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1. Introduction and Motivation

Proteins are biological macromolecules and one of the major constituents of living cells. They are vital for
all kinds of life and perform a vast array of functions, being responsible for a cell’s structure, the catalysis
of chemical reactions, and are used for energy conversion, signal delivery within and between cells, and
the transport of other molecules (for example nutrients) from one location to another, the latter especially
across biological membranes. Furthermore, some organisms, like for example bacteria, use proteins to kill

other cells, to increase their own probability to survive.

Proteins are linear polymers consisting of one or more amino acid chains. All existing proteins are
different in their sequence of amino acids, which is genetically encoded and determines the protein’s
properties by means of the “folding” of the protein into a specific three-dimensional structure. Detailed
knowledge about a protein’s structure and its dynamics is therefore a necessary condition to understand

the functionality of a protein.

There is a variety of methods to gain structural information, like X-ray crystallography (Drenth, 1999),
Nuclear Magnetic Resonance (NMR) spectroscopy (Wagner et al., 1992) and cryo-electron microscopy
(cryo-EM) (Henderson, 2004). However, by far not all existing proteins can be subjected to those
methods due to methodological limitations. Furthermore, even if structural information about a protein
can be obtained with one of them, it has always to be questioned if the structure determined properly
reflects the properties of the protein within its natural environment, the cell. For example most of the
available protein structures (= 90 %) in the protein database (http://www.rcsb.otg/pdb/) have been
determined by X-ray crystallography. However, this experiment is mostly limited by the recovery of
biomolecules in crystals and furthermore restricts the natural flexibility of the proteins (Fernandez et al.,
2003). Moreover, crystal packing effects, i.e. contacts between the proteins in the crystals — being
necessary for crystal formation but not present in cells — can alter the protein’s structure and lead to severe
misinterpretation of the data concerning protein function. At present protein structures determined by
Nuclear Magnetic Resonance (NMR) techniques constitute roughly nine percent of all available structures.
The disadvantage of this method concerns the size limitation for the protein under investigation.
Although sophisticated isotope labeling techniques have been established to overcome this drawback, this
methodology is still limited to proteins of the size of a few ten kilo Daltons. Furthermore, for both of
these methods relatively large amounts of the protein are necessary - a limitation that often hampers
investigations especially on mammalian proteins that cannot be produced in large amounts. Finally, cryo-
electron microscopy (cryo-EM), which is also applicable to very large proteins or protein complexes and
does not require very large amounts, has the disadvantage of a limited resolution of ca. 0.5-0.8 nm,
yielding information about a proteins overall fold, but not about molecular details necessary to understand
its function. Finally, also the possibility to predict a protein’s structure (and function) directly from its

primary sequence should be mentioned here, although its applicability and reliability are still very much
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limited. Most of the currently used approaches for iz silico structure prediction therefore rely on
comparison with proteins of known structure on the basis of their primary sequence — an approach called
‘homology modeling’. A number of algorithms have been developed to identify the largest possible
contiguous identical or similar portions in the amino acid sequence of the proteins (Needleman et al.,
1970) (Waterman, 1984) (Taylor et al., 1989). Programs such as FASTA (Pearson 1990) (Pearson and
Lipman, 1988) and SWISS-PROT (Bucher and Bairoch, 1994) (Boeckmann et al., 2003) have been created
that implement these algorithms. One recent example — being of special relevance for this thesis - for
homology modeling is a model for the sodium/proline symporter PutP based on the crystal structure of
the bacterial Na*/galactose symporter vSGLT (Olkhova et al., 2010). Very important in this context is
that the structural predictions from such computational methods are verified by experimental methods.
Fortunately, vice versa experimental data, for example distances between specific points in the primary
sequence or information about side chain specific local properties like motional freedom or polarity, can
be used to assist ## silico modeling.

Two biophysical methods are particulatly suited to provide structural constraints: Fluorescence / Forster
Resonance Energy Transfer (FRET) (Chattopadhyay et al., 2010) (Heuck and Johnson, 2002) and site-
directed spin labeling (SDSL) in combination with Electron Paramagnetic Resonance (EPR) spectroscopy.
The FRET method uses so called chromophores, and is a very potent tool to study proteins based on the
opportunity to determine the distance between two chromophores and the possibility to operate under
physiological conditions, for example at biological temperatures, like room and elevated temperatures,
important for the study of proteins from thermophilic organisms (Grohmann et al., 2010), or even 7 vivo
(Wouters et al., 2001). However, fluorescence labels are often large and comprise a long linker for protein
attachment to minimize disturbance of the protein structure. Labeling of proteins for FRET
measurements is complicated by the fact that usually two different (donor and acceptor) molecules have to
be attached at the two label positions. Furthermore, the pair of chromophores to be chosen for the
respective experiment depends on distance that should be measured, requiring at least knowledge about
the expected distance range. Finally, due to the relatively large aromatic moieties which comprise the
interacting dipoles in this method, difficulties arise for interpretation of the distance data in terms of
molecular structure because of the uncertainties in localization of the points in between the distance is
actually determined by the experiment. Consequently, the resolution in terms of structure of this
technique is generally lower compared to X-ray crystallography and NMR spectroscopy (Hemminga et al.,
2007).

Alternatively, cw- and pulse electron paramagnetic resonance (EPR) spectroscopy in combination with
site directed spin labeling can be applied to analyze protein structures and conformational changes
(Altenbach et al, 1990). The method provides structural and dynamic information also under
physiological conditions and this approach is applicable to soluble molecules as well as membrane bound
proteins either being solubilized in detergent or embedded in a lipid bilayer. Especially the fact that EPR
experiments can be easily performed also on lipid-reconstituted samples — contrary to most other

structural techniques (see above) — render SDSL EPR spectroscopy a highly valuable tool for studying



CHAPTER 1 INTRODUCTION AND MOTIVATION | 14

membrane proteins. With the help of various EPR methods it is possible to get a wealth of information
about the environment, the protein structure, structural changes and the corresponding functionality.
Especially, analogous to FRET, EPR allows also the determination of inter-residue distances using doubly
labeled proteins in order to generate three-dimensional models of proteins with largely unknown structure
(Hemminga et al., 2007 /2011). Compared to FRET the SDSL EPR method has two major advantages.
First, the spin label side chain can be relatively small, further minimizing disturbance of the labeled
proteins’ local structure, but also simplifying interpretation of inter spin-distances between two spin labels.
In addition, due to location of the label in closer proximity to the protein backbone it reports with higher
spatial resolution on the proteins local properties. Second, in EPR spectroscopy the paramagnetic centers
between which distance measurements have to be performed can be identical, simplifying also protein
labeling itself.

SDSL EPR has already been widely used to generate three dimensional protein structure models. As
mentioned above, the method is particularly suitable for investigations of membrane proteins, like for
example the sodium/proline symporter PutP (Hilger et al., 2007), bacteriorhodopsin (Altenbach et al.,
1990) and the lactose permease (Voss et al., 1996/1997). Examples of soluble proteins comptise e.g.
HSp16.5, a small heat-shock protein (Koteiche et al., 2005), aA-crystallin (Koteiche et al., 1998) and fibril-
forming proteins like a-synuclein (Der-Sarkissian et al., 2003) (Drescher et al., 2008). Furthermore, this
method emerged as a powerful tool for investigating protein function and dynamics, nicely exemplified by
the detailed analyses of the archaebacterial phototaxis-mediating SRII/HtrII complex by SDSL EPR
spectroscopy (Klare et al., 2007) (Klare et al., 2011) (Bordignon et al., 2005) (Bordignon and Steinhoff,
2007), and protein-protein interactions. Examples for the latter are studies on the homodimeric protein
MnmE (Boehme et al., 2010), the homotrimer Gltpy (Hénelt et al., 2013) and also comprise protein-
nucleic acid interactions, like investigations on the dimeric transcriptional repressor LexA in complex with

DNA (Butala et al., 2011).

In this work 3 different proteins are subjected to investigations on their structural, dynamic and functional
properties by SDSL EPR spectroscopy, combined with zz silico structure prediction and modeling: the
pore-forming bacterial toxin colicin A in its membrane-bound form and its corresponding immunity
protein Cai, and the Na*/proline symporter PutP, all from E. co/i. These systems and the motivations for

studying them in this work are briefly described in the following paragraphs.
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1.1 Structure of the colicin A pore-forming domain in E. coli lipids

Pore-forming proteins play a central role in many biological functions (Pugsley, 1984). These toxins
belong to a special class of proteins, which are secreted as water-soluble proteins and insert into the cell
membrane of attacked cells to open pores (Cramer, 1995) (Panchal, 2002) (Smarda and Smajs, 1998).

The analysis of bacterial toxins like those of the colicin family first of all provides an additional basis for
understanding microbial defense mechanisms in general. Secondly, colicins are only active against specific
other bacterial strains, and analyzing the mechanistic bases for this specificity can provide essential
information for designing antibiotics (Panchal, 2002). Furthermore, some studies reported that colicins
can selectively kill tumor cells (Smarda et al., 2001) (Fuska et al., 1979) (Walker et al., 2004). Finally, the
structural motif of colicin pore-forming domains is also present in other pore-forming toxins (PFTs) like
Diphtheria toxin, Bax or Aerolysin. Members of the Bcl-2-family - like Bax — comprise a major part of a
cell’s apoptotic machinery and it has been shown that they can act as tumor suppressors (Strasser et al.,
2000). The property of e.g Bax to permeabilize biological membranes gives rise for potential medical
applications, like cancer chemotherapy dependent on programmed cell death (Strasser et al., 2000).
Nevertheless, despite intense research in the past decades for none of the pore forming proteins
mentioned above comprehensive and unambiguous structural information exist yet for their membrane

bound states.

Colicin A (ColA) is a plasmid-encoded water-soluble pore-forming toxin produced by certain E. co/i strains
(Cascales et al., 2007). The protein kills unprotected cells of related strains by inserting specific helical
segments of the pore-forming subdomain into the cytoplasmic membrane to form voltage-dependent ion
channels. The crystal structure of the soluble form of the pore-forming domain has been solved, but
detailed structural data for the membrane-bound channel, in the closed as well as in the open state, is still
missing. In the present study, previous iz vitro investigations by site-directed spin labeling and EPR
spectroscopy (Pulagam et al., 2008) (Pulagam and Steinhoff, 2013) (Boehme et al., 2009) (Savitsky et al.,
2004) have been substantially extended, including mobility, polarity, accessibility and inter spin distance
measurements. In addition, inter spin distances measurement under iz vivo conditions have been
performed. This part of the work aims at a better understanding of the structural features of the

membrane bound closed channel state of colicin A.

1.2 Structure of the colicin A pore-forming domain under influence
of the immunity protein Cai. The topology of the colicin A/Cai
complex

The protein Cai protects colicin A producing cells against the cytotoxic activity of its corresponding
colicin. The immunity protein is an integral inner membrane protein that diffuses in the membrane and

interacts with the helices of the pore-forming domain of colicin A to prevent it from opening the voltage-



CHAPTER 1 INTRODUCTION AND MOTIVATION | 16

dependent ion channel. Information about the immunity protein Cai is very limited, and consequently the
mechanism for Cai action is still obscure. In general, two possibilities to prevent opening of the colicin A
channel can be envisioned: either by stabilisation of the ColA closed channel state, or by inducing a
conformation of colicin not competent for channel opening. In the present study the influence of Cai on
colicin A is investigated by mobility, polarity and inter-spin distance measurements on spin labeled ColA
in the presence of Cai as well as on Cai labeled at it’s native cysteine residues to gain more insights into

this poorly understood protein-protein interaction.

1.3 Structure and functional dynamics of Extracellular Loop 4 elL4
of the E. coliNa" /proline symporter PutP

PutP is an integral membrane protein located in the cytoplasmic membrane of E. /i, being responsible
for the coupled transport of Na* and proline in a 1:1 stoichiometry. It belongs to the family of sodium
solute symporters (SSS). The mediated proline uptake by PutP is part of anabolic and metabolic pathways.
The functions of the PutP transporters are different. For example the Na*/ proline transporter of Bacillus
subtilis is involved in cell adaption to osmotic stress (Spiegelhalter and Bremer, 1998), PutP in Helicobacter
pylori and Staphylococcus anrens presents an essential virulence factor which was shown by functional
inactivation of respective genes which prevents stomach colonization by H. pylri (Kavermann et al.,
2003). A dysfunction of human PutP homologues like the Na*/ glucose cotransporter (SGLT1) and the
sodium / iodide symporter (NIS) results in glucose-galactose malabsorption and in an iodide transport
defect (Dohan et al., 2003) (Wright et al., 2007). Structural data for PutP is not available, but secondary
structure predictions together with biochemical and biophysical analyse suggest a 13 transmembrane helix
motif with the N-terminus facing the periplasm and the C-terminus facing the cytoplasm. Recently, a
homology model has been developed based on the crystal structure of another member of this protein
family, the Na*/galactose symporter VSGLT of Vibrio parahaemolyticus (Olkhova et al., 2011). To refine the
homology model, in this work the structural properties of the extracellular loop 4 (el.4) of PutP are
investigated by EPR analyses of a series of spin labeled PutP variants comprising each individual loop
position. Furthermore, possible conformational changes induced by the two substrates, sodium and
proline, are investigated. Analyses of spin label mobility and polarity as well as accessibility to
paramagnetic quenchers and inter spin distances measurements allow us to refine the present homology

model, especially concerning the extent of a-helical segments.
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2. Principles of SDSL EPR Spectroscopy

To understand the biological function of biomacromolecules like proteins, knowledge about their
molecular structures and their dynamics involved in their respective biological functions are required. As
already mentioned in the beginning, most of the currently available protein structures have been
determined by conventional methods like X-ray crystallography and NMR spectroscopy. The
disadvantages of these methods are their limitations concerning the molecular weight for NMR
spectroscopy and the protein amounts needed for X-ray crystallography. Furthermore, especially
membrane proteins — comprising about 30 % of most organism’s proteomes and being target for the
majority of pharmaceuticals — often do not crystallize and the detergent- or membrane-environment also
hampers structural investigations by solution NMR. Alternative methods to determine the structural
properties of membrane proteins are cryo-electron microscopy (cryo-EM), solid-state NMR and EPR
spectroscopy. In this work, the technique of cw - and pulse electron paramagnetic resonance (EPR)
spectroscopy in combination with site directed spin labeling (SDSL) has been applied. This method has
evolved in the past 20 years as a valuable tool to study protein structures and conformational changes
(Altenbach et al., 1990). The advantage of using EPR is that the structural details and dynamics of a
protein can be studied in its physiological environment. This method has become one of the most
powerful tools to investigate proteins under more physiological conditions (Bordignon and Steinhoff,
2007), compared to e.g. X-ray crystallography. In the first part of this chapter the reader is provided with
the necessary theoretical and technical background aspects of EPR spectroscopy. The principle of
»Electron Paramagnetic Resonance®“(EPR) or “Electron Spin Resonance“(ESR) spectroscopy is the
absorption of electromagnetic radiation by a paramagnetic sample placed in a magnetic field.
Consequently, only samples with unpaired electrons can be directly studied by the EPR method. With the
exception of some metallo-proteins, most proteins have no unpaired electrons and therefore cannot be
directly analysed. This problem can be overcome using a method called site-directed spin-labeling (SDSL)
to introduce nitroxide spin labels (carrying a stable radical) at any desired site in a protein that has been
developed by Wayne Hubbell and co-workers (Altenbach et al., 1989) (Altenbach et al., 1990) (Hubbell et
al., 1994). This methodology is described in the second part of this chapter.
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2.1 The free Electron Spin

A free electron represents an elementary particle which is characterized by an intrinsic angular

momentum, the so called spin S that is accompanied by a magnetic moment p:

Hs = —ge _e§ = _geﬂB§ (2.1)

In this equation, . is the mass of the free electron. The g-factor of the free electron is g= 2.00231.
Furthermore, ug=9.27400915-10-24 JT-, is the Bohr magneton, # = 4/ (2r) = 1.054571726 -10-34 J- s is the
reduced Planck’s constant and § is the spin vector with its components Sx, Sy, Sz For a free electron in a
homogeneous constant magnetic B-field By, for the electron spin vector two possible states with different
energies exist. The spin is oriented either parallel (w5 = - V2) ot spin down, or antiparallel (ms = + '/2) or spin
up with respect to the external magnetic field. Thus, two distinct energy levels labeled by the spin
projection quantum number 75 = £ 2 can be occupied. Consequently, according to the s states also two

discrete values for the magnetic moment are possible:

1
Hsz; = t5gelp (2.2)

In an external homogeneous magnetic field along the z-axis of the laboratory coordinate system By = (0,

0, Bo) interacting with the magnetic moment gsthe resulting energies are:

E=—-ps-Byg= —pu; - By (2.3)

and the only two energy levels available for the electron are:

1

Eq= + EgeBeBO (2.4a)
1

EB = - EgeﬂeBO (2.4b)

The resulting energy splitting of the electron spin level into two levels is called the electron Zeeman effect

(Figure 2.1).
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“Spin down”

Figure 2.1: The electron Zeeman effect. The two spin states are described as a and § and are represented
by arrows pointing up and down, respectively. Without an external B field (Bo = 0) they have the same
energy (the energy levels are degenerate). If the electron is placed in a magnetic field By # 0, the two spins
have different energy levels which are separated by AE. The figure was adopted from S. Boehme, PhD
Thesis, 2010.

The Electron-Zeeman effect is the basis of EPR spectroscopy, where transitions of electrons between the
two energy states are observed. In EPR spectroscopy such transitions are usually induced by microwave
radiation. If the energy of the radiation, 4, provided by the applied field of frequency » coincides with the
energy difference AE between the two energy states, this phenomenon is called resonant absorption, and

the resonance condition can be written as:

AE=E,—-Eg=g.pugByg=h-v (2.5)

2.2 The Spin Hamiltonian

The energy levels and the time evolution of their occupancies of a paramagnetic entity in the magnetic
field B is described by the Hamilton operator or Hamiltonian. The total Hamiltonian describes the sum of
the most important interactions of the free electron with its local environment. This includes the
interaction of the electron spin S with the external magnetic field, the magnetic moment from nuclear
spins as well as from other electron spins, and the interaction between a nuclear spin and an external
magnetic field. The total spin Hamiltonian including all possible interactions of the electron spin with its
environment is:

Hs= Hiz+Hyz+ Hyp + Hzps *Hpxen + Hpp + Hyg + Hayw, (2.6)
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In Equ. 2.6, Hgz describes the electron Zeeman interaction, Hyz the nuclear Zeemann interaction, Hyp

the hyperfine coupling between the electron and a nuclear spin, and H ;g the zero-field splitting for spin
systems with § > 2. The zero-field interaction is caused by strong interactions between two unpaired
electrons located in directly neighboring atom or even in the same atoms (this phenomenon is only of

minor relevance for SDSL EPR since the unpaired electrons in spin labeled proteins usually do not come
into so close proximity). Hgxcy and Hpp describe the Heisenberg exchange and dipole-dipole coupling
between two electron spins. ng reflects the nuclear quadrupole interactions for spins with nuclear spin
quantum numbers I > Y2, and Hyy the spin-spin interactions between pairs of nuclear spins. Also
interactions described by H. no and Fyn usually do not contribute to the EPR spectra of proteins labeled

with nitroxide spin labels (§ =%z, I = 1 (**N)). Therefore they remain unconsidered in the following

explanations.

2.2.1 Electron Zeeman interaction, H gz

This first term describes the interaction between the spin of a free electron and the external magnetic
field. For electrons in molecular orbitals this interaction is an anisotropic interaction due to spin-orbit
coupling, meaning that the magnetic moment of an electron spin bound to a molecule depends on the
orientation of this electron spins in the molecule or on the orientation of the molecule in a magnetic field.

This feature is indicated by the anisotropic g-tensor.
FIEZ = u—ngBo (2.7)

This equation describes the electron Zeeman interaction and g describes the g-tensor that has the

following form:

8x 0 O
0 0 gy,

The typical g values for a MTS spin label are: g= 2.0086, gy~ 2.0066 and g,= 2.0023.

2.2.2 Nuclear Zeeman interaction, H yz

The nuclear Zeeman interaction describes the interaction of a nuclear spin with the external magnetic field
B. This interaction becomes relevant for various EPR techniques like ESEEM spectroscopy and especially

double resonance techniques (DEER or ENDOR), and is described by the Hamilton operator:
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Hnz = —gn'l Bol

(2.8)

. eh ¢ . .
The nuclear magneton is defined by py: = py— I describes the nuclear spin operator and g, the nuclear
P

g-factor. The nuclear spin in a magnetic field B also reveals different energy states, and their quantization

is defined through the magnetic quantum number of the nucleus =L 1—1,...

2.2.3 Hyperfine interaction, H yg

The hyperfine interaction characterizes the interaction between the electron spin § and the nuclear spin I.

This contribution is given by:

g?HF = §A7k

(2.9)

Here, A is the hyperfine tensor which is composed of two different parameters: (i) the anisotropic part

and (ii) the isotropic part or Fermi contact interaction:

Hyr = }[HF,aniso +}[HF,iso

(2.10)

The anisotropic part of the hyperfine interaction arises from dipolar interaction between the nuclear and

the electron spin, where the isotropic contribution results from a non-zero probability of the presence of

the electron at the nucleus.

The hyperfine interaction leads to an energy splitting of the resonance lines and the energy levels from the

Electron Zeeman interaction. With the system properties for a nitroxide spin label (S = %2, 1 = 1) and the

quantum mechanical selection rules (Amg = £1, Az = 0) the energy differences for the three allowed EPR

transitions are (Figure 2.2):

m;=1 - E; = hv, = gﬂ,(pBeBO +A19,<p
m; =0 - Ey = hvg = gy ,BeBo
m; = -1 - E_1 = hV-1 = gﬂ,(pﬁe - Aﬂ.(p'

and the respective resonance positions can be determined by:

B _ hvl—Ag'(p
0(my=1) = Be9v,e
_ hVo
BO(ml:O) - Be9v,e
hV_1+A,9"p
Boam=-1) = —(———

ﬂe.gﬂ,tp

(2.11)

(2.12)



CHAPTER 2 PRINCIPLES OF SDSL EPR SPECTROSCOPY | 27

Here gy o and Ay, are the g and A values for a given orientation of the B-field with respect to the
molecular frame of the nitroxide, where the x-axis is oriented along the N-O bond and the z-axis

perpendicular to the ring system (Fig. 2.3 and 2.9).

Figure 2.2: Schematic demonstration for the hyperfine interaction for a nitroxide radical (S = 2 and I =
1) as function of the magnetic field. Three resonance fields for three transitions can be identified. The two
energy levels from the electron Zeeman interaction split in six energy levels. Caused by the selection rules
for the allowed transitions (Am; = 0 and Amg = £1), three EPR transitions can be measured with the
resulting absorption signals. The resulting first derivative EPR spectrum is shown at the bottom. The
apparent hyperfine splitting is designated by ao. The Figure was adopted from J. Holterhues, PhD Thesis,
2009.

2.2.4 Dipole-Dipole interaction, H DD

The systems considered previously describe the situation concerning a single unpaired electron. Therefore,
in the following a system with two unpaired electrons that interact by exchange coupling and dipole-dipole
coupling are described. The interaction energy of the two interacting magnetic dipoles g1 and o with the

corresponding distance vector r between them is:

E = @(uruz _ 3(u1-r)(uz-r))

4 \ r3 rs

(2.13)
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The dipole-dipole interaction is described by the following Hamiltonian equation by use of the

correspondence principle:

Fon = seg1g2e” (o7 — 20m2iCrm) - gps (214)

r12 riz5

where § indicates the group spin (§ =8 + §2) composed of the two spin operators S; and S,. g1 and g»
are the g-values of the two electron spins. The parameter D denotes the dipole-dipole coupling tensor
(Arthur Schweiger and Gunnar Jeschke, 2001). The dipolar interaction between the two electrons D is
proportional to the inter-spin distance r3. Therefore, quantification of the dipolar interaction allows

determination of the distance between two paramagnetic centers.

2.2.5 Heisenberg spin exchange

The Heisenberg spin exchange is another electron-electron interaction. Spin exchange becomes significant
if the inter-spin distance of the unpaired electrons is very small (= 0.8 nm) (Rabenstein et al., 1995), which
occurs with a finite probability for the electrons at the same location and ovetlapping of the electron

orbitals. The exchange interaction is desctibed by the Hamilton equation:
Hexcn = —2J515; (2.15)

Contrarily to the cubic distance dependence of the dipolar interaction described before, the Heisenberg
exchange interaction of radicals in solution is supposed to fall approximately exponentially (Jeschke,
1998). Consequently, it is possible to obtain information about the distance 7 by determining the exchange
coupling J. Furthermore, exchange interaction is the undetlying mechanism that can be used to determine

spin label accessibilities to rapidly relaxing paramagnetic species exchanging with the unpaired electrons of

protein-attached spin labels.

2.3 Site-directed spin labeling (SDSL) EPR Spectroscopy

In this work various EPR methods are used in order to obtain structural information and to study
conformational changes of the pore-forming toxin colicin A upon interaction with membranes, the colicin
A immunity protein Cai and the sodium-symporter PutP. With the help of nitroxide spin labeled proteins

fundamental types of information can be obtained by this method like (i) the spin label mobility, (i) the
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accessibility towards paramagnetic quencher molecules, (iii) the polarity of the spin label environment, and
(itif) the inter-spin distance, the distance between two nitroxides. In the following sections the site-directed
spin labeling approach is described (2.3.1) and it will be shown how the above mentioned information can
be obtained from continuous wave (cw) EPR spectra of spin labeled proteins (2.3.2-2.3.6). Pulsed EPR
spectroscopy, namely the Double Electron-Electron Resonance (DEER) experiment, that has been used
in this work to determine inter spin distances in the distance range from ~ 1.5-5 nm, will be introduced

and described in chapter 2.4.

2.3.1 The MTS spin label

The most widely used spin label molecule in EPR studies referenced in chapter 1 is the
methanethiosulfonate spin label (MTSSL,1-0xyl-2,2,5,5-Tetramethylpyrrolin-3-methyl)
methanethiosulfonate spin label) (Figure 2.3). The unpaired electron giving rise for the EPR signal is
located at the nitroxide group in the heterocyclic ring of the label. Spin labeling is based on the specificity of
the label reagent for reaction with the sulfthydryl group of a cysteine residue, either naturally present or
site-specifically introduced via site-directed mutagenesis (Altenbach et al., 1990) (Hubbell and Altenbach,
1994) (Todd et al., 1998). Incubation of the purified protein with MTSSL causes reaction of the sulthydryl
group of cysteine side chains with MTSSL by formation of a disulfide bond. The resulting side chain is
abbreviated as R1. Although a variety of different sulthydryl-specific spin labels is available nowadays, the
most commonly used label is MTSSL due to its small side chain size and its dynamic properties. Its
molecular volume is in the range of that of amino acids like phenylalanine or trypthophane, and its flexible
linker (see Figure 2.3 B) minimizes disturbances of the proteins secondary structure. Numerous spin
labeling studies have shown that the proteins biological activity is usually preserved in the presence of R1
(Czogalla et al., 2007) (Mchaourab et al., 1996). The chemical structure of the MTS spin label bound to a

protein zia a cysteine side chain is shown in Figure 2.3.

29



CHAPTER 2 PRINCIPLES OF SDSL EPR SPECTROSCOPY | 30

MTSSL

/'\_, i
X +
site-directed SH
mutagenesis

protein backbone

Figure 2.3: Site-directed spin labeling: (A) after replacing the residue of interest by cysteine using site-
directed mutagenesis, reaction of the MTS spin label with the sulthydryl group of the cysteine yields the
spin label side chain R1. (B) Structure of R1 side chain. Rotatable bonds are indicated. The S-S bond
displays a significantly higher energy barrier for rotation, as indicated by the dotted arrow (modified from
Klare, 2013). (C) Electronic structure of the N-O bond in an external electric field Ey (reflecting the
environmental polarity) and with one H-bond formation in the molecular frame (x, y, z). The unpaired
electron is located in the partially overlapping p. orbitals. The superposition of the oxygen 2s, 2px and 2py
orbitals results in the non-bonding lone pair orbitals Wn. Figure taken from Plato et al., 2002.

The paramagnetic characteristics of the MTS spin label are defined by the partial overlapping of the 2p,
orbitals of the oxygen and nitrogen atoms in which the unpaired electron is localized in the resulting =

orbital of the nitroxide moiety.

2.3.2 Spin label side chain mobility

The EPR spectral shape at room temperature reflects the reorientational motion of the spin label side
chain, for details see (Berliner, 1976) (Betliner, 1979) (Betliner and Reuben, 1989). To characterize the
effects on the EPR spectral features the term “mobility ““ is used, which can be quantified by the rotational
correlation time (Hemminga et al., 2007). The rotational correlation time describes the time for a molecule in
motion, at which its orientation is not anymore correlated with its initial orientation. Three important
parameters contribute to the overall motion of a spin label attached to a protein: (i) the motion of the
protein, (ii) protein backbone dynamics and (iif) and the motion of the spin label itself. The resulting
mobility of the R1 side chain can be derived from the spectral line shape of the EPR spectrum as can be
seen in Figure 2.4, where simulated EPR spectra calculated for different rotational correlation times are

shown.
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Figure 2.4: Simulated cw X-band EPR nitroxide spectra calculated for different rotational correlation

times Tc. Isotropic spectra as in case of free rotational diffusion (small tc values) show three distinct lines
(top). Larger tc values are accompanied by spectral broadenings reflecting g and A anisotropies. In the
case of correlation times above 300 ns corresponding to complete spin label immobilization, the spectra
are called powder spectra. Figure adopted from Radzwill, PhD Thesis, 2001.

Spectra arising from spin label side chains showing a high degree of mobility, i.e. small rotational
correlation times (tc), are characterized by three narrow lines (low-, middle- and high field line of the
hyperfine splitting) and a small apparent hyperfine splitting (Figure 2.4, top). If the mobility of the side
chain is more restricted by stronger interactions of the nitroxide with neighboring side chains or backbone
atoms, the corresponding cw EPR spectra (Figure 2.4, spectra for rotational correlation times from 0.6 to
5 ns) display an increased apparent hyperfine splitting, smaller amplitudes and larger line widths. In the
case of full immobilization (tc > 300 ns) a so-called powder spectrum (Figure 2.4, bottom) is observed. From
the observed dynamics of an MTS spin label side chain conclusions can be drawn about its location and
its surroundings within the protein it is attached to. For example, R1 side chains located in the protein
interior are more restricted than those located in loop regions. Furthermore, periodical variations in spin
label mobility can provide means to identify secondary structure elements, especially in the case of a-
helices. Although the relation between the EPR spectral line shape and nitroxide dynamics is complex, the
mobility can be quantitatively assessed by two so called mobility parameters, the line width of the center

line (AHy), and the spectral breadth or second moment of the spectra (H?).
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Figure 2.5: Classification of side chain localizations with regard to the protein structure by plotting the
inverse spectral second moment versus the inverse central line width. These two semi empirical
parameters were calculated from cw X-band EPR spectra at room temperature. Picture adopted from C.
Abe, PhD Thesis, 2010 and modified from Bordignon et al., 2007.

It has been shown that these two parameters are correlated with the structure of the spin label binding site
environment (Hubbell et al., 1996) (Mchaourab et al., 1996). For example, a plot of the mobility parameter
AHo! against the residue number reveals secondary structure elements through the periodic variation of
the mobility as the spin label sequentially samples surface, tertiary, or buried sites. Furthermore, it is
possible to perform a general classification of the side chain localization with regard to protein structure,
by plotting the inverse of the central line width AHo"! and the inverse of the second moment <H?>in a

two-dimensional plot as shown in Figure 2.5.

2.3.3 Accessibility toward paramagnetic quencher molecules

Another tool to obtain structural information about a protein is determination of the spin label side chain
accessibility towards paramagnetic quencher molecules. Paramagnetic probes exhibiting different
solubilities in the different environments of the sample can be used to define the location of the R1 side
chain with respect to the protein/water/membrane boundaties. The usual quencher components used for
these types of experiments are water-soluble metal ion complexes like Ni-EDDA (Nickel
ethylenediamine-diacetic acid) and hydrophobic molecules like molecular oxygen (Oz). The metal ions
allow quantification of the spin label side chain accessibility from the aqueous environment, whereas
molecular oxygen mainly concentrates in hydrophobic regions like the hydrophobic core of lipid
membranes. Consequently a water exposed R1 side chain is associated with a high accessibility to Ni-

EDDA and a smaller accessibility to oxygen. Contrarily, location of the nitroxide in a membrane bilayer
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results in a higher accessibility to oxygen compared to Ni-EDDA. For a spin label located in the protein

interior (“buried”), no or low accessibilities for both quencher probes are observed.
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Figure 2.6: Accessibility of R1 side chains. Left: schematic illustration of the accessibility of the R1 side
chain to the paramagnetic quenchers O and Ni-EDDA. Due its hydrophobic nature the concentration of
molecular oxygen is high in the hydrophobic regions of lipid membranes. Contrarily, the concentration of
metal ion complexes like Ni-EDDA is higher in the aqueous environment. Right: typical saturation curves
in the presence of the paramagnetic quencher molecules O2 (green), Ni-EDDA (blue). The red curve
shows the saturation behavior in the absence of collision reagents (fluxed with Ny). Figure adopted from
L. Pulagam, PhD Thesis, 2007.

Collisions between the spin label and the diffusing exchange reagents are defined by their Heisenberg
exchange frequency, We. Most commonly, Heisenberg exchange rates are quantified using cw power
saturation or saturation recovery measurements that allow measuring the spin-lattice relaxation time Tic

which is correlated to the Heisenberg exchange frequency W
1
W, =A4 (_) (2.16)

In the case of cw power saturation measurements, which have been applied in this work, the dependency
of the saturation behavior on the relaxation times is utilized to determine Wey. The amplitude of the cw
signal in dependency of the microwave power (peak to peak amplitude Y* of the central resonance line
obtained at different microwave power levels), exhibits a rise of the signal to a maximum followed by a
decrease of the intensity (Figure 2.7). From this so called cw saturation curve (Figure 2.7), the parameter
P12, corresponding to the microwave power where the amplitude of the cw EPR spectrum is half of that,
which would be obtained without any saturation (blue line in Figure 2.7) can be obtained. The

corresponding saturation curves are analysed by fitting of the saturation curves with the equation:
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P
1
(1+(@2e-1)P/Py/3)

Y = (2.17)

Here, [ is a scaling factor, and ¢ accounts for the homogeneity of saturation. The parameter Py/2 can be

extracted from the saturation curves by the program win power fit (Martin Kithn).
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Figure 2.7: Plot of cw EPR signal amplitudes of the central line versusyP. The fit of the experimental
data (black dots) with Equation 2.17 is shown as a black line. The theoretical behavior in the absence of
saturation is shown in blue. Figure adopted from M. Doebber, PhD Thesis, 2009.

The Pq/; values reflect the relative collision frequencies and therefore the accessibility of the nitroxide
towards the exchange reagent (Altenbach et al., 1989), but still also depend on the spin-spin relaxation
time T To eliminate this dependency, the Pq/, values are divided by the spectra line widths AHy as a
measure for T 1.

0
APy P1p2—Pyp
AH, AH,

AP,1/2 = [0 Wex (2.183)

Furthermore, to account for instrumental variability (for example resonator properties that influence
saturation behavior), normalization of APy, with a reference sample - for example 2, 2-diphenyl-1-
pictylhydrazyl (DPPH) powder diluted in KCI or TEMPO (2,2,6,6-Tetramethyl-1-piperidinyloxy, used in
this study) - is performed to yield the dimensionless accessibility parameter 7

AH((TEMPO) _

m=A4Py,; P1/,(TEMPO)

a-W,, (2.18b)

Py 3 is the value in the presence and P(l) /2in absence of a collision reagent. The proportionality constant

o, represents a cavity-dependent normalization factor. In this study a cavity with « = 1.87 s was used.
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2.3.4 Immersion depth parameter ®

Being of special interest for the topological characterization of membrane proteins, the immersion depth
of the spin label side chain into a lipid bilayer can be quantified with the parameter (@) calculated from the

accessibilities to Oz and Ni-EDDA:

® = In(Weyo,) /In(W ex nigpDa) (2.19)

Advantageously, this parameter exhibits only a weak dependency on the lipid composition of the bilayer
(Hubbell et al,, 1994). Extensive research concerning the immersion depth parameter @ has been
performed by Hubbell and coworkers (Altenbach et al., 1994) (Hubbell et al., 1994). In these studies the
immersion depth parameter @ has been experimentally determined for several spin labeling positions in
bacteriorhodopsin (BR) as shown in Figure 2.8, allowing the determination of the distances of the R1 side
chains with respect to the phospholipid head groups. In this plot of @ versus label position it becomes
apparent that this parameter represents a linear function of the distance from the lipid bilayer head groups

with its maximum value in the middle of the bilayer.

Bacteriorhodopsin residue number
103 105 109 113 116117 120 124 127129

b i
\
5 i

0 5 10 15 20 25 30 35 40 45
Distance from cytoplasmic phosphate groups (A)

Figure 2.8: Immersion depth parameter @ calculated from the collision frequencies (Ni-EDDA and O»)
obtained with BR mutants labeled with MTSSL at the positions indicated on the top y axis. The bilayer
center is indicated by the dashed line, and the distances from the cytoplasmic phosphate head groups
corresponding to the respective spin label side chain positions were determined from the BR structure.
Figure adopted from Hubbell et al., 1994.
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2.3.5 Polarity measurements

The polarity of the spin label environment influences the hyperfine coupling tensor element A,,. The
strength of the hyperfine interaction depends on the electron densities at the nitrogen and the oxygen
atom of the nitroxide moiety, respectively, which in turn is atfected by the polarity of the immediate spin
label side chain environment, i.e. the electron density distribution for the unpaired electron is shifted
between the two atoms depending on the local electric field. In a polar environment the stronger electric
tield E shifts the density of the unpaired electron into the direction of the nitrogen atom, leading to an
increased hyperfine coupling with the N-atom (see Figure 2.9 A). In contrast, in a nonpolar environment
(i.e. a weaker E field) the electron density is shifted into the direction of the oxygen atom, resulting in
decreased hyperfine coupling (Figure 2.9 B). The resulting hyperfine interaction is reflected in the
apparent hyperfine splitting (A,,) that can be directly determined from cw EPR spectra recorded at low
temperatures (below 190 K), where spin labels attached to a protein are completely immobilized (Figure
2.10 A). The hyperfine coupling tensor element A, is expected to be large in a polar environment (~3.6-

3.7 mT), whereas smaller values indicate an apolar environment (~3.3-3.4 mT).

