted. The time dependent ratio R(t)=I4(t)/Ips(t)
was used as a measure for the kinetics of the conversion progress from the actin into
the lipid bound state of Vt.

In order to characterize the turn over process in more detail, EPR spectra were

analyzed as described in the following.

The position of the low field peak maximum (immobile component) of Vt957R1A
in absence of PS-lipids is located at the field strength B4. The low field peak
maximum in case of Vt957R1PS in absence of F-actin is shifted to a higher
field Bpg. It is assumed that the spectrum of Vt957R1A+PS at a certain time
t is a superposition of the spectra obtained for Vt957R1A and Vt957R1PS at
a certain ratio. Thus, from each Vt957R1A+PS spectrum the signal intensities
I4 and Ips at B4 and Bpg, respectively were calculated (see figure 5.37 left
for illustration) and the time dependent ratio R(t)=14(t)/Ips(t) was used as a
measure for the conversion progress from the actin bound state into the lipid
bound state of Vt.

The R value, obtained for the spectrum of Vt957R1A, is R4=2.45. Since the
first 3 minutes of the progress could not be traced a start value of R(t=0)=R 4=2.45
was chosen. From the spectrum of Vt957R1PS a value of Rpg=0.35 can be ex-
tracted. That means, a value R(t)=0.35 would describe the case in which all
Vt molecules prior bound to actin would be bound to PS-SUVs.
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Figure 5.38: Top: EPR spectra for different Vt:lipid (PS/PC) ratios were recorded for
40 min (32 min in case of Vt:PC) and saved in 1 min steps. EPR spectra of Vt957TR1A
in the presence of lipids recorded after 3, 10, 20 and 30 min are shown as representative
spectra. Bottom: Enlarged low field peaks of the corresponding EPR spectra shown
above.

R(t) for Vt957R1A+PC fluctuates around R4, indicating that Vt remain in the
actin bound state in the presence of PC lipids (figure 5.39), thus, PC does not in-
fluence the Vt-actin assembly. In contrast, the plots of R(t) for Vt957R1A+PS
versus time reveal time dependent decays, illustrating the conversion process of
Vt from the actin to the PS-lipid bound state. These traces were fitted assum-
ing an exponential decay. Fit parameters are summarized in figure 5.40.

The obtained decay times (o) are in the range of 1.3 min - 5.3 min, and decrease
upon increasing lipid concentrations, indicating that the turn over kinetics de-
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Actin/PS competition on Vt957R1A
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Figure 5.39: Plot of R(t)=14(t)/Ips(t) versus time t for Vt957R1A+PS in depen-
dence of different lipid types and concentrations. The obtained exponential decays
illustrate the conversion process of Vt from the actin into the PS-lipid bound state.
Reference values R4 and Rpg are indicated (dotted lines).

pends on the PS-lipid concentration. In case of 1:200 (Vt:PS) the decay could
not be resolved, since R(t) has already decayed to a constant value within 3
min. Thus, ty is most likely smaller than the here obtained value of tp=1.3
min. As expected, the rate 1/ty, quantifying the speed of the reaction (pro-
cess), increases along with the lipid concentration (see figure 5.40, right). This
is obvious, considering that the probability for a Vt-SUV contact increases with
higher lipid concentrations.

Exponential fit parameters 0.8 .
Vt:PS to /min A Yo 06
1:30 || 53406 1.3+0.1 ] 0994002 | = o4 .
1:100 || 3.3+0.3 | 1.7£0.9 | 0.70 + 0.02 02| .
1:2200 | 13404 | 1.9+0.1 | 0.56 = 0.02 o i 2

Figure 5.40: Left: Parameters obtained from fitting of experimentally obtained data
(R(t)) using a mono-exponential decay, F(t) = yo + A - e . 1/tg is the decay (or
reaction) rate, which can here be understood as reaction speed. The shift yo was
introduced to account for an equilibrium state, which might differ from and can be

compared to Rpg, describing a complete turn over. The sum of yy and the amplitude
A describes the starting point F(t=0)~R(t=0)=R4.
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However, the results show that all traces do not decay down to the value Rpg,
and the values of yy obtained by the fits (see 5.40) are larger than Rpg in each
case. Furthermore, yy is smaller using higher lipid concentrations. This indi-
cates that an concentration dependent equilibrium between the F-actin bound
and PS-lipid bound states of Vt exists. A permanent transition from one state
to another is most likely present, and the equilibrium might be shifted into the
direction of the PS-bound state by increasing the lipid concentration, leading
to lower gy values. Possibly, a small fraction of Vt molecules, masked by actin
filaments in a such a way that these Vt molecules are not accessible to SUVs,
may also be present in the sample and might contribute to yq.