Figure 2.9: Schematic representation of localization of the electron density at the nitroxide group. The
unpaired electron is shown as an arrow between the 2p orbitals of the nitrogen and oxygen in polar (A)
and apolar (B) environment. (A) In a polar environment the oxygen forms a hydrogen bond and the
clectron density is shifted towards the nitrogen atom, indicated by the large 2p orbital at the nitrogen
atom. (B) In a hydrophobic environment, the electron density in the 2p orbital of the nitrogen is
decreased and shifted towards the oxygen atom of the nitroxide moiety. Figure adopted from ]J.
Holterhues, PhD Thesis, 2009.
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Figure 2.10: (A) Simulated X-band cw EPR powder spectrum reflecting the polarity of the nitroxide spin
label environment. The resulting spectra of the MTSSL spin label are shown for a polar (dotted line) and
nonpolar (continuous line) environment. Figure adopted from L. Pulagam, PhD Thesis, 2007. (B) Polarity
parameters for helix I in BR. Shown are the A,, values versus the spin label distance r from the lipid
membrane surface. The profile reveals smaller A,, values in the middle of the membrane bilayer and larger
A, values near the lipid head groups. Figure adopted from Savitsky et al., 2004.

Determination of the environmental polarity of the R1 side chain allows obtaining structural and
topological information about the protein under investigation. For example, spin labels located in the
middle of the membrane reveal A,, values of approximately 3.35 mT. In contrast, positions located close
to the lipid head groups or the bulk water phase exhibit higher values like 3.6 mT. Thus, polarity
measurements are a very useful to obtain information about the location of the side chains under
investigation with respect to the membrane water interface. This is exemplified in Figure 2.10 B with a

polarity profile forHelix F in BR. (Savitsky et al., 2004).

2.3.6 Inter Spin Distance measurements

Distances below ~ 2 nm between two spin label side chains can be determined from low temperature
(below 190 K) cw EPR spectra, due to the fact that the dipolar interaction between two spins being < 2
nm apart leads to broadening of the EPR absorption lines (Altenbach et al., 2001) (Rabenstein et al., 1995)
(Steinhoff et al., 1997). The magnetic dipole-dipole interaction between the magnetic moments pa and Mg
of spins A and B is proportional to 73, ie., the strength of the dipole-dipole coupling increases with
decreasing inter spin distance (see equation 2.13). The distance can be determined from the dipolar

broadening of the EPR lines, where smaller distances lead to broader EPR spectra. Quantification of inter
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spin distances can be achieved by a detailed line shape analysis of EPR spectra of frozen protein samples -

or alternatively of proteins in solutions of high viscosity (Steinhoff et al., 1991).

Figure 2.11: 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: > 2 nm (no
visible dipolar interaction), black: 1.8, 1.4 and 1.0 nm. Picture taken from Bordignon et al., 2007.

2.4 Pulsed EPR

In contrast to cw EPR, in pulsed EPR the samples are irradiated (in a constant external magnetic field)
with short microwave pulses in the nanosecond time range. In the last decades various pulse sequences
have been developed, like 2- and 3-pulse ESEEM, HYSCORE, Mims and Davies ENDOR, DEER, etc.,
providing a wide range of information about the system of interest, e.g. interactions between the electron
spin and nuclear spins, but also other electron spins. Pulsed EPR methods for example expanded the
measurable inter spin distance range from 2 nm up to ~8 nm (Borbat et al., 2007) (Pannier et al., 2000).

The corresponding technique is described in the following section.

2.4.1 Distance measurements with DEER spectroscopy

Double Electron-Electron Resonance (DEER) spectroscopy, also named Pulsed ELectron DOuble
Resonance (PELDOR) spectroscopy, has been applied in this work for the determination of inter spin
label distance distributions within the proteins colicin A, Cai and PutP, and is described in the following.
DEER spectroscopy allows the determination of distances in the range of ~2-8 nm. Using deuterated
solvents and deuterated proteins nowadays distances even up to about 10 nm can be measured (Ward et
al., 2010). The 4-pulse DEER experiment applied here has been developed in the late 1990’s (Martin et al.,

1998) (Pannier et al., 2000). The basis of this method is the selective excitation of two spin populations, A
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and B, of dipolar interacting spin partners by using two different microwave frequencies, »a and »s. These
two frequencies are called observer-frequency, »a, and pump-frequency, us, respectively. With the
observer-frequency the behavior of a spin ensemble of species A at its resonance frequency, »a, is
examined. The polarization of the electron spin B is flipped by the pump pulse, exhibiting the frequency
vg. The dipolar coupling effects between A and B spins are then observed as a modulation of the observer
echo amplitude depending on the position of the pump pulse within the pulse sequence, and can be used
to determine the strength of the dipolar coupling and eventually the distance distribution between the

electrons spins.

The DEER experiment and the origin of the DEER signal

In the 4-pulse DEER experiment a refocused Hahn-echo sequence is applied at the observer frequency va,
as illustrated in Figure 2.12 A. Figure 2.12 B visualizes the way how the time-dependent DEER signal is
modulated with the so-called dipolar frequency, i.e. the shift in resonance frequency corresponding to the
interaction energy given in Eq. 2.20 (Chapter 2.3.6). The behavior of the macroscopic magnetization M of the
sample (i.e. the sum of the magnetic moments divided by the volume) is depicted in a reference frame that
is set to rotate with the Lamor frequency of the observer spins wr. (observe), so that the observer spins
processing with wy. (observe) appear stationary in this frame (vector picture of the rotating frame). Before
the pulse sequence is applied to the system, the macroscopic magnetization M of the observer spins is
aligned along the z-axis (1). The first two pulses, 1/2 and 7 (the standard Hahn echo sequence), applied at
the observer frequency wa, are separated by the time 1. The first n/2 pulse (with otientation of the
microwave B-field along the y-axis of the rotating coordinate system) turns the magnetization M of the
observer spins (species A) into the xy-plane of the rotating frame (1—2). During the time 11 the spins “fan
out” in the xy-plane (dephasing of the transversal magnetization), caused by a distribution of different
local fields leading to slightly different Lamor frequencies for the spins within the samples (2—3).
Consequently, the resulting macroscopic magnetization in the xy-plane (being the signal usually measured
in pulsed EPR) decreases over time until the xy components of all spins cancel out each other and the
signal has completely decayed. This process (and also the resulting signal) is called Free Induction Decay
(FID). After the time 11 the following n-pulse flips the magnetization by 180°, i.c. the single magnetization
vectors are mirrored with respect to the yz-plane. As all spins keep their velocity and direction of rotation
in the xy-plane during this process, the macroscopic magnetization in the xy-plane, is recovered due to
rephasing of the spins (3—4). After the time t has elapsed, all components are aligned along the y-axis,
leading to the detection of a (negative) spin-echo, the so called Hahn-echo, after the time 211, where 11 is
the delay time between the two pulses (4—5).

Now a second n-pulse (at the pump pulse position t in Figure 2.12 A) is applied at the second (pump-)
frequency »s (6—7). This pulse changes the magnetization of spin species B (pumped spins), causing a
change of the local magnetic field at the observer spins A and consequently a shift of their Lamor
frequencies by two times the dipolar frequency (7). After the time 12 a second my-pulse is applied (8) at the

observer frequency, leading to a refocused (positive) echo at 1 after this pulse, as the magnetization of the
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observer spins A is again flipped by 180°around the z-axis resulting in rephrasing of the magnetization
vectors along the x-axis (9—10). The echo amplitude in dependence of the time t can be monitored at 2(t
+12) after the last pulse (see Figure 2.12). Variation of the relative pump pulse position given by t leads to
different phase offsets of the refocused magnetization, as the Lamor frequency shift caused by the pump
pulse occurs at different times, reflected in a modulation of the echo amplitude with the dipolar

frequencies resulting from spin-spin interactions.
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Figure 2.12: The DEER experiment. (A) Schematic representation of the four-pulse sequence. (B) Time
evolution of the magnetization M in course of the DEER experiment. Figure adopted from S. Bochme,
PhD Thesis, 2010.

The echo intensity resulting from a Hahn echo sequence is also determined by the temporal spacing
between the two pulses. With increasing inter pulse delay a decrease of the echo intensity is observed. This
is caused by the fact that in real EPR samples - due to local B-field fluctuations but also because of
interactions of the electron spin with its environment, e.g. with nuclear spins, the spins do not keep their
Lamor frequency over time. The time constant characterizing the decay of the echo intensity as function
of the inter pulse delay is the so-called phase memory time Tm, comprising all effects causing echo dephasing,
with the transverse relaxation time 7> as one of its contributors (Jeschke,1998) (Schweiger et al., 2001). For
interspin distance measurements the determination of T, is important, as this time constant limits the
maximum dipolar evolution time given by 12 (see Figure 2.12 A), and consequently the maximum

accessible distance range - due to the > dependency of the dipolar frequency and the prerequisite to cover
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at least one oscillation of the latter with the dipolar evolution time for reliable determination of the
frequency. The determination of T, can be achieved by a 2 pulse Electron Spin Echo Envelope
modulation (2pESEEM) experiment, which uses the Hahn-echo sequence (n/2 - t1- n ot n/2 - 11 - 1/2).
The spacing between the two pulses is varied to measure the exponential decay of the echo height due to
dephasing over time.

Microwave pulses of finite length are always characterized by a certain bandwidth of excitation
frequencies. For an optimal setup of the DEER experiment it is necessary to adjust the two excitation
frequencies and pulse length in a way that overlaps between their excitation profiles are minimized or
excluded. On the other hand, to optimize the signal intensity, it is important to excite as much spins as
possible. In general, the choice for the pump frequency s, is the frequency at which the EPR absorption
spectrum reaches its maximum. The length of the n-pump pulse is usually set to 12 ns. In case of nitroxide
spin labels, the observer frequency »a with a corresponding n-pump of 32 ns is set to the low field EPR

maxima, which corresponds to a value between 65 up to 70 MHz larger than v (see Figure 2.13).

observe pump
\ g y

) : HRY;
observe 3 ELDOR

Av=65-710 MHz  Bo

Figure 2.13: Setting of observer and pump pulse in the four-pulse DEER experiment on an echo
detected field swept EPR spectrum of a nitroxide spin label bound to a protein.

Analysis of the DEER data

The echo amplitude at the time 2(t1+712) depending on the time t (pump pulse position) represents the
DEER signal. The total DEER signal intensity V' (#) is composed of the local intra-molecular contribution

F (), called the form factor, and the background contribution B (2).

The overall DEER signal as function of the dipolar evolution time # can therefore be splitted in:

V() =Viear(t) - Vbackground(t) =F()-B(1) (2.20)

Under the assumption that the background part arises from homogeneously distributed molecules it can

be described by (Milov et al., 1997):
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B(t) = exp(—ktP/3) (2.21)

where D is the dimensionality of the background contribution. In case of frozen protein solutions, a three-
dimensional distribution (D = 3) can be assumed, whereas membrane proteins in a lipid bilayer are most
likely characterized by a two-dimensional distribution (D = 2) or a dimensionality between 2 and 3.
Alternatively, the background contribution B (%) for doubly-labeled molecules can be determined
experimentally from singly labeled species (Hilger et al., 2005) (Jeschke et al., 2006). The form factor F (2)
(see Figure 2.14, panel A) appears as a damped oscillation with a frequency inversely proportional to the
cube of the mean distance 745 (see Equ. 2.13). The decay of the oscillation depends on the width of the
inter spin distance distribution. With increasing width of the distance distribution the decay becomes
faster, because F () is then a superposition of Lamor frequencies from a wider interval. Incomplete
excitation of the pumped spins results in the fact that F (#) decays to a non-zero value 1-A, where A is the
so-called modulation depth. For dipolar evolution times > Taq, where Taq is the characteristic decay time

describing where the oscillation has fully decayed, the signal is described by

Separation of V (¢) into F (t) and B (%) as described in equation 2.20 can thus be performed by fitting the
two parameters k and A in equations 2.21 and 2.22. The analysis of the DEER traces to obtain the inter-
spin distance distributions and average numbers of interacting spins of the sample was performed with the

program DeerAnalysis2011 (Jeschke et al., 2000).
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Figure 2.14: DEER. The double Electron-Electron Resonance: Determination of inter-spin distances and
the respective probability distributions via a pump-probe pulse EPR. (A) A typical DEER signal V (#) and
the exponentially decaying background part highlighted in red. (B) The resulting form factor F (2) after
background correction (C) can be converted into a distance distribution P ().
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First, the program corrects the phase of the (complex) experimental data by minimizing the root mean
square deviation of the imaginary part for the last three quarters of the data points. Next, a background
correction according to the approach described in the previous paragraph of the phase corrected dipolar
evolution data is performed. Background correction separates the signal V (¥) into the dipolar evolution
function F (t) (see Figure 2.14, panel A) and the background decay B (¥). The quality of the background
correction can be evaluated by inspection of the Fourier transform of the background corrected dipolar
evolution data, the Pake pattern (Jeschke et al., 2000). If the background contribution B (z) to the DEER
signal has been removed the resulting form factor F (#) (see Figure 2.14, panel B) can be translated in
terms of distance distribution P (r) (see Figure 2.14, panel C). Determination of the distance distribution
P (r) from the form factor F (t) is performed by Tikhonov regularization. A regularization method has
been chosen as the solutions of this problem are not unique and also not stable with respect to artifacts
and a poor signal to noise ratio, leading to variations and consequently uncertainties in the distance
distributions. In Tikhonov regularization, the best compromise between the resolution of the distance
distribution and noise suppression (smoothness) is secked, judged by the regularization parameter o.

By minimizing the target function G4 (P) the optimum distance distribution P(7) is then found and given

by:

a2 2
Go(P) = IS® - FOI* +a |3z P@)|| (2.23)

In this equation the first term describes the root mean square deviation between the simulated time-
domain signal §(t) and the experimental background corrected DEER trace F(t). The second term
described the second detivative of P (1) weighted by the regularization parameter o. The determination of
a suitable « can be achieved based on the so called L-curve criterion (Jeschke et al., 2006). The L-curve
represents the plot of the logarithm of the smoothness (Eq. 2.23, second term) against the logarithm of
the mean square deviation between the simulated and experimental dipolar evolution function (Eq. 2.23,
first term). This leads to a computed L-shaped curve and the simulated dipolar evolution function and the

distance distribution can be inspected for all o values.
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3. Structure of the colicin A pore-forming domain in E. coli
lipids

3.1 Introduction

3.1.1 Motivation

A mechanism of cytotoxicity by means of the formation of pores in cell membranes is found in many
organisms. Pore-forming toxins are usually secreted as water-soluble proteins and insert into the
cytoplasmatic membrane to open pores with different selectivities (Cramer et al., 1995) (Panchal et al.,
2002) (Smarda et al., 1998). This distinctive feature is frequently regulated by physical and chemical
factors, like the membrane potential or by ligand-binding. In case of the pore-forming toxins of
Enterobacteriaceae family members, this bacteriocines form voltage gated pores in the bacterial plasma
membranes (Lakey et al., 1994) (Pugsley et al., 1994). This pore is - in contrast to ion channels - less

selective, i.e. ions and/or small organic molecules can pass the channel (Cramer et al., 1995).

Deeper knowledge about bacterial toxins like the colicins not only provides additional means for
understanding microbial defense mechanisms in general. Moreover, medical applications like designing
antibiotics based on the mechanisms colicins use to selectively kill certain bacteria, or the finding that
colicins can selectively kill tumor cells (Smarda et al., 2001) (Fuska et al., 1979) (Walker et al., 2004), are
discussed. In addition, the structural motif of colicin pore-forming domains is also present in other pore-
forming toxins (PFTs) like Diphtheria toxin, Aerolysin or members of the Bcl-2-family - like Bax. Bcl-2-
family proteins comprise a major part of a cell’s apoptotic machinery, and it has been shown that they can
act also as tumor suppressors (Strasser et al., 2000). Moreover, the property of e.g. Bax to permeabilize
biological membranes again gives rise for potential medical applications, like cancer chemotherapy

dependent on programmed cell death (Strasser et al., 2000).

3.1.2 Colicin A expression and release

Colicins belong to the class of bacteriocines that are synthesized by enterobacteria like E. co/, and are
active against other E. co/7 strains (Smarda et al., 1998) (Lakey et al., 1994). The members of the colicin
family are different in effectiveness and can kill their target either by nuclease activity or by forming pores
in the cytoplasmatic membrane. This work is focused on ColA, a water-soluble toxin of 592 amino acids
that kills unprotected cells by inserting specific helical segments into the cytoplasmatic membrane, thereby
forming a voltage-dependent ion channel (Cascales et al, 2007 and references therein). A positive

membrane potential of 40-60 mV (Lazdunski et al., 1998) (Martinez et al., 1983) opens this non-specific
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channel and permits the efflux of inorganic and small organic ions. This leads to a depolarization of the

membrane and affects the proton motive force by depletion of the ATP level.

Colicins are encoded by the so called Col-plasmids that vary widely in size and properties. Representative
examples for such plasmids are pColE1 for colicin E and pColA for colicin A (Figure 3.1). Three of the
genes are fully characterized and important for the colicin A mechanism of action (Lakey et al., 1994)
(Cascales et al., 2007). The gene caa is responsible for colicin A activity itself. The gene ca/ encodes the
lysis protein cal and plays an important role in the secretion of colicin A by cell lysis induced by the BRP
protein (bacteriocine-release protein) to allow the release of colicin from the cell (van der Wal et al.,
1995). Each colicin plasmid also encodes a specific immunity protein that is encoded by the gene ¢, that
protects the colicin-producing cell against its own cytotoxic activity (Lakey et al., 1994) (Cascales et al.,
2007). The immunity protein Cai is a transmembrane protein and protects the producing cell against the

cytotoxic activity only of its corresponding colicin (Pugsley et al., 1984).
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Figure 3.1: pColA plasmid pLR1 with arrangement of the genes caa (blue), ca/ (green) and Cuai (red).

Expression of the two genes caa and ca/ in E. coli is strongly repressed by the LexA repressor, which is
induced by the ‘SOS’ response (Pugsley et al., 1984), due to the presence of DNA-damaging agents or
environmental factors like increasing population density and nutrient depletion (Lakey et al., 1994)
(Pugsley et al., 1984). Damaged DNA - for example from UV-light or mitomycin C - causes activation of
the inducer RecA and the activated form binds to the repressor protein LexA, which induces auto
cleavage and release of the LexA repressor, allowing transcription of the operon. In contrast to the genes
caa and cal the structural gene for the immunity protein Cai is located on a specific operon and is encoded
on the antisense DNA-strand. Therefore, Cai expression is not dependent on the SOS-response, and the
protein is continuously expressed at low levels (102 to 103 molecules per cell). For comparison, the
number of colicin A molecules produced by a single cell reaches ~107 molecules (Zhang et al., 1993).
Therefore, after induction colicin becomes the major protein of the cell. The bacteriocine release protein

Cal is a — also highly expressed - small lipoprotein containing a signal peptide that remains stable and
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accumulates in the cytoplasmic membrane after cleavage. Combined action of the accumulated signal
peptides, the BRPs and phospholipase A causes the release of colicin A into the extracellular medium. In
more detail, it could be shown that the BRPs activate phospholipase A that is located in the outer
membrane (Cavard et al., 1997) (Pugsley et al., 1984) by dimerisation (Snijder et al., 1999) (Dekker et al.,
1999). This causes a change in the phospholipid content, namely a decrease in phosphatidylethanolamine
(PE) and an increase in lysophosphatidylethanolamine (IysoPE) and free fatty acid content (Pugsley et al.,
1984), finally leading to membrane perturbance and the leakage of colicin A and other proteins.
Furthermore, it could be shown that colicin A can affect the integrity of the outer membrane
independently of phospholipase A (Howard et al., 1991). Colicins accumulate exclusively in the cytoplasm
and it was suggested that release from the cytoplasm to the extracellular medium could be a one-step
process (Cavard et al., 1981) (Luirink et al.,, 1991). Therefore it has also been proposed that the BRPs
together with phospholipase A build trans-envelope pores through which colicin A and other proteins are
able to pass (Luirink et al., 1991) (Cavard et al., 1992) (van der Wal et al., 1995). Nonetheless, for colicin A
it was shown that it can also reach the outer membrane without the help of BRPs just by interaction with
phospholipase A (Snijder et al., 1999). Phospholipase A forms a 12-stranded-8 barrel which spans the
membrane (Snijder et al., 1999), and it appears possible that phospholipase alone can also facilitate colicin

A transport across the outer membrane (Cavard, 2002).

3.1.3 The solution structure of colicin A

Structural models for full-length pore-forming colicins are available for colicin B (Hilsenbeck et al., 2004),
colicin N (Vetter et al., 1998) and colicin Ia (Wiener et al., 1997). Furthermore, structural data is available
for the separated pore-forming domains of colicin A (Parker et al., 1989, 1992) and colicin E1 (Elkins et
al,, 1997). Due to the high sequence homology between colicins A and Ia (Figure 3.2 A) it can be expected
that ColA exhibits the same structural features. According to this homology, the 592 amino acid protein
ColA comprises three domains: The N-terminal translocation domain (T-domain), the central receptor
binding domain (R-domain), and the C-terminal pore-forming domain (P-domain), as illustrated in Figure

3.2 B.
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c) Pore-forming domain (1COL.pdb)
The amphipathic helices are

colored in green and the hydrophobic
hairpin (helices 8 and 9) is colored in
magenta.

a)
Col la translocation receptor

225 282 385 450 626

ColA translocation receptor

Figure 3.2: (a) The structural features of colicin A and Ia. (b) Ribbon structure of colicin Ia (1CILpdb).
The three individual domains are colored and named separately. (c) Schematic structure of pore-forming
domain of colicin A (1COL.pdb). The amphipathic helices are colored in green and the hydrophobic
hairpin (helices 8 and 9) is colored in magenta.

The ColA ion channel is formed by the C-terminal pore-forming domain. The available three dimensional
structures of the soluble form of the pore-forming domains of colicins A, B, E1, Ia and N share the same
architecture. The crystal structure of colicin A with 2.4 A resolution was reported by Parker et al. (Parker
et al.,, 1989 / 1992) and reveals a bundle of 10 alpha-helices as shown in Figure 3.2 C. The hydrophobic
helices 8 and 9 comprise a hydrophobic hairpin that is surrounded by the other 8 amphipathic helices. The
hydrophobic surfaces face towards the central hydrophobic core and the hydrophilic faces are exposed to
the aqueous environment, rendering the protein soluble in water. The pore-forming domain of colicin A
has 3 possible conformations (Cascales et al., 2007 and references therein): the water soluble form, the
closed channel state and the open channel state and binding of colicin A to the membrane is irreversible.
Since colicin channels are regulated by a voltage gating mechanism, the membrane bound-state of colicin
A exist in an open and a closed channel state (Lakey et al., 1994) (Cramer et al., 1990). Nevertheless other
unknown membrane bound conformations of the channel can’t be excluded. The structure of the open

channel state is at the moment completely unknown.
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3.1.4 Colicin A interaction with target cells

Once released from the producing cell, the target of colicin A is the inner (cytoplasmic) membrane (IM) of
other cells. The insertion of toxic proteins into membranes and subsequent channel formation is found
for many toxins like diphtheria, tetanus and cholera toxins (M&bius et al., 2005) (Smarda et al., 1998)
(Lakey et al., 1998) (Pugsley et al., 1984) (Smarda et al., 2001) (Fuska et al., 1979). All these molecules
including the colicins have to overcome a major physical barrier to attack the target cells — the outer
membrane. For translocation through the outer to the inner membrane colicins use either the TonB or the
Tol-system. The Tol (for Tolerant) group of proteins is responsible for the energy independent import of
colicins, whereas the TonB proteins mediate energy dependent import. Depending on these two import

pathways colicins are classified into two groups:

1. Group A colicins which translocate through the Tol system like colicin A, E1-E9, K, L, N,
2. Group B colicins, which translocate through the Ton system like colicins B, D, Ia, Ib, M and V

The cell-killing mechanism of colicin A involves three functional steps. First, the receptor binding domain
binds to the vitamin B12 receptor (BtuB) at the outer membrane surface. Next, translocation of the other
two domains from the outer to the inner membrane takes place with the aid of the porin Ompl* and the
Tol system. Finally, the pore-forming domain inserts into the inner membrane to form a voltage-
dependent ion channel. It has also been suggested that receptors like BtuB and OmpF can react as gated
channels, where binding of the ligand opens this channel, allowing the ligands to pass (Lazdunski et al.,
1998). Although the mechanism how colicins bind to their receptors and how they finally reach the inner
membrane is still under lively debate, the major pathways are quite well known. Once colicin A is bound
to the receptor BtuB, translocation across the membrane takes place through the second outer membrane
protein OmpF, and based on the fact that colicin A uses these two proteins to traverse the membrane, it
has been suggested these proteins must be localized in a close proximity to each other. Translocation itself
is thought to take place vz unfolding of the ColA translocation domain (Gouaux, 1997).

A-type colicins use the Tol-system that comprises the proteins TolA, TolB, TolQ, TolR and an outer
membrane lipoprotein, Pal (Peptidoglycan associated lipoprotein). It is known that the periplasmatic
protein TolB associates with Pal. Therefore it appears likely that the translocation of colicin starts with the
interaction with TolB. The ColA-TolB interaction displaces the TolB-Pal interaction and thereby might
promote an interaction of Pal with peptidoglycan (Lazdunski et al., 2000). Colicin interacts also with TolR
and TolA, and it has been speculated that this step is followed by a further unfolding of the colicin
polypeptide chain (Journet et al., 2001) (Lazdunski et al., 2000). Despite the fact that several studies have
been carried out to unveil details of the translocation mechanism (Cascales et al., 2000), it is still largely
unclear how translocation of the C-terminal cytotoxic pore-forming domain to the inner membrane takes
place. One suggestion is, that interaction of phospholipids with the C-terminal cytotoxic domain induces a

slow conformational change to reach the so called “molten globule” (MG) state, that allows passage of the
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domain across the outer membrane (Lazdunski et al., 2000). Furthermore, it was proposed that colicin A
does not pass the OmpF lumen (Bainbridge et al., 1998), but that it rather “slides’ down the side of OmpF
(Lazzaroni et al., 2002) to reach contact with TolB (Zhang et al., 2009). In this proposed mechanism, first
the translocation domain of ColA interacts with TolB in the periplasm and afterwards, due to higher
affinity to the C-terminus of TolA (through B-barrel strand addition), with TolA (Zhang et al., 2009) (Li et
al.,, 2012). This mechanism is based on the so called Brownian Ratcheting hypothesis (Journet et al., 2001)
that states that the translocation domain moves through the periplasm by diffusion. Interactions with the
Tol proteins putatively prevent colicin A from moving backwards.

Finally, the pore-forming domain inserts into the inner membrane to form a voltage-dependent ion
channel. How channel formation of the colicins takes place is still largely unknown. Experimental
evidences exist that in the first step, where the pore-forming domain reaches the inner membrane, positive
charges on the domain surface induce a specific orientation relative to the membrane (Elkins et al., 1997).
After binding to the membrane, it then inserts into the inner membrane — a process that has to be
accompanied by large-scale conformational changes and/or partial unfolding of the domain (van der Goot

et al., 1994) (Cramer et al., 1995) (Zakharov et al., 2002).

inner membran

Figure 3.3: The colicin A translocation across the outer membrane. For details see text. Figure adopted
from M. Sippach, Master Thesis, 2011.

Colicin channels are non-specific, allowing the passage of all ions including small organic molecules like
glutathione and NAD* (for colicin E1) (Lakey et al., 1994) (Cramer et al., 1990) (Raymond et al., 1985).
The efflux of ions through the channel results in high proton conductivity and consequently membrane

depolarization. Colicin A channels can decrease the membrane potential from -165 to -85 mV (Cramer et
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al., 1990), and the resulting depolarization disturbs the proton-motive force (pmf) that is required for ATP
synthesis. Due to the reduced pmf and also the depleted phosphate pools, the level of ATP decreases
rapidly, finally leading to cell death (Smarda et al., 1998) (Cramer et al., 1995).

3.1.5 Interaction of the pore forming domain of colicin A with membranes

In the absence of a transmembrane potential the channel appears in the closed conformation (Slatin et al.,
2004) (Kienker et al., 1997). For the closed channel conformation two models have been proposed, the so
called “Umbrella-model” see Figure 3.4 A) (Parker et al,, 1992) and the “Penknife-model” (Lakey et al.,
1991) (see Figure 3.4 B).

A B

s
AR | |
X Y & AN u\l
A

(2

Figure 3.4: Models for the closed channel state of colicin A. (A) Umbrella model and (B) Penknife model.
The colicin A pore-forming domain is illustrated in cartoon style embedded in a lipid bilayer. The
amphipathic helices are colored in green and the hydrophobic hairpin (H8 and H9) is colored in red.
(Figure adopted and modified from Cascales et al. 2007, M. Sippach, Bachelor Thesis, 2011).

The major difference between these two models concerns the orientation of the hydrophobic helical
hairpin. In the “umbrella model” the hydrophobic hairpin adopts a transmembrane orientation and the
amphipathic helices are located on the membrane surface. In contrast, in the “penknife model” all helices
are located on the membrane surface. The closed channel state has been extensively studied by numerous
groups using a variety of experimental approaches. Nevertheless, the topology of the closed channel state
of pore-forming colicins is still obscure. For the closed channel state of colicin E1 the “umbrella model”
was supported by data obtained with solid-state NMR (Kim et al., 1998), FRET (Tory et al., 1999), FTIR,
EPR (Shin et al., 1993) and several biochemical techniques. For colicin A Parker et al., (1992) also
proposed the “umbrella model”, which was also supported by studies by Gonzalez-Mafias et al. (1992) by
the use of brominated phospholipids. Another study by Lakey et al. (1991) supportts this notion by FRET
assays. In addition analyzes with EPR measurements on ColA further support an arrangement of the
helices of the channel domain according to the of the umbrella model (Pulagam et al., 2008) (Boehme et
al.,, 2009). Contrarily, Lakey et al. (1991) proposed the “penknife model” in which the hydrophobic hairpin
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and furthermore the amphipathic helices are orientated parallel to the membrane plane for colicin A. This
idea was also supported by fluorescence experiments (Lakey et al.,, 1991), disulphide bond engineering
experiments (Duché et al., 1994), neutron scattering (Jeanteur et al., 1994), proteolysis (Massotte et al.,
1993), and by EPR experiments (Mébius et al., 2005). Consequently, discussion about the conformation
of the closed channel state of colicin A is still controversial. One possible cause for the contradictory
experimental results could be that for example a number of studies predicting the penknife model for the
closed channel state have been performed using 100 % negatively charged lipids at low pH (~5) (Lakey et
al., 1991) (Duché et al., 1999) (Gonzalez-Mafias et al., 1993) (Lakey et al., 1992), a membrane composition
that does not propetly represent the E. co/i inner membrane, that comprises approximately 70-75 %
POPE, 20-25 % POPG and 5-10 % cardiolipin. In fact, it has been reported that the colicin E1 channel
does not open in 100 % negatively charged lipids (Zakharov et al., 1996). A straightforward explanation
for this finding is that the use of 100 % negatively charged lipids would significantly increase the strength
of the electrostatic interactions of the above mentioned positively charged patch on the protein with the
lipid surface. The artificially strong interaction between the positive amino acids and the negatively
charged head groups thus might prevent helix-motions and therefore insertion of the hydrophobic helical
hairpin into the membrane (Zakharov et al, 2002) (Lindeberg et al., 2000). Nevertheless, not all
experimental contradictions are explainable by the use of inappropriate lipids.

Interestingly, studies by Tory et al. (1999) and Kienker et al. (1997/ 2000) on colicin E1 and colicin Ia
revealed a thermodynamic equilibrium between two conformations according to the umbrella and the
penknife model, and that this equilibrium depends on the type of colicin. According to these studies for
colicin E1 the equilibrium is shifted toward the umbrella model, whereas for colicin Ia the penknife model
structure is preferred. Such kind of thermodynamic equilibrium between structures according to the two
models could also be possible for the closed channel state of colicin A, thereby providing another
explanation for the contradictory results obtained so far. Furthermore, Prieto et al. (2011) suggested that
one of these components could also be a ‘precursor state’ of the umbrella model structure. In such
mechanism, first the colicin A pore-forming domain in its soluble form would be oriented with the
hydrophobic hairpin parallel to the membrane plane the so called ‘adsorbed state’. Then the hairpin
undergoes conformational changes leading to a structure described by the penknife model - the ‘precursor
state’ - and afterwards further conformational changes would change the orientation of the hydrophobic

hairpin resulting in a structure according to the umbrella conformation (see Figure 3.5).

— AGADS‘P
Adsorbed Penknife Umbrella

Figure 3.5: The mechanism of the colicin insertion adopted from Kienker et al. (1997).
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In the presence of a positive membrane potential of 40-60 mV colicin channels change their structure to
adopt an open conformation for which up to now no viable models exist. Nevertheless, experimental
evidences exist, for example that helices 2 to 5 are translocated either completely (for colicin Ia), or at least
partly across the inner membrane (Cascales et al., 2007). Moreover it has been reported that a trans
negative potential drives the insertion of an amphipathic hairpin composed of helices 5-6 into the

membrane to open the channel (Slatin et al., 2004).

For colicin A and Ia it was further reported that the first three helices can be eliminated without
preventing channel opening (Nardi et al, 2001). The remaining helices should form a pore of
approximately 7-10 A, depending on the type of pore-forming colicin (for example colicin Ta: ~7 A
(Krasilnikov et al., 1998)). Interestingly, this pore diameter is much larger as for example that of tetrameric
voltage-gated channels (Cascales et al., 2007). Data by Kienker et al. (1997/2000) and Slatin et al. (2004)
revealed that tetracthylammonium (TEA) can pass the colicin A and Ia channels, and the authors state
that this bulky cation might pass the channel in a different way than smaller ions do. Such behaviour was
also proposed for peptides that form multimeric pores (Lin et al., 2000) (Matsuzaki, 1998) (Matsuzaki et
al., 1996).

For colicin A a pore diameter of approximate 10 A can be proposed based on electrophysiological
experiments (Sippach, 2009). Furthermore, high proton selectivity (Kienker et al., 2002) and, interestingly
and despite the large pore diameter, a small conductance for the colicin A channel similar to that of highly
selective pores like gramicidin - a voltage gated tetrameric channel — has been reported (Cascales et al.,
2007). Certainly, these observations are inconsistent with the assumption that only one colicin A molecule
already forms a functional channel and is sufficient to depolarize the membrane. Although the vast
majority of studies on colicin channels indicate a monomeric structure, the question remains, whether an
ion channel with the above mentioned properties (esp. such a large pore diameter) can be formed by only
two putative transmembrane segments (H8/H9). But even if involvement of more helices in pore
formation is assumed, the formation of such a large pore remains inexplicable. Moreover, helices H8/H9
of the colicin A pore-forming domain appear to be even too short to span the membrane. Although it has
been proposed based on EPR experiments, that during colicin E1 channel formation helix elongation of
H4 should take place (Zakharov et al., 2002), explaining at least how full transmembrane segments could
be formed, the overall size and architecture of the pore-forming domain further argue against a
monomeric channel. Nevertheless, alternative models exist that protein-lipid interactions play a vital role
in pore-formation and that the majority of the pore is formed by lipids rather than by the colicin A
polypeptide itself (Cascales et al., 2007) (Zakharov et al., 2002). However, all observations concerning
pore size and properties could also easily be explained if colicin channels are multimers. Indeed, a
significant number of indications exist for colicin channels being oligomeric (Cavard, 2002) (Cavard, 2002
b) (Frenette et al., 1988). For example, colicin A has been shown to be expressed in various forms, many
of them with higher molecular mass than a monomer, already suggesting the presence of multimers and
oligomers (Cavard, 2002) (Cavard, 2002 b). Probably the best source of information is a publication that

shows the oligomeric structure resolved by electron crystallographic analysis of two dimensional crystals
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of the colicin Ia channel in lipid bilayer membranes (Greig et al, 2009), clearly revealing ring-like

oligomers in the membrane, most likely in the form trimers of dimers (see Figure 3.6).

Figure 3.6: Oligomeric structure of colicin Ia channel in lipid bilayer membranes. The averaged
projection density map is taken from (Greig et al., 2009, Figure 5). The colicin Ia protein forms
oligomers most likely in form of trimers of dimers.

Interestingly, the structural motif of the colicin pore-forming domain is also present in other pore-
forming toxins (PFTs) like Diphtheria toxin, Bax or Aerolysin. For these proteins dimerisation and
oligomerisation could be observed and have been shown to be necessary for their function (Greig et al.,
2009) (Antonsson et al., 2002) (Fivaz et al., 2001). Generally, PFTs are secreted as soluble monomers, like
colicin A, diffuse to the membrane of the target cell and undergo a conformational change upon
membrane binding (Walker et al., 1992 /1995). As an example, the pro-apoptotic Bcl-2-like protein Bax
forms an oligomeric pore in the inner mitochondrial membrane, leading to membrane poration, release of
cytochrome ¢ and apoptosis (Kuwana et al., 2002). Members of the Bcl-2 protein family contain different
so-called Bcl2 homology domains, BH1-BH4 (Gross et al. 1999) (Adams et al., 1998). The structure of
monomeric Bax, which was solved by NMR (Suzuki et al., 2000) (McDonnell et al., 1999) (Chou et al.,
1999) exhibits strong similarities to the pore-forming domain of the colicins and diphtheria toxin (Suzuki
et al., 2000). Bax exhibits a globular fold of 9 alpha-helices, in which the hydrophobic helices 5 and 6
comprise the hydrophobic helical hairpin (helices 8 and 9 in colicins). Bax contains the Bcl-2 homology
domains BH1, BH2 and BH3. The BH3 domain, located in helix 2 of Bax, seems to be required for its
killing activity and for dimer formation (Wang et al, 1998), putatively linking dimerisation
/oligomerisation with function. Remarkably, most members of the Bcl-2-family like Bax have been
reported to form homo-and heterodimers. However, the structure of activated Bax, being responsible e.g;
for cytochrome c release, is still not solved. It has been reported that the hydrophobic helices H5 and Ho,
and also H9 insert into the outer mitochondrial membrane (Nechushtan et al., 1999) (Annis et al., 2005).
Another study reported four transmembrane domains for Bax, H1, H5, H6 and H9 (Garcia-Saez et al.
2004). A site-directed spin labeling study on the proteins Bax and Bid (Bleicken et al., 2009) supported

that after activation of Bax by Bid the Bax-BH3-domains form an irreversible dimer. The authors
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proposed that dimer-formation represents the nucleation event for formation of a larger oligomeric pore
being able to conduct the exit of cytochrome ¢ (Bleicken et al., 2009). Activation and membrane insertion
by PFTs is thought to be a multistep process (Garcia-Saez et al. 2004). In this process pore-formation by
Bax starts with the monomeric inactive protein that diffuses to the membrane. Afterwards it is oriented
parallel to the membrane plane as an intermediate state. This is also proposed for colicin E1 (Zakhatrov et
al., 2002). After Bax activation by Bid, dimer-formation takes place, leading to a precursor state before
oligomerisation of dimers starts for the final pore-formation. Due to the strong similarities found

between colicin A and Bax, this could also be applied to colicin A.

3.1.6 Aim of the work

Colicin A (ColA) is a plasmid-encoded water-soluble pore-forming toxin produced by E. ¢/ (Cramer et
al,, 1995). The protein kills unprotected cells of related strains by inserting specific helical segments of the
pore-forming subdomain into the cytoplasmic membrane to form voltage-dependent ion channels. The
crystal structure of the soluble form of the pore-forming domain has been solved, but detailed structural
data for the membrane-bound channel, in the closed as well as in the open state, is still missing. Currently,
two models are discussed for the closed channel state, the “umbrella model” and the “penknife model”.
Previous EPR results (Pulagam et al., 2008) (Boehme et al., 2009) already provided evidence for the closed
channel state to be in agreement with the previously suggested “umbrella model” (Panchal, 2002) (Lakey
et al,, 1994). Furthermore, in the literature the channel is widely assumed to be formed by a single pore-
forming domain, although the channel properties, i.e. an inner pore diameter of at least 1 nm, are difficult
to be explained in this way. Strong evidence for an oligomeric structure of the channel was already

provided by an electron microscopy study on the closely related colicin Ia (Greig et al., 2009).

This work aims at a better understanding of the structural features of the membrane bound closed channel
state of colicin A. In the present study, previous i vitro and in silico investigations by site-directed spin
labeling and EPR spectroscopy (Pulagam et al., 2008) (Pulagam and Steinhoff, 2013) (Boechme et al., 2009)
(Savitsky et al., 2004) have been substantially extended, including mobility, polarity, accessibility and inter
spin distance measurements of additional mutants to clarify the following issues. First, what does the
membrane bound state of colicin A look like? Second, does an equilibrium exist between two protein
conformations in the closed channel state? And finally, does the pore forming domain act as a monomer

or as an oligomer under 7 vitro and in vive conditions?
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3.2 Material and Methods

If not mentioned separately, all chemicals and reagents used were purchased from the following
manufacturers. AppliChem (Darmstadt) , Avanti Polar Lipids Inc. (Alabaster, USA), BioRad Laboratories
GmbH (Munich, Germany), Carl Roth GmbH + Co. KG (Karlsruhe, Germany), Eppendorf AG
(Hamburg, Germany), Fermentas GmbH (St. Leon-Roth, Germany), GE Healthcare Europe GmbH
(Munich, Germany), Merck KGaA (Darmstadt, Germany), Millipore GmbH (Eschborn, Germany), NEB
GmbH (Frankfurt am Main, Germany), Qiagen GmbH (Hilden, Germany), Roche Diagnostics GmbH
(Mannheim, Germany, Whatman GmbH (Dassel, Germany).

3.2.1 Bacterial strains and plasmids

Table 3.1 summarizes the bacterial strains with their respective genetic properties used in this work.

Table 3.1: E. co/i strains used in this work with their respective genotypes.

FE.coli strains Genotype

E. coli DH5a F- f80dacZM15 D(lacZY A
argl)U169 Hanahan (1983)
deoR phoA supE44 bhsdrl 7 (rK-, mK+)
recATend A1 gyrA961- thi-1 relAT

E. /i K12 C600 F- thr leu thi lac tonA supEx

E.coli Origami Alara-len)7697 AlacX74 AphoA
Pvull phoR araD139 ahpC galE: galK
rpsL F'\lac* lacls pro] gor522:Tn10
trxB (StrR, TetR)

All colicin A mutants were encoded on the plasmid pLR1, carrying an AmpR resistance. Single-site
mutations to introduce cysteine residues for spin labeling were carried out with the oligonucleotides given
in Table 3.2.
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Name

Sequenz (5°-37)

Function

pLR1_caa_forl
pLR1_caa_revl
pLR1_caa_for2
pLR1_caa_rev2
pLR1_Cai_for
ColA_16Cys_for
ColA_16Cys_rev
ColA_77Cys_for
ColA_77Cys_rev
ColA_126Cys_for
ColA_126Cys_rev
ColA_182Cys_for

ColA_182Cys_rev

ColA_187Cys_for

ColA_187Cys_rev

CGT TGT CCC GTT AGT GCTTCATTG

GAG CAT CAC GGT TAG CCA CTG

TGA TGC TCT GAATAG CCA ATT GTCT

GTT AAC AAC AGC CGG AAG GCCTG

GCA GAA TAG ATA AAC AAT TGC TGC ATA

TCTAGAAAAATGTAGTGAACTGATTGCT

AGCTCCCGCTCATCTTTGGC

GAA AAT TAA TAA G TGT GAC AGA GAT GCT C

ATG GCC GGG TTG GCC GTG ATT

ATT GAG GGG TAT TGT ACC GGG AACTGG

GCT CTT CTC GCG AAC CTT CTC

GCT AGC CGC G TGC GTT GGC GCC

AGG ATC CCG GCG ATA CCAACA G

GTT GTIT GGC GCC TTA TGT GAT GAT AAG TTIT

GCA G

CGC GGCTAG CAG GAT CCC GGC GAT AC

sequencing primer
sequencing primer
sequencing primer
sequencing primer
sequencing primer
mutagenesis primer
mutagenesis primer
mutagenesis primer
mutagenesis primer
mutagenesis primer
mutagenesis primer
mutagenesis primer

mutagenesis primer

mutagenesis primer

mutagenesis primer

3.2.2 Molecular biology techniques

3.2.2.1 Cloning and mutagenesis

The plasmid pLR1 encoding wild-type (wt) ColA was used as a template for a site-directed mutagenesis
Kit (Finnzymes) to introduce Cys codons into the open reading frame for single and double cysteine
mutants in the cza gene at different positions. The following pLR1 plasmids in Escherichia coli K-12 C600

with the caa gene carrying single cysteine mutations have been prepared:



CHAPTER 3 MATERIAL AND METHODS | 61

Single mutants: T15R1, L19R1, 126R1, K33R1, A42R1, S62R1, I66R1, A77R1, A91R1, F105R1, V115R1,
E126R1, W140R1, A150R1, S155R1, G166R1, A169R1, G176R1, A181R1, V182R1, V183R1, G184Rl1,
1187R1, A192R1 and E198R1.

Double mutants: L19R1/I187R1, A42R1/I1187R1, S62R1/I1187R1, A91R1/1187R1, V115R1/I187R1,
A91R1/G184R1, A91R1/V115R1, L19R1/A42R1, 126R1/A77R1, A77R1/W140R1, A77R1/S155R1,
W140R1/A150R1, 126R1/A192R1, 126R1/E126R1and K33R1/E198R1

All colicin A mutants except T15R1, I66R1, A77R1, V182R1, I187R1, I26R1/A77R1, A77R1/W140R1
and A77R1/S155R1 were kindly provided by Dr. Denis Duché, Dr. Sabine Boehme and Dr. V. Lakshmi
Padmavathi, Pulagam (see Table 3.7 in the appendix of chapter 3).

3.2.2.2 Polymerase chain reaction (PCR)

Site directed mutagenesis was performed using a Phusion site-directed mutagenesis kit (Finnzymes,
Thermo Fisher) as recommended by the manufacturer. For this purpose, point mutations are created by
designing a mismatch in the primer. The PCR reaction was performed using the PCR sprint thermal cycler
(Thermo Scientific). The PCR reaction mixture and the thermo-cycling conditions were chosen as

recommended by the manufacturer.

3.2.2.3 DNA sequencing

After mutagenesis the DNA sequence of the plasmid constructs for each mutant was verified by DNA

sequencing (Seqlab).

3.2.2.4 Preparation of competent E. coli cells and transformation

To prepare CaCly chemically competent E.co/i K12 C600 cells the method of Sambrook et al., 1989 was

used and followed by standard transformation protocols (Finnzymes; NEB).

3.2.2.5 Isolation of plasmid DNA from E. coli

For the isolation of plasmid DNA, 5 ml E.co/i overnight culture (120 rpm, 37°C in LB medium, see 3.2.3)
was cultivated and the ,,QIAprep Spin Miniprep Kit“ (Qiagen, Hilden) was used as recommended by the

manufacturet.
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3.2.3 Media and cultivation conditions

3.2.3.1 Growth media for E. coli cells

Cultivation of E. co/i cells was petformed in rich medium, LB (Lysogeny Broth, “Lutiabroth”) with 10 g/L
bacto-tryptone (Difco, Detroit, USA), 5 g/L yeast extract and 10 g/L NaCl (Sambrook et al., 1989) at
37°C under aerobic conditions. To select for cells carrying pLLR1 plasmids, the medium was supplemented
with ampicillin to a final concentration of 100 mg/ml. For agar plates 15 g/L Bacto-Agar was added

before autoclaving.

3.2.3.2 Expression and cultivation conditions

Growth of the bacterial cultures was followed by determining the optical density (OD) of the medium at
600 nm wavelength. E. co/i K12 C600 cells were transformed with the pLR1-wt plasmid DNA or with
pLR1 plasmids carrying caa genes with single or double cysteine mutations. E. e/ cells were cultivated
overnight in LB medium containing ampicillin (100 mg/ml) at 37°C. Subsequently, the cells were
inoculated with the overnight culture to obtain an optical density ODgoo = 0.1, and further cultivated at
37°C. The heterologous overexpression of colicin A was induced by the addition of mitomycin C (300
ng/ml) when the cultures reached an optical density of ODgoo = 0.5 - 0.7, and grown until the optical
density starts to decrease. For cell harvesting the culture medium was centrifuged at 4500 rpm at 4°C for

20 min, using a Sorvall centrifuge equipped with a SLA 3000 rotor.

3.2.4 General analytical and biochemical techniques

3.2.4.1 Protein separation

Based on the mechanism of action and the translocation pathway of colicin A described in chapter 3.1 it
has to be expected that a significant amount of colicin A is incorporated into the inner membranes of the
cultured cells. In previous protocols for colicin A protein separation, only the supernatant (colicin A
released into the medium) was used. The protocol was optimized such that colicin A was additionally
purified from isolated E. coli membranes. According to the previous protocol recombinant cysteine mutants
were expressed as described in 3.2.3.2. The cells were harvested at 4500 rpm for 20 min at 4°C by a
Sorvall centrifuge equipped with a SLA 3000 rotor. Proteins in the isolated supernatant were precipitated
with ammonium sulphate (243 g/L) at 4°C for 1 h and afterwards sedimented at 4200 rpm at 4°C for 45
min. For the isolation of colicin A from E. /i membranes the corresponding cell pellet after harvesting
was resuspended in a small volume of supernatant and treated with lysozyme (0.5 mg/ml), DNase and 0.5
mM PMSF. Subsequently, cells were disrupted by sonification and solubilized with 2 % DDM overnight

at 4°C. Afterwards, the crude extract was centrifuged for 20 min at 4500 tpm and 4°C to sepatate the cell
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debris. The supernatant was then added to the ‘external’ colicin A supernatant prior to protein
precipitation with ammonium sulphate. After centrifugation the pellet was resuspended in 10 mM sodium
phosphate buffer, pH 6.8 and dialyzed overnight against 10 L buffer (10 mM sodium phosphate, pH 6.8)

to remove the remaining ammonium sulphate.

3.2.4.2 Protein purification via Fast Protein Liquid Chromatography (FPLC): cation
exchange

The dialyzed protein-solution was centrifuged for 45 min, 4°C at 15000 rpm and the supernatant was
loaded onto a Hitrap SP FF column - a cation exchange column. A FPLC system (Pharmacia) was used
(4°C). First, the column was equilibrated with buffer A (10 mM sodium potassium buffer, pH 6.8, 1 mM
EDTA) at a flow rate of 5 ml/minute. Afterwards, the protein was applied to the column at a flow rate of
4 ml/minute. The protein bound to the column was eluted by a 0 - 400 mM NaCl gradient. Elution of the
protein was monitored at 280 nm by an UV detector. 5 ml were collected and in the fractions containing
protein the presence of colicin A was veritied by SDS-PAGE electrophoresis. Fractions containing colicin

A were pooled and concentrated (see 3.2.4.6) for further purification via size exclusion chromatography.

3.2.4.3 Protein purification Fast Protein Liquid Chromatography (FPLC): size exclusion

For size exclusion chromatography 500 pl of the concentrated and pooled ecluates from the cation
exchange column wete loaded on a gel filtration column Superdex 200 MR. 10/30 (Amersham Pharmacia
Biotech) and purified based on their size with 0.5 ml/minute flow rate of 10 mM sodium potassium
buffer, pH 6.8. Elution of the protein was monitored at 280 nm by an UV detector. The protein fractions

were concentrated and stored at -80°C in liquid nitrogen for further use.

3.2.4.4 SDS-Polyacrylamide Gel Electrophoresis (PAGE)

For the electrophoretic analyses of proteins under denaturing conditions the method by Schigger et al.,
(1987) was used with a 4 % stacking and a 10 % resolving gel. The proteins were diluted in PAP (50 mM
Tris/Hcl, pH 6.8, 2 % SDS, 10 % glycerol, 5 % mercaptoethanol, 0.1 % bromphenolblue) and gel
electrophoresis was performed in a MINI Vertical Dual Plate Electrophoresis Unit (BioRad). For transfer
through the stacking gel phase, 100 V were applied for 15 min. Separation was carried out at 160 V for 45-
60 min. Visualization of proteins was performed by means of Coomassie Brilliant Blue staining developed
by Sambrook et al., 1989. For this purpose, the SDS-gels were incubated in a staining solution (0.25 %
Coomassie Brilliant Blue G-250, 50 % (v/v) methanol, 10 % TCA) for 1 to 16 h, followed by destaining

of the gels using 5 % (v/v) methanol and 7.5 % acetic acid.
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Table 3.3: Buffer and solutions for SDS-Page
Stacking gel Resolving gel

acrylamide (48 % AA /1,5 % BisAA) 1 ml 6.1 ml
gel buffer 3ml 10 ml
glycerol 87 % (v/v) 3.25 ml
H20uq 8 ml 10.65 ml
TEMED 10 % 10 ul 10 ul
APS 10 % 100 pl 100 wl

3.2.4.5 Preparation of whole cell lysates for SDS-Page

Test expressions have been carried out in 5 ml cultures at 37°C like described in 3.2.3.2. For analysis via
SDS Page test samples were taken at different times during the growth phase. Samples were also taking
ptior to induction at an ODgoo of approximately 0.5. At the same time protein expression was induced by
adding mitomycin C. After induction samples were taken in 30 min intervals. According to Neidhardt et
al. (1990), for E. /i an ODgw of 1 corresponds to about 160 pg of protein per 1 ml of cell culture.
Consequently, the test samples contained ~ 20 - 50 pg protein. After centrifugation for 2 - 3 min at 13000
x g the cell pellets were resuspended in 25 ul 1-fold PAP, incubated for 5 min at 100°C and then analysed
by SDS Page.

3.2.4.6 Concentration of colicin A by ultrafiltration

To concentrate the purified colicin A in solution a membrane filtration technique was used. Centrifugal
filter devices with a MWC (molecular weight cutoff) of 30 kDa (Amicon/Millipore, Carringtwohill, Co.
Cork, Ireland; Vi-Vascience, Lincoln, USA) were used. The membranes in the filter devices were saturated
two times with BSA in a concentration of 1 mg /ml to prevent aggregation of colicin A on the membrane.
To remove loosely bound BSA and prevent contamination of the colicin A solutions, the filters were
washed two times with buffer (50 mM sodium potassium buffer, pH 6.8) prior to application of the

colicin A samples.
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3.2.4.7 Determination of protein concentrations

To measure the protein concentration of colicin A in solution the absorption of the protein was
determined at 280 nm with an UV-VIS spectrophotometer (UV-2450, Shimadzu Corporation, Kyoto,
Japan) and applying Lambert-Beer’s law. The extinction coefficients of the proteins were calculated with

the Expasy tool protparam (web.expasy.org/protparam/) (e = 51910 M-lem ).

3.2.4.8 Site-directed spin labeling (SDSL)

For labeling with the MTS spin label  ((1-oxy-2,2,5,5-tetramethyl-pyrrolinyl-3-methyl)
methanethiosulfonate, see 2.3.1) freshly prepared 1 M DTT (Sigma-Aldrich, Munich, Germany) stock
solution was added to purified colicin A to a final concentration of 10 mM, and incubated overnight at
4°C. DTT was removed by exchanging the buffer 5 times with 50 mM potassium phosphate buffer (pH
6.8) by using 30 K BSA saturated Amicon Ultra-4 centrifugal filter units (Millipore). Subsequently, a MTS
spin label stock solution (100 mM in acetonitrile) was added to the protein solutions to reach a final
MTSSL concentration of 1 mM, and incubated overnight at 4°C. Unbound spin label was removed by
exchanging the buffer (10 mM potassium phosphate buffer pH 6.8) for 5 times and the spin-labeled
colicin was concentrated (see 3.2.4.0) and stored at -80°C. For spin labeling of positions in colicin that
appear buried in the soluble form the protein was labeled in an unfolded state and subsequently refolded.
DTT was removed by exchanging the buffer 3 times with 50 mM potassium phosphate buffer containing
6 M guanidinium hydrochloride (GdHCI) (see 3.2.4.6). The MTS spin label stock solution (100 mM in
acetonitrile) was added to a final concentration of 1 mM and incubated overnight at 4°C. Refolding of the
protein after labeling and removal of unreacted spin label was achieved by exchanging the 50 mM
potassium phosphate buffer stepwise with decreasing GdHCI concentrations (6 M down to 0.5 M), and
subsequent incubation of the protein in 0.5 M GdHCI at 4°C overnight. Afterwards stepwise dilution was
continued to reach final a GAHCI concentration < 0.05 M, and the spin-labeled colicin was concentrated

(see 3.2.4.6) and stored at -80°C.

3.2.4.9 Viability tests

Functionality of the mutated and labeled colicin A constructs used in this work, i.e. the toxic activity
towards wt E. co/i cells, was tested using a so called viability test that is based on a plating method. For this
technique for each mutant and for wt colicin A a stock solution with a concentration of 2 mg/ml ColA
was prepared. 500 pl of an E. co/i K12 C600 culture that has been incubated overnight at 37°C was placed
on a LB agar plate and spread with glass spreader. The E. co/i agar plates were treated with 1 pl of the

above mentioned colicin A solutions in 5 different dilutions (from 100 up to 105, with the respective
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buffer) and incubated overnight at 37°C. After incubation the diameter of the bacteria free areola was

determined and compared to that of the colicin A wild-type.

3.2.4.10 Liposome preparation

For preparation of liposomes, native E. co/i phospholipids (Polar Lipid Extract, 20 mg/ml dissolved in
chloroform, (Avanti Polar Lipids, Alabaster, USA)), were used. First, chloroform was evaporated to
dryness in a nitrogen flux. Subsequently, the dry lipids were hydrated in 50 mM potassium butfer, pH 6.8
to a final concentration of 20 mg/ml and sonicated until a homogeneous solution was obtained. The
resulting suspension containing large multilamellar vesicles (LMVs) was subjected to 3 freeze-thaw cycles
and finally stored at -80°C. Prior to use for reconstitution of colicin A variants, the LMV suspension was
thawed slowly at room temperature and then extruded (Avanti Mini-Extruder, Avanti Polar Lipids,
Alabaster, USA) 11 times through 400 nm polycarbonate filters (Whatman, Dassel, Germany) to form

liposomes.

3.2.4.11 Detergent-mediated reconstitution

For protein reconstitution liposomes were first solubilized by stepwise addition of 0.1 % Triton X-100
(v/v, 50 mM NaPi, pH 6.8). The degtree of solubilization was monitored by measuring the turbidity at a
wavelength of 540 nm. After saturation with detergent, the liposomes were mixed with spin labeled colicin
A in a molecular ratio of 1:500, and incubated by slowly seesawing for 30 min at RT. Afterwards the
detergent was remove step-wise using pre-washed (50 mM NaPi, pH 6.8) detergent removal beads
(Calbiosotbs, Calbiochem). For this purpose 5 times 40 mg/ml of half dry Calbiosorbs beads wetre added
to the protein/liposome/detergent-mixture and incubated by slowly seesawing (15 min at room
temperature, then 15 min, 30 min, overnight and for 1 h at 4°C. Each time the beads are replaced by fresh
beads). After removing the beads, the solution was centrifuged for 1.5 h at 80,000 tpm and 4°C (Sotvall
Discovery ultracentrifuge, Thermo Fisher). The resulting pellet was resuspended in 50 pl buffer (50 mM
NaPi, pH 6.8), frozen in liquid nitrogen, subjected to 3 freeze-thaw cycles and finally stored at — 80°C.

The protocol for detergent-mediated reconstitution is schematically depicted in Figure 3.7.
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Figure 3.7: Schematic representation of the reconstitution method. (a) large unilamellar vesicles (b)
detergent-destabilized liposomes (c) water-soluble spin-labeled colicin A (d) detergent solubilized
liposomes and protein. The detergent is removed by detergent-adsorbing beads. (¢) Resulting
proteoliposomes with unbound protein and (f) resulting proteoliposomes. Figure adopted and moditied
from L. Pulagam, PhD Thesis, 2007.

3.2.4.12 Sample preparation for DEER measurements on live E.coli cells

100 ml E. ¢o/i Origami cell culture (LB medium) was cultivated overnight at 37°C. This culture was used to
inoculate 100 ml LB medium to obtain an optical density ODgopo = 0.1. The cultures were further grown at
37°C. At an ODgo = 0.5 the cells were harvested by centrifugation at 4500 rpm, for 15 min at 4°C
(Beckmann coulter centrifuge Allegra-X-15R with SX4750A rotor). The cell pellets were resuspended
in 2 ml 50 mM sodium phosphate buffer (pH 6.8), containing 0.2 % glucose and 0.3 mM KCI, and
incubated on ice for 30 minutes. Afterwards the cells were harvested again by centrifugation and
resuspended in 1 ml of the same buffer. To 100-200 ul cell suspension 2 mg/ml of spin-labeled
colicin A was added. After incubation time < 2 minutes the cells were pelleted at 13000 rpm, 4°C for
1 minute. The cell pellet was washed two times with 100-200 pl 50 mM sodium phosphate buffer (pH
6.8), 0.2 % glucose and 0.3 mM KCl to remove unbound colicin A. Finally, the cell pellet was resuspended
in 30 pl of the same buffer containing 20 % deuterated glycerol (glycerol-ds, Sigma-Aldrich) and
transferred into 3 mm (outer diameter) EPR quartz capillaries and immediately frozen in liquid nitrogen

for the DEER measurements.
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3.2.5 Cw EPR Methods

3.2.5.1 Mobility measurements

For analysis of the dynamics of the spin label side chains attached to colicin A room temperature (293 K)
spectra were recorded using a home-made X-band (9.3-9.4 GHz) EPR spectrometer equipped with a
dielectric resonator (MD5, Bruker Biospin). All spectra were obtained at 0.5 mW incident microwave
power and 0.15 mT B-field modulation with 20 pl of sample volume in 0.9 mm (inner diameter) EPR
glass capillaries. For direct comparison of the cw EPR spectra normalization of the spectra either to (i) the
maximum amplitude of the EPR first derivative spectrum (all EPR spectra shown in this chapter have
been normalized in this way), or (ii) to the area under the EPR absorption spectrum was carried out. The
area under the absorption spectrum is directly proportional to the spin concentration in the sample and
can be used to calculate the sample’s concentration when compared to the area integral of a reference spin

probe (2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO)) of known concentration.

Areasgmple Csl—ref

Csl—sample = (3.1)

Areareference

Colsample a0 Cyref are the spin concentrations of the colicin sample and the reference sample (100 uM
TEMPO or TEMPOL), respectively. The spin labeling efficiency can be calculated if the protein

concentration in the sample is known:

Labeling Ef ficiency = =Ssample (3.2)

Csample

For the analysis of the spin label mobility two semi-empirical mobility parameters, the width of the central
line (AHo") and the spectral second moment (<H2>-1), were used (see chapter 2.3.2). The second moment
and the central line width were calculated using the program wuispec written by Christian Beier. In addition

the central line width was also determined manually from the EPR spectrum.

3.2.5.2 Temperature dependent measurements

Temperature dependent cw EPR spectra were analysed in terms of an equilibrium between the two
components with different mobilities present in the spectra at ambient temperature. The EPR spectra
were recorded in the temperature range from 273 K to 303 K. The first derivatives of the spectra were

normalized (see 3.2.5.1) and compared. The relative contributions of the two components were
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determined by means of the amplitudes in the low field region. The logarithm of the ratio of the two
components was then plotted zersus the inverse of temperature to obtain the corresponding AG values for
the transition between the conformational states characterized by the two spectral components from the

resulting van 't Hoff plots.

3.2.5.3 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 50 mW. In order to change the main attenuator during the
measurement a motor, controlled by the data acquisition software, was used. Gas permeable TPX
(Polymethylpenten) capillaries (RototecSpintec GmbH, Biebesheim, Germany) were filled with 6.3 pl of
sample solution and placed into the resonator. For reference measurements the sample was deoxygenated
by fluxing the resonator permanently with nitrogen gas. In order to obtain accessibilities for oxygen, the
nitrogen was replaced by 100 % Oz, For Ni-accessibility determination, 200 mM NiEDDA solution was
added to the sample solution, leading to a final concentration of 20 mM NiEDDA. During the
measurement the nitrogen gas flux was preserved. Before each experiment the sample was fluxed with the
respective gas for at least 30 min. The amplitudes of the central resonance line were determined and Wex
was calculated using the program powerfit written by Martin Kithn (2003). The peak-to-peak line widths of
the EPR central line and the corresponding amplitudes were obtained by fitting of a pseudo-Voigt
function to the EPR central line. Then the calculated amplitudes were plotted versus the square root of
the power, automatically done by the program sazfit. To these data points a curve according to equation
2.17 in chapter 2.3.3 was fitted and the parameter P> was calculated. The accessibility parameters IT and
Wy were determined using equation 2.18. The cavity dependent normalization factor g, that is needed for
the calculation of We from I1, is a = 1.87 (Doebber, PhD Thesis 2009). The immersion depth parameter

@ was calculated using equation 2.19.

3.2.5.4 Polarity measurements

Low temperature (160 K) cw-EPR measurements have been carried out to determine the polarity of the
spin label environment of colicin A R1 side chains using a homemade X-band EPR spectrometer
equipped with a Bruker super high-Q cavity. The magnetic field was measured with a B-NM 12 B-field
meter (Bruker Biospin). For stabilization of the sample temperature at 160 K a continuous flow cryostat
Oxford ESR900 (Oxford Instruments, Oxfordshire, UK) and a temperature controller (ITC 4; Oxford
Instruments) was used. All spectra were obtained at 0.2 mW microwave power and 0.24 mT B-field

modulation amplitude. 40 pl of sample solution were filled into EPR quartz capillaries with 3 mm inner
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diameter. The A,, values as a measure of the environmental polarity were determined from a detailed line
shape analysis using the program Dipfit developed by Steinhoff and coworkers (Steinhoff et al., 1997). This
simulation program considers a Gaussian distribution of inter spin distances, variable contributions of
singly spin-labeled protein and employs automated routines to determine best-fit parameters. Fit
parameters for the double mutants were obtained by fitting of the EPR spectra obtained with the

corresponding singly labeled protein samples.

3.2.6 Pulse EPR experiments

3.2.6.1 DEER-Double Electron-Electron Resonance

Pulse EPR experiments (DEER) were performed at X-band frequencies (9.3-9.4 GHz) with a Bruker
Elexsys 580 spectrometer equipped with a Bruker Flexline split-ring resonator ER 4118X-MS3. 3 mm
outer diameter EPR quartz capillaries were loaded with 25-50 pl of protein/liposome solution containing
20 % of deuterated glycerol. Temperature control was achieved using a continuous flow helium cryostat
(ESR900; Oxford Instruments) regulated by an Oxford temperature controller ITC 503S. All

measurements were performed using the four-pulse DEER sequence (Pannier et al., 2000):
7/ 2(00is) - 71 — T (Vo) — £ — T (Vpump) — (11 + 12— ) — 7 (Vo) - T2— echo

For pulses at the observer frequency the « channels were used. A two-step phase cycling (+ , - ) is
petformed on n/2(vebs). Time #’is vatied, whereas 7; and 7 are kept constant, and the dipolar evolution
time is given by # = #'— 7;. Data were analysed only for 7> 0. The resonator was over coupled to Q ~ 100;
the pump frequency vpump Was set to the center of the resonator dip and coincided with the maximum of
the nitroxide EPR spectrum, whereas the observer frequency vobs was 67 MHz higher and coincided with
the low field local maximum of the spectrum. All measurements were performed at a temperature of 50 K
with obsetver pulse lengths of 16 ns for n/2 and 32 ns for n pulses and a pump pulse length of 12 ns.
Deuterium modulation was averaged by adding traces at eight different 1 values, starting at 110 = 400 ns
and incrementing by Az; = 56 ns. Analysis of the DEER traces was performed with the software Deer
Analysis 2011 (Jeschke et al. 2000). Briefly, the phase corrected dipolar evolution data was background
corrected assuming a homogeneous 2.4D background, and distance distributions were obtained by
Tikhonov regularization with the regularization parameter o chosen based on the L curve criterion. For
more details see chapter 2.4.

The number of coupled spins in a biomolecule can be determined from the modulation depth of the
dipolar evolution function after background correction (Jeschke et al., 2009). The modulation depth A is

given by the following equation:

A=1—(1-QN-1 (3.3)
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where N describes the average number of interacting spins in the observed nanoobject and A the fraction

of spins excited by the pump pulse (inversion efficiency). For further details see Jeschke et al. (2009).

3.2.7 Molecular modeling of ColA

3.2.7.1 MD simulations

The experimentally obtained distance distributions for ColA embedded in the membrane were compared
to the results of a MD-simulation. Molecular dynamic (MD) simulations were carried out by Dr. Johann
Klare (University of Osnabriick) using the software package YASARA Structure. In brief, after
incorporation of the dimer model into a membrane-bilayer containing PE and PG (74 % PEA, 26 %
PGL) lipids, a 30 ns MD simulation with explicit water (PIP3P) at 298 K was carried out to provide
information about the dynamics of the protein and the interactions between the individual atoms. The
force field used (AMBERO3) contains terms for the potential energies and pre-calculated force constants
to calculate the total potential energy of the model at each step of the simulation. The total potential
energy is based on inter atomic bonds, van der Waals and electrostatic interactions of the system. Thus it
is possible to get insights and information about the motions of the different spin label side chains,

considering the movement of all protein atoms.

3.2.7.2 The rotamer library analysis (RLA)

To improve the comparison of the experimental distances with available crystal structures, or in this case
the manually constructedColA dimer model, possible orientations of R1 side chains and distances between
these side chains attached at different helix positions are predicted by using a semi-dynamic structure
model of the spin label. The dynamics of the R1 side chains are represented by a discrete set of possible
rotational isomers, which is called rotamer library and is well described in (Polyhach and Jeschke, 2010),
(Polyhach et al., 2011). To perform the rotamer analysis in this work, the program MMM 2013.2
(Multiscale Modeling of Macromolecules) from Y. Polyhach and G. Jeschke (ETH Ziirich) was used. The
conformational structures of the MTSSL (R1) were provided by a so called rotamer library, containing 210
R1 rotamer structures, which represent different variations of the dihedral angles of R1 attached to a
single cysteine residue. The R1 structures can be attached to the respective cysteine position in the protein
structure, and the resulting set of possible rotamers on the selected position is determined by calculating
the probability of each particular rotamer to occur in the protein structure. The calculated probabilities are
influenced by spatial restrictions of the R1 chain due to its local environment defined by other protein
atoms. The free energy for each rotamer is computed by Van-der-Waals interactions between atoms of the
protein and atoms of the label, by using a Lennard-Jones potential parameterized by an OPLS (optimized
potentials for liquid simulations) force field. The energy E¢ for the k-th rotamer of the library attached to

the protein is calculated by:
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L

12 6
Ny gij gij
Ey = YiYj4e;; [(r_lj) - ( ;) ]fij (3.4)
where r;j is the distance between the i-th atom of the spin label side chain and the /th protein atom.

€ij = (€€ )1/2 is the interaction cocfficient from the individual atom coefficients (extractable from the

used force field), and 0;; = (0; gj )1/2 describes the effective radius from the van der Waals radii of the
respective atoms. The parameter fj describes an energy scaling factor (forgive factor) and was set to 1 in
the OPLS force field. Reducing the scaling factor reduces the energy penalty for atom clashes. Therefore,
a certain amount of flexibility of the local spin label environment is mimicked.

The population parameter Pr for the £-th rotamer in the library attached to a certain protein position is
calculated by weighting the determined energy E¢ according to a Boltzmann distribution normalized by

the partition function Z:

E
exp (-5 ;‘T

Py = (3.5)

k3 describes the Boltzmann constant, T the temperature, and the partition function Z is given by:

Z=Yexp(—Ey/kpT) (3.6)

From the rotamer sets of two different residual positions all possible distance combinations are calculated

and their intensities are weighted by the product of the populations of the considered rotamers

3.2.7.3 Graphical representations of protein structures

Preparation of graphical representations of protein structures in this work has been carried out with the
following software packages; YASARA Structure (Krieger et al, 2002), Swiss PDB Viewer
(http://spdbv.vital-it.ch/); Acceltys Viewer Lite 4.2 (www.accelrys.com), and UCSF Chimera 1.7
(Pettersen et al., 2004).
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3.3 Results and Discussion

R1-labeled colicin A variants were investigated regarding side chain dynamics, accessibilities, polarity of
the spin label microenvironment, and inter spin distances in the conformation colicin A adopts when
reconstituted in liposomes prepared from E. w/i polar lipid extracts (rec-mem-ColA) to obtain structural
information about the membrane bound closed-channel state of the protein. The following questions are

specifically addressed in this work:

a) What does the membrane bound state of colicin A look like, and can it be described by the
current models, i.e. the ‘umbrella’ or the ‘penknife’ model?

b) Does an equilibrium exist between two protein conformations in the closed channel state exist?

a) Currently, colicin A is suggested to form a functional channel by means of a single protomer,
although a significant number of indications exist for colicin channels being oligomeric.
Consequently, the question is if the colicin A pore forming domain acts as a monomer or as an

oligomer.

3.3.1 Sample preparation

3.3.1.1 Cloning and over-expression of colicin A

The plasmid pLR1, encoding the wild-type ColA, was used as a template to replace different residues by
cysteine side chains to obtain single and double cysteine mutants. As described in Chapter 3.2.2.4, E.coli
K12 C600 cells were transformed with the pLR1-wt plasmid DNA or with pLR1 vatiants carrying the
cysteine mutations. Heterologous overexpression of colicin A was induced by the addition of mitomycin
C (300 ng/ml) at an optical density of ODg = 0.5-0.7 of the cell cultures, which were grown until the
optical density started to decrease. To increase the yields of purified protein obtained from the cell
cultures the existing protocols were optimized in an initial step (described chapter 3.2.4.1). For this
purpose, first the extent of colicin A-production over time after induction was analysed in detail (see

Figure 3.8).
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Figure 3.8: SDS-Page analysis of colicin A production in E. co/7 cells carrying the wt-plasmid pLR1. The
samples were prepared as described in 3.2.4.4. The numbers given on the top of the gel indicate the time
of cell culturing. The band corresponding to colicin A is marked in red. There is no colicin A production
in the first hour before the expression was induced with 300 ng/ml mitomycin C.

The test expression reveals that the largest amount of colicin A is present after about 1 day of incubation
at 37°C after induction. Consequently, it seems to be necessary to increase the incubation time from
several hours as used in the present protocols to about 1 day. Noteworthy, in this experiment only the
colicin A released into the extracellular medium was detected. Based on the translocation pathway of
colicin A it has to be expected that a significant amount of colicin A is incorporated into the cell
membranes. In order to test for this assumption, the amount of membrane bound colicin A was

determined by means of the analysis of whole cell lysates by SDS-Page (see Figure 3.9).