In summary, the results show that PS-lipids affect the Vt-actin assembly di-
rectly. Furthermore, these findings support the fact that the lipid binding sites
of Vt are not shielded by F-actin, thus no or only minor overlaps of the re-
spective binding sites are present, confirming the above presented model of Vt
bound to filamentous actin (5.3.4). Finally, the assumption that the release of
Vt from focal adhesion contacts might be regulated by acidic lipids, could be
substantiated by EPR spectroscopy.

5.4.2 Fluorescence laser scanning microscopy

To investigate the effect of PS-lipid vesicles on the Vt-actin assembly, con-
focal laser scanning microscopy (CLSM) experiments were performed on fil-
amentous Rhodamine-actin (F-actin(Rh)) and on Vt bound to F-actin(Rh)
(Vt957R1A(Rh)) in the absence and in the presence of PS-SUV. Images ob-
tained by CLSM are shown in figure 5.41.

F-actin(Rh) __V9STRIA(Rh Vt957R1A(Rh)+PS

100 pm 100 pm

Figure 5.41: Confocal laser scanning microscopy images of samples containing pure F-
actin(Rh), Vt957R1A(Rh) and Vt957R1A (Rh)+PS. In case of Vt957R1A(Rh) (middle)
F-actin bundles are clearly visible (white), whereas the number of intact bundles is
significantly decreased upon addition of PS-lipids (right).

F-actin bundling can not be observed in the sample containing pure F-actin(Rh)
(figure 5.41 left). This is obvious, since no binding partner for F-actin is present.
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Furthermore, the unbundled actin filaments exhibit a diameter of approximately
8 nm and the resolution of the used microscope is not sufficient to resolve the
F-actin structure, as expected. However, upon Vt induced F-actin crosslink-
ing, the resulting F-actin bundles can be observed by CLSM. In the image
shown in figure 5.41 (middle) huge bundles of F-actin are visible in case of
Vt957R1A(Rh). After incubation with PS-SUV the number of intact bundles
is significantly decreased (figure 5.41 right), indicating that Vt is released from
the Vt-actin assembly, subsequently leading to a disassembly of F-actin bun-
dles. The results support the above made conclusion that the observed changes
of the EPR spectral shapes are caused by the Vt release and consolidate the
results found by EPR spectroscopy.
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5.5 Orientation selective DEER measurements

Pulse electron paramagnetic resonance using the four pulse DEER sequence
has established as a valuable method to determine inter spin distances between
spin labels attached to protein molecules [60, 56]. DEER spectra depend on the
mutual orientation of the bound spin label molecules [44, 59], complicating data
analysis. On the other hand, knowledge of the mutual spin label orientations
would provide additional information about the structure and conformational
changes of proteins.

A new method to investigate spin label orientations is orientation selective
DEER. The hyperfine coupling anisotropy of the commonly used nitroxide spin
labels enables orientational selectivity by shifting pump and observer pulse fre-
quencies within the corresponding EPR absorption spectrum range. Here, X-
band orientation selective DEER measurements using five different frequency
offsets between pump and observer pulses were applied on the double mutant
Vt901R1/957R1, revealing motionally highly restricted R1 side chains. The ob-
tained DEER spectra were analyzed by calculating the corresponding Pake pat-
terns in dependence of mutual spin label z-axis orientations and relating them
to the experimental data by means of the root mean square deviation (RMSD)
between the simulated and experimental Pake spectra for all orientations. The
thus obtained orientation profile reveals the most probable orientations of the
spin label side chains. In this approach it is assumed that the two R1 side
chains, separated by a defined distance, exhibit a single mutual orientation.
No further assumptions about the orientational situation of the spin labels are
required to obtain their relative mutual orientations. Spin label orientations
predicted by a rotamer library approach were compared to the experimental
results.

5.5.1 Experimental results

The dipolar evolution functions in dependence of the frequency offsets are shown
in figure 5.42 a). The modulation depth increases with increasing frequency
offset between pump and observer pulses. Clear differences in the shapes of
the dipolar evolution functions are visible, especially in the region of the first
minimum. Accordingly, the intensity ratios between the perpendicular and the
parallel components of the corresponding Pake patterns increase with increasing
frequency offsets (b). The spectral features at low dipolar frequencies close to
0.6 MHz most likely arise from a small contribution of dimers still present
in the sample. The dipolar frequency corresponding to the inter molecular
distance (4.8 nm) between positions 957R1 is located in this frequency range.
However, the observed depending of the dipolar traces on the frequency offset
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indicates that different orientations between the dipolar axis and the magnetic
field direction were selected in the particular experiments. As described in 3.4.2,
this is only possible, if an orientation correlation between the spin labels and

the dipolar axis exists.
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Figure 5.42: The background corrected DEER, traces for different frequency offsets
Av= 40, 50, 60, 70 and 80 MHz show clear differences in the first minimum and
in modulation depth (a). Corresponding spectra in the frequency domain (b) were
obtained by Fourier transformation of the data shown in a). Parallel and perpendicular

components are indicated.