Figure 3.9: Colicin A whole cell lysates, analysed by SDS-PAGE. Lane 1: marker, lane 2 and 3: marker
ColA, lane 4: supernatant fraction colicin A after 4 h, lane 5: membrane fraction colicin A after 4 h.
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The analysis reveals that indeed a significant amount of colicin A can be detected in the membrane
fraction. Compared to the amount of protein present in the supernatant fraction after 4 hours of
incubation time it can be expected that the protein yield can be significantly increased if the membrane
fraction is also used. Consequently, a new protocol for colicin A expression and separation was
established that allows using both fractions of colicin A, as described in chapter 3.2.4. In brief, the cells
were harvested after ~ 1 day to separate the supernatant and the cell pellet. The cell pellets were
resuspended and disrupted by ultra sonication. Afterwards the solution was solubilized overnight with
buffer containing the detergent DDM in a final concentration of 2 % to solubilize the membrane proteins.
SDS-Page analysis (data not shown) confirmed that there was no remaining colicin A in the membrane
fraction after solubilization. The proteins in the culture medium and those removed from the membrane

fraction were collectively precipitated with ammonium sulfate (40 %) and dialyzed.

3.3.1.2 Purification

The first purification step was performed by ion exchange chromatography with a Hitrap SP column
attached to a FPLC System (see chapter 3.2.4.2). The purification principle is based on the isoelectrical
point of the protein. A pH value at which the protein carries no net charge is called the isoelectrical point,
pl. At a pH value below this pl, the molecule will carry a positive charge and bind to the negatively

charged surface of the polypropylene column.

250
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Figure 3.10: Cation exchange elution profile of colicin A mutant 150R1H8. The protein fractions
corresponding to this peak in the elution profile were collected and checked using SDS-Page, lane 1:
marker, lane 2: marker ColA 63 kDa, lane 3: fraction F7 and lane 4: fraction F8. Blue line: protein peak at
280 nm, green line: sodium chloride continuous gradient from 0 to 400 mM.
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After binding of colicin A to the ion exchange column, unbound proteins were washed out with buffer A
(10 mM sodium potassium buffer, pH 06.8). Protein elution was obtained with a sodium chloride
continuous gradient from 0 to 400 mM. The eluted protein was detected at 280 nm by an UV detector and
the fractions were analysed by SDS-Page (Figure 3.10). The elution profile shown in Figure 3.10
represents an example for the purification of a colicin A single mutant (ColA-A150R1). Inspection of the
SDS Page reveals a large amount of the selected mutant, judged based on the intensity of the
corresponding band at a size of ~ 63 kDa. Moreover, bands with a higher molecular mass than 63 kDa
(i.e. a colicin A monomer) could be observed. All colicin A variants used in this work exhibited the same
behaviour during the expression and purification procedures. The appropriate fractions containing colicin
A were pooled, concentrated and subjected to size exclusion chromatography. 500 ul samples from the
cation exchange chromatography were loaded onto a gel filtration column Superdex 200 MR 10/30
(Amersham Pharmacia Biotech) that has been calibrated before, and purified based on their size with a 0.5
ml/minute flow rate of 10 mM sodium potassium buffer, pH 6.8. The resulting elution profile from the

gel filtration column for ColA-A150R1 is shown in Figure 3.11.

50
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Figure 3.11: Size exclusion elution profile of colicin A mutant A150R1HS,

According to the calibration of the gel filtration column, for colicin A with its size of ~ 63 kDa a retention
volume of 13 ml was expected. Indeed, the major elution peak appeared at this retention volume as it can
be seen in Figure 3.11. The appropriate fractions were pooled and concentrated for further use. The
protein concentration of the purified colicin A samples was determined by UV-VIS spectroscopy (see
3.2.4.7). For wild-type colicin A a final yield of 0.12 mg protein/liter of cell culture was obtained based on
the previous purification protocol. With the optimized protocol (see above and chapter 3.2.4) a yield 18
mg protein/liter of cell culture was obtained for wt colicin A. This corresponds to an increase of the
protein yield by a factor of about 150. Consequently, all colicin A mutants used in this work have been

prepared using the optimized protocol.
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3.3.1.3 Spin labeling

Spin labeling of colicin A was carried out as described in chapter 3.2.4.8. In this work 25 single site
mutants and 15 double mutants have been used. The single site mutants 126R1, K33R1, A42R1, S62R1,
A91R1, F105R1, V115R1, S155R1, G166R1, A169R1, G176R1, A191R1, V183R1, G184R1 and A192R1
were also analysed in previous studies (Savitzky et al., 2004) (L. Pulagam, PhD Thesis, 2007) and (Pulagam
et al., 2008), by means of mobility, polarity and accessibility measurements. However, all mutants were
newly reconstituted and re-measured in this work. Furthermore, due to the limited number of label
positions, where for example no labels have been positioned on H4 and H7, this study has been
substantially extended. Already existing, but previously not analysed mutants (L19R1, E126R1, W140R1
and E198R1) and five new mutants (T15R1, I66R1, A77R1, V182R1 and 1187R1) have been included, so
that on each colicin A-helix at least one label is placed (see Figure 3.12). The double mutants
A42C/T187C, S62C/I1187C, A91C/I187C and V115C/I187C, for which inter-spin distances
measurements have already been performed in a previous study by Boechme et al. (2009), were also freshly

prepared and re-measured in this work (see table 3.7 ColA mutant list; appendix chapter 3).
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Figure 3.12: Spinlabel positions. (A) X-ray crystal structure of water-soluble pore-forming domain of
colicin A (1COL.pdb) showing the positions where spin labels have been introduced (grey spheres at the
Ca atom positions). The amphipathic helices are colored in green and the hydrophobic hairpin in
magenta. (B) Amino acid sequence of the colicin A pore forming domain. The label positions are colored
in red and the respective residue numbers are given.
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The room temperature cw EPR spectra of the single site R1 mutants of colicin A in solution (soluble

form, sol-ColA) are shown in Figure 3.13. In some of the spectra a residual amount of free (unbound)

spinlabel is present, as deduced from the extremely mobile component present in the respective spectra.

Examples are the spectra for positions 15R1H! and 19R1H!, This residual amount of free spin label was

tolerated in the samples, as extensive washing to remove the free label led to high losses of protein due to

precipitation.
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Figure 3.13: Room temperature EPR spectra of single R1 labeled sol-ColA. The spectra are normalized

by their amplitudes.
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3.3.1.4 Functional analysis of spin-labeled colicin A mutants

In order to test if the mutations of the respective side chains and binding of MTSSL influences the
structure and function of the protein, an iz vivo viability test was performed with each spin label mutant.
E.coli K12 cells were treated with colicin A as described in chapter 3.2.4.9. Following incubation overnight
at 37°C, the bacteria free areas were determined. As a control for the mutant activity wt-colicin A was
used. Figure 3.14 shows the results of the viability test for three examples: colicin A-wt, A9IR1H> and
G166R11eopH8-HI - A5 expected, cells treated with wt-colicin A did not survive even at 10,000-fold dilution,
corresponding to a concentration of ~ 200 ng/ml (~ 3 nM), indicating the strong lethal interaction of
colicin A with the cells. For the mutant A91R1H5 about the same functionality as for the wt could be

observed (up to 10*-fold dilution) although the bacteria-free areas appear to be about 10-15 % smaller.
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Figure 3.14: Viability of the cells with colicin A. (left) bacteria-free areas, determined from the agar plates
treated with colicin A exhibiting the bacteria free areas measured by means of its diameter. The dilution
factors for colicin A are given. As a control, the mutant activity of wt-colicin A was determined. (right)
photographs of the corresponding plates.
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In contrast, colicin A-G166R110opH8/HI treated E. coli cells survived without any indication of cell death,
indicating complete functional impairment of colicin A with a spin label at this position, that is located in
the loop between helices 8 and 9 on the protein surface of the soluble form, according to the crystal
structure of the water soluble pore forming domain. Consequently, it can be concluded that residue G166
plays an important role either in membrane association, membrane insertion or the function of the
channel. The viability test for the whole set of mutants (Table 3.4) reveals that all colicin A mutants except
ColA-T19R1HI) G166R1 and G184R1H% were still active. It can be concluded that the structural and
functional properties of all other mutants are preserved and that they can be analysed in terms of the

colicin A structure in the membrane bound form.

Table 3.4: Influence of mutations in ColA on the pore-forming ability. Functionality of all spin labeled
colicin A mutants was assayed by a viability test. The data is reported as the highest dilution of colicin A
that still inhibits cell growth. (* ColA dilution from 2 mg/ml resulting in cell-free area in the viability test).

ColA mutant ColA dilution * ColA mutant ColA dilution*
Wt 5mg/ml 104 1.19C/1187C 10!
Wt 2mg/ml 103 A42C/1187C 100

T15C 102 S62C/1187C 101
1.19C no activity A91C/1187C 103
126C 104 V115C/1187C 102
K33C 102 A91C/G184C 104
A42C 102 A91C/V115C 104
S62C 104 L19C/A42C 10!
166C 102 126C/A77C 104
A77C 103 A77C/W140C 103
A91C 104 A77C/8154C 102
F105C 103 W140C/A150C 104
V115C 105 126C/A192C 102
E126C 104 126C/E126C 104

W140C 103 K33C/E198C 104
A150C 103

S155C 105

G166C no activity

A169C 104

G176C 105

A181C 103

V182C 104

V183C 104

G184C no activity

1187C 10!

A192C 105

E198C 105
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3.3.1.5 Membrane model system for colicin A

The lipid environment of membrane proteins has been shown to play a major role in protein function and
structure, e.g. for thodopsin (Baldwin and Hubbell, 1985), or small multidrug resistances protein family
members (Bay and Turner, 2013), (reviewed for example in Hunte and Richers, 2008). As already
mentioned, for colicin E1 it was postulated that the use of 100 % negatively charged lipids prevents the
pore-forming domain from inserting into the membrane (Zakharov et al., 2002) (Lindeberg et al., 2000).
Moreover, the influence of the lipid composition becomes obvious from the studies on the colicin A
closed channel state. As already described in more detail in chapter 3.1.5, some of the studies published so
far support the umbrella model for the closed channel state, whereas other data support the penknife
model - a controversy that might result from the use of lipid compositions with different influence on the
interaction between colicin A and the membrane. In order to test if the lipid composition indeed
influences membrane insertion of the colicin A pore forming domain, i.e. it influences the structural
properties of the membrane bound state, for a first set of experiments a small subset of the single-site spin
label mutants were selected to investigate the influence of different membrane compositions on their
room temperature cw EPR spectra. Two positions have been chosen for this purpose: First, position
A181" on the hydrophobic hairpin that either inserts into the membrane or resides on the membrane
surface, according to the umbrella - and penknife model, respectively. Second, a position on helix Ho,
V115H6 has been selected as a number of models for membrane insertion postulate a transmembrane
orientation of H6 and H7 in the gper channel conformation. A non-native conformation of these two
helices already in the closed channel state, thus preventing their membrane insertion, could explain an
impaired channel function in for example 100 % negatively charged lipids. The most commonly used
model systems for E. @/ membranes are mixtures of either 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphogylcerol (POPG) lipids, or
POPE and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS) lipids (see Figure 3.15). These
phospholipid compositions are characterized by largely different properties in terms of the surface charges
present on membranes prepared thereof. For example, phosphoethanolamine (PE) lipids have no net
charge (but a strong dipole moment of the headgroup with a positive charge at the distal end), whereas the
hydroxylated phospholipids phosphoglycerol (PG) and phosphoserine (PS) catry a negative charge. Native
E. cli membranes predominantly consist of PG, cardiolipin (CL, being uncharged) and PS (ie.
approximately the composition of the lipid extract used for comparison) lipids, and consequently their
surface is in total negatively charged without positive charges at the very surface from PE lipids (Yeaman
et al., 2003). In this work, the influence of these two mixtures of synthetic lipids compared to an E. coli
polar lipid extract has been examined by analysis of RT cw EPR spectra recorded for ColA-V115R1 and

ColA-A181R1 reconstituted into liposomes.
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Figure 3.15: Chemical structure of common phospholipids. Source: Avanti polar lipids
(http:/ /www.avantilipids.com).

Figure 3.16 shows the room temperature X band cw EPR spectra of ColA-V115R1 reconstituted in E. co/i
polar lipid extract and different POPE/POPG mixtures (panel a), and ColA-A181R1 (panel b) using the
lipid extract and different POPE/POPS compositions for liposome preparation and subsequent
reconstitution. Comparison of the spectra reveals clear differences between the synthetic mixtures and the
native lipids in almost all cases. Obviously, the motional freedom of spin label side chains located at the
two positions under investigation is significantly affected by the lipid environment and it can be expected
that the structure of the membrane bound colicin A also considerably differs between the samples.
Nevertheless, lipid mixtures containing either 50 % or 75 % POPG and POPE seem to resemble the
native lipid environment at least for position V115H6, indicating that the PG content seems to be the

major determinant for proper membrane insertion of colicin A.

A

V115R1_E.coli natural lipids

V115R1_POPG/POPE lipids

——— 100% POPG lipids
75% POPG/ 25% POPE lipids.
——— 50% POPG/ 50% POPE lipids
25% POPG/ 75% POPE lipids.

A181R1_E.coli natural lipids

A181R1_POPS/POPE lipids

——— 100% POPS lipids
75% POPS/ 25% POPE lipids
——— 50% POPS! 50% POPE lipids
25% POPS/ 75% POPE lipids

Figure 3.16: Cw-EPR room temperature spectra of the investigated singly labeled rec-mem-ColA mutant
(A) V115R1H6 and (B) A181R1M in presence of different PS-lipid compositions.
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A more detailed analysis of the influence of the membrane environment on the conformation and
properties of colicin A has not been carried out, as this is beyond the focus of this work. Nevertheless, a
detailed examination of the influence of membrane lipid composition is needed in the future for a better
understanding of its influence on membrane interaction and insertion of colicin A and of membrane
proteins in general. For example, cardiolipin is enriched in E. ¢/i membranes (Koppelmann et al., 2001)
(Yeaman et al., 2003) and suggested to be a key component determining the properties of such bilayers

(Lopes et al., 2010), advising studies that examine its influence on ColA membrane insertion.

To exclude that in the structural studies described in the following a non-native conformation is observed,
for all preparations of membrane bound spin labeled ColA in the present work an E. co/7 polar lipid extract

was used for liposome preparation and reconstitution.

3.3.1.6 Reconstitution of colicin A

Once the functionality of the labeled colicin A mutants was verified, the proteins were reconstituted into
liposomes prepared from E. co/i natural lipids as described in the Materials and Methods section (3.2.4.10
and 3.2.4.11). The reconstitutions were carried out at a molar protein: lipid ratio of 1:500 unless stated
otherwise in the following chapters. In order to verify that the protein is incorporated into the lipid
membranes, the reconstituted samples were analysed by SDS-Page. After removing the detergent-
adsorbing beads, the solution was centrifuged, unbound protein was removed by buffer exchange
(—>supernatant) and the supernatant as well as the membrane pellet resuspended in buffer was loaded on a
SDS gel. Figure 3.17 shows a representative gel obtained with samples taken from reconstitutions of the
colicin A mutants L19R1, V183R1, G184R1, I187R1 and E198R1. It is clearly visible that in all cases most
of the ColA can be detected in the reconstituted pellet fractions compared to the protein content of the
supernatant fractions. From the intensity of the protein bands on the gels high incorporation rates

between 70-90 % were obtained for most of the preparations carried out in this work.

ColA 63kDa
Tk

Figure 3.17: Reconstitution of colicin A in E.co/i lipid membranes in a molar ratio of 1:500. Lane 1:
supernatant ColA_L19R1, lane 2: liposomes ColA_L19R1, lane 3: supernatant ColA_V183R1, lane 4:
liposomes ColA_V183R1, lane 5: supernatant ColA_G184R1, lane 6: liposomes ColA_G184R1, lane 7:
supernatant ColA_I187R1, lane 8: liposomes ColA_I187R1, lane 9: supernatant ColA_E198R1, lane 10:
liposomes ColA_E198R1, lane 11: marker (BioRad, Precision Plus Protein).
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3.3.2 Spin label mobility measurements on singly labeled ColA

In a first set of experiments, room temperature X-band cw EPR spectra were recorded and analysed to
investigate the dynamic properties of spin labels attached to reconstituted ColA single mutants (see
chapter 2.3.2 for a description how the spin label dynamics are reflected in RT cw EPR spectra). The EPR
spectra are shown in Figure 3.18. The spin label mutants can be — based on the observed spectral
properties — categorized into three groups characterized by different spin label side chain mobilities:
positions W140R1H7, A150R1H8, S155R1H8, AT169R1H7, G176R1H9, 192R1H10 and E198R1HI0 are
characterized by large apparent hyperfine splittings with a resolved high field hyperfine line indicating
strongly immobilized positions due to strong tertiary interactions. Weaker interactions between the protein
and the nitroxides result in decrease of the apparent hyperfine splitting and narrowing of the EPR line
shapes. A corresponding ntermediate mobility was found for K33R1H2, A42R1H2) S62R1M3, A91R1H5,
F105R1H5, V115R1H6, AT181R1M9, V182R112 and V183R1M. Finally, high mobilities, i.c. the spin labels
appear to be attached to very dynamic domains and most likely on the protein surface, are observed for

T15R1HL 126R1H! I66R1H3) A77R1H* and E126R1H¢,

Strikingly, all the room temperature spectra of membrane bound colicin A reveal the presence of at least
two spectral components characterized by different mobilities, indicating an equilibrium between two spin
populations with different mobilities, as it has for example being reported for residue 165R1 in
bacteriorhodopsin (Steinhoff et al., 2000) and for other membrane proteins like KcsA (Gross et al., 1999)
and Rhodopsin (Altenbach et al., 1996) (Kroncke et al., 2010). In general, the presence of spin populations
with different mobilties can arise from (i) different spin label rotamer populations separated by a large energy
barrier due to strong tertiary interactions, or (i) an equilibrium between protein conformational states leading
to different spin label mobilities. In both cases, exchange between the populations/states is slow on the
EPR timescale and both components are observed in RT cw EPR spectra. Under the assumption that
ColA exhibits just one single conformation in its membrane bound state, the observed shape of the EPR
spectra would therefore result from the presence of at least two spin label rotamer conformations.
Nevertheless, although a protein conformational equilibrium for membrane bound ColA is rarely
discussed in the present literature, the two spectral components could also arise from different protein
conformations. Solely based on the cw room temperature measurements it is difficult to distinguish
between these two possibilities, and this issue will be discussed later in more detail. Nevertheless, as it
seems very unlikely that spin labels at @/ 26 positions in ColA — especially those exhibiting high mobilities,
comprising about 20 % of the positions investigated — experience tertiary contacts that could cause the
presence of rotamer populations in slow exchange. Thus the presence of a protein conformational

equilibrium for membrane bound colicin A appears to be likely.
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Figure 3.18: Room temperature EPR spectra of single R1 labeled rec-mem-ColA .The spectra were
normalized by amplitude. Residue numbers are given for each spectrum. Bars are placed at the low field

spectral line to highlight the mobile and immobile components.
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The mobility of the R1 side chain can be analysed quantitatively by two semi-empirical mobility
parameters, the inverse of the central line width (AHg?), and the inverse of the second moment ((H2)1), as
described in chapter 2.3.2. Based on AHg! (Figure 3.19) exceptional high mobilities (AHo! > 3 mT™!) are
observed for residues T15R1H! and 26R1H! on helix 1, I66R1H3 and for position 198R1H10 on Helix 10.
Such high mobility values are a characteristic feature of spin labels located either on exposed helix surfaces
or in loop regions. In contrast, strong immobilization (AHy! < 2 mT-!), corresponding to R1 side chains
that are buried in the protein interior, is only observed for residue 176R1H9, All remaining residues exhibit
intermediate mobilities (2 mT! > AHg! > 3 mT), presumably arising from tertiary interactions,
suggesting their location in contact regions between the ColA helices. The mobility values obtained for
positions 19R1H1 166R1toopHS-H9 and 184R1H? are not included in the analysis as labels at these positions

have been shown to impair the colicin A channel functionality.
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Figure 3.19: Plot of the inverse of the central line width (AHo!) versus residue number for R1 attached to
rec-mem-ColA, determined from the EPR spectra shown in Fig. 3.18 using the program wnmispec. The
corresponding helices are indicated on the top of the plot. Amphipathic helices (H1-H7 and H10) are
colored in green. The hydrophobic hairpin (H8 and H9) is shown in magenta.

The presence of at least two components characterized by different mobilities in all spectra obtained with
spin labeled ColA complicates a meaningful analysis of the spin label dynamics. An evaluation of spin
label side chain mobilities by means of the inverse central line width of RT cw spectra is intrinsically
biased towards the mobile component in multi-component spectra as it dominates the central resonance

line — and consequently AHg¢"! - due to its sharpness. In contrast, the value of the inverse second moment
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(i.e. the inverse spectral breadth) is dominated by the immobile spectral component, and combined
evaluation of both mobility parameters in a two-dimensional plot of the inverse spectral second moment
((H2)Y) versus the inverse central line width (AHo?), allows classification of the localization of a spin label
side chain with regard to protein structure according to Hubbell and Mchaourab (Hubbell et al., 1996)
(Mchaourab et al., 1996, see chapter 2.3.2). However, for evaluation of the results described in the
following it should be always kept in mind that due to the presence of at least two spectral components,
that might arise from the presence of a protein conformational equilibrium, interpretation of the mobility
values in terms of protein structure has to be conducted with caution.

The mobility map for the spin labeled ColA variants shown in Figure 3.20 reveals strong immobilisation
as observed for R1 sides chains buried in the protein interior also only for residue 176R1MH9. Contrarily,
very high mobility, being charactetistic for highly dynamic loop/surface regions can only be found for
position 26R1H! that even does not exhibit the highest AHg! value (~ 3.5 mT-!, compared to > 4 mT! for
T15R11 and I66R113). T15R11! and I66R113 can be — despite their exceptional high AHy! values rather
categorized as located on a loop structure involved in tertiary contacts (loop/contact). All other positions

investigated here seem to be located on helices that exhibit tertiary contacts to other helices.
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Figure 3.20: Classification of colicin A side chain localizations with regard to protein structure by plotting
the inverse spectral second moment ((H2)!) versus the inverse central line width (AHo?). The parameters
were calculated from the RT cw X-band EPR spectra shown in Figure 3.18.

In more detail, in the 2D plot two positions of the colicin A hydrophobic hairpin, 150R1H8 and 182R1H°,
as well as position 140R1"7 on helix 7 are located at the border between two areas, representing helix
contact sites and helix buried sites. Consequently, spin label side chains at these positions have strong

tertiary contacts and might even be partially buried in the protein interior, although a certain degree of
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immobilization might also be attributed to contacts with either the lipid head groups or fatty acid chains
of lipid molecules that are specifically bound to the protein. Nevertheless, in the spectra shown in Figure
3.18 the two spectral components (immobile and mobile) are clearly distinguish able for numerous
positions throughout most of the helices, e.g. for 62R1H3, 77R1H4 91R1H5, 140R1H7, 150R1H8, 155R1H8,
169R1H9) 192R1H10 and 198R1H10, and this observation has been found to be correlated with helices being
involved in tertiary contacts (Kroncke et al., 2010). Although the results of this “basic” mobility analysis
(no attempts have been made to perform a “multi-component analysis” of the spectra (see e.g. Budil et al.,
1996, but possible reasons for the ubiquitous presence of at least two spectral components and how this
could be analysed in more detail will be discussed later) provides only limited information about the
structural features of this state of the protein, it already seems to rule out a model for the membrane
bound state of ColA previously suggested. Based on a limited set of colicin A double spin label mutants
(Boehme et al.,, 2009) and on a FRET study on the pore forming domain of colicin E1 (Lindeberg et al.,
2000) (Zakharov and Cramer, 2002 b), a ring-like structure on the membrane surface formed by helices 1-
7 and only H1 and H7 (and maybe also HG6) being in contact with other helices, was proposed. The results
obtained in the present study with a significantly larger set of spin label positions clearly indicate a more

densly packed structure than previously suggested.

3.3.3 Polarity and accessibility measurements

The structural information on colicin A provided by the mobility analysis can be supplemented with
polarity and accessibility measurements in order to specify the location of the respective helices with
respect to the membrane. Accessibility measurements allow to distinguish between R1 side chains exposed
to the lipid phase, to the aqueous phase or to the protein interior (see 2.3.3), and can be further used to
determine the immersion depths of the label side chain in the membrane bilayer (see 2.3.4). Furthermore,
determination of the R1 side chain’s environmental polarity also provides information on its location in a
protein/membrane/water system (see chapter 2.3.5).

For both, the accessibility and the polarity measurements on membrane bound colicin A, reference data
has been obtained using E. co/i polar lipid liposomes containing ca. 5 % stearic acid spin labeled at
positions 5, 12 and 16 of its alkyl chain (5-, 12- or 16-doxyl-stearic acids, Sa5, Sal2 and Sal6, respectively)
and 5-, 12 or 16-doxyl-Pc (Pc5, Pcl12 and Pc16). As the location of the nitroxide group in the lipids
relative to the phosphate head groups is known, they can serve for “calibration” of the accessibility data
and especially for the immersion depth parameter calculated thereof. Furthermore, immersion depth
values published for transmembrane helix D of bacteriorhodopsin, BR (Hubbell et al., 1994), were also

used for calibration and comparison purposes.
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3.3.3.1 Accessibility measurements

The quencher compounds used here are the water soluble metal complex Ni-EDDA (20 mM) and
molecular oxygen (O2). By virtue of its hydrophobic nature O» preferentially concentrates in hydrophobic
regions, like the core of the lipid bilayer. In contrast Ni-EDDA 1is excluded from the core of lipid bilayers
and is concentrated in the aqueous environment. The measurements were performed as described in
chapter 3.2.5.3. Data analysis was performed using the program powerfit to calculate the Heisenberg
exchange rates We, values for Ni-EDDA and Oa.
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Figure 3.21: (A) Exchange rates (We) of R1 side chains of the rec-mem-ColA for Oz and Ni-EDDA. The
Wy values were determined in the presence of 20 mM Ni-EDDA (open circles) or equilibrated with 100%
molecular oxygen calculated to 20 %, for comparison with published values obtained from samples
equilibrated with air, (filled circles). (B) Exchange rates obtained from the labeled lipids.

The Heisenberg exchange frequencies We, for R1 side chains attached to rec-mem-ColA are shown in Fig.
3.21. The plot of Wex versus residue number reveals higher overall exchange rates for Oz compared to Ni-
EDDA, although with some exceptions, indicating that most positions under investigation are located in

the membrane rather than in the aqueous phase. For position 198R1H10 a significantly higher accessibility
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for Ni-EDDA than for Oz is observed, indicating its exposure to an aqueous environment. Spin labels at
positions 15R11! and 26R112 exhibit a high accessibility for both quencher molecules, due to their high
mobility (see 3.3.2) and a location in the polar head group region of the membrane. In contrast, residues
33R1H2, 66R1H3, 77R1H4 126R1He, 140R1H7, 176R1H? and 187R1H° reveal neither significant accessibility
towards Oz or Ni-EDDA, a feature characteristic for side chains that are buried in the protein interior,
also largely being in line with the observed restricted mobilities of spin labels attached at these sites.
However, closer inspection of the results for positions 66R1H3, 77R1H4 and 126R1H¢ reveals a slightly
higher accessibility for Ni-EDDA, whereas for buried residues slightly higher rates are expected for O»
compared to Ni-EDDA due to the fact, that diffusion of Ni-EDDA within the protein interior is
significantly stronger limited by its size compared to O.. Consequently, these positions appear to be
located more towards the aqueous environment than in the protein interior. The accessibility for the
remaining residues 42R1H2) 62R1H3) 91R1H5 105R1H5, 115R1He) 150R1H8, 155R1H8 169R1H9, 181R1H9,
182R119) 183R1H9 and 192R1H10 indicates higher exchange rates with oxygen and negligible exchange rates
for Ni-EDDA, suggesting that these residues are located in the hydrophobic core of the membrane
bilayer, like Sal2 and Sal6 (Figure 3.21 B). Strikingly, accessibility values corresponding to a location close
to the headgroup region within the bilayer (Reference Sa5, Figure 3.21 B) are only observed for position
182 in the hydrophobic hairpin. Consequently, the results of the accessibility measurements reveal that
more helices than only the hydrophobic hairpin are at least partly located in the hydrophobic part of the

membrane and do not only lie in the head group region.
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Figure 3.22: Accessibility map of the ColA R1 side chains (black squares) and for the labeled lipids (white
diamonds). The plot is divided into three areas: protein internal or buried, aqueous phase and lipid phase.
The boundaries between these areas are based on the studies by Wegener et al., 2000 and L.Pulagam, PhD
Thesis, 2007.
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In Figure 3.22 the We, values for O, are plotted against those for Ni-EDDA. Such kind of 2D accessibility
map can be used to assess the relative location of the spin label side chain in a protein/lipid/water system
more intuitively than a 1D plot versus residue number (Figure 3.21). According to this analysis positions
A42R1H2 SE2R1H3) A91R1H5 F105R1H5, E115R1H6, A150R1HS, S155R1H8 A1G9R1HY, A181R1HY,
V182R1H9, V183R1H9 and A192R1H10 are exposed to the lipid phase. 15R1H! I26R112 and E198R1H10 are
located in the aqueous phase. Residues located in the protein interior, characterized by low accessibilities
for both quencher molecules, are K33R1H2, I66R1H3, A77R1H4, E126R1H6, W140R1H7, G176R1"? and
I187R1%9, wherein especially residues I66R1M and E126R1H6 are more exposed to the aqueous
environment than to the protein interior, confirming the conclusions drawn from the “raw” exchange
rates.

The immersion depth of a spin label side chain in a lipid bilayer can be determined by calculating the
dimensionless immersion depth parameter ® = In (IT (02)/ IT (Ni-EDDA)) from the collision
frequencies towards the paramagnetic quenchers Oz and Ni-EDDA. In Fig. 3.23 the immersion depth
parameters determined for the spin labeled stearic acids and PC lipids are shown in comparison with the
values that have been obtained for BR helix D (Hubbell et al., 1994). As the corresponding values for
bacteriorhodopsin BR have been determined in the presence of 20 % molecular oxygen (sample
equilibrated with air), the IT (O2) values for the spin labeled lipids and for rec-mem-ColA in the following
have been divided by the factor 5 to allow direct comparison. The range of immersion depth values
indicating immersion of the label position into the hydrophobic core of the lipid bilayer is indicated in this

Figure.
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Figure 3.23: (A) Immersion depth calibration based on 5-, 12- or 16-doxyl-stearic acid and 5-, 12- or 16-
doxyl-PC in E. co/i polar Lipid extract. The immersion depth parameter @ = In (IT (Oz)/ IT (Ni-EDDA))is
calculated from the IT values determined in the presence of 20 mM Ni-EDDA and 100 % oxygen,
respectively. The @ values and the corresponding distances from the lipid head groups obtained from an
analysis for helix D of BR (Hubbell et al., 1994) are shown for comparison in panel (B) The corresponding
values for bacteriorhodopsin BR have been determined in the presence of 20 % molecular oxygen (sample
equilibrated with air). To allow a direct comparison, the I'T (Oz) values for the spin labeled lipids have been
divided by 5.
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Comparison with the distances from the lipid headgroups obtained for the respective positions in BR
helix 6 from its crystal structure shown in Fig. 3.23 panel B reveals that the values found for Sa5 and Pc5
approximately correspond to a distance of 0.8-1.1 nm from the lipid head groups. The nitroxides of Sal2
and Pc12 are located about 1.7-2.0 nm below the headgroup region and therefore closer to center of the
lipid bilayer. As already observed for the We (O2) values for the spin labeled stearic acids and PC lipids
(Figure 3.21 B and Figure 3.22), a nitroxide at the end of the alkyl chain (position 16) seems to be less
deep inserted compared to Sal2 and Pc12. In principle, it should be expected that both the #-stearic acids
and #-doxyl PCs demonstrate a linear dependency of @ from the distances of the nitroxide to the
phosphate head groups (Dalton et al., 1987) (Farahbakhsh et al., 1992). Nevertheless, comparison with BR
helix 6 reveals distances of about 1.4-1.5 nm from the lipid head groups for Sal6 and Pc16. This behavior
has also been obsetrved in other studies (Caffrey and Feigenson, 1981) (Chattopadyhay and London, 1987)
and is usually explained with the end of the alkyl chains bending towards the lipid headgroups. Contrarily,
on a transmembrane helix (BR helix 6) the spin label side chains exhibit a significantly more rigid and
better defined immersion depth in the lipid bilayer. According to the study by Hubbell et al. (1994),
residues with ® ~ 0 are located approximately 5A from the phospholipid head groups and those with @ ~

4 close to the center of the bilayer.

The results of the immersion depth calculation for ColA are shown and compared to the results for BR
(Hubbell et al., 1994) in Figure 3.24. It is apparent from this Figure that the hydrophobic hairpin deeply
inserts into the hydrophobic core of the lipid bilayer, as all residues located on H8 and H9 exhibit ®
values between ~ 1.5 and 4.5. The highest immersion depth was obtained for position 169R1 (@ ~ 4.5) in
H9 that should consequently be located at the center of the bilayer. As expected for an orientation of the
hairpin along the membrane normal, from position 150R1 in the beginning of H8 the immersion depth
parameter @ increases up to the maximum value found for 169R1 and subsequently decreases to the end
of H9. For position 187R1 at the end of H9 no Heisenberg exchange frequencies could be determined
and therefore no immersion depth was calculated. An exception represents position 176R1 on H9, for
which a significantly lower @ value of ~ 1 is observed. This indicates a transmembrane orientation of the
hairpin, in which position 176 is located close to the headgroup region on the other side of the membrane.
Consequently, the data obtained in the present study are in line with the umbrella model for the
membrane bound state of colicin A. Previous EPR accessibility measurements for ColA (Pulagam et al.,
2008) also supported the umbrella-model for the closed channel state in which the hydrophobic hairpin
(H8/H9) exhibits a transmembrane orientation. Nevertheless, in the umbrella model the amphipathic
helices H1-H7 are thought to be located close to the lipid/water interface. In contrast to this model the
immersion depth values obtained for ColA indicate that also helices H2, H3, H5 and HG6 are at least
partially located in the hydrophobic part of the membrane and not only at the head group region,
characterized by @ values between ~ 1 and 2, corresponding to immersion depths in the hydrophobic

core of ~ 1.0 -1.5 nm.
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Figure 3.24: (A) The immersion depth parameter @ determined by accessibility measurements for ColA.
The range of obtained @ values in case of ColA is indicated (B) Comparison to the results of spin labeled
BR mutants adopted from (Hubbell et al., 1994).

In more detail, positions 42R1H2 and 105R1M> exhibit @ ~0.9 and 91R1M5 a value of ~1.1. These values
have also been found for positions 109R1 and 127R1 in BR (Hubbell et al., 1994), that are located about 1
nm away from the headgroup region on opposite sides of the membrane bilayer. Even more deeply
embedded in the bilayer core appears position 115R1H6 (® ~ 1.6) in the N-terminal part of HO, indicating
a distance to the headgroup region of ~ 1.5 nm. Contrarily, for 126R11¢ at the C-terminal end of helix 6 a
® value of -0.3 is observed, suggesting its location in the head group region. This observation can easily be
explained if it is assumed that H5 appears to adopt an orientation tilted with respect to the membrane
plane, with the N-terminal end protruding into the hydrophobic core of the membrane. Furthermore, also
positions 62R113 and 192R1H10] both exhibiting @ values of ~ 0.7, seem to be inserted in the membrane
rather than be located on top of it. The @ values obtained for residues T15R1H!, I26R1H1, K33R1H2,
S62R113) I66R1M3, A77R1H4, W140R117 and A192R1H10 are in the range of about -0.5 - 0.5, indicating
their location in close vicinity to the lipid head groups. The data obtained for the BR mutants further
show that immersion depth values below ® = -1 indicate a fully water exposed orientation for nitroxides.
Such values are only observed for position 198R1M10 in ColA, indicating its location in the bulk water

region.

3.3.3.2 Polarity measurements

Low temperature (160 K) cw-EPR measurements were performed to determine the hyperfine coupling
tensor element A,,, thus providing a measure for the polarity of the microenvironment of the R1 side
chains attached to ColA. This data can provide further information about the location of the respective
helices with respect to the membrane, as the membrane/water system is characterized by a strong polarity

gradient along the membrane normal. The A,, value for nitroxides is expected to be large in a polar
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environment like the bulk aqueous phase (~ 3.6 - 3.7 mT), whereas spin labels located in the middle of the
bilayer — an apolar environment - are characterized by small A,, values (~ 3.3 - 3.4 mT). Intermediate A,
values indicate either location in the headgroup region of the lipid bilayer or a protein aqueous
environment (Plato et al., 2002) The A,, values determined from the low temperature spectra of
reconstituted ColA (Figure 3.26) are shown in Fig. 3.25 wersus residue number. Strikingly, all A,, values
observed for the ColA variants are in the range 3.4 — 3.6 mT, indicating their location either in the
headgroup region of the lipid bilayer or surrounded by protein structures according to the course
classification mentioned above. This seems to partly contradict the results from the accessibility
measurements described in the previous chapter, as here clear indications for membrane insertion of the
hydrophobic hairpin as well as for helices H2, H3, H5 and H6 have been obtained. Here, A,, values that
indicate at least vicinity to the hydrophobic membrane core (3.40 — 3.45 mT) are only observed for spin

labels located at positions 33H2, 169H8-H9 ' 176H9 and 183H7.
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Figure 3.25: Hyperfine coupling tensor elements A,, determined from the cw low-temperature spectra
recorded for membrane-bound singly spin labeled ColA variants shown in Figure 3.26.
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Figure 3.26: Low temperature (160 K) EPR spectra recorded for singly labeled colicin A reconstituted in
liposomes. Residue numbers are given.

As for the accessibility and immersion depth values a much better correlation also of the polarity values
with the other data is obtained, if reference values from systemsare used, where the location of the spin
label side chain within the membrane bilayer is known. Polarity measurements with spin labeled stearic
acids and PC lipids (the resulting values are shown in Figure 3.27 A) reveal that in case of Sa5PS and
Pc5PS (close to the headgroup region) A,, values of 3.46-3.47 mT are observed, being in line with an
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intermediate polarity according to the coarse classification described before. The A,, values for Sal2PS,
Pc12PS, Sa16PS and Pc16PS are significantly smaller with values of approximately 3.32 mT obtained for
the 12PS references and 3.24 mT for the 16PS references, indicating very apolar environment like it is
found in the middle of the lipid bilayer. Nevertheless, we have to keep in mind that a direct comparison of
the absolute A, values between the references and the samples is limited due to the different nitroxide
moieties.

A more reliable reference in terms of the comparability of the systems under investigation is again a
protein with known crystal structure, in this case bacteriorhodopsin. In Figure 3.27 B the results obtained
by Savitsky et al. (2004) for BR helix F are shown, clearly indicating that unexpectedly high A,, values of
3.5 — 3.6 can be found also for positions immersing 1-2 nm into the hydrophobic membrane core.
Moreover, in a later study on positions of BR helix D, that are oriented towards the interior of the protein
(Mobius et al., 2005), even A,, values of 3.6 — 3.7 mT have been obtained for positions that are according
to the crystal structure clearly located in the very middle of the lipid bilayer. BR is a light-driven proton
pump comprising intra- and extracellular channels that connect the retinal moiety with the bulk aqueous
phases. 1f spin labels are placed in these channels polarity values are obtained that would usually suggest
their exposure to the bulk water phase. Colicin A also forms channels in lipid bilayers and even though the
closed channel state is observed in most of the experiments performed in this study, this state might
already exhibit a channel connecting the lipid bilayer core with the bulk phase. Consequently, it can be
expected to find also for colicin A in the close channel state regions in the protein that are located deeply
in the membrane, but appear to be exposed to a polar, aqueous environment, if the spin label side chain is

located inside the channel.
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Figure 3.27 (A): Polarity (A.,) values obtained for spin labeled lipids.
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Figure 3.27 (B): Behavior of the A,, values of nitroxides attached to the surface of the membrane-
spanning helix F of BR with respect to the position of the labeled side chain within the lipid bilayer.
Figure taken from Savitsky et al., 2004.

Noteworthy, the same arguments hold for investigations on the mobilities and accessibilities of spin labels
placed in channel-forming proteins, and should always be kept in mind when analyzing such proteins by
SDSL EPR spectroscopy or related techniques like fluorescence spectroscopy. Therefore, of course this
has to be taken into account when interpreting the experimental results reported for colicin A in this

work, and especially for the polarity values described in the following.

Low A,, values between 3.43 and 3.44 mT are found for residues K33R1H2 A169R1H°, G176R1H% and
V183R11, indicating their location close to the center of the lipid bilayer according to the values found
for BR (Figure 3.27 B). For positions 169R1H%, 176R11% and 183R1H9 these results are in agreement with
the accessibility data, where 169R1H? shows the highest penetration depth (@ ~ 4.5, Figure 3.24). In
contrast, the observed value for K33R112 (~ 3.44 mT) is not in line with the accessibility measurements,
where it has been found that the collision rates are low for both quencher molecules, indicating a location
of this spin label side chain in the protein interior. Combining both results therefore suggests, that
K33R1"2 might be located in a slightly hydrophobic pocket within the protein, where it is shielded from
the quencher molecules by other parts of the protein.

Contrarily, A,, values of ~ 3.6 mT obtained for T15R1H! A77R1H4 E126R1H¢ and E198R1H10 suggest
their location in a highly polar environment like the bulk water phase, what is also in agreement with the
previous accessibility measurements that suggested a location of the nitroxides at these positions close to

lipid head groups or bulk water region.
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Combining the results from the accessibility and the polarity measurements described before, it can be
assumed that the hydrophobic helical hairpin H8/H9 most likely adopts a transmembrane orientation like
it is proposed in the umbrella model for the ColA closed channel state. Nevertheless, strong indications
are found in this work that more colicin A helices are located within the membrane, as already suggested
in other studies (Cascales, 2007). Based on the data obtained in this work H5 and H6, and also parts of
H2, H3 and H10 appear to be embedded in the membrane, and only helices H1, H4 and H7 are located
close to the head group region, being contradictory to both models for the closed channel state, the
umbrella and the penknife model (Figure 3.4). However, keeping the existence of at least two spectral
components in all RT cw EPR spectra in mind, it cannot be excluded that an equilibrium between at least
two different conformational states is observed by the EPR measurements. This would - at least partly —
explain some of the inconsistencies found between the mobility, the polarity and the accessibility data as
described before. Consequently, the major question arises if the components observed in the cw EPR
spectra reflect two spin label populations or indicate an equilibrium between protein conformations. This

question will be discussed in the following section.

3.3.4 Analysis of the spectral two-component system of ColA

3.3.4.1 Influence of the temperature on the EPR spectral features

As already mentioned and cleatly visible from Figure 3.18, all the room temperature cw spectra recorded
for spin labeled colicin A reveal the presence of at least two spectral components characterized by
different mobilities. Due to this fact it is hard to interpret the data described in the previous chapters, as it
appears possible that a mixture of two or more conformational states is present in the samples
investigated. In case of the mobility measurements, it is possible to differentiate between the two
components by means of the two mobility parameters, where the inverse linewidth is dominated by the
more mobile component, whereas the second moment reflects the influence of the more immobile
component. In contrast, the accessibility measurements show the mixture of both components and the
polarity measurements might be strongly biased towards the immobile component, as the experiments are

performed in the frozen state.

The presence of two resolved components with different mobilities has already been observed for other
proteins, for example it was reported for residue 165R1 of bacteriorhodopsin, which exhibits an
equilibrium between two spin populations with different mobilities (Steinhoff et al., 2000), and for other
membrane proteins like KesA and rhodopsin (Kroncke et al., 2010). The major question is of course if in
the case of colicin A these two components reflect either different protein populations in equilibrium or if
the two components arise from two spin label rotamer populations on one protein structure (Mchaourab
et al., 1990), although the probability that the two spectral components of a// 22 rec-mem-ColA positions

under investigation arise from different rotamer conformations appears very unlikely. In order to
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characterize the two components in more detail, temperature dependent measurements have been
performed with a subset of the colicin A spin label mutants. Cw EPR spectra were recorded in the
temperature range from 273 K to 303 K for positions I26R111, A77R1H4and G176R1%. The selection has
been made based on the proportions of the two spectral components in the spectra recorded at RT. For
I26R111 and A77R1H4 the mobile component is dominating to different extents, whereas G176R1H°
exhibits a dominating immobile component. For a more detailed analysis also an iz vivo non-functional
sample like G166R1100PH8/H9 was examined. As obvious from the spectra shown in Figure 3.28, lowering
the temperature leads to an increase of the immobile (i) component and a concomitant decrease of the

mobile (m) component, thus shifting the equilibrium between the two conformations.
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Figure 3.28 (A): Temperature dependent cw EPR spectra. The cw spectra were recorded from 273 K to
303 K and the corresponding van’t Hoff plots reveal the Gibbs enthalpies for transition between the
different states.



CHAPTER 3 RESULTS AND DISCUSSION | 100

= 303K
— 208K

m w— 203K
— 288K
283K
i F — 278K
— 273K
Loz oo
G176R1" G166R1""
3400, 3440 3480 3400 3440 3480
‘ B/mT - ; B/mT
m

3,0+

04+
0,6
254
0,8
AG = 32 kJ/mol
104 . AG = 47 kJ/mol
T2
. Rl
- g
£ 27 £
o
£ 1,44 1,54
-1,6
1,04
1,84
2,0+ . 0,54
'2'2 L) Ll = | J Ll ¥ L ¥ T L Ll 1 T T T T T T 1 T 1
3,3x10° 3,3x10° 3,4x10° 3,4x10° 3,5x10° 3,5x10” 3,6x10° 3,6x10° 3,7x10° 3,7x10° 3,3x10° 3,3x10° 3,4x10° 3,4x10° 3,5x10° 3,5x10° 3,6x10° 3,6x10° 3,7x10° 3,7x10°

-1 3,
T(10°K) T(10°K)

Figure 3.28 (B): Temperature dependent cw EPR spectra. The cw spectra were recorded from 273 K to
303 K and the corresponding van’t Hoff plots reveal the Gibbs enthalpies for transition between the
different states.

To get insights into the thermodynamic properties of the observed equilibrium the temperature dependent
spectra have been analysed by means of van’t Hoff plots, revealing Gibbs enthalpies for 26R1H! of AG =
37 kJ/mol (9 kcal/mol), for 77R1H* AG =33 kJ/mol (8 kcal/mol) and for 176R1H? AG = 32 kJ/mol (7.8
kcal/mol), whereas for the 7 vivo non-functional sample 166R1L0pH8/H9 3 value of AG = 47 kJ/mol (11.3
kcal/mol) was determined. This sample is indeed nonfunctional 7z vive however it shows channel opening
upon application of an electrical field in electrophysiological measurements (Sippach, 2009). This leads to

the assumption that a mutation in 166R11opH8/H9 has an influence on the 7z wivo protein translocation
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pathway from the outer to the inner membrane. The study by Kroncke et al. (2010) revealed AG values of
about 4 kcal/mol for different side chain rotamers. In more detail, Kroncke et al. stated that this value
arises from the observed non-traditional hydrogen bond between a sulfur-atom of the disulfide bridge and
the protein backbone, contributing approximately 2 kcal/mol (Barth et al, 2007) (Gu et al., 1999)
(Scheiner et al., 2001) (Vargas et al., 2000), and the stability of the conformer in the crystal structure due to
its buried surface area (~ 70 A?), accounting for another 2 kcal/mol (Kroncke et al., 2010). Consequently,
as significantly higher values of 8-9 kcal/mol are observed, the two spectral components in the case of
colicin A could arise from different protein conformations rather than spin label side chain rotamers,
being in line with what was also proposed by Tory et al. (1999) and Kienker et al. (1997/2000) for colicin
E1 and colicin Ia. However, solely based on the temperature dependent measurements the existence of

different spin label rotamer conformations can still not be excluded.

3.3.4.2 Influence of paramagnetic quenchers on the EPR spectral features

Another possibility to investigate the origin of two-component spectra is accessibility measurements.
Usually, the saturation curves used to obtain the accessibility parameters IT or Heisenberg exchange rates
W are determined from the peak to peak amplitudes (I,p) of the central resonance line as already
described in chapter 2.3.3. Therefore, like already discussed in conjunction with the mobility
measurements, the results are biased towards the mobile component in the EPR spectra. Consequently, if
the saturation behavior of the two components in the low field peak is separately analysed, the results
should reflect the accessibility of the spin label population being responsible for the immobile (i) and the
mobile (m) component, respectively. This analysis has been performed for another subset of colicin A
spin label mutants, 15R1H!) 26R1H! and 33R1H!. Figure 3.29 A shows the saturation curves determined
from the peak-to-peak amplitudes of the mobile (left) and the immobile (right) component of the low

field EPR line (Y, vs. \/P) of a nitroxide attached to position 15R1M! in the presence of molecular oxygen.

As clearly visible from comparison of the two saturation curves shown in Figure 3.29 A, the two
components exhibit a significantly different saturation behavior towards the paramagnetic quencher
molecule oxygen. Experiments with the water-soluble quencher compound Ni-EDDA (data not shown)
reveal a similar result. The same behavior is observed for the other two positions investigated here,
I26R111 and K33R1H! (data not shown). If the two components would arise from two spin label rotamer
populations, they should exhibit the same saturation behavior, as the exchange between two spin-label
conformations would be at least one order of magnitude faster than the exchange between two protein
conformations. Furthermore, the P/, values reflect the relative collision frequencies and therefore the
accessibility of the nitroxide towards the exchange reagent (Altenbach et al., 1989), but still also depend on
the spin-spin relaxation time 7T2. Calculation of the exchange rates (W) in the presence of 20 mM

NiEDDA (Figure 3.29 B) reveals differences between the mobile and immobile component for the 3
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analysed positions in H1, caused by the fact that the two spectral components exhibit different T,

relaxation times.

This observation indicates that indeed most likely a protein conformational equilibrium exists at least for
helix 1 of colicin A. In order to characterize the conformational equilibrium in more detail, further
experiments should be carried out, covering the whole colicin A molecule and using experimental
techniques like saturation recovery experiments (Bridges et al., 2010), that will provide means to clearly
differentiate between protein and spin label conformational equilibria. Unfortunately, at the time this work

has been performed, this technique was not available in our group.
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Figure 3.29: (A) Saturation curves determined from the two spectral components visible in the low field
peak for ColA-T15R1H! in the presence of oxygen. Left: Saturation behavior of the mobile component
(m). In the middle the cw room temperature spectra for position T15R1H! is given. Right: saturation curve
of the immobile component. (B) Exchange rates (We,) for Ni-EDDA of the R1 side chains from the two
spectral components in helix 1, black squares: mobile component, open circle: immobile component.

3.3.5 Conclusions from the cw EPR results

Colicin A under iz vitro conditions has already been investigated concerning mobility, polarity and
accessibility by L. Pulagam (L. Pulagam, PhD Thesis 2007) (Pulagam et al., 2008). The results obtained
there suggested that the arrangement of the hydrophobic hairpin is perpendicular to the membrane plane

and therefore suggested the umbrella model to be valid for the closed channel state. The results for the
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amphiphatic helices revealed a location in the membrane-water interface and not only on the membrane
surface (L. Pulagam, PhD Thesis, 2007). In the present work the 7z vitro investigations by Pulagam have
been repeated and substantially extended by several additional mutants to analyse the ColA closed channel
state (see table 3.7 ColA mutant list in appendix of chapter 3). Concerning the mobility and polarity
measurements no differences between the recent and previous measurements have been observed, thus

indicating reliable reproducibility of the data.

In summary, the cw EPR experiments performed to analyze the mobility, accessibility, membrane
immersion depth and environmental polarity of spin labels attached to the ColA pore-forming domain
reveal that the helical hairpin cleatly inserts into the membrane. On first sight, this supports the umbrella
model for the membrane bound closed-channel state. Contrary to this model, in which the remaining
amphipathic helices lie (in a circular arrangement) on the membrane surface or are located in the
headgroup region of the lipid bilayer, the results obtained here indicate that only helices H1 and H7, and
partly helices H3 (66R1) and H10 (198R1) are most likely located on the membrane surface or in the
aqueous phase. Clear indications, mainly from the accessibility and polarity data, have been found that at
least parts of H2 (42R1), H3 (62R1), H6 (115R1) and H10 (192R1) are protruding into the hydrophobic
part of the membrane. Moreover, helix H5 seems to be fully located in the hydrophobic membrane core.
A clear statement about the exact orientation and location of H4 cannot be given here, as only one
position at the N-terminus of this helix (77R1) has been investigated, indicating that it is located in the
headgroup region. Nevertheless, it appears likely that the end of H4 is also protruding into the
hydrophobic part of the membrane due to its connection to the membrane-embedded H5 »iz a short
(three amino acids) linker. This supports the idea that colicin A contributes four (H5/H6 and H8/H9)
rather than two (H8/H9) membrane segments in the membrane integrated closed-channel state.
Furthermore, these results are in good agreement with previous studies on Col Ia (Slatin et al., 1994) in
which the possible existence of an amphipathic hairpin beside the hydrophobic one predicted by the

umbrella model for ColA, leading to four transmembrane segments for Col Ia was discussed.

aqueous phase

.
- oo
X e
A ¢
"y o= /.'""... 3‘. PP T L E ;.;.
L s SALe Ik
& ws® L Ba 28"
s &
15 HE, Lm =

201 membrane
25 "c: e
30 1
35
40

{ headgroup region
45-

Figure 3.30: Putative topology model of the colicin A membrane-inserted closed channel state obtained
from cw EPR experiments (mobility, accessibility and polarity measurements).
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3.3.6 Inter spin distance determination by DEER

3.3.6.1 Assessing the oligomeric state of colicin A

As already mentioned in the introduction in chapter 3.1 numerous indications exist that colicin A might
form oligomeric assemblies in its soluble form (Cavard, 2002) (Cavard, 2002 b) as well as in the
membrane-bound state. Especially for the latter case — that is subject of this work — an oligomeric state
forming the functional pore in E. /i membranes is widely discussed in the literature (see chapter 3.1.5), as
formation of a voltage-gated channel by a single ColA molecule cannot explain the observed channel
properties. Nevertheless, only a very limited number of experimental evidences exist up to date for the

presence of ColA oligomers in membranes.

DEER  spectroscopy provides means to detect protein-protein interactions and to assess the
oligomerisation state of a protein. If dimerisation or oligomerisation of a protein brings spin labels
attached at single sites on the protomers into a distance within the sensitivity range of the DEER
experiment (~ 1.5 — 7 nm), information can be obtained about the distance distribution between the labels and
the number of interacting label side chains (Bode et al., 2007) as described in chapter 3.2.6.1, further
allowing to determine zhe number of subunits in the oligomer. Consequently, DEER spectroscopy was used in
this work to investigate not only the topology of the protein in its membrane bound state but also to

investigate if ColA channels in the membrane might be oligomeric.

3.3.6.2 Inter spin distance measurements on soluble colicin A in vitro

In a first set of experiments DEER distance measurements have been carried out with a ‘random’ subset
of the single mutants comprising ColA-26R1H!, 62R1H3, 105R1H5, 169R1H? and 198R1M0 in aqueous
solution. Indications for ColA oligomerisation already in the soluble state exist in the literature and have
been found also in this work, as analysis of purified ColA by SDS PAGE gel electrophoresis revealed
protein bands with significantly higher molecular weight (e.g. ~ 130 kDa) than a ColA monomer (63 kDa)
(see chapter 3.3.1.2). The dipolar evolution functions for soluble ColA are shown in Figure 3.31. In all 5
cases the DEER data can be completely fitted with a background function (see chapter 2.4.1), indicating

the absence of significant ColA oligomerisation in the soluble state.
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Figure 3.31: Dipolar evolution functions (black) and 3D background fits (red) obtained from DEER
experiments on ColA-26R1H, 62R1H3, 105R115, 169R1M and 198R1M10 in the soluble state. The
corresponding fits have been calculated with the program DeerAnalysis.

3.3.6.3 Inter spin distance measurements on reconstituted colicin A in vitro

DEER measurements of singly labeled ColA in the presence of E. co/i polar lipid extract have been carried
out to investigate a possible oligomerisation of colicin A upon membrane binding. Since it is well known
that clustering of membrane proteins can be artificially induced by high protein: lipid ratios, in an initial set
of experiments one colicin A single mutant, 77R1"4, was chosen to investigate the possible influence of
this parameter and to find optimized conditions for the reconstitutions and DEER experiments with the
other single and double site mutants (i.e. maximizing protein concentrations in the samples to obtain a
good signal-to-noise ratio in the DEER experiments, but not forcing oligomerisation). DEER data from
ColA-77R114 were obtained for different protein to lipid ratios (1:500 — 1:5000) and the results of these
experiments are shown in Figure 3.33 A. It is evident that at a high protein lipid ratio of 1:5000 the dipolar
evolution data can be satisfactorily fitted with a background function as it has been observed also for the
soluble form of ColA (see Figure 3.31), indicating the absence of oligomers. With increasing protein to
lipid ratios a concomitant increase of the DEER modulation depth could be detected, i.e. dipolar
modulations could be observed in the time traces, indicating a dipolar interaction caused by
oligomerisation of colicin A in the membrane integrated state. The modulation depths and therefore the
fraction of oligomeric colicin depend on the protein/lipid ratio. As it can be seen from the DEER traces
and from a plot of the modulation depth ss. protein/lipid ratio (Figure 3.33 B), the modulation depths of
the form factors (reflecting the fraction of dimers or oligomers) correlates with the protein/lipid ratio, as
it would have to be expected assuming reversible association of ColA monomers to dimers or higher

oligomers. From the titration curve a sigmoidal behaviour for the modulation depth as function of
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concentration would be expected. Nevertheless, the poor signal to noise ratios obtained for especially the
most lipid-diluted samples, that pose high uncertainties on the values obtained for the modulation depths,
only a very coarse analysis of the binding constant (Kg) was carried out. Moreover, the reconstitution
efficiencies also depend on the protein/lipid ratio and ate prune to fluctuations, thus causing further hard-
to-assess influences on the modulation depth values and their correlation with the protein/lipid ratio. A
modulation depth of about 0.41 reflects 2 interacting spins (experimentally determined using a synthetic
biradical) in the system and would correspond to 100 % of putative dimers. For ColA the highest
modulation depth in the titration experiment (Fig. 3.33 B) was observed to be ~ 0.187 for a protein/lipid
ratio of about 1:500, which would reflect ~ 46 % dimers or < 46 % higher oligomers. Thus, assuming

dimerisation of ColA in membranes, the Kq can be estimated to approximately correspond to this ratio.

From the DEER expetiments with ColA-77R1H4 reconstituted at different protein/lipid ratios it is
obvious, that (a) ColA does form oligomers in lipid bilayers, and that (b) oligomerisation already occurs at a
molar protein/lipid ratio of 1:2500, indicating that the detected oligomeric state is not forced by a high
protein/lipid ratio. At this ratio for each colicin molecule — calculated based on an average surface area on
the membrane per lipid molecule of 72 A2 (Luzzati, 1986), and taking both sides of the bilayer into
account - a surface area of about 900 nm? is available, corresponding to a square of 30 by 30 nm (see
Figure 3.33 C). The ColA pore forming domain in its soluble (globular) form has a diameter of ~ 5 nm,
and even if the molecule partly unfolds upon membrane insertion, the mean distance between two ColA-
ptds should not be below 15-20 nm. Thus, the observed oligomerisation of ColA has to be caused by a
significant affinity of ColA protomers towards each other rather than by clustering due to high

protein/lipid ratios.

Remarkably, cw data obtained for the samples, in particular mobility and environmental polarity of 77R1H4
(Figure 3.32 A) does not exhibit significant changes with varying protein/lipid ratios, although the ratio
between the two spectral components in the spectra seems to exhibit a weak but not strictly systematic
dependency on the protein/lipid ratio. These results suggests, taking the putative presence of two protein
conformations in thermodynamic equilibrium into account (see 3.3.4), that both components seem to
exist in the monomeric as well as in the oligomeric state. An assignment of the two components to the
monomeric and oligomeric state, respectively, appears inappropriate as then one of the components
should be absent at the lowest protein/lipid ratio (1:5000), whete no oligometisation could be detected by

the DEER experiment.
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Figure 3.32 (A) Cw RT EPR spectra of ColA-77R1H4 reconstituted with different protein/lipid ratios. (B)
close-up view of the low-field region of the spectra shown in panel (A), showing the two spectral
components mentioned in the text.

Furthermore, with the help of the protein-lipid dilution DEER experiments on ColA-77R1H4 the
dimensionality of the background contribution for analysis of the DEER data was determined. Normally
membrane proteins in a lipid bilayer are most likely characterized by a two dimensional (2D) distribution.
Nevertheless, at low protein/lipid ratios values between 2 and 3 might reflect the real spatial distribution —
and therefore the necessary background correction - more appropriately. The program DeerAnalysis
offers an option to fit the background dimensionality to the experimental traces (see manual of the
program for details of the fitting approach), that was used to determine such value for each protein-lipid
ratio. As it can be seen from the plot of these values ss. protein/lipid ratio (Figure 3.33 D), the
background dimensionality decreases with increasing molar protein/lipid ratio up to 1:1000 to a value of

2.4 that is also obsetrved for a protein/lipid ratio of 1:500.
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Figure 3.33: (A) DEER measurements for different molar protein to lipid ratios of the singly labeled
colicin A mutant 77R1H4. The modulation depth is indicated by the arrow in the form factor for the 1:500
dilution (B) modulation depth versus protein/lipid ratio (C) calculated sutface area for ColA of about 900
nm? at lipid to protein ratio of 1:2500 (D) calculated background dimensionality for each protein-lipid
ratio. For details see text.

In the next step, DEER experiments have then been performed on all singly labeled colicin A mutants
reconstituted into lipid membranes. Inter-spin distances of less than 2 nm were determined by analysis of
low temperature cw EPR spectra. Based on the results obtained in the “lipid dilution” experiments
desctibed above, for the reconstitutions a protein/lipid ratio of 1:500 has been chosen to maximize the
spin concentration in the samples. The DEER analysis for all singly labeled variants of ColA in the
membrane bound state is shown in Figure 3.34 A- D, with the background corrected dipolar evolution
data (left panel) and the corresponding distance distributions (right panel). The analysis of DEER traces
was performed using the software DeerAnalysis 2011 (Jeschke et al., 2006). Background correction of the
dipolar evolution data was performed using a background dimensionality of 2.4 as determined from the
lipid dilution experiments (see above). The distance distributions have been obtained by Tikhonov

regularization.
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Figure 3.34 (A): DEER spectroscopy results of rec-mem ColA single mutants H1-H3. Left: dipolar
evolution functions are shown as black lines and the corresponding fits calculated with DeerAnalysis
indicated as red lines. Middle: the resulting DEER distance distribution obtained by Tikhonov
regularization using DeerAnalysis. Right: viability test, the data is reported as the highest dilution of colicin
A that still inhibits cell growth.
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Figure 3.34 (B): DEER spectroscopy results of rec-mem ColA single mutants H4-H7. Left: dipolar
evolution functions are shown as black lines and the corresponding fits calculated with DeerAnalysis
indicated as red lines. Middle: the resulting DEER distance distribution obtained by Tikhonov
regularization using DeerAnalysis. Right: viability test, the data is reported as the highest dilution of colicin

A that still inhibits cell growth.
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Figure 3.34 (C): DEER spectroscopy results of rec-mem ColA single mutants H8-H9. Left: dipolar
evolution functions are shown as black lines and the corresponding fits calculated with DeerAnalysis
indicated as red lines. Middle: the resulting DEER distance distribution obtained by Tikhonov
regularization using DeerAnalysis. Right: viability test, the data is reported as the highest dilution of colicin

A that still inhibits cell growth.
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Figure 3.34 (D): DEER spectroscopy results of rec-mem ColA single mutants H9-H10. Left: dipolar
evolution functions are shown as black lines and the corresponding fits calculated with DeerAnalysis
indicated as red lines. Middle: the resulting DEER distance distribution obtained by Tikhonov
regularization using DeerAnalysis. Right: viability test, the data is reported as the highest dilution of colicin
A that still inhibits cell growth.

As obvious from Figure 3.34 A- D the DEER form factors (background corrected DEER data) for all
label positions on the colicin A pore forming domain, except K33R1 and A42R1 exhibit dipolar
modulations that can be translated into distance distributions. These findings clearly underline the
assumption of oligomerisation in the membrane bound state of colicin A made before based on the lipid-
dilution experiments on ColA-77R1H4, The modulations depths of the form factors vary between < 0.1 —
0.3, corresponding to a number of interacting spins of 1.1 — 1.7. Taking the labeling efficiencies of the
samples and the fact into account that even at the highest protein/lipid ratio used here the monomet-

oligomer equilibrium might be still on the side of the monomers (see Figure 3.33 B, at a protein/lipid ratio
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of 1:500 the observed modulation depth corresponds to = 54 % monomers and =< 46 % oligomers), these
values could be well in line with a dimeric or trimeric organization of colicin A in the membrane. Where
distances < 2 nm are present in the DEER distance distributions, the low temperature cw EPR spectra
(see 3.3.3.2) have been analysed in terms of dipolar broadening. Contributions below 2 nm in the distance
distributions are consequently classified as (noise) artifacts, if the cw EPR spectra did not show indications
for distances below 2 nm for the colicin A single mutants (see Figure 3.26). Furthermore, systematic
variation of the background correction using the validation tool implemented in DeerAnalysis revealed
that in several cases distance contributions > 4-4.5 might arise from an incorrect background correction
that is complicated by the weak signal to noise ratio of some traces. Consequently, in such cases also the
long distance contributions have been neglected. Table 3.5 summarizes the resulting mean distances

obtained from the distance distributions shown in Figure 3.34 A-D.

Table 3.5: Results of the DEER distance measurements for ColA single mutants. Given are mean
distances and modulation depths. If two distinct maxima are given in the distance distribution, the mean
distances for both populations are given.

Label Mean Distances Modulation

Position (nm) Depth
T15CH! 3.5 0.102
I126CH! 2;4 0.137
K33CH2 >4.5 0.138
A42CH2 >4.5 0.135
S62CH3 3;>4 0.105
I66CH3 2.3 0.116
A77CH4 2.9,4 0.178
A91CH5 3.5 0.274
F105CH5 >4.5 0.084

V115CHeé 3.5 0.256

E126CH¢ 4.2 0.195

W140CH” 2.5;4 0.293

A150CHs 3 0.181
S155CHS 2.5; >4 0.239

A169CH° 2.8 0.162

G176CH? 3 0.254
A181CH? 3.9 0.148

V182CH? 3.3 0.260

V183CH? 3.2 0.080
I187CH? 2.2 0.147

A192CH10 3.2 0.227

E198CH10 3.2 0.236
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For 33R1M"2 and 42R1H2 the form factors in Figure 3.34 A, left panels, do not show clear modulations,
leaving only possible distances > 4.5 nm (corresponding to the length of the DEER traces). The strong
influence of noise in these samples (i.e. the high noise level) arises from their low spin concentrations that
in turn are most likely caused by impaired membrane insertion. Furthermore, oligomerisation might also
be hampered due to the impaired membrane insertion and/or disturbance of the protein-protein interface
due to labeling. Both assumptions would also explain the observed low toxicity of these mutants (see
Figure 3.34 A, right panel). Indeed, a weak correlation can be inferred from the data in Figure 3.34
between the toxicity of the mutant in the viability tests and the respective DEER modulation depth, i.c.
the number of interacting spins and consequently the fraction of oligomeric ColA. This observation could
be interpreted as an indication for the physiological relevance of oligomeric ColA in membranes

Most of the distance distributions obtained for the singly labeled ColA mutants are remarkably broad and
often also at least bimodal. Broad distributions reflect either a high conformational flexibility of the R1
side chains and/or their point of attachment, meaning loop structures or disordered regions, or the
superposition of distance distributions arising from the presence of two quite similar protein
conformations in equilibrium. Bimodal distance distributions often reflect an equilibrium between two
distinct protein conformations, but can also be caused by the presence of two discrete spin label rotamer
populations. Nevertheless, the observed inter spin distance distributions for the ColA single R1 mutants
provide further evidence for the presence of a protein conformational equilibrium for the closed channel
state, as it has already been deduced from the presence of two components in the RT cw spectra (see
3.3.2). Interestingly, for positions that show strong spin label immobilization (see Figures 3.18, 3.20), e.g.
for most label positions on helices H6, H7, H8 and H9, in most cases also more narrow distance
distributions are observed. This further indicates that besides a protein conformational equilibrium for
large regions of the ColA pore forming domain (H1-H5, H10) a higher conformational flexibility
contributes to the width of the distance distributions. Strikingly, the mean distances in table 3.5 can be
grouped in a similar way, with an average inter spin distance of 3.0 nm for positions on H6-H9, and 3.8
nm for H1-H5 and H10 (for this calculation, contributions > 4.0 and > 4.5 nm have been counted as 4.5
and 5.0 nm, respectively).

Thus, the results from the DEER measurements on ColA single R1 mutants identify a rigid “core” region
comprising H6-H9 that inserts at least partly into the membrane (see results of the accessibility
measurements in 3.3.3.1 and Figure 3.30) and also should at least partly comprise the
dimerisation/trimerization interface. Contrarily, H1-H5 and H10 exhibit higher conformational flexibility
and are characterized by inter spin distances being in average 0.8 nm larger than for the “core” region H6-
H9, suggesting a circular (or similar) arrangement of these helices around the “oligomer (dimer) core”

formed by two or more core regions H6-H9, and they are located in the headgroup region.

The DEER data presented up to this point provide clear evidence for an oligomeric pore under iz vitro
conditions and it could be shown that this oligomerisation has to result from a significant affinity of the

ColA pore-forming domains in a membrane bilayer. The presence of solubilized oligomers in the samples
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can be excluded as (i) oligomerisation in soluble form has been shown to be present only at detergent
concentrations > 10 % (data not shown). The concentration used here was only 0.3 %. (i) In the
supernatant of the reconstitution no soluble protein was detectable (data not shown). Despite the fact that
natural lipids (E. co/i polar lipid extract, see chapter 3.3.1.5) have been used for all sample preparations for
the DEER and cw experiments, the question arises if the oligomeric state could also be observed 7 vivo.

In the next chapter it will be shown that oligomerisation of ColA also takes places in living E. o/ cells.

3.3.6.4 DEER spectroscopy of colicin A in vivo

The DEER data obtained from spin labeled colicin A reconstituted into liposomes prepared from E. co/i
polar lipids shows that the protein oligomerises in the membrane bound state under in »ifro conditions. It
is well known that the conformation of a protein and also its dynamics strongly depend on the
environmental conditions, for membrane proteins in particular the composition of the lipid bilayer
including other membrane proteins, but also on the membrane potential, cytosolic as well as periplasmic
pH etc. Consequently, experimental results obtained i» vitro with a usually largely simplified system under
investigation do not necessarily reflect the structure and dynamics of the protein iz wivo. As clear
experimental evidences for an oligomeric ColA pore are sparse besides this study, the question arises if
oligomerisation of membrane bound colicin A occurs also under physiological conditions, i.e. when acting
on living E. ¢o/i cells and inserting into the inner membrane of the cells. To answer this question, DEER
distance measurements with singly spin labeled colicin A incubated with E. ¢/ cells were performed.
Unfortunately, investigations by SDSL EPR 7 vivo are complicated by several factors. The main limiting
factor of SDSL EPR in living cells is the rapid signal decay due to the reductive conditions in the cells.
Figure 3.35 shows an example, where MTSSL has been incubated with living Origami E. co/i cells (L.
Pulagam, PhD Thesis, 2007). The E. co/i Origami strain, a mutant for thioredoxin reductase (#xB) and
glutathione reductase (gor) was used in this study to reduce the rate of signal decay. In case of Origami
cells with MTS spin label the EPR signal decreases with a half-time of about 5 minutes compared to about
2 minutes for a wt strain, which is attributed to the lack of gor and #x. Using this property, cw RT EPR
measurements on spin labeled ColA acting on E. ¢/ cells have been already reported (L. Pulagam PhD
Thesis, 2007). Nevertheless, inter spin distance measurements with the DEER experiments ColA under 7

viyo conditions have not been successfully performed before.
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Figure 3.35: Free MTS spin label signal reduction upon incubation with living Origami E. co/i cells. The
signal intensities were derived from the amplitude of the central resonance line. The curves were
normalized in relation to the maximal value. (Figure adopted and modified from L. Pulagam PhD Thesis,
2007.

The ColA mutant selected for these experiments is position 192R1H10, for which the viability test showed
unimpaired toxicity. The sample was prepared as described in chapter 3.2.4.12. Briefly, E. ¢/ cells in the
exponential growth phase were incubated for 2 min with 2 mg/ml of the spin labeled ColA mutant, then

washed twice, resuspended in buffer and shock frozen in liquid nitrogen in EPR quartz capillaries.
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Figure 3.36: DEER spectroscopy results for sol-ColA single mutants incubated with E.co// Origami living
cells (solid line) compared to the results obtained for the protein reconstituted in liposomes (dotted line).
Left: dipolar evolution functions are shown in black and the corresponding fits calculated with
DeerAnalysis indicated as red lines. Right: The resulting DEER distance distribution obtained from
Tikhonov analysis.
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For ColA-A192R1H4 the DEER traces for the protein in liposomes and incubated with E. co/7 cells exhibit
very similar dipolar modulations that translate into similar distance distributions. This indicates that (i) the
oligomerisation of ColA takes also place iz vivo, and that (i) the native conformational state of the protein
seems to be generally preserved in the model system using E. co/7 polar lipid liposomes, although definite
conclusions cannot be drawn from the DEER data due to the poor signal to noise ratio especially for the
data obtained iz vivo. Consequently, analysis of such dataset does not lead to a reliable distance distribution
and the clear differences obvious from comparison with the data obtained for the mutant in liposomes
cannot be taken as an indication for large structural differences between the protein 7 vitro and in vivo.

Nevertheless, #he results of the DEER experiments performed on living cells clearly reveal that colicin A oligomerises in
the membrane also under physiological conditions, in vivo. Furthermore, reconstitution of ColA into liposomes
does not seem to cause significant structural differences compared to the protein 7 vivo, although
experiments have to be performed on all ColA spin label mutants to unequivocally identify the structure i
viyo. It has also to be kept in mind that the observed differences could be caused mainly by the fact that in
liposomes no membrane potential is present that could lead to opening of the ColA-channel pore.
Consequently, in liposomes only the closed channel state should be observed, whereas in the E. ¢/ inner
membrane a significant fraction of protein should be frozen in the open channel state. Further i vivo
DEER experiments have not been performed, as it is at the methologiocal limit with the labeling
techniques used in this work. Improved labeling techniques (for example reduction resistant spin labels)

tor in vivo EPR are currently in the development in our group.