In X-band the g-anisotropy of nitroxides is not resolved. Consequently, the Zee-
man transitions of the nitroxides with the nitrogen nuclear quantum number
my=0 are located near the center of the EPR absorption spectrum regardless
of the nitroxide orientation with respect to the magnetic field. Thus, a pump
pulse with the central resonance frequency leads to an excitation of B spin
molecules exhibiting all possible orientations with respect to the magnetic field
direction. The modulation of the DEER signal arises from the interaction be-
tween these spins and the A spins excited by the observer pulse. Depending on
the observer pulse frequency only specific A spins exhibiting a corresponding
nitroxide orientation with respect to the magnetic field and nitrogen nuclear
quantum number (m;=-1) are selected. Consequently, in the case of an ori-
entational correlation a certain orientation ©,44 between the dipolar axis and
the magnetic field orientation is selected leading to a frequency selection in the
dipolar spectrum. By the variation of the observer pulse position (from 40 MHz
to 80 MHz) the orientations selected by v4 are systematically scanned, leading
to signal contributions of molecules exhibiting different dipolar axis orientations
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with respect to the magnetic field direction, thus yielding different dipolar fre-
quencies. This results in changes of the evolution functions’ Fourier transform
depending on the observer pulse position, as it could be observed here. In ad-
dition, the modulation depth, which depends besides the number of interacting
spins on the mutual spin label orientation, increases along with the frequency
offset. Taken together, these results indicate that an orientational correlation
between the interacting spin labels exists. Beside the fact that the intensity
ratios between the perpendicular and the parallel features change by the use of
different frequency offsets, it is obvious that the perpendicular features in all
patterns are located at the same dipolar frequency value. This shows that the
mean distance (2.65 nm) extracted from the DEER trace measured at Av=65
MHz is not affected by orientation selection effects in this case. The distance
was validated by its determination from the dipolar frequency at the dominat-
ing peaks (perpendicular features) of the Pake pattern and the use of equation
3.66 with ©4,=90° (2.66 nm). Thus, the use of this experimentally obtained

distance value for further simulations is justified.

5.5.2 Pake pattern simulation and spectra analysis

The narrow width of the DEER distance distribution indicates highly restricted
spin label motions for both positions, 901 and 957, which is confirmed by mo-
bility and the rotamer analyses (see chapter 5.1.1 and 5.1.4.2 or below). Since
the highly populated rotamers obtained by RLA reveal similar spin label Z-axis
orientations, it is further assumed that a single rotamer is populated at each
site, exhibiting a single orientation with respect to each other, which can be
describes by three angles ¥4, ¢p and ¥p. (see chapter 4.1.3.3 and figure 5.43).
Furthermore, it is assumed that the observed EPR spectra are dominated only
by intra-molecular spin-spin interactions. Thus, the DPP calculations in depen-
dence of 94, pp, ¥ and Av, using the approach described in chapter 4.1.3.3,
were done using a single inter spin distance of 2.65 nm.

After convolution with a narrow Gaussian distribution the RMSD from the
experimental Pake pattern was calculated for all orientations. The contributions
at small frequencies observed in the experimentally obtained spectra, which
most likely arise from inter molecular distances and are very sensitive to the
background correction, were excluded from the spectra analysis by excluding
the frequency range between -1.5 MHz and +1.5 MHz from RMSD calculations
(see also figure 5.46).

For each value of angle ¥ 4 between the nitroxide z-axis of the A spins (Z4) and
the dipolar axis a two dimensional pattern of RMSD values in dependence of ¢pp
and ¥Jp is obtained. The first iteration using a coarse orientation grid leads to
lowest RMSD values for 9 4= -15°. For this 4 4, angles of pp=15° and ¥p="75°
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YUXs
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Figure 5.43: Angle definitions. ¥4 decribes the angle between the spin label A (blue
frame) z-axis and the z-axis of the reference frame D (light blue). The dipolar axis is
aligned along Yp. ¢p and 95 describe the orientation of spin label molecule B (green
frame) z-axis with respect to Zp. The magnetic field orientation (red) is given by ¢
and 9.