3.3.6.5 Determination of intramolecular inter spin distances in colicin A double mutants

In addition, to obtain distance constrains also for the single protomers in a potential colicin oligomer
DEER experiments on doubly labeled ColA were performed. The double mutants selected for this study
are almost randomly distributed over all helices of the pore forming domain. Two positions, I187R11 and
A77R1M have been combined with different other positions, thereby serving as “reference points” for
topological mapping of the protein (see Figure 3.37 A). For the following double mutants reconstituted in
liposomes DEER experiments have been performed: A42R1/I1187R1, S62R1/1187R1, V115R1/I187R1,
A91R1/V115R1, 126R1/A77R1, A77R1/W140R1, A77R1/S155R1, W140R1/A150R1, 126R1/A192R1,
I126R1/E126R1 and K33R1/E198R1. As already mentioned the double mutants A42R1/I187R1,
S62R1/I187R1, A91R1/1187R1 and V115R1/I187R1 have been already investigated by inter spin
distances measurements in the study by Boehme et al., (2009) but were freshly prepared and re-measured

in this work.
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Figure 3.37: (A) Amino acid sequence of the colicin A pore forming domain. The label positions are
colored in red and the respective residue number is given. (B) Colicin A double mutants depicted on the
topological model derived from the results of the cw EPR experiments.

The results of the DEER analyses for the ColA doubly labeled variants are given in Figure 3.38 A-C. As
the DEER experiments on singly labeled ColA desctibed in the previous sections cleatly revealed that
colicin A oligomerises in the membrane, the distance distributions obtained for the doubly labeled
samples consequently contain intramolecular as well as the previously observed intermolecular
contributions, complicating data analysis in terms of the intramolecular distance constraints for modeling
of the membrane bound state of ColA. To circumvent this problem for each double mutant datasets have
been recorded, where 20 % spin labeled ColA was mixed and incubated with the unlabeled wt protein (80
%), a procedure called “spin dilution”. In such samples the contributions from intermolecular spin spin
interactions should be largely suppressed, as statistically only a low percentage of oligomers comprises
spin labels on all ColA protomers in the complex. Comparison of these datasets with those obtained from
fully labeled samples should then allow to separate inter- and intramolecular distances and to yield

information about the possible arrangement of the helices in a colicin A oligomer.
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In Figure 3.38 A-C the DEER results for the fully labeled ColA double mutants are shown as dotted black
lines, and the data obtained from the corresponding spin-diluted samples are given as grey solid lines. In
addition, for both preparations of each double mutant, low temperature cw-EPR measurements were

performed to detect distances below 2 nm.

Fully labeled ColA-126/A77R1H1-H4 (dotted line) exhibits a distance distribution with a broad single
distance peak ranging from 2-4 nm, containing the inter- and intramolecular distances, with a mean
distance of about 3.4 nm. The inter-spin distances already determined for the two single mutants I26R1H!
and A77R1H4 at 2/4 nm and 4 nm, respectively, are reflected in the distance distribution. The spin diluted
I26R1/A77R1-wtH-H4 sample (grey line) reveals an intramolecular distance distribution centered at 2.9
nm. The shoulder at ~ 2.3 nm most likely arises from noise artifacts at the beginning of the DEER trace
and can most likely be neglected. This example shows how the intermolecular interactions are largely
eliminated and the corresponding intramolecular distance can be determined. The intramolecular inter
spin distances, i.e. distance constraints in the protomers in a ColA oligomer, obtained from this analysis
are summarized in table 3.6 for all double mutants investigated here, including distances below 2 nm

obtained from the cw experiments.
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Figure 3.38 (A): DEER results of the rec-mem ColA double mutants. Left panel: The dipolar evolution
functions are shown in black and the corresponding fits calculated with DeerAnalysis indicated as red
lines. Center panel: The resulting DEER distance distributions obtained from Tikhonov regularization of
the data in DeerAnalysis. Black dotted lines: fully labeled double mutants. Grey solid lines: datasets
obtained with spin-diluted samples. Right panel: viability test, the data is reported as the highest dilution

of colicin A that still inhibits cell growth.
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Figure 3.38 (B): DEER results of the rec-mem ColA double mutants. Left panel: The dipolar evolution
functions are shown in black and the corresponding fits calculated with DeerAnalysis indicated as red
lines. Center panel: The resulting DEER distance distributions obtained from Tikhonov regularization of
the data in DeerAnalysis. Black dotted lines: fully labeled double mutants. Grey solid lines: datasets
obtained with spin-diluted samples. Right panel: viability test, the data is reported as the highest dilution
of colicin A that still inhibits cell growth.
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Figure 3.38 (C): DEER results of the rec-mem ColA double mutants. Left panel: The dipolar evolution
functions are shown in black and the corresponding fits calculated with DeerAnalysis indicated as red
lines. Center panel: The resulting DEER distance distributions obtained from Tikhonov regularization of
the data in DeerAnalysis. Black dotted lines: fully labeled double mutants. Grey solid lines: datasets
obtained with spin-diluted samples. Right panel: viability test, the data is reported as the highest dilution
of colicin A that still inhibits cell growth.
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The data reveals that the protomers in the membrane-inserted ColA oligomers exhibit a relatively compact
fold in which the helices (assuming that the secondary structure is largely preserved upon membrane
insertion of the protein) are densely packed, except for a distance > 4 nm found in between helices H2
and H10. Interestingly, for ColA-A42R1/1187R1H2H9 the DEER expetiments reveal an intramolecular
inter spin distance of about 3.9 nm and the cw data obtained from the spin diluted sample exhibits clear
dipolar broadening resulting from an inter spin distance of 1.3 nm. It can be speculated that in this case
the protein conformational equilibrium deduced from the presence of two components in the RT cw EPR

spectra (see 3.3.2) is reflected in the overall bimodal distance distribution obtained for this sample.

Table 3.6: Intramolecular distances obtained by distance measurements on spin diluted samples.

ColA mutant Distance by DEER (nm) Distance by cw (nm)
I26R1/A77R1H1-H4 2.9 -
I126R1/E126R1H1-H¢ 3.1 -
I26R1/A192R1H1-H10 - 11
K33R1/E198R1H2-H10 >4 -
A42R1/T187R1HZHY 3.9 1.3
S62R1/I187R1H3-H9 3.5 -
A77R1/W140R1H4-H? 2.5 -
A77R1/S155R1H4-Hs 3.1 -
A91 R1/V115R1H5-H6 3.5 -
V115R1/1187R1H6-H8 2.2 -

W140R1/A150R1H7-Hs 2.3 -
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3.3.7 A Model for the closed channel state of colicin A

3.3.7.1 The oligomeric state of the ColA pore-forming domain

In the previous chapters a wealth of data has been obtained that provides information about the structural
properties of colicin A in the membrane bound state. The mobility, accessibility and polarity data obtained
from cw EPR experiments (see chapters 3.3.2 - 3.3.5) has been already used to predict the immersion
depth of the helical segments in the lipid bilayer as reflected in the topological model presented in Figure
3.30. Furthermore, the inter spin distance measurements described in chapter 3.3.6 clearly revealed that
ColA does form oligomers in the membrane bound state, and corresponding experiments performed on
live E. coli cells (chapter 3.3.6.4) confirmed that oligomerisation takes also place 7z wivo, ie. is of
physiological relevance. In this chapter, the results of the DEER experiments, providing intramolecular
inter spin distance constraints for the protomers from analysis of the double mutants, and intermolecular
distance constraints in the oligomer from the single mutants, will be combined with the knowledge

obtained from the cw experiments to propose a molecular model for the closed channel state of colicin A.

Besides distance constraints and other topological data of course also Anowledge about the degree of
oligomerisation of colicin A in the membrane bound state is a prerequisite to be able to derive a structural
model. The DEER experiments desctibed in chapter 3.3.6.3 clearly show that colicin A is oligomeric in
the lipid bilayer but the obtained modulation depth values (see table 3.5) and corresponding numbers of
interacting spins do not allow unambiguous determination of the oligomerisation degree in such way as
long as reliable values for e.g. the dissociation constant of oligomerisation and consequently the ratio
between monomers and oligomers in the samples are unknown. Titration experiments like that described
in chapter 3.3.6.3 can in principle be used to provide this data, but analysis of the titration data in terms of
binding or dissociation constants in turn also requires knowledge about the oligomerisation state.
Consequently, the experimental data presented so far does not allow distinguishing between colicin A
dimers or higher oligomers. A coarse analysis of the binding constant for ColA oligomerisation in
membranes was carried out by a protein-lipid dilution experiment on ColA-77R1H4. Based on the average
surface area on the membrane per lipid molecule of 72 A2, the protein/surface ratio for each protein/lipid
ratio was calculated. The surface area including a ColA monomer was analysed and the dimer dissociation
constant Kq in molecules/um? briefly calculated (data not shown). This analysis for ColA reveals protein
densities of 5000 molecules/pm? This result is in agreement with the dimer dissociation constant Kq for
the lipid anchored GTPase RAS which was found to be in a range of about 1000 to 4000 molecules/pm?
(Lin et al, 2014). Such high local concentration and therefore the physiological relevance of ColA
oligimerisation might be explanainable by the translocation mechanism. Colicin A uses two different
membrane proteins to traverse the outer membrane, the vitamin B12 receptor BtuB and the porin OmpF
(Lazzaroni et al., 2002) (Lazdunski et al., 2000). Entry of ColA into the cell starts with binding to its
putative receptor, the vitamin B12 receptor BtuB (Di Masi, 1976) (James et al., 1996), whereas the second

putative receptor is the non-selective trimeric porin OmpF (Bourdineaud et al., 1990 (Cowan et al., 1992).
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Kurisu et al. (2003) suggest for ColE3 that binding of the receptor binding domain to BtuB concentrates
the colicin on the surface area. Afterwards the translocation domain binds to the secondary receptor and
the translocation domain and the pore-forming domain translocate with the help of the porin OmpF,
while the receptor-binding domain is thought to be still attached to its receptor (Kurisu et al., 2003). This
indicates an important role for the “linker-or spacer” region presented in numerous colicins. In colicin Ia a
long helix in the translocation domain is proposed to function as a spacer region (Wiener et al., 1997). For
colicin A it has also been proposed that this helix region could act a a spacer domain (Bouveret et al.,
1998) (Journet et al., 2001). Thus, 2-3 colicin molecules can be translocated by the OmpF—trimer, and if
the receptor-binding domain remains attached to its receptor BtuB after translocation of the translocation
and pore-forming domains, free diffusion of the ColA pore-forming domain appears strongly limited,
leading to local concentrations of several 1000 ColA molecules/pm? (assuming an area for ColA diffusion
of ~ 100 nm?, as an Ompf trimer occupies a surface area of about 60 nm?).

Furthermore, also based on the observed spin numbers higher oligomers than trimers appear to be
unlikely, leaving the question, whether ColA forms dimers or trimers in the membrane bound state.
Therefore, in the following additional information about the putative structure of ColA-mem and
especially the degree of oligomerisation will be deduced from comparison with structurally and
functionally related proteins. For many pore-forming toxins like a-hemolysin, diphteriatoxin and the Bcl-2
family members it is known that these proteins are also secreted as soluble molecules and inserted into the
inner membrane to form oligomeric pores (Mechaly et al., 2011). Especially the Bcl-2 like proteins, being
key players in programmed cell death, i.e. apoptosis, like Bcl-2 itself, Bel-xL. and Bax show remarkable
sequence identity to ColA (see Figure 3.39), and furthermore exhibit significant structural similarities with
the pore-forming colicins (Figure 3.40) in the soluble state. For these proteins it has been shown that they
form dimers after insertion into the membrane (Suzuki et al., 2000) (Annis et al., 2005). The results
obtained by DEER spectroscopy also provide evidence for a dimeric assembly of ColA in the membrane.
Comprehensive studies on proteins of the Bcl-2 family identified conserved so-called Bcl-2 homology
domains, BH1, BH2, BH3 and BH4 (Suzuki et al., 2000), being important for their function. Bel-2 and
Bcl-xLL contain all 4 BH domains and have antiapoptotic function, whereas Bax and Bak contain only
BH1, BH2 and BH3 domains - and have a proapoptotic effect (Garcia-Saez et al., 2004). For Bcl-2 and
Bax it was shown that these proteins dimerize iz the BH domains (Bcl-2 homology), and that these
dimers can also form higher oligomeric structures to constitute larger channels (Shimizu et al., 2000),
proposedly leading to, e.g., cytochrome c release in the course of apoptosis. Strikingly, interpretation of
the electron densities observed for membrane bound Col Ia (Greig et al., 2009, see chapter 3.1.5) as
trimers of dimers provides further evidence for the functional and structural similarities between the Bcl-2

and pore forming colicin protein families.

Closer inspection of the sequence alignment between colicin A and the Bcl-2 like proteins reveals that the
most conserved regions correspond to the BH domains of the Bcl-2 members. The highest sequence

identities are observed for the BH1 and BH4 domains and to a lesser extent also for BH3. The BH2

domains show only minor similarities between the Bcl-2 proteins and colicin A. In Bel-xL and Bcl-2 both
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the BH1 and BH3 domains are thought to be responsible for dimerisation. Bax and Bak only seem to
dimerize via their BH3 domains as both proteins do not have BH1 domains. As being responsible for
dimerisation of the proteins hydrophobic residues leucine and isoleucine seem to be of particular
importance (Suzuki et al., 2000). Interestingly, in all proteins compared here, including colicin A, the
leucine residues in the BH3 domain are highly conserved. Moreover, isoleucine is also found in colicin A,
Bax and Bak at the same positions in the BH3 domains. These observations provide further evidences

that ColA and Bcl-2 proteins exhibit similar structural properties.

Bcl-x1 ---MSQSNRE LVVDF--LSY KL Q--F R GTE - Bax m—mm e m— e mmme——e——. ——e - ——— GAL LiQGFEQDRA
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Figure 3.39: (A) and (B): Sequence-alignment of colicin A with different proteins of the Bcl-2 family.
Identical amino acid residues are colored in yellow, similar amino acids are colored in green. The different
BH-homology domains are colored, blue: BH4, red: BH3, yellow: BH1 and green: BH2.

Figure 3.40: (A) X-ray crystal structure of water-soluble pore-forming domain of colicin A (1COL.pdb),
concerning the sequence-homology the potential BH domains are colored, green: BH4, red: BH3, yellow:
BHT1 and blue BH2. (B) In Bcl-xL these domains are also in close proximity and form a hydrophobic cleft
(1LXL.pdb)
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As already mentioned, the BH2 domain is less conserved in colicin A. This domain is only present in Bcl-2
and Bcl-xL but not in Bax and Bak, and represents the so-called tail anchor domain. Bax and Bak have no
tail-anchored region and are consequently predominantly soluble in the cytoplasm before membrane
insertion, analogous to colicin A.

Comparison of the primary sequeneces with secondary structure predictions and structural data for the
soluble form (see Figure 3.40) reveals that the BH4 domain in Bcl-2 and Bel-xL. comprises helix 1. This
helix is also present in ColA, albeit the helix in colicin A is longer by 8 residues. The BH3 domains in the
Bcl proteins comprise H2, corresponding to H5 in colicin A, being of almost the same length. Protein
dimerization thus could take place in colicin A zia helix 5. According to the cw EPR data obtained by
accessibility measurements in this work, H5 in the closed channel state of colicin A is located within the
membrane bilayer, most likely in an orientation parallel to the membrane surface. The BH1 domain,
proposed to be in addition to BH3 responsible for dimerisation of Bcl-xL. and Bcl-2, in these proteins
located between H4 and H5, in colicin A is located between helices 7 and helix 8, the latter being part of
the hydrophobic helical hairpin H8-H9. Noteworthy, dimerisation vz the helical hairpin to form a bundle
of four putatively transmembrane helices could, together with H4 and H5 being the voltage sensor,

rationalize how ColA can form a pore of ~ 1 nm diameter, corresponding to 2 6 transmembrane helices.

Based on the above mentioned findings from the sequence alignment, i.e. striking similarities between
ColA and the Bcl-2 family members, especially in terms of conservation of regions comprising the
dimerisation interfaces in the Bcl-2 proteins, and the DEER data obtained in this work, it seems to be well
justified to assume that ColA also dimerises in the membrane bound state. Taking into account the high
similarities in the BH1 and BH3 domains, it can also be proposed that dimerisation of colicin A takes

place via helices H5 (BH3 domain) and H8 (BH1 domain).

As described in the introduction in more detail, the hypothesis of a multimeric colicin A channel has
already been brought up in several publications, for example a study on the colicins A and E1 using CD
spectroscopy (Pattus et al., 1985), that supported a possible oligomerisation of the channel domains. In
Pattus et al. (1985) two possible models are postulated, each requiring six helices to form the pore. The
first model assumes a dimerisation of colicin A by the helices H4, H5 and HG6, whereas a second model
describes the channel as a trimer, in which the pore is formed by helices H5 and Ho6. The evidence for the
dimer model can furthermore be promoted with the results in the study of Baty et al. (1987). Measuring
the colicin A activity iz vivo on sensitive cells and iz vitro in planar lipid bilayers supported more the dimer
model because deletion mutations in helices 4-6 abolish ColA channel formation (Baty et al., 1987).
Strikingly, in the background of the findings presented in this study, these two models could correspond
to dimer formation and formation of trimers of dimers, respectively, as observed by Greig et al. (2009). At
this point, an obvious contradiction of a dimeric ColA form with some experimental data should be
mentioned again. Electrophysiological studies by Martinez et al. (1983), Slatin et al. (1994), Kienker et al.
(2008), and Sippach (2009) concluded that functional channels formed by the colicins A, Ia and E1 are

comprised of a single monomer. Remarkably, the study by Sippach also revealed that large molecules such
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as calcein or tetraecthylammonium are able to pass the colicin A channel and a pore diameter > ~10 A
was estimated (Sippach, 2009), later confirmed by Slatin et al. (2010), who proposed furthermore that a
selective proton pathway exists through the channel of ColA. Combining these results provides a basis for
the assumption that a proton conductive monomeric form of colicin A can cause lethal effects already at
low colicin concentrations in the medium, and that oligomeric forms appear at higher ColA
concentrations, allowing the diffusion of larger molecules. Therein, a dimeric form, and, putatively not of
physiological relevance, trimers or even higher oligomers of such dimers at very high concentrations, seem
to exist. Conclusively, a dimeric form of ColA most likely appears to be the state of physiological
relevance and for the construction of a molecular model of colicin A in the closed channel state it was

assumed that it is a dimer.

3.3.7.2 Conformational arrangement of the ColA pore-forming domain

The accessibility and polarity measurements described in chapter 3.3.3 revealed that the hydrophobic
helical hairpin H8/H9 has a transmembrane otientation like it is proposed according to the umbrella
model for ColA in the membrane bound state. Furthermore, based on the present polarity and
accessibility data sets, H5 and Ho, and also parts of H2 and H3, are also at least partly embedded in the

membrane.

Besides the immersion depths obtained from cw experiments, the distance constraints from the DEER
measurements (chapter 3.3.6) and the information obtained from comparison with the Bcl-2 proteins (see
previous paragraph), further conclusions concerning the tertiary structure of ColA in the membrane can
be drawn from the room temperature cw EPR spectra (Fig. 3.18). All the spectra of colicin A reveal the
presence of at least two spectral components characterized by different mobilities. In general, this can
arise from either two different protein conformations for ColA, what has been proven to be the case for
at least some positions using temperature dependent measurements and by analysis of the influence of
paramagnetic quenchers on the spectral features. In addition, two-component EPR spectra can result
from close interactions of the spin label side chains with nearby groups, and it has been shown that in this
case the two spectral components (immobile and mobile) can be cleatly distinguished from each other
(Kronke et al., 2010). Considering this criterion, the cw EPR spectra of the colicin mutants 62R1H3,
77R1M4 91R1M5, 140R1H7, 150R1H8, 155R1H8) 169R1H2, 192R1H10 and 198R1M10 might indicate such
interactions between the label side chains and nearby secondary structure elements, providing evidence
that these positions might represent contact points to other helices (Kronke et al., 2010). In this case, this
would be contacts either between helices within a colicin A protomer or between helices of two colicin A
molecules in the putative dimer. Considering also the sequence alignment with the Bcl-2 protein family,
that suggests that the BH homology domains BH1, BH3 and maybe also BH2 are important for function

and interaction within the dimer, this analysis might further support the structural similarities between the
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protein families, as 91R1H5 (BH3), 140R147 (BH1), 150R1H8 (BH1), 155R1H8 (BH1), 192R1H10 (BH2), and
198R1H10 (BH2), are located in those domains. Consequently, the cw data might indicate that these

positions are at contact points between the two molecules in the dimer.

Based on these conclusions, the assumption of a dimeric conformation for the colicin A closed channel
state, and sets of inter- and intramolecular distance constraints from the singly and doubly labeled ColA
mutants (see tables 3.5 and 3.6) a structural model was developed. This will be described in the following

chapter.

3.3.7.3 Molecular modeling of the closed channel state of ColA

Construction of a dimeric model for the closed channel state of ColA based on the experimental
constrains described in the previous chapters was performed by the help of Dr. J.P. Klare. It is assumed
that the secondary structure of the protein is largely conserved upon membrane insertion. Consequently,
all helical segments present in the X-ray structure of the soluble form of ColA were extracted from the
pdb file (1COL.pdb), then duplicated (one of the two copies of each helix will be denoted with a prime in
the following, e.g.; H8 and H8’) and all together used as building blocks for the dimer model. Modeling,
i.e. arrangement of the helical building blocks, was performed with the free software package swiss-pdb-
viewer 4.0.1 (http://spdbv.vital-it.ch/). Positioning of the helices was guided by (i) the putative helix-helix
interactions predicted from comparison with the Bcl-2 proteins (ii) the immersion-depth parameters and
(iii) the distance constrains obtained from the single and double mutants.

Comparison of interspin distances calculated from the model(s) with the experimental distance
distributions was performed using the rotamer library analysis (RLA) implemented in the software package
MMM 2013.2 (Multiscale Modeling of Macromolecules) from Y. Polyhach and G. Jeschke (ETH

Zirich) (http:/ /www.epr.ethz.ch/software/index). For details about the RLA approach see chapter 3.2.7.3

in the experimental section. Starting point for modeling was formation of a dimer of the hydrophobic
hairpin H8 and H9 by means of contacts between helices H8 and H8’. Then pairwise the amphipathic
helices 1 to 7 were (in reversed order, i.e. adding the pair of helices 1 in the end) individually placed
around the dimeric hairpin. During all modeling steps a c2 symmetry of the complex was preserved. After
initial placement of each helix pair, the RLA was performed and the data used to refine positioning of the
helices to finally obtain minimal deviation between the calculated and experimental data. If necessary,
helices positioned before were readjusted to obtain optimal agreement with the experiments.

After all helices have been positioned according to the experimental constraints and considering the
similarity of ColA with Bcl-2 proteins, the loops between the helices were modeled. For this purpose the
build-in functions ‘BuildLoop’ and ‘Optimizel.oop’ provided by the software package YASARA
Structure’ (www.yasara.org) have been used. In brief, the function ‘BuildLoop’ uses structural data from
the protein database (pdb) that matches a given number of existing residues on both sides of the loop (or

on one side if N- or C-termini are modeled), and inserts the best fitting structure into the model. If


http://www.epr.ethz.ch/software/index
http://www.yasara.org/
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necessary, the function can mutate amino acid side chains in the loop structures to match the given
sequence (Canutescu and Dunbrack, 2003). This function was used to obtain a starting model for each
loop/terminal region that was subsequently optimized using the function ‘OptimizeLoop’. This function
takes a given number of loop conformations from the PDB, considering the given start and end anchor
atoms flanking the loop. Then each loop conformation is modelled, and the orientation of the side chains
of the loop itself and in its surrounding are optimized (energy minimization). The final energy of the
model is calculated according to the selected force field (YASARAZ2, this force field is, according to the
program manual optimized for such tasks) including solvation. The final energies of all (optimized) loop
conformations are compared and the lowest energy-model is selected. The Skript used to build and
optimize the loop-regions and the N- and C-termini in the ColA-mem dimer model is given in the

appendix of Chapter 3.

Figure 3.41 shows the resulting model viewed from along the normal of the membrane plane (a) and with
view from the periplasmic side of the E. ¢/ inner membrane. In panel ¢ of Figure 3.41 a topological
model corresponding to the model shown in A and B is shown in comparison with the topology model
derived from the cw EPR data (shown as dotted frames for the helices see Figure 3.40 and 3.41). It can be
seen that the experimentally based predictions are largely preserved in the model, except slightly increased
immersion depths for helices H3, H5 and H6. H2 was modeled slightly more tilted than predicted before.
Nevertheless, all these deviations are largely within the uncertainties arising from interpretation of the data
by comparing with model systems like the one used in this study, bacteriorhodopsin. For example,
depending on location of the spin label side chain either at the outside of the protein, i.e. pointing into the
membrane bilayer or to the proton-conducting channel inside the protein, polarity and accessibility values
can largely differ between two corresponding positions with the same immersion depth (Savitsky et al.,
2004), (Bordignon and Steinhoff, 2007). For ColA — a pore forming toxin - in the membrane bound state
it can be expected that even in the closed channel state observed here, and suggested by the structural
model, water-accessible cavities might already extend significantly into the protein, thus increasing polarity
and accessibility at the spin label position compared to the values expected from their real immersion

depth.
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Figure 3.41: Putative model of colicin A. (A) top view (from periplasmic side), (B) side view (periplasm
on top), (C) membrane insertion of the helices of the model compared to the topology model (dotted
boxes), obtained from accessibility and polarity measurements (cf. Fig. 3.30).

Further evaluation of the model has been carried out by a RLA for the singly and doubly labeled ColA
variants. Comparisons of the distance distributions calculated from the model with the RLA approach
(blue distributions) with the experimental data (black distributions) are shown in Figure 3.43. It can be
seen, that for some of the single label positions good or reasonable agreement between the model and the
experimental data is already obtained with the manually build model, e.g. for T15R1H1, A42R1H2 I66R1H3,
A91R1IM5 E126R1H6, AT50R1H8, A169R1H2, G176R1H2, A181R1M2, V182R1M9, and A192R1H10., Some of
the deviations observed can be related to the fact that the distance range accessible by the experiment
(regions where no reliable distance data can be extracted from the experimental data are indicated by grey
boxes in Figure 3.43) might not cover the inter spin distance range present for the respective ColA variant.
Examples are I26R11! K33R112, F105R1H5, and S155R1H8 (here the distance predicted from the model is
> 5 A, also not covered by the DEER experiment). For the remaining label positions calculated and
experimental distance distributions mainly differ concerning their distribution width (e.g. for S62R1H3), or
show deviating mean distances (e.g. for VI83R119). The former cases can be easily explained by the fact
that the RLA does not account for protein dynamics, as the protein structure is kept rigid. For the latter
cases, where clear differences are observed concerning the mean distances, it has to be considered that in

the manually build model yet no optimization of the side chain orientations has been carried out.
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Furthermore, positioning of the a-helices to assemble the present model was performed without detailed
inspection of the resulting helix-helix interactions, thus “fine-tuning” of the helix positions — especially
with respect to a membrane bilayer - has also not been carried out. For the ColA double mutants (Figure
3.43 B) similar observations are made. Good agreement is here observed e.g. for A42R1/1187R1,
V115R1/1187R1, A91R1/V115R1 and W140R1/A150R1. The other distance distributions exhibit
deviations from the experimental ones similar to those described above for the single site mutants.
Consequently, the initial model was refined by means of an energy minimization step in a lipid bilayer. This
task has been performed using YASARA Structure (energy minimization represents one of the initial steps
performed in the macro for (membrane) MD simulation described in the following section, step 4). The
resulting model embedded in a lipid bilayer composed of phosphatidylethanolamine (PEA, 74 %) and
phosphatidylglycerol (PGL, 26 %) is shown in Figure 3.42.

Figure 3.42: Membrane inserted ColA dimer model for MD simulation after energy minimization. (A)
top view (from periplasmic side), (B) side view (periplasm on top). In the side view, several lipid molecules
have been removed for a better view on the protein structure.

The resulting distance distributions from a RLA performed on the energy minimized model are shown in
Figure 3.43 A in red. A significant improvement concerning agreement between the calculated and
experimental distance distributions is found for several positions, e.g. F105R1, E126R1, S155R1, G176R1,
and I1187R1, whereas for the remaining single site mutants no improvement is obtained. Inspection of the
comparison for the double mutants (Figure 3.43 B) reveals further improvement of the agreement of the
energy minimized model with the experimental data for W140R1/A150R1, A42/1187R1, 126/A77R1, and
V115R1/1187R1. Remarkably, summarizing the results after energy minimization of the initial model,
mostly improvements and no clearly recognizable worsening of the agreement between experimental and
calculated distance distributions is observed. This can be taken as an indication for a general validity of the
dimer model constructed for membrane bound ColA in the closed channel state. Nevertheless, the overall

agreement with the DEER distance constraints, especially concerning the distance distribution widths,
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remains unsatisfactory for a significant number of single and double site mutants. As already mentioned

before, this most likely results from the fact that protein dynamics have not been taken into account yet.

% T15R1 H1 126R1 H1 33R1 H2 M%{\Mm H2
2 : 6§ 1 2 3 4 5 6

K
2 3 4 5 6 7 8

-
)
w
»
o
o
~
@

S62R1 H3 5i i : ;s 186R1 H3 S i A77R1 H4 95 ; A91R1 H5
2 3 4 5 6 2 3 4 5 6 2 3 4 5 6 2 3 4 5 6
F105R1 H5

/ Qv& % | /\ms | %
2 § 2 3 4 5 6 1 8 2 3 4 5 H

2 3 4 5 6 1 2 3 4 5 6
=
o A150R1 H8 S155R1 H8 A169R1 H9 G176R1 H9
<- initial model:
~0.5nm
2 3 4 5 6 2 3 4 5 6 2 3 4 5 6 2 3 4 5 6
A181R1 H9 W\WBZR1 H9 Mvusk1 He i] T 1187R1 H9
2 3 4 5 6 2 3 4 5 6 2 3 4 5 6 1 2 3 4 5 6
AfB2R1IEHI0 E198R1 H10
— initial model
— experimental
1 2 3 4 5 6 1 2 3 4 5 6
d (nm)

Figure 3.43 (A): Comparison of experimental distance distributions (black) obtained by DEER
spectroscopy from singly labeled ColA with calculated distances from the initial model (blue) and the
model after energy minimization in a lipid bilayer (red). All distance distributions have been normalized to
to their maximum amplitudes. Grey boxes indicate regions in the distance distributions whete no reliable
distance data can be extracted from the experimental data.
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Figure 3.43 (B): Comparison of experimental distance distributions (black) obtained by DEER
spectroscopy from doubly labeled ColA with calculated distances from the initial model (blue) and the
model after energy minimization in a lipid bilayer (red). All distance distributions have been normalized to
to their maximum amplitudes. Grey boxes indicate regions in the distance distributions where no reliable
distance data can be extracted from the experimental data.

3.3.7.4 MD simulation of the ColA-mem dimer model in a lipid bilayer

A protein, independent of being a soluble or a membrane protein is a very dynamic entity (Frauenfelder et
al., 1988) (Frauenfelder and Macmahon, 2004). The side chain orientations as well as the protein’s
backbone are continuously fluctuating between conformational substates separated by energy barriers <
KT that can be easily overcome. Consequently, a protein’s structure is insufficiently described by a static
model like that presented above for the closed channel state of ColA. Thus, the RLAs performed to
compare the model with the experimental distance constraints also do not reflect the distance

distributions that have to be expected from the protein in the lipid bilayer appropriately. Thus, at least
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some of the deviations observed between the RLA performed on the energy minimized model and the
experimental data might be accountable to this fact. To overcome this problem, the dynamic behavior of a
protein can be calculated by means of molecular dynamics (MD) simulations. In MD simulations the
physical movements of atoms and molecules are calculated. In brief, the forces acting on all single atoms
(described by the so called force field) are calculated based on the present structure and are — according to
Newton’s equations of motion - translated into atom velocities and directions of motions. New atom
positions are calculated for the next time step of the simulation and again for the new structure the forces
are calculated. The result of a MD simulation is a #rajectory that describes the fluctuations of the system
under investigation by means of snapshots, i.e. static structures of the protein at different time points of
the simulation. The ensemble of such structures then should be able to describe the conformational space
the protein samples at a given temperature. Consequently, for a better comparison between the model and
the experimental distance distributions a MD simulation for the ColA-mem dimer model embedded in a
lipid bilayer was performed by Dr. J.P. Klare (Physics Department, University of Osnabriick). For this
purpose again the software package YASARA Structure was used, specifically by means of a script,
“md_runmembrane.mer, for the simulation of membrane proteins provided with the software package. This
script has been modified before to include phosphatidylglycerol lipids to be able to reflect the
composition of the E. w/i inner membrane more appropriately. In brief, the script performs the following

steps:

1. The program analyses the given protein structure to identify putative transmembrane segments and
suggests, how it might be embedded in the membrane. The embedding can then be manually adjusted by

moving the protein or membrane.

2. A membrane of the required size and composition is build and the protein is inserted into this

membrane model in the way defined in step 1.

3. Water (explicit, PIP3P) and ions are placed around the membrane embedded protein to fill the
simulation cell (usually, periodic boundary conditions are used to minimize the number of atoms in the
simulation while no boundary effects have to be considered. In periodic boundary conditions each side of
the unit cell loops back to the opposite side, i.e. when an atom passes through one face of the unit cell, it

reappears on the opposite face with the same velocity, thereby mimicking a bulk phase).

4. A steepest descent energy minimization is performed to remove bumps and correct the covalent

geometry.

5. A 250 ps equilibration simulation is performed, during which the membrane is artificially stabilized

while it adapts to the protein.
6. A MD simulation at the given temperature is performed on the equilibrated system.

The results of a MD simulation over 30 ns in explicit water (PIP3P) and in a lipid bilayer as described in

the previous section (74 % PEA, 26 % PGL) at 298 K (25°C) are summarized in Figure 3.44 by means of
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the system’s overall energy (Panel A), overall RMSD (panel B), and the time average structure calculated
from the full trajectory (panel C). Please note that the apparent absence of a-helical structure in some
regions of the average structure rather indicates high conformational flexibility than loss of secondary
structure content, what can also be seen from the coloring according to the B-factors calculated from the

root mean square fluctuations during the simulation (Figure 3.44 C, middle panel).
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Figure 3.44: Results of the 30 ns MD simulation of the energy minimized ColA dimer model in a lipid
bilayer (74 % PEA, 26 % PGL) at 298 K (A) Overall energy (k] /mol) vs. time, (B) RMSD (A) from energy
minimized model vs. time, (C) time average structure calculated from the 30 ns MD trajectory. Helices in
the upper and bottom panel (top and side view, respectively) are coloured according to the previously
used color code. In the middle panel the structure is colored according to the B-factors calculated from
the simulation (red: high B-factor; blue: low B-factor).

To compute distance distributions from the given MD trajectory, a simplified approach has been used, in
which the RLA was performed on snapshots of the MD taken at 20.0, 22.5, 25.0, 27.5 and 30.0 ns (it was
assumed, that 20 ns simulation time were sufficient for the protein to adapt to the presence of the lipid
bilayer, as judged from the constant overall energy level; cf. Figure 3.44 A, dotted line, the respective time
points are marked by arrows). In Figure 3.45 the sum of these distance distributions is compared to the
experimental data. It can be seen that for most single (Figure 3.45 A) and double mutants (Figure 3.45 B)
good agreement is achieved. Remarkably good agreement is found for a large number of ColA single
mutants, ie. TI5RIHI S62R1H3, A77R1H4 A91R1M5 F105R1H5, A150R1Hs, S155R1H8, G176R1H9,
A181R1H T187R1H9, and A192R1H10 as well as for almost all doubly labeled ColA variants (exceptions
are A77R1/S155R1, A42R1/1187R1, I126R1/E126R1 and K33R1/E198R1). For positions that still show
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significant deviations between model and experiment, this can be either explained by the limited DEER
distance range (e.g. for I26R1, W140R1 and I26R1/E126R1) or the simplified approach that still can not
fully account for the dynamic fluctuations the protein undergoes in the membrane (e.g. for V115R1,
V183R1 and A42R1/1187R1). A more sophisticated analysis of the MD trajectory - and also additional,
longer MD simulations - should be carried out in the future for a full validation and putative refinement of
the present ColA-mem dimer model. Nevertheless, the overall good agreement with the experimental data
from cw and DEER EPR suggests that the present dimer model largely coincides with the structure of

ColA in its membrane bound closed channel state.
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Figure 3.45 (A): Comparison of experimental distance distributions (black) obtained by DEER
spectroscopy from singly labeled ColA with calculated distances from the MD simulation of the model
after energy minimization in a lipid bilayer (red) Structural data from the 30 ns MD trajectory where
extracted at 20.0, 22.5, 25.0, 27.5 and 30.0 ns and subjected to the RLA. The depicted distance
distributions (red) represent the sum of the 5 calculated distributions that has been normalized to the
maximum of the respective experimental distance distribution. Grey boxes indicate regions in the distance
distributions where no reliable distance data can be extracted from the experimental data.



CHAPTER 3 RESULTS AND DISCUSSION | 138

126/A77R1 A77/W140R1 A77/S155R1

2
.

A42/1187R1 S62/1187R1 V115/1187R1

=
SE

P(d)

A91/V115R1 126/E126R 126/A192R1

W140/A150R1 K33/E198R1

== RLA from MD
- gxperimental

=
5

d (nm)

Figure 3.45 (B): Comparison of experimental distance distributions (black) obtained by DEER
spectroscopy from doubly labeled ColA with calculated distances from the MD simulation of the model
after energy minimization in a lipid bilayer (red) Structural data from the 30 ns MD trajectory where
extracted at 20.0, 22.5, 25.0, 27.5 and 30.0 ns and subjected to the RLA. The depicted distance
distributions (red) represent the sum of the 5 calculated distributions that has been normalized to the
maximum of the respective experimental distance distribution. Grey boxes indicate regions in the distance
distributions where no reliable distance data can be extracted from the experimental data.