between the dipolar axis and the nitroxide z-axis of the B spins (Zp) exhibit the
lowest RMSD (figure 5.44 a)), thus, the most probable orientation with respect
to the dipolar axis. A second minimum emerges at pp=-15° and ¥ p=90°
and, exhibiting a slightly larger RMSD value compared to the aforementioned
orientation.
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Figure 5.44: a): RMSD values in dependence of pp and ¥ at ¥4=-15° (coarse grid).
The RMSD values are displayed in a color code using dark red as highest and dark blue
for the lowest RMSD value. The colors (representing the RMSD value) between the
91 calculated knots on the orientational grid were interpolated. The lowest RMSD was
obtained at ¢p=15° and ¥p=75° (pp=-15°, 95=90°) between the dipolar axis and
Zp. b): Result of the 5°-step refinement calculated in the white framed section in a)
(and 9 4=0°-30°). The refinement leads to the more accurate values ¥ 4=-15°, pp=15°
and ¥p=80°. The patterns obtained for other ¥4 values (coarse grid and refinement)
are shown in the appendix.
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A refinement was done in the range of ¥ ,=0° - 30°, pp=-35° - 35° and ¥ p=55°
- 90° in steps of 5°, leading to a RMSD minimum centered at ¥ 4=-15°, o p=15°
and Yp=80° (see figure 5.44 b)). Figure 5.44 b) shows that the second mini-
mum mentioned before (at ¢ p=-15° and ¥ 5=90°) corresponds to the equivalent
orientation resulting from the assumed symmetry of the system® (see chapter
4.1.3.3). Figure 5.45 shows the pattern from figure 5.44 a) mapped on a sphere,
considering the above mentioned mirror symmetry, displaying the RMSD for
the spin label B molecular z-axis orientations with respect to the dipolar axis
and the best fitting orientation of Z4.

view
along

'ZD

view along - ¥, view along Yy

Figure 5.45: The RMSD profile from figure 5.44 a) (coarse grid), providing the color
coded RMSD values in dependence on pp and ¥p describing the orientation of Zpg
with respect to D, is mapped on a sphere under consideration of the symmetry of the
system. Shown is the dipolar axis and the reference frame D in cyan, the spin label B
z-axis (green arrow) and the spin label A z-axis (blue) exhibiting the angle -15° with
Dy. Different perspectives are shown on the right. The region, in which the refinement
was done, is indicated (white dashed frame).

The simulated DPPs for the best fitting overall orientation are overlaid with
the experimental data for each Av in figure 5.46.

The simulated and experimental spectra in the considered frequency range are

8 An inversion of the z-axis orientation at pp=15° and ¥5=80° would lead to pp=-165° and
¥p=100°. Due to the mirror symmetry with the plane spanned by D, and D, as mirror
plane, the value set ¢ p=-15°, ¥5=100° is equivalent to pp=15° and ¥p=80°. Moreover, a
second set of ¥4, pp and ¥, which is equivalent to the here found best fitting orientation,
was expected, since the orientation resulting from an exchange of molecule A and B z-axes
describes the same orientational situation, but differ in 94, ¢, 5. Here, the orientation,
which is equivalent to the found best fitting values is calculated to ¥4=-20.8°, ¢p=15.7°
and ¥p=80.03°, approximately coinciding with the here discussed angle set.
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F(w)/a.u.

F(w)/ a.u.

Figure 5.46: Simulated DPPs for the best fitting overall orientation ¥ 4=-15°, ¢ p=15°
and ¥ 5=80° are overlaid with the experimental data (black) for Av=40, 50, 60, 70 and
80 MHz. The frequency range excluded from RMSD calculations is highlighted (gray

bar).

in very good agreement.

dicular and parallel components of the spectra with increasing frequency offset
Av is well reflected by the simulations. However, deviations are present in the
low frequency range (gray bar in figure 5.46), which has been excluded from
the analysis. Even under consideration of the whole frequency range in RMSD
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5.5 Orientation selective DEER measurements

calculations, the same overall orientation is obtained (data not shown). This
supports the assumption that the peaks at low frequencies in the dipolar spectra
mentioned before do not arise from the strong orientational correlation between
the two spin labels, but from inter molecular inter spin distances.

For each frequency offset Av individual best fitting orientations were deter-
mined. These orientations agree within 10° for ¥4 and ¢p and 20° for ¥p,
wherein changes of spectral shapes and overall RMSDs are just minor. Hence,
the uncertainty of the orientation determination is assumed to be in this range.
Additionally, a small distribution of spin label z-axis orientations with respect
to the dipolar axis within the given uncertainty can not be excluded and is
most likely present in the experiment. Taking the mentioned uncertainty into
account, for the average orientation of Z4 and Zp with respect to the dipolar
axis 94=-15° 4+ 10°, pp=15° + 10° and 95=80° + 20° is calculated.

The best agreement between experimental and simulated DPPs was obtained
after convolution of the simulated spectra with a Gaussian distribution with
a width of 0.4 MHz. Applying the approximations described in 4.1.3.3, the
thereby caused broadening of the perpendicular spectral features (at 2.75 MHz)
corresponds to a distance distribution of ca. 0.1 nm, and the broadening at

small frequencies is related to a distribution of ©44 of approximately 10°.

5.5.3 Comparison between OS-DEER results and RLA

Sets of highly populated rotamers for spin label side chains attached to residues
901 and 957 of the Vt crystal structure were obtained by the rotamer library
approach (see also chapter 5.1.3 and 5.1.4.2). For position 901 (H1), two of the
three populated rotamers reveal a similar z-axis orientation. The third rotamer
is much less populated (ca. 4%) and has a different z-axis orientation. In case
of 957 (H3), two significantly populated rotamers with rather the same z-axis
orientations were obtained. The occupied rotamers are shown in figure 5.47.
Furthermore, the orientations of each particular rotamer combination with re-
spect to their dipolar axis were calculated for the two cases, in which 957R1 or
901R1 were treated as molecule A defining ¥ 4 in terms of the discussed model.
The given intensities were calculated by multiplication of the populations of the
corresponding rotamer pairs. These intensities can be understood as the prob-
ability to find a certain rotamer combination in the experiment, which would
contribute with the respective intensity to the overall DEER signal. The two
combinations, in which the least populated rotamer of position 901 is involved,
lead to very low intensity values (/& 0.02), whereas the other four combinations
lead to higher values of 0.24 in average. The average values of ¥4, ¢p and ¥p
for the high and low intensity cases, corresponding to the considered octant
(o= -90° - +90°), are listed up in table 5.10.
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Vt957R1 (H3) Vt901R1 (H1)

population population
. (0.4260 0.5263
0.5740 m 0.4365
mm 0.0372

Figure 5.47: Results of the rotamer library approach on Vt. Top: Position 901 reveals
three populated rotamers. The two high populated R1 reveal similar z-axis, whereas
the z-axis orientation of the low populated rotamer differs in orientation. For position
957 two significantly populated rotamers exhibiting similar z-axis orientations were
obtained. Bottom: The corresponding populations are given next to the bars colored
with the same color code used for the particular rotamers.

intensity da ©B )

high (0.96) -19.2° 17.3° 38.3°
957 as molecule A

low (0.04) -12.8° -46.4° 36.5°

high (0.96) | -10.2° 34.2° 39.6°
901 as molecule A

low (0.04) -27.2° -24.7° 31.8°

experimental values -15° £10° | 15° (-15°) £10° | 80° £20°

Table 5.10: Table containing the average orientations ¥ 4, ¢p, ¥ from high and low
populated rotamer combinations extracted from RLA results, treating position 901
and 957 as molecule A, respectively. Two low intensity cases, arising from rotamer
combinations, in which the least populated rotamer of position 901 is involved, and
four combinations of high populated rotamers, exhibiting similar z-axis orientations,
respectively, are averaged. Experimentally obtained values are given for comparison.

In all cases, values obtained for ¥4 are in agreement with the overall orien-
tation determined by orientation selective DEER. The same applies for ¢p in
both high intensity cases. In the low intensity cases, the largest deviations are
obtained. The orientations extracted from RLA are plotted into the RMSD
pattern for ¥ 4=-15° for comparison with the experimental results (figure 5.48).
All cases reveal significant deviations in 95 of ca. 40° from the experimentally
obtained values. Since the here obtained values do not fully resemble the values
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Overall RMSD at v,=— 15°

0 (coarse grid) RMSD
Wl Py T
a: as A (high pop.
0.065 ( .g bop)
b: 957 as A (high pop.)
Vp 45° 0.060 | c: 901 as A (low pop.)
0.055 d: 957 as A (IOW pop)
e: experiment
0.050
90° 0.045
-90° -45° 0° 45° 90°

Ps

Figure 5.48: Average Rl z-axis orientations extracted form RLA (also given in table
5.10) are plotted into the RMSD pattern for 1 4=-15° together with the experimentally
obtained best fitting orientation.

obtained by orientation selective DEER, measurements, this leads to the con-
clusion that a structural rearrangement of the spin label side chains regarding
their orientations compared to the RLA results takes place within Vt in aque-
ous solution, which might be due to small reorientations of protein side chains
surrounding the particular R1 side chains.

In case 957R1 defines molecule A, the rotamer combinations with the high-
est probability values show the best agreement with the experimental values.
Furthermore, the rotamer analysis indicates that Vt901R1 has a slightly larger
spatial freedom than Vt957R1, leading to a larger orientation distribution. This
fact is also reflected in the room temperature cw-EPR spectra of Vt901R1 and
Vt957R1. In addition, compared to the Vt crystal structure, structural rear-
rangements involving 901R1 could be observed by EPR distance measurements
for Vt in solution (see chapters 5.1.1 and 5.1.4). Due to these reasons it is as-
sumed that 901R1 is mainly involved in the rearrangement of z-axis orientations
observed here. Under the assumption that the z-axis orientation of Vt957R1 in
the experiment is similar to that obtained by RLA, the z-axis of Vt901R1 has
to undergo an reorientation as displayed in figure 5.49, to fulfill the experimen-
tally obtained conditions. In order to illustrate the observed reorientation, a
representative (and exemplary) R1 side chain orientation, being in agreement
with the experimental results, was modeled and overlaid with the rotamers ex-
hibiting the highest population values. These rotamers were introduced into
the Vt crystal structure and the R1 molecule at position 901 was reoriented
according to the experimental results, treating 957R1 as spin label A.