CHAPTER 3 RESULTS AND DISCUSSION | 139

3.3.7.5 Further evaluation and discussion of the dimer model of ColA-mem

In the previous chapter its has been shown that the dimer model constructed for the membrane bound
closed channel state of ColA is in good agreement with the topological (mobility, polarity and accessibility)
data as well as with the distance constraints obtained from the cw and pulsed EPR experiments,
respectively. Besides comparison with the EPR data obtained in this work, further evaluation of the
validity of the model can be done based on biochemical and structural data from the literature as well as
by relating properties of the present model with characteristics that have been found or proposed for the
membrane bound state of ColA. Based on structural investigations using CD spectroscopy, Pattus et al.
(1985) already proposed formation of a dimer by helices H4, H5 and H6, of ColA. Figure 3.46 shows a
view on the ColA-mem dimer model (energy minimized model), illustrating which helices form contacts
to the other protomer. It can be seen that in agreement with this suggestion H4 (by interaction with HS’),
H5 (by interaction with H1’) and H6 (by interaction with H1” and H2’) contribute to the dimer interface in
the present model. As detailed above (chapter 3.3.7.1), from the high similarities to Bcl-2 family proteins
in the BH1 and BH3 domains, it can also be proposed that dimerisation of colicin A takes place vz helices

H5 (BH3 domain) and H8 (BH1 domain). Also this proposal is satisfied by the dimer model.

Based on the results in the study by Baty et al. (1987), measuring the colicin A activity 7 vivo on sensitive
cells and 7z vitro in planar lipid bilayers showed that deletion mutations in helices 4-6 abolished the ColA
channel formation (Baty et al., 1987). Furthermore Nardi et al. (2001) implied that H5 and H6 play a role
in forming the ColA channel (Nardi et al., 2001), (Slatin et al., 2004). They found that the colicin channel
is built by only approximately half of the channel forming domain (Nardi et al., 2001) which implies the
evidence of a colicin channel formed by multimers. Figure 3.46 also reveals that the ColA dimer can be
classified as a so-called domain-swapped dimer, in which the two monomers undergo large conformational
changes upon dimerisation by which helices/domains are “exchanged” between two protomers. Indeed,
taking the long loop region between H3 and H4 into account, helices H1 — H3 of each protomer could
also occupy the positions their counterparts have, thus forming two compact monomers with a “flat”
interaction surface. Nevertheless, such topology would not be in line with the experimentally observed
inter-spin distances for these helices. Furthermore, from an energetic point of view, the interaction surface
in the domain-swapped dimer is significantly larger and thus the stability of this structure higher compared

to a “classic” dimer.
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Figure 3.46: Membrane inserted ColA dimer model after energy minimization. Top view from the
periplasmic side. The two protomers in the dimer are shown as red and blue ribbons, respectively. Helices
are labeled and the helices in the “red protomer” are marked by a prime (9.

The 1 oltage Sensor

According to several studies the putative voltage sensor of ColA comprises helices H4 and H5 (see
Cascales et al. (2007) and references therein). Inspection of this region in the ColA-mem dimer model
reveals a direct rationale how voltage-sensing and channel-opening upon a positive membrane potential
could take place. As depicted in Figure 3.47 A, showing the respective region, numerous positive charges
from Lys and Arg side chains (K87, K97, K103, K106, K113, K116, R118, K120) render this segment
including helix H6 putatively sensitive towards such membrane potential. It can be easily envisioned, how
helices H5 and H6 could be pulled towards the cytoplasmic side of the membrane (as indicated by the
arrow in Figure 3.47 A), thereby forming two additional transmembrane helices per ColA molecule: (i)
helix H5 prolongs H4 to form a transmembrane segment, and (ii) H6 might pull parts of H7 into the
membrane to span the bilayer. Thus, the ColA dimer would comprise 8 transmembrane helices after
channel opening, sufficient to form a pore with a diameter that could be in line with the observed
properties. Interestingly, and as mentioned in chapter 3.3.7.1, the study by Pattus et al. (1985) also

proposed the ColA channel to be formed by helices H5 and H6 (“of the trimer”).
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in presence
of a positive
membrane potential?

Figure 3.47: Putative voltage sensor(s) in the ColA-mem dimer model. Positively charged side chains
(Lys, Arg) in helices (A) H4-H6 and (B) H2 and H3 are depicted in spacefill representation.

Besides helices H4, H5 and H6, a number of studies further identified H2 and H3 also to be translocated
across the inner membrane upon voltage-gated channel-opening of ColA (see Cascales et al. (2007) and
references therein). Furthermore Nardi et al. (2001) proposed that the voltage dependence of colicin A is
obviously regulated by the first 4 a-helices, whereas Duché et al. (1999) suggest that the voltage responsive
segment in ColA extends from helix 1 to helix 8. Strikingly, also helix H2 comprises numerous Lys (K33,
K35, K39, K46, K51) and one Arg (R54) residues, rendering this helix also voltage-sensitive. In the
presented model, H2 exhibits a tilted orientation (~ 60° with respect to the membrane normal), and it
could be envisioned that a positive transmembrane potential could orient H2 parallel to the membrane

normal, thus forming together with H3 an additional transmembrane segment comprising two helices.

Consequently, if both voltage sensors/translocatable regions predicted from the present model and being
in line with numerous published reports would comprise two additional TM helices each, the dimeric
open-channel state of ColA could exhibit an overall number of up to 12 transmembrane helices.
Therefore, the current model can directly explain the experimentally observed voltage-dependency and

pore-diameter for membrane-bound ColA.

Comparison with Cryo-EM data for oligomeric colicin la

As already described in the introduction of this chapter, besides numerous indications for and
speculations about an oligomeric state of ColA in the membrane, Greig et al. (2009) succeeded to visualize
oligomers of Col Ia in the membrane by cryo-electron microscopy. Although the sequence identity
between ColA and Col Ia is not very high, the degree of amino acid sequence identity in the c-terminal
domain is 24 % (Parker et al.,, 1992 and references therein), it is assumed that their secondary structure

composition is highly conserved, and it can be expected that these two colicins share common structural
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features also in their membrane bound state. Greig et al. (2009) speculated that, due to the observed C3
symmetry, either trimers or hexamers (as trimers of dimers) are the oligomeric units observed.
Interestingly, the dimer model proposed in the present work from first sight provides a rationale to
combine three of such dimers to form a hexameric assembly with a ring-like structure like that observed
by cryo-EM. In Figure 3.48 an overlay of such ColA trimer of dimers is — scaled according to the scale
bars given in the Figure — shown overlayed onto a 2-dimensional electron density map from Greig et al.
(2009). Strikingly, the ColA trimer of dimer units seems to fit the observed electron density maps
perfectly. The missing C2 symmetry in the dimers could easily be explained if the dimers appear slightly
tilted with respect to the membrane plane in the trimer. Such packing effects might appear in the two-
dimensional crystals formed by Col Ia, that are comparable to for example the purple membrane sheets in
H. salinarnm, a hexagonal lattice formed by trimers of bacteriorhodopsin, with a lipid content of only ~ 30

%.

Figure 3.48: Trimer of dimer model for ColA projected onto an electron density map obtained for
oligomeric Col Ia in a lipid bilayer (Greig et al., 2009). Both, model and electron density map have the
same length scale (the sides of the rectangle in the center of the Figure correspond to 94 A.

Although the physiological relevance of such hexamers and 2D crystals formed thereof is highly
questionable (if ColA binding to host cells via BtuB, being present in ~ 200 copies per cell, is mandatory
for import of the pore forming domain), formation of higher aggregates might be an intrinsic property of
pore-forming colicins as well as also Bcl-2 family proteins and other related toxins, and the obvious
compatibility of the ColA-mem dimer model presented here provides more evidence that the present

dimer model is in good agreement with the structure of ColA-mem in the closed state.
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3.4 Summary and Outlook

Colicin A (ColA) is a plasmid-encoded water-soluble pore-forming toxin produced by E. cw/i (Cascales et
al., 2007). The protein kills unprotected cells of related strains by inserting specific helical segments of the
pore-forming subdomain into the cytoplasmic membrane to form voltage-dependent ion channels. The
crystal structure of the soluble form of the pore-forming domain has been solved, but detailed structural
data for the membrane-bound channel, in the closed as well as in the open state, is still missing. Currently
two models are discussed for the closed channel state, the “Umbrella-Model” and the “Pen-knife-Model”.
Furthermore, based on results of earlier studies, the channel was assumed to be formed by a single pore-
forming domain, although the channel properties, i.e. an inner pore diameter of at least 1 nm, are difficult
to explain in this way. Strong evidence for an oligomeric structure of the channel was already provided by

an electron microscopy study on the closely related colicin Ia (Greig et al., 2009).

Previous EPR results already provided first evidence for the closed channel state being in agreement with
the previously suggested “Umbrella-Model” (Pulagam et al., 2008) (Boehme et al., 2009). In the present
study, various cw -and pulse EPR methods in combination with site-directed spin labeling under 7 vitro
conditions have been performed. Furthermore, inter spin distances measurement under 7 vipo conditions
have been carried out to confirm the physiological relevance of the results obtained by the 7 witro
experiments. The data and conclusions drawn thereof presented in this chapter provide further insights

into the topology of the colicin A closed channel state.

First, the protocol for the colicin A expression and purification was optimized to increase the amount of
purified colicin A for the EPR investigations. Preparation of colicin A from the membrane fraction leads
to an increase of a factor of about 200 of the colicin A yield compared to previously published protocols,
where ColA has only been isolated from the extracellular medium. Comparison of the proteins prepared
by the new protocol established in this work revealed no differences in the ESR spectra for the labeled
solubilized samples between the different preparation methods. Accordingly, all EPR investigations,
including mobility, polarity, accessibility and inter spin distance measurements have been carried out on
protein samples prepared by the newly developed protocol. Cysteine mutants of colicin A, each containing
one or two cysteine residues, were labeled with a nitroxide (MTS) spin label and reconstituted into

liposomes by a detergent-mediated reconstitution.

The results under 7z vitro conditions indicate that a larger fraction of the protein than previously suggested
penetrates into the hydrophobic core of the membrane. Based on the results presented in this chapter the
hydrophobic hairpin H8 and H9 is located deeply in the membrane, which is in agreement with previous
accessibility data and also with other reports utilizing NMR and Trp fluorescence measurements. In
addition, the data obtained in this work indicates that helices H1, H7 and H10 lie on the membrane
surface, whereas parts of H2 (42R1) and H3 (62R1) are located in the hydrophobic part of the lipid

bilayer. Moreover, residues located in helices H5 and H6 are also located deeply in the bilayer core,
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supporting the idea that colicin A contributes more than two (H2/H3, H5/H6 and H8/H9) membrane
segments in the membrane integrated state. These results are in good agreement with previous studies on
Col Ia (Slatin et al., 1994) in which the possibility of a hydrophobic and an amphipathic hairpin for ColA

and four transmembrane segments for Col Ia have been postulated.

All room temperature spectra of colicin A reveal the presence of at least two spectral components
characterized by different mobilities. This could be either arising from different rotamer conformations or
from different protein conformations. However, the probability that the two major spectral components
of all 22 positions on rec-mem-ColA investigated here are caused by different rotamer conformations
seems very unlikely. Temperature dependent cw EPR measurements and the influence of paramagnetic
quenchers on the spectral features rather suggest the presence of a conformational equilibrium between
two protein conformations. The presence of two conformations in a lipid- and reconstitution-dependent
equilibrium for ColA in the closed channel-state appears to be in line with a mechanism of colicin E1l
insertion proposed by Kienker et al. (1997, 2000), that was supported by MD-simulations (Prieto et al.,
2011), in which one component might represent a precursor state for the umbrella model. According to
this insertion mechanism, colicin A first is oriented with the hydrophobic hairpin parallel to the
membrane plane (a so-called “adsorbed state”), than undergoes conformational changes to a penknife
model-like structure as a precursor state for membrane insertion. Afterwards the orientation of the
hydrophobic hairpin changes to the umbrella conformation. In order to characterize this putative
conformational equilibrium in more detail, further investigations, for example by saturation recovery

experiments, are needed.

So far the information available about colicin A suggests that one colicin molecule can already form a
functional channel. Nevertheless, a significant number of indications exist for colicin channels being
oligomeric, for example its putative channel diameter, but also direct evidences like the oligomeric
structure observed for Col Ia by Cryo-EM (Greig et al., 2009). The distance measurements carried out in
this work by pulse EPR spectroscopy on lipid-reconstituted colicin A provide the evidence that ColA in
lipid bilayer membranes forms an oligomeric structure under 7 vifro conditions. This behavior is also
known for other pore-forming toxins, like for example Aerolysin (Fivaz et al., 2001) and Bax (Minn et al.,
1997) (Antonsson et al., 2000). Although based on the present data it appears to be difficult to define the
degree of oligomerisation, especially to distinguish between ColA dimers or higher oligomers, several lines
of evidence (spin numbers, inter spin distances, remarkable similarities to the Bel-2 family proteins),

support the assumption of a ColA-mem dimer.

Of course, the conformation of a protein and the dynamics strongly depend on the environmental
conditions and an oligomeric state observed 7z vitro is not necessatily of physiological relevance 7 vivo.
Accordingly, pulse EPR distance measurements have also been performed under 7z »ivo conditions.
Incubation of spin labeled colicin A with living E. ¢o/i cells and subsequent DEER distance measurements
reveal clear indications for an oligomeric ColA structure also zz vivo, proving that colicin A is organized as

an oligomer in the membrane integrated state also under physiological conditions. Being confident, that a
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colicin oligomer represents a physiological relevant state, the results of all EPR measurements, i.e. distance
constraints form singly and doubly labeled ColA, mobility, accessibility and polarity data, were combined

to construct a dimer model for the colicin A closed channel state conformation.

The ColA-mem dimer model constructed in this work is characterized by a membrane embedded core
mainly build from the hydrophobic hairpin (H8/H9) and helices H4 and H6 that at least partially protrude
into the hydrophobic core of the bilayer. The remaining helices form, as previously suggested (Boechme et
al.,, 2009), a ring-like structure in the membrane headgroup region, wherein helices H1-H3 “embrace” the
core of the other protomer in the dimer, thus forming a stable assembly similar to topologies that have

been predicted for Bel-2 family proteins like Bax and Bak.

Evaluation of the model by comparison with data and proposals from the literature largely confirms the
ColA-mem dimer model presented here. Moreover, inspection of the model reveals for example a direct
explanation for the observed voltage dependency of channel opening. For example, the formation of two
(additional) transmembrane segments by TM-potential-mediated motion of helices H5 and H6 and
possibly also H2 and H3 as described above can be directly predicted from the ColA-mem dimer model,

thus providing the rationale for the observed channel diameter of > 1 nm.

The conformation of the open channel of colicin A and other colicins is still obscure. Although the model
proposed in this work provides first insights also into how the open channel state might look like, to
address the question of the topology of the colicin A open channel state, further investigations are needed.
Channel opening of colicin A takes place in the presence of a #ams-negative membrane potential, that
could be mimicked for example using the K* ionophore valinomycin. Valinomycin creates a diffusion
potential across the membrane, that could result in an opening of the channel. Development of a protocol
based on the observed channel activity (Honigmann et al., 2012) to stabilize the open conformation could

then provide the basis for EPR investigations on the open channel state.
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3.6 Appendix

ForceField YASARA2 SetPar=Yes
Cell Auto,Extension=10

# Chain A

ShowMessage "Optimizing loop between helices H1 and H2 in Chain A"
OptimizeLoop (anchorAH1C),(anchorAH2N),Samples=200
HideMessage

ShowMessage "Optimizing loop between helices H2 and H3 in Chain A"
OptimizeLoop (anchorAH2C),(anchorAH3N),Samples=200
HideMessage

ShowMessage "Optimizing loop between helices H3 and H4 in Chain A"
OptimizeLoop (anchorAH3C),(anchorAH4N),Samples=200
HideMessage

ShowMessage "Optimizing loop between helices H4 and H5 in Chain A"
OptimizeLoop (anchorAH4C),(anchorAH5N),Samples=200
HideMessage

ShowMessage "Optimizing loop between helices H5 and H6 in Chain A"
OptimizeLoop (anchorAH5C),(anchorAHG6N),Samples=200
HideMessage

ShowMessage "Optimizing loop between helices H6 and H7 in Chain A"
OptimizeLoop (anchorAHG6C),(anchorAH7N),Samples=200
HideMessage

ShowMessage "Optimizing loop between helices H7 and H8/9 in Chain A"
OptimizeLoop (anchorAH7C),(anchorAH89IN),Samples=200
HideMessage

ShowMessage "Optimizing loop between helices H8/9 and H10 in Chain A"
OptimizeLoop (anchorAH89C),(anchorAH10N),Samples=200
HideMessage

# Chain B

ShowMessage "Optimizing loop between helices H1 and H2 in Chain B"
OptimizeLoop (anchorBH1C),(anchorBH2N),Samples=200
HideMessage

ShowMessage "Optimizing loop between helices H2 and H3 in Chain B"
OptimizeLoop (anchorBH2C),(anchorBH3N),Samples=200
HideMessage

ShowMessage "Optimizing loop between helices H3 and H4 in Chain B"
OptimizeLoop (anchorBH3C),(anchorBH4N),Samples=200
HideMessage
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ShowMessage "Optimizing loop between helices H4 and H5 in Chain B"
OptimizeLoop (anchorBH4C),(anchorBH5N),Samples=200
HideMessage

ShowMessage "Optimizing loop between helices H5 and H6 in Chain B"
OptimizeLoop (anchorBH5C),(anchorBH6N),Samples=200
HideMessage

ShowMessage "Optimizing loop between helices H6 and H7 in Chain B"
OptimizeLoop (anchorBH6C),(anchorBH7N),Samples=200
HideMessage

ShowMessage "Optimizing loop between helices H7 and H8/9 in Chain B"
OptimizeLoop (anchorBH7C),(anchorBH89N),Samples=200
HideMessage

ShowMessage "Optimizing loop between helices H8/9 and H10 in Chain B"
OptimizeLoop (anchorBH89C),(anchorBH10N),Samples=200
HideMessage
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Table 3.7: ColA mutant list: Preparation and measurements of the mutants in previous and recent studies

ColA mutant  cloning  purification and labeling Reconstitution and EPR measurements
T15C this study this study this study
L19C this study this study
126C Pulagam et al., 2008 Pulagam et al., 2008 and his study
K33C Pulagam et al., 2008 Pulagam et al., 2008 and zbis study
A42C Pulagam et al., 2008 Pulagam et al., 2008 and his study
S62C Pulagam et al., 2008 this study
166C this study this study this study
A77C this study this study this study
A91C Pulagam et al., 2008 Pulagam et al., 2008 and his study
F105C Pulagam et al., 2008 Pulagam et al., 2008 and his study
V115C Pulagam et al., 2008 Pulagam et al., 2008 and zhis study
E126C this study this study
W140C this study this study
A150C this study this study
S155C Pulagam et al., 2008 Pulagam et al., 2008 and zhis study
G166C this study this study
A169C Pulagam et al., 2008 Pulagam et al., 2008 and zhis study
G176C Pulagam et al., 2008 Pulagam et al., 2008 and zhis study
A181C Pulagam et al., 2008 Pulagam et al., 2008 and his study
V182C this study this study this study
V183C Pulagam et al., 2008 Pulagam et al., 2008 and his study
G184C Pulagam et al., 2008 Pulagam et al., 2008 and zhis study
1187C this study this study this study
A192C Pulagam et al., 2008 Pulagam et al., 2008 and zhis study
E198C this study this study
1.19C/1187C this study this study
A42C/1187C Boehme et al., 2009 and zhis study Boehme et al., 2009 and #his study
S62C/1187C Boehme et al., 2009 and zbzs study Boehme et al., 2009 and zhis study
A91C/1187C Boehme et al., 2009 and zhis study Boehme et al., 2009 and #his study
V115C/1187C Boehme et al., 2009 and zbzs study Boehme et al., 2009 and zhis study
A91C/G184C this study this study
A91C/V115C this study this study
1.19C/A42C this study this study
126C/A77C this study this study this study
ATT7C/W140C  this study this study this study
AT77C/S154C  this study this study this study
W140C/A150C this study this study
126C/A192C this study this study
126C/E126C this study this study
K33C/E198C this study this study
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4. Structure of the colicin A pore-forming domain under
influence of the immunity protein Cai. The topology of the
colicin A/Cai complex

4.1 Introduction

4.1.1 Colicin Immunity proteins

As described in detail in the introduction of the previous chapter, two classes of colicins exist regarding
the basic mechanism of their cytotoxic activity. They can either form voltage-gated ion channels in the
inner membrane, like colicin A, Ia, E1, K, N, U and B do, or they can have endonuclease activity, i.e.
cither cleaving the bacterial DNA (colicins E2, E7, E8 and E9), transfer RNA’s (colicin E5), or the cell’s
ribosomal RNA (colicins E3 and Eo6). Independent of the underlying mechanism of cytotoxicity, all
colicin-producing cells have to protect themselves from the lethal effects of their own colicin-mediated
“defense-mechanism”, as all colicins target closely related bacterial strains. For this purpose, specific host
immunity proteins are encoded on the same plasmid where the colicin gene is located (Figure 4.1) that
protects the cells against the toxic activity only of their own toxin (Benedetti et al., 1991) (Schramm et al.,
1988). In contrast to the colicin genes, whose expression is triggered by, e.g. the SOS response of the host
cell, expression of the immunity proteins is under the control of constitutive promoters (Soong et al.,
1994), meaning that the immunity protein ist always present in the cell, even under conditions when no
colicin expression takes place. Most colicin plasmids contain only a single immunity protein, but for some
enzymatic colicins like E3, E6 (Chak et al., 1984) and E9 (James et al., 1987) it could be shown that they
possess a second immunity gene. Interestingly, in such cases both immunity proteins have their own
promoters that are independent of the SOS promoter of the colicin structural gene (Chak et al., 1985) and

both are constitutively expressed under normal conditions.
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Figure 4.1: Organization of the genes in the colicin operon. The immunity protein is localized between
the structural and the lysis gene. In the case for pore forming colicins the immunity protein is transcribed
in the opposite direction. The transcription terminators are also indicated as arrows. The Figure was
modified and adopted from Cascales et al., 2007.
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4.1.2 The immunity proteins of pore-forming colicins

The immunity proteins mediating host-protection from pore-forming colicins are membrane proteins with
a size of 11-18 kDa (Lazdunski et al., 1988). They are highly specific and usually only provide full
protection against their “own” toxin (Song et al., 1991). However, for the immunity protein of colicin A,
(Cai), it could be shown that it can partially protect cells also against colicin B when overexpressed in the
cells, i.e. encoded on a high-copy-number plasmid (Géli et al., 1992). The pore-forming immunity proteins
are located in the cytoplasmatic membrane of the producing cell and therefore not released into the
extracellular medium as the colicins are (Song et al., 1991) (Duché, 2002) (Gé€li et al., 1988) (Bishop et al.,
1985). This “immune system” of the cell is of remarkable efficiency, as only approximately 100-1000
immunity protein molecules present in the inner membrane mediate protection of the cells against colicin
concentrations being 104 — 107 times higher than necessary to kill a nonimmune cell (Cascales et al., 2007).
This high efficiency has, for example in the case of the immunity protein for ColE1, been attributed to the
high diffusion rate constant of the relatively small immunity protein in the membrane of 109—10-10 cm?s1,
corresponding to a possible migration length of at least 500 nm within 10 seconds, thus leading to a high
probability that interaction between the colicin and the immunity protein takes place before the cell is
harmed (Song et al., 1991). It should be also mentioned that immunity proteins are only required to
protect the cell against exogenous colicin, i.e. produced by neighbouring cells and inserted into the inner
membrane from the periplasmic space. Colicin molecules expressed by the host cell itself (internal colicin)
can also insert into the inner membrane rather then being released, but for those molecules the

transmembrane potential is opposite to that required to open the pore (Cascales et al., 2007).

The immunity proteins of pore-forming colicins can be divided into two groups, likewise to the colicins.
According to sequence similarities, immunity proteins against colicins A, B, N and U belong to the so-
called A-type, whereas those for colicins E1, E5, K| Ia and Ib are E1 type immunity proteins (Schramm et
al,, 1988). Secondary structure predictions and topology analyses of immunity proteins for colicin A, Cai,
and colicin U, Cui, indicate the presence of 4 transmembrane segments, and both its N- and C-termini are
located in the cytoplasm (Géli et al., 1989) (Pilsl et al., 1998). Contrarily, the immunity protein for colicin
E1 seems to consist of only 3 transmembrane helices, with the N-terminus located in the cytoplasm and
the C-terminus in the periplasm (Géli et al., 1989) (Song et al., 1991) (Pilsl et al., 1995) (Pilsl et al., 1998).
In general, the mechanism of protection is to prevent opening of the voltage-gated ion channel rather
than to inhibit insertion of the colicin’s pore forming domain. For this, by fast diffusion within the inner
membrane (see above) the immunity protein approaches and interacts with the helices of the colicin pore-
forming domain, and it has been shown that these interactions occur mostly between the hydrophobic
helical hairpin of the pore forming domain and the transmembrane helices of the immunity proteins

(Bénédetti et al., 1991b) (Cramer et al., 1995) (Espesset et al., 1994/1996) (Zhang et al., 1993).
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Nevertheless, also interactions between other parts of the pore forming domain and the immunity
proteins might take place. For example, for the colicin E1 immunity protein, Cei, interactions with the N-
terminus of H6 and the C-terminus of H7 of ColE1 have been shown (Zhang et al, 1993). Also
interaction of the immunity proteins with the colicin pore-forming domain upon voltage-gating has been
proposed, for example, that displacement of H6 and H7 into a transmembrane orientation upon gating
enables the interaction with the transmembrane helices of the immunity protein (Lindeberg et al., 2001).
For the colicin A immunity protein it appears most likely that the interaction between the pore-forming
domain and the immunity protein takes place in the closed channel state, as the hydrophobic helical
hairpin inserts into the inner membrane already in the closed channel state — according to the “umbrella-
model”, as it has been shown in the previous chapter of this thesis. Thus, interaction with the immunity
protein does not require the open channel state (Espesset e al., 1996) (Nardi et al., 2001).

From these findings it has been proposed that A-type immunity proteins inactivate colicins in the closed
channel state, whereas El-type immunity proteins inactivate colicins in the open channel state or just prior

to channel opening (Cascales et al., 2007 and references therein).

4.1.3 The colicin A immunity protein Cai

Colicin A-producing cells constitutively express the specific host immunity protein Cai. In contrast to the
colicin A protein and the lysis protein Cal, the immunity protein Cai is encoded on the antisense DNA-
strand and synthesized at low levels of about 102 to 103> molecules per cell (colicin A 107 molecules per

cell) (Cascales et al., 2007).

outer membrane

peptidoglycan

inner membran

Figure 4.2: Translocation mechanism for colicin A, indicating how Cai might interact with ColA in the
inner membrane. The Figure was taken and modified from M. Sippach, Master Thesis, 2011.
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The colicin A immunity protein Cai is an integral membrane protein of 178 amino acids with a size of 21
kDa, comprising four transmembrane helices with both its N- and C-termini located in the cytoplasm, see

Figure 4.3 A (Geli et al., 1992) (Song et al., 1991).

A

Cytoplasm

H1
MMNEHSIDTD NRKANNALYL FINGUPLLSIFVVYYKTP DALLLRKIAT STENLPSITS

H2 H3
SYNPLMTKVNBDIVEKTAPFIUALILYILTE K IRKLINNTOR NTVLRSEES PEUVARIVYL

H4
FEFRNFELTT AGRPVRUMAT NDATULLFYI GLYSIFFTRYITIRTPVTA FKLLKKRQ

Figure 4.3: (A) Topological model of Cai in the cytoplasmatic membrane of E. cw/. The four cysteine
residues present in the primary sequence (panel B) are shown as black dots labeled with corresponding
residue numbers. The picture in panel a has been taken from Zhang et al. (2010). In the the amino acid
sequence (B) the 4 putative transmembrane helices are indicated by green boxes. The cysteine residues are
shown in red.

Furthermore, cysteine cross-linking experiments with Cai revealed indications for homodimer formation,
in which dimerisation takes place by means of the third transmembrane segment as depicted in Figure 4.4
(Zhang et al., 2010). This study also revealed that the interaction of ColA with the Cai dimer modifies
both the Cai dimer interaction and the arrangement of the helices inside the two protomers. Furthermore
it was shown, that mutation of the four Cys residues present in the sequence of Cai leads to significant

impairment of Cai’s protective function (Zhang et al., 2010)

§a80°
@

‘ﬂu H3 ‘v-
Cm

Figure 4.4: Model of Cai helix packing and the dimerisation vz the third transmembrane segment. The
Figure has been adopted from Zhang et al., 2010.
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Several studies already indicated that interaction between colicin A and Cai takes place most likely via the
hydrophobic helical hairpin of the colicin A C-terminal domain (Geli et al., 1992) (Pilsl et al., 1998)
Espesset et al, 1996). The sequence that determines the ColA/Cai interaction is localized between
residues L.530 and D577 (Geli et al., 1992), correspondinf to residues L142 and D189 in the colicin A
pore-formin domain (see chapter 3). Thus, H8 and H9 together carry the localization information for Cai,
as it also has been shown by co-immunoprecipitation that neither H8 or H9 on their own interact with Cai
(Nardi et al., 2001). Additionally, the study by Nardi et al., (2001), indicates that not only the hydrophobic
helical hairpin interacts with the immunity protein, but as also H10 of ColA. The transmembrane helices
of the immunity protein are thought to interact with the hydrophobic hairpin in order to block the
conformational changes necessary for channel opening (Pilsl et al., 1995) (Zhang et al., 1993). However,
there are in principle two possibilities of neutralizing the pore forming ability of colicin A: either by
stabilization of the closed channel state conformation, or by inducing a colicin A conformation that is not

competent for channel opening.

4.1.4 Aim of the study

In the present study the interaction between Cai and colicin A, especially the influence of Cai on the
structure of membrane bound colicin A, is investigated by EPR spectroscopic methods like mobility,
polarity and inter spin distance measurements, in order to gain more insights into this poorly understood
interaction. So far, investigations using EPR spectroscopy on colicin immunity proteins have only been

performed on Im9, conferring immunity towards the endonuclease colicin E9 (White et al., 2007).

This study is supposed to contribute to understanding the influence of the immunity protein Cai on
colicin A. Various cw- and pulse EPR methods are used to address the pertinent questions: What is the
conformation of colicin A in the presence of Cai, and how does Cai inhibits channel opening.
Furthermore, initial experiments are performed to reveal if the conformation of the immunity protein Cai
changes in the absence and presence of colicin A. The results presented in this chapter will contribute to a
more detailed understanding of how proteins conferring immunity to pore forming colicins work in

general.
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4.2 Materials and Methods

If not stated otherwise, all chemicals and reagents used in this study were purchased from the following
manufacturers. AppliChem (Darmstadt) , Avanti Polar Lipids Inc. (Alabaster, USA), BioRad Laboratories
GmbH (Munich, Germany), Carl Roth GmbH + Co. KG (Karlsruhe, Germany), Eppendorf AG
(Hamburg, Germany), Fermentas GmbH (St. Leon-Roth, Germany), GE Healthcare Europe GmbH
(Munich, Germany), Merck KGaA (Darmstadt, Germany), Millipore GmbH (Eschborn, Germany), NEB
GmbH (Frankfurt am Main, Germany), Qiagen GmbH (Hilden, Germany), Roche Diagnostics GmbH
(Mannheim, Germany, Whatman GmbH (Dassel, Germany).

4.2.1 Bacterial strains and plasmids
Table 4.1 summarizes the bacterial strains and plasmids used in this work with their respective genetic

properties.

Table 4.1: E. co/i strains used in this work with their respective genotypes, and plasmids with the

respective antibiotic resistances

bacterial strain genotype

E. coli DH5a F- f80dlacZM15 D(lacZY A argF)U169 Hanahan
(1983) deoR phoA supEd4 hsdrl 7 (rK-, mK+)

E. coli BL21(DED3) SfouA2 [lon] ompT gal (A DE3) [dem] AbsdS ) DE3 = A
sBamHIo AEcoRI-B int::(lacl::PlacUV5:17 genel ) i21
Anins

E. wli C41(DE3) F=ompT gal dem hsdS(rs ) (DE3)

vector description

pET28a KanR expression-vector, T7-promotor

pET28a_Cai KanR expression-plasmid 10His-Xa-Cai, T7-

promotor
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4.2.2 Constructs used for overexpression of Cai in E. coli

The gene cai has been synthesized by the company GeneArt (http://www.lifetechnologies.com/de/de/home/life-

science/cloning/gene-synthesis/geneart-gene synthesis.html). The construct carries a N-terminal 10x His-tag coding

sequence for purification purposes, and furthermore a factor Xa cleavage site to be able to remove the

affinity tag. The whole construct was finally subcloned using the Ncol and Xhol restriction sites into a

pET28a expression vector using the strain E. w/i DH5a. DNA sequencing verified correctness of the

10His-Xa_Cai gene sequence. For the isolation of plasmid DNA, 5 ml E. w/i DH5a overnight culture was

cultivated and the ,,QIAprep Spin Miniprep Kit“ (Qiagen, Hilden) was used as recommended by the

manufacturer. Chemically competent E. co/7 cells (BL21 (DE3)) suitable for transformation and protein

expression were transformed with the plasmid pET28a_Cai by heatshock using the standard

transformation protocol recommended by the manufacturer (Finnzymes; NEB).

Xmni(2664)

Scal(2545) —

AmpR

Col E1 origin

Ncol(5070) A~
T7_promoter 7
Bqglli(4965)

EcoRV(3797)

12AA6C6P_10His_Xa_Cai_pMA-T
2979 bp

12AA6DAP_pET-28a_cai_pET-28a_J783
5830 bp

Sfil(361)

Xhol(986)

Kpni(996)

Sfil(1019)

Kana(R)

c0571(1600)

pBR322_origin

Figure 4.5: Plasmid maps for the initial 10His-Xa-Cai construct provided by GeneArt (top), and of

pET28A_Cai.

4.2.3 Biochemical approaches

4.2.3.1 Media and cultivation conditions

The cultivation of E. w/i cells was performed in rich medium, LB (Lysogeny Broth, “Luria broth”), with

10 g/L Bacto-tryptone (Difco, Detroit, USA), 5 g/L yeast extract and 10 g/I. NaCl (Sambrook et al.,

1989) at 37°C under aerobic conditions at 162 rpm. If appropriate, the medium was supplemented with


http://www.lifetechnologies.com/de/de/home/life-science/cloning/gene-synthesis/geneart-gene
http://www.lifetechnologies.com/de/de/home/life-science/cloning/gene-synthesis/geneart-gene
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the corresponding antibiotic kanamycin to a final concentration of 50 mg/ml. For agar plates 15 g/L

Bacto-Agar was added before autoclaving.

4.2.3.2 Expression and cell harvesting

The growth of the bacterial cultures was followed by determining the optical density (OD) of the medium
at 600 nm. E. /i BL21 (DE3) cells transformed with the plasmid pET28a_Cai were cultivated overnight
in LB medium containing kanamycin to obtain a pre-culture for inoculation of the main expression
cultures. Subsequently, the main cultures (1 L LB medium) were inoculated with the overnight culture to
obtain an optical density ODgo = 0.1, and grown to reach an optical density of ODgwo = 0.5-0.7. The
heterologous overexpression of Cai was induced by the addition of IPTG for BL21-pET28a_Cai with a
final concentration of 400 uM and for C41_pET28a_Cai in a final concentration of 1 mM. As a control
samples were taken for SDS-Page analysis before and after induction with IPTG. After 3-5 hours of
induction the cells were harvested at 4500 rpm at 4°C for 20 min, using a Sorvall centrifuge equipped with

a SLA 3000 rotor.

4.2.3.3 Protein isolation

For the isolation of Cai the cell pellets were resuspended in buffer A (Table 4.2) and treated with DNase.
Subsequently, cells were disrupted by sonification and the crude extract was centrifuged for 1 h at 50000 x
g and 4°C to separate the cell debris. After centrifugation the cotresponding cell pellet was resuspended in
buffer B (Table 4.2) complemented with 2 % DDM for membrane protein solubilization, and stirred
overnight at 4°C. Aterwards, cell membranes wete removed by centrifugation at 50000 x g for 1.5 h and
4°C. For further use the supernatant was treated with 10 mM imidazole, 150 mM NaCl and 0.5 mM
PMSF.

4.2.3.4 Protein purification by Ni-NTA affinity chromatography

The supernatant containing solubilized N-terminal His-tagged Cai was incubated with pre-equilibrated
(Ni-NTA buffer A, see Table 4.2) Ni-NTA affinity matrix under gentle stirring for 60 min at 4°C. After
incubation the Ni? *-NTA-protein complex was filled in a glass column and washed with Ni-NTA buffer
A (5-fold column volume, see table 4.2) to remove unbound protein from the affinity matrix.
Furthermore, to remove nonspecifically bound molecules two washing steps with Ni-NTA buffer B (5-
fold column value) containing 20 mM and 35 mM imidazole were performed. The purified protein was

then eluted from the column with a 5-fold column volume of the Ni-NTA buffer B containing 135 mM
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imidazole. Finally, the column was washed with 5 column volumes of buffer B containing 250 mM
imidazole to assure that the protein was eluted completely from the column. The corresponding fractions
were collected in fractions of 1 ml and the presence of purified Cai was verified by SDS-PAGE (according
to Schigger et al., 1987). The fractions containing Cai were pooled and concentrated by ultrafiltration
using centrifugal filter devices with a MWC (molecular weight cutoff) of 10 kDa (Amicon/Millipore,
Carringtwohill, Co. Cotk, Ireland; Vivascience, Lincoln, USA), that have been saturated two times with
BSA in a concentration of 1 mg/ml and washed two times with buffer (50 mM sodium potassium buffer,
pH 06.8) before use. The concentrated samples were subsequently subjected to size exclusion

chromatography.