It has to be mentioned that the pyrroline ring alignment shown here is only
one possibility which agrees with the experimental results, since reorientations
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vinculin tail ©

Figure 5.49: One possible alignment of R1 z-axis orientations as found by orienta-
tion selective DEER experiments. One rotamer pair bound to the Vt crystal structure
obtained by RLA is shown. Since highly populated rotamers found for both positions,
901 (yellow) and 957 (blue), show very similar z-axis orientations (colored arrows),
respectively, only the rotamers exhibiting the highest population values are shown for
clarity. The z-axis of the modeled R1 pyrroline ring at position 901 (green) and the
z-axis of R1 at position 957 (blue arrow) fulfill the orientational conditions found by
orientation selective DEER experiments. The angle between the z-axis of R1 obtained
by RLA (901, yellow arrow) and by experiment (green arrow) amounts ca. 40°. On
the left panel different views on the R1 side chain at position 901 are shown. In the
displayed example, it is assumed that the highly populated rotamers of 957 are also
populated in the experiment, and R1 at position 901 is mainly involved in the relative
reorientation. Furthermore, with respect to the here shown modeled ring orientation,
all rotamers exhibiting a 180°-rotation (z-axis inversion) of the pyrroline ring around
its C1 - Cg bond (highlighted by X), slight shifts along the dipolar axis (within the
experimental distance width) and rotations around the R1 z-axis, are allowed confor-
mations as well, since due to the axially symmetry of the magnetic tensors, it can not
experimentally be distinguished between these confomers.

of 957TR1 can not be excluded. Furthermore, four different, but regarding the
DEER response equivalent, triplets for ¢ 4, g and ¥ were found in the exper-
iments due to the symmetry of the system, resulting from the axial symmetry of
the magnetic tensors. Thus, a 180°-rotation of the pyrroline ring around its Cy
- Cg bond, slight shifts along the dipolar axis and ring rotations around the R1
z-axis are still allowed transformations, which will not change the experimental
results.
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5.5 Orientation selective DEER measurements

However, it could be shown that the determination of the mutual z-axis orien-
tation of protein bound spin labels is possible using orientation selective DEER
spectroscopy at X-band frequencies, if the orientation correlation of the spin
label pair is as strong as in case of Vt901R1/Vt957R1.

161
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Vt in solution, bound to F-actin and acidic lipids The cytoskeletal protein
vinculin plays a key role in cell adhesion and migration [82]. Vinculin is a 116
kDa, actin-binding protein, which consists of 1066 amino acids. It is built up
of a globular head (domains D1-D4) and a tail domain (Vt). The latter is
formed by a bundle of five antiparallel a-helices exhibiting N- and C-terminal
extensions [7]. Although the crystal structure of vinculin is available, its role
in the regulation of adhesion site turn over and its biological functions in cell
migration are still not sufficiently understood.

The crystal structure of vinculin reveals that the actin binding domain (Vt) is
masked by domains D1-D4, in the auto-inhibitory, inactive conformation. Thus,
an activation mechanism accompanied by structural changes within vinculin is
required to unmask ligand binding sites and to promote vinculin function.
Acidic phospholipids, such as PS and PIPs, as part of cell membranes, play an
essential role in the regulation of cell migration [45, 16, 6, 82]. Association of
PIP, with Vt was suggested to dissociate the head to tail interaction, expos-
ing binding sites for actin, and promoting assembly of focal adhesions [7, 24].
Therein, the hydrophobic hairpin of Vt is supposed to mediate the first contact
to acidic lipids or the lipid membrane, respectively, resulting in a conforma-
tional rearrangement of the five-helix bundle [7, 6].

Moreover, binding of Vt to F-actin enables the connection of the cytoskeleton
to the transmembrane receptors (via vinculin head binding to talin), and the
stabilization of focal adhesion sites. The work of Bakolitsa et al. [7] supports a
conformational change in Vt upon actin binding. Additionally, the existence of
a dimerization site in Vt was demonstrated, which is activated upon binding to
F-actin [38, 31], and Janssen et al. [33] recently introduced a three-dimensional
model of the Vt-dimer bound to actin filaments, where no large scale confor-
mational changes of Vt could be observed.

Furthermore, it is known that F-actin and acidic phospholipids together control
Vt interaction in adhesion sites and allow regulation of assembly and disassem-
bly of focal contacts, enabling cell migration. A competition between actin and
acidic phospholipid binding exists, which induces a release of vinculin from focal
contacts and consequently disassembly of these contacts at high lipid concen-
trations [25, 16]. How this process is controlled in cells is not well understood
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at present. Moreover, structural details about Vt under physiological condi-
tions in the absence and presence of the mentioned binding partners are still

not available.

In this work, various cw- and pulse EPR methods in combination with SDSL
were performed to investigate the Vt structure in aqueous solution and its
structural changes upon interaction with acidic lipids and F-actin. The results
obtained herein indicate that the five-helix bundle configuration, as defined in
the Vt crystal structure, is largely preserved for Vt in solution. Additionally,
it could be shown that Vt is to a small extent (ca. 10-30% of the molecules
in case of the here applied concentrations) dimeric in aqueous solutions. Using
the distance information, obtained by DEER measurements on singly labeled
Vt, a model of dimeric Vt could be proposed. The results reveal a cross-like,
antiparallel alignment of two Vt molecules, with partially asymmetric dimer-
ization interfaces. For one Vt primarily helix five constitute the main part of
the interaction domain, together with parts of helix H1 and smaller parts of
helix H4. For the second Vt molecule, the main contact region can be allocated
to parts of the N-terminal strap, followed by a large part of helix H1. The rea-
sonable agreement of the computational rotamer library approach with EPR
results supports these findings and shows that the time-saving rotamer library
approach is a well applicable technique to predict spin label side chain move-
ment, flexibility and orientation. The alignment between two Vt molecules in
aqueous solutions determined in this work differs from the alignment found by
Vt crystallization [7] and that suggested by NMR-experiments [55]. Possible
reasons for this discrepancy might be unphysiological experimental conditions
during cystallization, and especially in case of NMR experiments, missing in-
formation about protein parts, which are here shown to be involved in the
dimerization interface.

The dimerization of Vt in the absence of ligands may constitute an initial step
within the dimerization pathway induced by F-actin. Actin induced dimeriza-
tion of monomeric Vt as well as already dimerized Vt molecules are assumed
to lead to F-actin cross linking. Here it is assumed that the resulting struc-
tures of dimeric Vt bound to F-actin are very similar or even identical in both
cases, and that the dimerization interface found for Vt in aqueous solution
may be largely preserved in the presence of F-actin. However, the results for
Vt bound to F-actin clearly show that the structure of the Vt dimer differs
from the structure obtained for Vt in solution. For Vt bound to F-actin, it is
proposed that the bundle domains H1/H2/H3 and H4/H5 separate from each
other by a relative outward movement of H1/H2/H3 with respect to H4/H5
within one molecule, and a rotation of domain H4/H5 around helix H4 in case
of the other. Non-equivalent dimerization sites of two Vt molecules might be
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one reason for the assumed asymmetric conformational change within dimeric
Vt upon F-actin binding. Furthermore, a reason for the observed Vt opening
might be that a larger contact surface for actin filament binding is provided,
that can better stabilize the filament bundling. In this way, the actin contact
regions of Vt might be enlarged from H3 to areas including parts of H2 and H4
[33]. However, the structural model of Vt bound to actin filaments, presented in
this work, is not in agreement with the model based on cryo-EM and molecular
docking of X-ray structures, previously reported by Janssen et al., where no
large scale conformational changes of Vt were predicted. In their approach, the
unaltered Vt crystal structure was fitted into the electron density map, which
exhibits a resolution of about 2 nm. This resolution might be insufficient to de-
tect the here observed conformational changes within Vt. The model presented
here can most likely also be fitted satisfactorily into the electron density map
determined by Janssen and coworkers.

Analysis of Vt in the presence of PS-lipid vesicles by EPR spectroscopy suggests
an opening of the Vt helix bundle, and an association to the lipid membrane
surface. Thereby, the bundle parts H1/H2, H3/H4 and H5 are supposed to
separate from each other and to exhibit specific orientational distributions with
respect to each other. Here, the release of Vt from the lipid bound state may
be regulated by the head domain D1, since D1 binding sites of Vt are located
at the center of the opened Vt molecule, allowing for binding of D1 to Vt. This
may lead to a vinculin-head induced pulling force, acting on the middle of the
membrane bound Vt molecule. In turn, this interaction could lead to a release
of Vt from the membrane, subsequently folding back into an antiparallel heli-
cal bundle. This process may be supported by Y1065 phosphorylation, which
enhances vinculin exchange in focal adhesions, as propsed by Mohl et al. [49].
Furthermore, analyzing the models of Vt bound to PS and F-actin presented
here, the PS-membrane binding region of Vt does not overlap with the proposed
F-actin binding sites, still enabling the competitive nature of PS and F-actin
binding to Vt. This competition was investigated by EPR spectroscopy and
confocal laser scanning microscopy in this work as well. A concentration de-
pendent lipid induced release of Vt from the actin bound state was monitored,
corresponding to a turn over rate in the range of several minutes (in case of
the here applied concentrations) at room temperature. Thus, the assumption
that the release of Vt from focal adhesion contacts might be regulated by acidic
lipids [73, 16], could be substantiated. The results were consolidated by confo-

cal laser scanning microscopy.
In summary, EPR spectroscopy in combination with RLA, MD simulation and

other computational methods allowed the construction of molecular models of
Vt in solution, bound to F-actin and to PS-lipid membranes. In cell migration
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Vt is supposed to exist in all of these proposed conformations, continuously
undergoing transitions between these structural states, which in addition is
regulated by vinculin head, F-actin, acidic lipids, Y1065 phosphorylation and
other ligand interactions, such as paxillin.

Distance determination using DEER spectroscopy immensely contributes to the
construction of the models presented here. Since the detectable distance range
strongly depends on the relaxation times of the investigated system, EPR sam-
ples allowing longer DEER time traces, are of great importance. Especially, in
the case of investigations on Vt in the presence of lipids, the applicable dipolar
evolution times do not allow the determination of distances larger than ca. 3.5
nm. In general, the use of deuterated water, lipids and/or proteins can increase
the relaxation times. Thus, the development of preparation methods, which
utilize deuterated sample compounds, could improve the accuracy of the here
presented models. Furthermore, MD-simulations, using the structural models
as starting structure and experimentally obtained results as constraints, might
increase the accuracy as well.

Numerous questions regarding the regulation of cell migration processes are still
unanswered. The mechanisms, which can induce the mentioned transitions of
Vt between the suggested states, require further characterization. Further ex-
periments in presence of various vinculin tail binding partners, such as paxillin,
PKC, or even full length vinculin, would certainly contribute to a clarification
of this issue.

OS-DEER spectroscopy on Vt DEER spectroscopy has become a routinely
used method to determine inter spin distances between spin labels attached to
protein molecules. It has been shown experimentally and also theoretically that
DEER spectra depend on the mutual orientations of the spin label molecules.
In case of spin labeled proteins the spin label motion and its spacial freedom
is restricted by interactions with the protein backbone and neighboring side
chain atoms, leading for doubly labeled proteins to a correlation of the orien-
tations of the two spin label side chains. Using nitroxide spin labels exhibiting
g-factor and hyperfine coupling anisotropies the DEER spectra shape depends
on this orientation. Thus, distance distributions calculated from the DEER
spectra under the assumption of an isotropic distribution of orientations may
lead to misinterpretations. The determination of spin label orientations there-
fore would improve the analysis and interpretation of experimentally obtained
distance distributions. In addition, conformational changes of proteins accom-
panied by reorientations of the spin label side chains could be revealed by the
investigation of the spin label orientations.
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Here, X-band orientation selective DEER measurements were applied on the
Vt double mutant Vt901R1/Vt957R1 in order to determine mutual spin label
orientations. The DEER spectra recorded at different pump and observer fre-
quency offsets show clear differences, indicative for orientation correlation of the
two spin label side chains. Orientation and frequency offset dependent distorted
Pake patterns were simulated. Simulated Pake patterns were convoluted with
a Gaussian distribution taking distance and orientational distributions into ac-
count, and then compared to the experimental spectra by calculation of the
overall RMSD for each orientation. The analysis of the particular orientations
obtained for each investigated frequency offset leads to an estimate of the angu-
lar distribution around the average orientation. In conclusion, it could be shown
that the determination of the mutual orientation of protein bound spin labels
is possible at X-band frequencies, if the orientation correlation of the spin label
pair is strong (as in Vt901R1/Vt957R1). The method established here can be
used to determine valuable information about proteins and nucleic acids, ex-

panding the virtue of DEER spectroscopy as a tool for structure determination.

The simulations in this work were done considering a defined inter spin dis-
tance and a single mutual spin label orientation. Small distance and dipolar
axis distributions were considered by convolution with a narrow Gaussian ex-
hibiting a constant width in the frequency domain. In case of Vt901R1/957R1,
this leads to reasonable results, but this is not necessarily the case for other
systems. Taking distance distributions into account, such as those obtained
by EPR spectroscopy and/or other methods (e.g. RLA) by calculating super-
positions of the Pake pattern weighted by the corresponding intensities of the
distributions, is likely to improve the method presented here. Moreover, in case
of multiple different rotameric states of R1 side chains, a superposition of dif-
ferent orientations has to be considered in the simulation procedure. Hence, a
more general approach would be a search and fitting algorithm for the simula-
tion of spectra, governed by multiple distances and orientational distributions.
Therefore, spectra, calculated using the orientations extracted from RLA and
the corresponding populations for the particular contributions to the overall
DEER spectrum (Pake pattern), could be used as initial input for example.
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Figure 7.1: Dipolar evolution functions using larger dipolar evolution times obtained
for Vt901R1 and Vt1033R1 in the absence (black) and in the presence of F-actin (red).
No indications for modulations, exhibiting small dipolar frequencies (large distances)
are present in the DEER traces in the absence of actin, whereas the traces obtained for
Vt in the presence of actin reveal modulations, governed by smaller frequencies, which
indicate the presence of larger inter spin distances.
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Figure 7.2: RMSD values in dependence of ¢ and ¥p at different ¥4 (coarse grid:

15° steps). The RMSD values are displayed in a color code using dark red as highest
and dark blue for the lowest RMSD value. The lowest RMSD was obtained for 9 4=-

15°, 9p=T75° and pp=15° (-15°).
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