4.2.3.5 Further purification by size exclusion chromatography

For size exclusion chromatography 500 pl of the concentrated protein solution were loaded onto a gel
filtration column Superdex 200 MR 10/300 (Amersham Pharmacia Biotech) and putified based on their
size at a flow rate of 0.5 ml/minute with 10 mM sodium potassium buffer, pH 6.8. The eluted protein
fractions containing Cai were concentrated (see 4.5.4). The concentrated protein solutions were frozen in

liquid nitrogen and stored at -80°C.

Table 4.2: Buffer composition
Buffer A Buffer B Ni-NTA buffer (A) Ni-NTA buffer (B)

50 mM NaPipH 6.8 50 mM NaP;pH 6.8 50 mM NaP;pH 6.8 50 mM NaP;pH 6.8

1 mM DTT 1 mM DTT 150 mM NaCl 150 mM NaCl

2mM EDTA 0.5 mM PMSF 0.1 % DDM 0.1 % DDM

0.5 mM PMSF 10 mM imidazole 250 mM imidazole
0.5 mM PMSF 0.5 mM PMSF

4.2.3.6 Determination of protein concentrations

To measure the protein concentration of Cai in solution, absorption of the protein was determined at 280
nm with an UV-VIS spectrophotometer (UV-2450, Shimadzu Corporation, Kyoto, Japan). Protein
concentrations have been calculated using Lambert-Beet’s law. The extinction coefficient of Cai has been
calculated by Expasy protparam (web.expasy.org/protparam) (extinction coefficient: 16390 M- cm, at
280 nm).
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4.2.3.7 Spin labeling (SDSL)

For the purpose of labeling with the MTS spin label ((1-oxy-2,2,5,5-tetramethyl-pyrrolinyl-3-methyl)
methanethiosulfonate) first freshly prepared 1 M DTT stock solution (DiThioThreitol DTT; Sigma-
Aldrich, Munich, Germany) was added to Cai in a final concentration of 10 mM (1:100 v/v) and incubated
overnight at 4°C. The reducing agent DTT was removed by exchanging the buffer 5 times with 50 mM
potassium phosphate butfer (pH 6.8) by using 10K BSA saturated (see 4.5.4) Amicon Ultra-4 centrifugal
filter devices (Millipore). Subsequently, a MTS spin label stock solution (100 mM) in acetonitrile was
added to the protein solutions (1 mM final concentration of MTSSL, 1:100 v/v) and incubated overnight
at 4°C. Unbound spin label was removed by exchanging the buffer (10 mM potassium phosphate buffer
pH 6.8) 5 times using 10 kDA BSA saturated Amicon Ultra-4 centrifugal filter devices, and the spin-

labeled Cai was concentrated and stored at -80°C.

4.2.3.8 Liposome preparation and detergent-mediated reconstitution

The liposome preparation and detergent reconstitution was carried out as described in chapter 3.2 for
colicin A (chapters 3.2.4.10 and 3.2.4.11). Proteoliposomes have been prepared with Cai alone or with
colicin A and Cai. The lipid: protein ratio was 1:500. For samples containing spin labeled colicin A and wt-
Cai reconstitution was carried out with a ColA: Cai ratio of 1:4 to assure “saturation” of ColA with Cai, or
at a ratio of 4:1, if spin labeled Cai and Wt-ColA was used. The resulting samples were resuspended in 50
ul buffer (50 mM NaPi, pH 6.8), frozen in liquid nitrogen applying 3 freeze-thaw cycles and finally stored

at — 80°C until they were used for the EPR experiments.

4.2.4 EPR Methods

To address the question what conformational changes colicin A might undergo in the presence of its
immunity protein Cai and zice versa, mobility and polarity data as well as inter spin distance data have been
collected for spin labeled ColA in the presence of wt-Cai, and for labeled Cai alone and in the presence of
ColA, respectively. To identify conformational changes of ColA induced by Cai, the data has been
compared to that described in chapter 3. EPR measurements and data analyses have been carried out also

as described in chapter 3.
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4.3 Results and Discussion

According to current knowledge interaction of Cai with colicin A takes place #ia ColA’s hydrophobic
helical hairpin. As already mentioned, in principle two possibilities exist, how Cai might prevent ColA
channel opening upon association of the two proteins: either by stabilisation of the closed channel state,
or by inducing a conformation of colicin that is not competent for channel opening. Accordingly, two

questions arise that will be addressed in the following:

a) What is the conformation of colicin A in the presence of Cai? To address this question the
existing subset of the colicin A mutants described in chapter 3 were investigated in the presence

of saturating concentrations of wt-Cai.

b) What is the conformation of Cai in the absence and in the presence of colicin A? For this
purpose, initial experiments have been carried out using wt-Cai that possesses four native cysteine
residues. Wt-Cai was labeled with MTSSL as described above and (i) the mobility of the R1 side
chain from room temperature cw EPR spectra, quantified by means of the reciprocal width of the
central resonance line (AHg?) and inverse spectral second moment ((H2)-), (i) the polarity of the
spin label microenvironment, determined via the hyperfine coupling tensor element A, obtained
from low temperature (160 K) cw-EPR spectra, and (iif) distance data have been recorded in the
absence and in the presence of saturating concentrations of ColA. Experiments using only singly
ot doubly labeled Cai have not been performed in this study, as it was shown, that mutation of
these Cys residues leads to significant impairment of Cai’s protective function (Zhang et al.,
2010). Thus, orthogonal labeling strategies that were not accessible during the time this study has

been carried out, e.g. applying click chemistry, have to be applied for site-specific labeling of Cai.
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4.3.1 Biochemical results

4.3.2 Protein purification

The first step of purification was performed by Ni-NTA affinity chromatography. After incubation of Cai
on the surface of the Ni-NTA affinity matrix unspecifically bound proteins have been removed by
washing the loaded Ni-NTA material with buffer containing 20 mM and 35 mM imidazole. The protein
was eluted with 135 mM imidazole. Figure 4.6 shows the SDS PAGE analysis of the elution fraction.

Figure 4.6: SDS-Page analysis of the elution fraction (135 mM imidazole) from Ni-NTA affinity
chromatography (lane 1). The second lane shows a molecular weight marker (Precision Plus Protein
WesternC Standards, BioRad).

SDS PAGE analysis of the main elution fraction from the affinity column reveals one weak band at an
apparent molecular mass of about 20 kDa, most likely corresponding to a monomeric form of Cai.
Nevertheless, the major band on the gel is observed at a molecular weight of ~ 45 kDa that should
correspond to a dimeric form of the protein. These results are in good agreement with crosslinking studies
(Zhang et al., 2010) that clearly indicated that Cai forms homo-dimers in the inner membrane of E. co/i.
The appropriate Ni-NTA fractions were pooled, concentrated, and subjected to size exclusion
chromatography. For this step 500 pl of the concentrated elution fraction were loaded on a gel filtration
column Superdex 200 MR 10/300 (Amersham Pharmacia Biotech) and eluted at a flow rate of 0.5
ml/minute using 50 mM sodium potassium buffer, pH 6.8, 0.1 % DDM. The elution profile is shown in
Figure 4.7.
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Figure 4.7: Size exclusion elution profile of the second purification step for Cai. Calibration of the
column is given on the top. The inset on the left side shows a SDS PAGE of the two major elution
fractions (F62 and F63, corresponding to an elution volume of 12-13 ml)

Calibration of the column with a set of reference proteins (see Figure 4.7) allows for estimating the
approximate size of the proteins eluted from the column. According to this calibration for Cai in the
monomeric form with a size of about 21 kDa a retention volume of ~ 15 ml is expected, whereas a
dimeric form (~ 42 kDa) should appear at ~ 13 ml. As evident from the elution profile three peaks at
retention volumes of about 9-10 ml, 12-13 ml (major peak) and ~ 16 ml are detected, corresponding to a
small fraction (~ 10 %) of monomeric Cai, about 70 % of the dimeric form and approximately 20 % of
higher oligomers. Nevertheless, due to the use of DDM for solubilization of the membrane protein Cai,
the resulting protein-detergent micelle complex might exhibit significantly larger hydrodynamic radii
(DDM micelles have a size of ~ 50 kDa) than expected from the size of the protein itself. Thus, it cannot
be excluded that monomeric Cai (in a DDM micelle) is the predominant form and that at retention
volumes of 9-10 ml a dimeric form elutes from the column. In this case, the highest volume peak could
correspond to a denatured, monomeric form. Therefore, size exclusion chromatography cannot clearly
confirm that Cai preferentially forms dimers. Nevertheless, SDS PAGE analysis of the two major
fractions (number F62 and F63, see inset in Figure 4.7) reveals a molecular weight of ~ 45 kDa, identical
to the major band observed after affinity chromatography. As it can be assumed that under the denaturing
conditions in SDS PAGE the DDM molecules are largely substituted by SDS, the molecular weight of the
species observed on the gel should reflect its real size. Thus, it can be concluded that indeed Cai dimers
are the major species in DDM and the Cai fractions corresponding to an elution volume of 12-13 ml were

pooled and concentrated for further use.
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4.3.3 Spin labeling of Cai

The purified and concentrated samples were subjected to spin labeling as described in chapter 3.2
(Material and Methods, 3.2.4.8). As in this work only native Cai containing 4 Cysteine residues
(C31H1/C74H2/C107H3/C122H3) was used, and no teliable information about the fold of the protein is
available, it has to be expected that after labeling up to 4 positions in the protein carry a spin label side
chain. The calculated labeling efficiency of about 91 % suggests that most of the 4 cysteine residues were
hardly accessible, e.g. buried inside of the protein. The room temperature EPR spectrum (Figure 4.8)
indicates strong spin-spin interaction by dipolar broadening and increased linewidths. Indicating that at

least two spin label side chains are located in a distance < 1.5 nm.

wt-Cai (C31/C74/C107/C122)

Figure 4.8: Room temperature EPR spectrum of spin labeled wt-Cai in DDM containing 4 putatively
labeled Cysteine residues.

4.3.4 Colicin A single mutants in the presence of its immunity protein

The room temperature EPR spectra obtained from the ColA single spin label mutants T15R1H!, A42R1H2,
I66R1H3, A9IR1H5) V115R1He, W140R1H7, S155R1H8 . A181R1H2, V182R1H and E198R1H10 (see Figure
4.9, where these positions are indicated on the ColA-mem dimer model, cf. chapter 3.3.7) reconstituted in
liposomes (rec-ColA) in the absence (black spectra) and in the presence of saturating concentrations of

wt-Cai (rec-ColA/Cai, red spectra)-wt are shown in Figure 4.10.
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Figure 4.9: Spin label positions on ColA used for investigations in the presence of the immunity protein
Cai shown on the ColA-mem dimer model developed in chapter 3.3.7.
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Figure 4.10: Comparison between room temperature EPR spectra of R1 labeled rec-ColA (black spectra)
and rec-ColA in the presence of wt-Cai (red spectra). All spectra are normalized by their amplitudes.
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As already discussed in chapter 3 (3.2.5.2 and 3.3.4.2), all RT cw EPR spectra are characterized by the
presence of at least two components representing spin label side chain populations with different
rotational freedom. Interestingly, in about half of the cases where spectral changes are observed upon
interaction with Cai, these changes cannot - or not only - be described by a shift between the two major
components. This indicates either a direct interaction of the region were the R1 side chain is located with
Cai, or — assuming no direct interaction with Cai — a significant conformational change of ColA upon Cai
binding. Figure 4.10 shows that positions 42R1H2 and 66R1"3 seem not to exhibit changes of their spin
label side chain mobility in the presence of Cai and also the inverse of the central line width (AHg"), as
shown in Figure 4.11, reveals no differences. For positions 15R1H! and 91R1H5 changes in the mobility
after treatment with the immunity protein Cai are visible already from visual inspection of the EPR
spectra. The spin labels at position 15R1 become more immobile (by means of a shift between the two
spectral components), whereas 91R1 shows a slightly higher mobility in the presence of Cai. More
significant spectral changes upon addition of Cai are observed for 115R1H6; 155R1H8 181R1H%, 182R1H°
and 198R1H10, This suggests that helices H7-H10 are either directly involved in the interaction with Cai —
being in line with the literature (see chapter 4.1), or that Cai binding induces significant conformational
changes — also suggesting that the binding interface is in close proximity. Interestingly, although the
changes are of different nature for the different positions, in general an increase in spin label mobility can

be observed (except for position 15R1), as deduced from visual inspection of the spectra shown in Figure

4.10.
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Figure 4.11: The inverse of the central line width (AHp!) for the R1 sites of rec-mem-ColA with and
without Cai were determined from the EPR spectra shown in Figure 4.10 by using the program wuispec.
The values for rec-mem-ColA are colored in black and rec-mem-ColA with Cai are colored in red.
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Nevertheless, this trend is not reflected in the inverse of the central line width (AHy!), as for most of the
positions the difference for AHg! in the presence and absence of Cai are within the error margins. For
positions 115R1H6 and 198R1H10 the increase in spin label mobility visible from Fig. 4.10 is also reflected in
AHy! and could be interpreted as a destabilization of the structure of H6 and H10.

Nevertheless, the AHg"! values for these two positions should be treated with caution, because - as visible
from Figure 4.10 - after addition of Cai the spectra for these positions reveal the presence of an increased
amount of free spin label. As already mentioned before, for two component spectra the inverse of the
central line width strongly biased by the more mobile component. Thus, for a more precise interpretation
of the spin label dynamics under the influence of Cai a two-dimensional plot of the inverse spectral
second moment ((H2)-") versus the inverse central line width (AHy!) (Hubbell et al., 1996) (Mchaourab et
al,, 1996) is shown in Figure 4.12. The inverse second moment reflects the influence of the immobile

component rather than of the mobile component.
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Figure 4.12: Classification of colicin A side chain localizations with (red filled circles) and without Cai
(black triangles) with regard to the protein structure by plotting the inverse spectral second moment

((H?)™1) versus the inverse central line width (AHg"). The parameters were calculated from cw X-band
EPR spectra at room temperature (see Figure 4.10).

The strongest effects upon Cai binding are observed for positions 115R1H6, 181R1H9 and 198R1H10,
Position 115R1, belonging to the helix/contact region in the absence of Cai, moves to the helix/surface —
loop/surface region. A spin label at position 181R1 becomes mote buried on interaction with Cai.
Keeping in mind the assumption that the helical hairpin H8-H9 interacts directly with the Cai
transmembrane helices, this observation can support this notion. The other positions in the hydrophobic
hairpin, like 155R1 and 182R1, exhibit a slight mobilization. Nevertheless, the former stays within the

helix/contact region and the latter remains at the border between the helix/contact and helix/surface
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regions of the plot, and the changes are within the error margins. In contrast, position 198R1 becomes
more mobile, being situated largely within the loop/sutface region of the 2D plot in the presence of Cai,
being an indication for increased dynamics of the small C-terminal helix H10. For the remaining positions
only slight differences in both mobility parameters are observed. These residues largely remain in the
topology regions in the mobility plot. All positions investigated here, evenly distributed over 9 of the 10
ColA helices, exhibit no significant differences in the mobility of spin labels attached to them. However,
we cannot assume or exclude from these findings that Cai binding to ColA influences the structure of the
whole protein. Remarkably, positions 115R1H6, 181R1H? and 198R1H10 demonstrate a clear influence of
Cai binding in terms of the protein’s topology characterization. As mentioned before, the notion that an
interaction of the immunity protein with colicin A occurs most likely via the hydrophobic hairpin
(Espesset et al.,, 1996) has been already brought up. This notion is supported by the mobility analysis

presented here for position 181R1H°,

4.3.5 Polarity measurements on colicin A single mutants in the presence of
its immunity protein

The hyperfine coupling tensor element A, reflecting the local polarity at the position of the spin label
side chain, has been determined in the presence of Cai for the ColA positions mentioned in the previous
chapter. The results are shown in Figure 4.13 in comparison to the values obtained in the absence of Cai
(see chapter 3.3.3.2). They indicate slight changes for 91R1H5 115R1H6 140R1H7, 155R1H8 181R1H9, and
198R1H10. A spin label attached at position 15RI1H! shows no significant changes in the cw low
temperature spectra, being in line with the observations from the cw room temperature spectra. Also for
position 182R1M9 no changes in polarity are observed, but here the room temperature spectra with and
without Cai were found to be slightly different. Thus, for this position in the hydrophobic hairpin the
conformational changes that can be deduced from the observed mobility changes (Fig 4.11) do not lead to
a change of the local polarity. This means for example that it is unlikely that H9 of the hairpin largely
changes its immersion depths in the lipid bilayer, indicating that the protein remains in an “umbrella”-like
structure. For all other positions investigated here, except 15R1H! 182R1H% and 198R1 on HI10,
association with Cai leads to increased polarity values, what might indicate that the helices where the spin
labels are located move more towards the aqueous phase. Indeed, keeping the ColA dimer structure model
(see Figure 4.9) in mind, it could easily be envisioned that Cai interacting with the helical hairpin of ColA

might displace some of the surrounding helices.
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Figure 4.13: Hyperfine coupling tensor elements A,, determined by polarity measurements at 160 K for
rec-mem-ColA (black) and rec-mem-ColA in presence of unlabeled wt-Cai (red).

In summary, the immunity protein seems to interact or at least influence colicin A helices H5, H6, H8, H9
and H10. Figure 4.14 visualizes on the dimer model, which helices according to the results of the mobility
and polarity measurements might be directly or indirectly involved in the interaction with Cai. A possible
mode of action could be for example an interaction of Cai with helices H6 and H9 in the membrane and
direct or indirect influence on the conformation of helices H5, H8 and H10. Nevertheless, also other

scenarios can be envisioned that would explain the observed mobility and polarity changes upon Cai

binding to ColA.

Figure 4.14: ColA-mem dimer model, indicating by yellow ribbons which helices are, according to the
mobility and polarity data, influenced by Cai binding.
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4.3.6 Distance determination on colicin A single mutants in the presence of
its immunity protein

In order to get insights into possible structural changes upon interaction between colicin A and Cai, inter
spin distance measurements on singly labeled ColA, thus determination of intermolecular distances within
the putative ColA-mem dimer, in the presence of Cai have been performed using cw-EPR and pulsed
EPR (DEER) methods. The distance distributions (Fig. 4.15 A and B, right panels) obtained by Tikhonov
regularization from the background corrected DEER time domain data (Fig. 4.15 A and B left panels).
For position 15R1H! no significant changes could be observed. The broad distance distribution centered
around ~ 3.5 nm in the absence of Cai changes to two definite peaks at 2.6 nm and 4.1 nm in the presence
of Cai. Only minor changes in the inter spin distance distributions are observed for positions 155H8, 182H
and 198H10, suggesting that the core of the dimer structure comprised by ColA’s hydrophobic hairpin
largely persists in the presence of the immunity protein. The distance distribution for position 91R1H5 is
also largely preserved , although the short distance peak appears less pronounced and shifted by about 0.5
nm to shorter distances. Thus, H5 seems to be slightly displaced or rotated upon interaction with Cai,

being in line with the observed changes in polarity.

More significant differences are observed for 115R1H6 and 181R1M9. Especially 115R116 reveals significant
narrowing of the distance distributions, indicating reduced conformational flexibility of helices H1 and H6
in der ColA dimer structure. For position 181R11 the major distance peak is shifted from ~3.9 nm to
~3.2 nm in the presence of Cai. Nevertheless, in conjunction with the observation that the inter spin
distance for the neighboring residue 182R1H° remains largely unchanged, it appears more likely that the
local environment of the labels at position 181R1 changes upon Cai binding rather than that the helix is
displaced. This would be in line with the above mentioned presumption that Cai interacts with ColA by

binding to helices H6 and H9 within the membrane, as schematically shown in Figure 4.16.



CHAPTER 4 RESULTS AND DISCUSSION | 181

T15R1_Cai

ColA with Cai

T15R1

A91R1_Cai

A91R1 1,04

F(t)

P(d)

V115R1_Cai
1,34

1,2 )

W
o | I,I\HJ,L / l‘.' It
il

V115R1 1,0

s

o094l

(l‘.
W ‘H“. ‘\n‘ ““‘ il lllil\lm ill “.m
VR A LR

0,8
0,74

0,6

1,49
S155R1_Cai ]

S155R1 10

0,94

T T T T 1 T T T T 1
0,0 05 1,0 15 20 25 2 3 4 5 6

Figure 4.15 (A): DEER spectroscopy results for ColA-mem single mutants T15R1, A91R1, V115R1 and
S155R1 in the presence (solid lines) and in the absence Cai (dotted lines). Left: The dipolar evolution
functions are shown as black lines and the corresponding fits calculated with DeerAnalysis are indicated as
red lines. Right: Resulting DEER distance distributions obtained by Tikhonov regularization.
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Figure 4.15 (B): DEER spectroscopy results for ColA-mem single mutants A181R1, V182R1 and
E198R1 in the presence (solid lines) and in the absence Cai (dotted lines). Left: The dipolar evolution
functions are shown as black lines and the corresponding fits calculated with DeerAnalysis are indicated as
red lines. Right: Resulting DEER distance distributions obtained by Tikhonov regularization.
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Figure 4.16: ColA-mem dimer model, indicating the putative Cai binding site deduced from cw mobility
and polarity data and the changes in inter spin distances observed »z DEER. The side chains where spin
labels have been attached to ColA for DEER are shown in ball and stick representation. The two
positions exhibiting the strongest influence of Cai binding are colored in red.

These data provide first insights into conformational changes colicin A undergoes in the presence of its
immunity protein. The changes in the protein backbone structure could either be caused by direct
interaction with Cai (see Figure 4.16) or by allosteric influence what has also been postulated for example
for the endonuclease immunity protein Im9 (Wallis et al., 1995) (van den Bremer et al., 2004). Based on
the observed reduction of the conformational flexibity of parts of ColA induced by Cai binding it can be
speculated that the immunity protein stabilizes an inactive channel conformation, thereby largely
increasing the energy barrier for transmembrane potential-mediated channel opening. This assumption is
well in line with the notion that one of the interaction sites with Cai identified here, 115R1H6, is part of the

voltage sensor domain (see Chapter 3.3.7.5).

In summary, the results from the cw and DEER experiments on singly labeled ColA give evidence that
the interaction of the immunity protein with the pore-forming domain already takes place in the closed
channel state, what has been previously proposed (Espesset et al., 1996) (Pilsl et al., 1998). The data
obtained in this work furthermore implies the idea that the immunity protein induces and/or stabilizes a
ColA conformation that is — probably by direct interaction with H6 of the voltage sensor domain - not
able to respond to the transmembrane potential by channel opening. Nevertheless, the available data for
the ColA-Cai complex is still limited, and for a more detailed analysis additional spin labels at positions on

all ColA helices as well as doubly labeled vatiants should be examined.
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4.3.7 Mobility analysis of spin labels attached to Cai in the presence and
absence of colicin A

As mentioned before, the four cysteine residues present in wt-Cai cannot be removed without significant
impairment of the proteins protective function on cells treated with ColA (Zhang et al. 2010). Thus,
orthogonal labeling strategies are required for site-specific spin labeling of the ColA immunity protein. To
obtain first insights into possible structural changes Cai undergoes upon interaction with ColA, spin
labeling of wt-Cai was performed. Consequently, up to four spin label side chains can be expected to be
attached to the protein, i.e. the resulting EPR spectra represent a superposition of up to four single site
spectra. The room temperature X-band cw EPR spectra obtained for spin labeled wt-Cai in the absence
(black) and presence of unlabeled colicin A-wt (red spectrum) are shown as an inset in Figure 4.17. It is
evident that spin labels attached to Cai become partly immobilized upon interaction with ColA in the

membrane bilayer.
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Figure 4:17: Classification of spin labeled rec_Cai with and without colicin A with regard to the protein
structure by plotting the inverse spectral second moment ((H2)!) versus the inverse central line width
(AH¢"). Picture modified from (Bordignon et al., 2007). Rec-mem-Cai is colored in black and rec-
mem_Cai with ColA_wt is colored in red. The cw-EPR room temperature spectra of rec-mem-Cai (black)
and rec-mem-Cai with ColA-wt (red) are shown as an inset in the Figure.

Although an analysis of the inverse spectral second moment and the inverse of the central line width does
not appear to be straightforward in this case, where wt-Cai carrying all four native cysteine was used for
spin labeling and reconstitution, a 2-dimensional plot of the two parameters (Figure 4.17) like it has been
used before, can allow for a general statement about the overall mobility of the protein in the absence and

in the presence of ColA. This analysis reveals stronger tertiary interactions for the ColA-Cai complex
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compared to Cai alone. This shows that (1) Cai with spin labels attached to the native cysteines is still able
to bind ColA, and that (ii) either one or more of the cysteine residues are involved in protein-protein
contacts, or/and Cai becomes more rigid when bound to the ColA pore forming domain. Notably, the
first assumption would be in line with the observed impairment of ColA inhibition when the cysteine
residues are mutated, whereas the second notion is in good agreement with crosslinking studies showing a

more mobile arrangement of the Cai transmembrane helices in the absence of ColA (Zhang et al., 2010).

4.3.8 Polarity measurements on spin labeled wt Cai in the presence and
absence of colicin A

The mean environmental polatity of spin labels attached to Cai has been determined in the absence and
presence of unlabeled colicin A-wt from cw spectra obtained at 160 K (Figure 4.18). The mean A, value
increases from ~ 3.54 mT to ~ 3.58 mT upon binding to ColA, indicating that at least one of the four
native cysteine residues is moved to a more polar environment. Of course, it is not possible to draw more
detailed conclusions from this data, and at the current stage it cannot be concluded that the conformation
of Cai is different in the presence and absence of colicin as suggested before (Zhang et al., 2010), as the

changes observed for the polarity are within in the error margins.
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Figure 4.18: Hyperfine coupling tensor elements A,, determined by polarity measurements for rec-mem-
Cai (black) and rec-mem-Cai in presence of unlabeled ColA-wt (red) including the low temperature
(160K) EPR spectra of Cai. Spectra of rec-mem-Cai are colored in black and rec-mem-Cai with ColA-wt
colored in red.
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4.3.9 Distance determination on rec-mem-Cai in the presence of colicin A

To further probe the influence of ColA-wt on the structure of Cai, DEER distance measurements have
been performed on spin labeled wt-Cai (Figure 4.19). The distance distribution obtained by Tikhonov
regularization for the background corrected DEER time domain trace for rec-mem-Cai without ColA
exhibits two peaks centered at 2.3 nm and 3.6 nm. In the presence of ColA the DEER form factor,
despite the low signal to noise-ratio, as well as the resulting distance distribution exhibit significant
changes. In the presence of ColA-wt the ratio between the two peaks changes and the distances appear to

be shifted to smaller values (2 nm and 3.2 nm).
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Figure 4.19: DEER spectroscopy results for spin labeled rec-mem Cai (solid line) and rec-mem Cai in the
presence of ColA-wt (dotted line). Left: The dipolar evolution functions (black) and the corresponding fits
calculated with DeerAnalysis indicated as red lines. Right: The resulting DEER distance distribution
obtained from DeerAnalysis by Tikhonov regularization.

Due to the fact that the DEER data has been obtained from spin labeled wt-Cai containing four cysteine
residues, the distance distributions cannot be analysed in terms of definite structural properties and/or
structural changes induced by ColA binding. Nevertheless, this data can cleatly confirm the above
mentioned notion that Cai exhibits different conformations, e.g. concerning the arrangement of the
helices in a putative Cai dimer, in the presence and absence of colicin A as suggested before (Zhang et al.,
2010). Moreover, assuming that not only zz#ra-molecular but also znfer-molecular interactions within the
dimer contribute to the DEER signal, the almost unaffected modulation depths of the two DEER traces
allow to assume that Cai interacts with ColA as a dimer. Thus, depending on the abundance of Cai in the

membrane, the ColA: Cai complex might have a 2:2 or 2:4 stoichiometry.
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4.4 Summary and Outlook

The immunity protein Cai, an integral inner membrane protein, protects the producing E. co/i cell from the
cytotoxic activity of its corresponding toxin, colicin A. The protein diffuses in the inner membrane to
interact with the pore-forming domain of ColA and prevents channel opening by a yet unknown
mechanism. In general, to prevent opening of the colicin A channel, two possible scenarios can be
envisioned. Either the ColA closed channel state is stabilized by Cai such that the energy barrier to reach
the open state is largely increased, or by inducing a conformation of colicin that is not competent for
channel opening. The data presented in this chapter provides more insights into the mechanism and

influence of the immunity protein Cai on the colicin A.

Mobility, polarity and interspin distances measurements for single spin label probes attached to ColA in
the presence and absence of the immunity protein Cai reveal a clear influence on the ColA helices of the
pore-forming domain in the presence of Cai. Previously it was postulated that the main region recognized
by the immunity protein Cai is the hydrophobic helical hairpin (H8, H9) (Geli et al., 1992) (Pilsl et al.,
1998) (Nardi et al., 2001). Based on the here observed mobility and polarity data it becomes clear that the
interaction between Cai and ColA takes mainly place vz the helical hairpin as suggested. Furthermore, a
clear influence on the mobility and polarity is here also observed for H6 and H10, strikingly indicating
interactions of Cai also directly with parts of the putative voltage sensor of ColA (HG). An interaction of
Cai with H6 was also suggested before by Espesset et al. (1996) for colicin E1, for which H6 has also been

proposed to act as voltage-responsive segment.

Inter spin distance measurements on singly labeled ColA furthermore suggest that the relative
arrangement of helices H1, H5, H8, H9 and H10 largely persist in the closed channel state upon
interaction with Cai. In contrast, for ColA helix 6 DEER spectroscopy reveals a strong influence of Cai
binding, providing a first hint for how Cai might prevent channel opening. It could be envisioned that Cai
induces a conformational change in/for the voltage sensor helix H6 of ColA forming a “locked” inactive
channel conformation that is not capable of voltage sensing and channel opening. Thus, the mechanism
by which Cai acts on ColA might be both, stabilization of the closed channel state by “trapping” most
ColA helices in the closed conformation and deactivation of the voltage responsive segment H6, thereby

inducing a ColA conformation that is not competent for channel opening.

Initial experiments with spin labeled wt-Cai in the presence and absence of unlabeled ColA reveal first
insights also into the immunity protein’s properties. Mobility, polarity and inter spin distance
measurements reveal (1) reduced structural flexibility in the presence of ColA-wt, (ii) increased polarity
most likely resulting from replacing Cai-lipid interactions with Cai-ColA contacts, and (iii) shorter inter-
and/or intramolecular distances, suggesting a more compact structure in the presence of ColA, thus

further supporting notion (i). Nevertheless, it has to be kept in mind that in this case wild-type Cai with
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four putative labeling positions was used for spin labeling and reconstitution. Thus, these result and

conclusions drawn thereof allow only a very general statement about the immunity protein Cali itself.

In summary, the results obtained in this thesis are in very good agreement with previous studies on Cai
and could confirm for the first time experimentally some of the assumptions made before. Moreover, the
data give rise for a mechanism how Cai can prevent channel opening. Nevertheless, this work represents
only an initial step in analysis of the ColA-Cai interaction. To get more insights into the structure of the
immunity protein, especially the three-dimensional arrangement of the transmembrane helices in the
absence and presence of ColA, it will be necessary to prepare a set of Cai single site spin label mutants for
example by using the nonsense codon suppressor methodology (Chin et al.,, 2002) in conjunction with
“Click” labeling (Hong et al., 2009). This approach is curtently under development in our group and can
therefore in the near future be applied for investigations on Cai and its interaction with the pore forming

domain of ColA.
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5. Structure and functional dynamics of Extracellular Loop
eL4 of the Eschetichia coli Na™ /proline symporter PutP

5.1 Introduction

5.1.1 Membrane transport diversity

Biological membranes represent a permeability barrier and separate the cell interior from the environment.
The exchange of components between the two compartments for small and uncharged molecules takes
place by free diffusion. On the other hand small polar and apolar molecules like ions, organic acids,
peptides and sugars cannot pass the membrane barrier by free diffusion due to their hydrophilic nature.
To allow the selective uptake and excretion of these components, biological membranes exhibit passive or
active transport systems. Passive transport through the membrane by free diffusion needs no energy,
whereas the active transport of a solute against its concentration gradient requires energy. Based on that,
the transport systems can be divided into four different classes (see Figure 5.1): (i) channels, (if) primary
transporters, (i) secondary transporters and (iv) the phosphoenolpyruvate:carbohydrate

phosphotransferase system (PTS).

Primary Transport Systems PTS Secondary Transport Systems
ATPase ABC transporters Electron transport chain Uniporter  Symporter Antiporter
§ § i 8

AP AEEAR AR
i

g

S
ADP+P,  ATP

ADP+P,  ATP

PEP  Pyruvate

Figure 5.1: Classification of the different active transporter systems. According to the utilized energy
source the transporter systems can be classified into three classes: primary transport systems, secondary
transport systems, and the phosphoenolpyruvate:carbohydrate phosphotransferase system (PTS). I*: ion
most likely H* or Na*, S: solute, ED: electron donor, EA: electron acceptor, PEP: phosphoenolpyruvate.
The Figure was adopted from D. Hilger, PhD Thesis, 2010.
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Channels are regulated by an opening and closing mechanism which can be triggered by different stimuli,
like for example voltage, ligands or mechanical forces (Kung et al., 2010) (Catterall, 2010) (Corringer et al.,
2010).

Primary transporters use enetrgy to transport molecules across the membrane. The soutces of this energy
can be either redox potentials, chemical energy — e.g. stored in molecules like ATP - light or
electrochemical gradients, that in turn can be established utilizing chemical energy. An example for
primary transporters using light as an energy source are the light-driven ion pumps bacterio- and
halorhodopsin (Lanyi, 2006) (Essen, 2002). Another example for primary transporters are the ATP-driven
transport systems. ATP-binding cassette (ABC) transporters are members of the large superfamily of
transporters which utilize the energy of ATP hydrolysis to drive the import of various substrates across

the membrane.

Secondary transport systems use the energy to transport solutes and ions across the lipid bilayer against
their concentration gradients and can be further divided into three sub-groups, (i) uniporter, (i) antiporter
and (iii) symporter. Uniporters are integral membrane proteins that couple the transport of molecules with
the solute gradient, and that are not coupled to other compounds. One example for an uniporter is the
sugar transporter GIf of Zymomonas mobilis (Weisser et al., 1995). Antiporters pump two species of ions or
solutes in opposite direction across the membrane, like the Na*/H* antiporter NhaA of E. /i (Padan et
al., 2004). In contrast to antiporters, symporters catalyze the transport of two compounds in the same
direction across the membrane. The transport principle is to use the “downhill” transport of one solute
(from high to low concentration) to “drive” another molecule uphill against its electrochemical gradient.
Well charactetized examples are the human Na*/glucose cotransporter SGLT1 (Wright et al., 1992) and
the Na*/proline symporter PutP of Escherichia coli (Jung et al., 1998 b). The last group of secondary
transporters is the so called phosphoenolpyruvate: carbohydrate phosphotransferase system (PTS), which
is only known for bacteria. This multi-component system catalyzes the phosphorylation of substrates
during their translocation by phosphoenolpyruvate (PEP), thus providing the energy for the transport

process.

5.1.2 Secondary transport systems

Secondary transporter systems form the largest and wide spread group of transporters, and can be found
in all three kingdoms of life. They transport a broad range of substrates across biological membranes like
sugars, amino acids, ions, nucleosides, organic acids, compatible solutes, vitamins, neurotransmitters,
peptides, urea, heavy metals, autoinducers, and tRNAs (Saier, 1999). Due to this high diversity of the
transported substrates, secondary transporters play a major role in numerous cellular processes. One
example facilitating catabolic as well as anabolic pathways is the proline transporter PutP of E. cw/i

(Mueckler, 1994), (Guan and Kaback 2006) (Jung, 2001). The most common energy source for uphill
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transport of substrates used by secondary transporters in bacteria is the electrochemical proton gradient
(Apm+) across the cytoplasmatic membrane. In most cases the proton gradient is built by primary proton
pumps, which use the energy of electrons provided by an electron carrier to pump protons out across the
membrane. The proton motive force (pzf or Ap) resulting from the proton gradient is composed of a pH
gradient (ApH) — due to the difference in proton concentration on both sides of the membrane - and an
electrical potential across the membrane (AW). The pzfis responsible for the movement of protons across
the membrane downhill the electrochemical gradient and this gradient can be used for osmotic,
mechanical and chemical work. One example is the FiFo-ATP synthase which uses the energy stored in
the proton gradient to synthesize ATP from ADP and phosphate (Junge et al., 1997). A popular example
for a H™- dependent transport system is the E. co// multidrug resistance protein EmrE that belongs to the
small multidrug resistance (SMR) family of transporters (Grinius and Goldberg, 1994) (Paulsen et al.,
1996). Besides the H*- dependent transport systems, a related class of transporters exists that uses Na*
instead of H* as the coupling ion. These Na*-dependent transporters, constituting the sodium/solute
symporter family (SSSF) of transport proteins, like the above mentioned E. /i Na*/proline symporter
PutP or the Aguifex aeolicus Na*/leucine symporter LeuT (Jung, 1998) (Yamashita et al., 2005), use the
sodium motive force (s7), that depends on ApNa* rather than ApH and is produced by specific Na*
pumps.

The basic mechanism underlying the function of all secondary transporters, independent of the gradient
used to drive the transport process, involves conformational changes induced by substrate binding
occuring during passage through a translocation pathway for the solutes inside the transporter protein
(Mitchell, 1991) (West, 1997). Another key determinant of function based on these transporter
movements is that the translocation pathway is accessible for the solutes only from one side of the lipid
bilayer in contrast to channels and pores that provide only passive transport driven by the gradient of the
substrate itself. A more detailed mechanistic model for active transport of solutes across the membrane by
transporter proteins is the alternating access mechanism (West, 1979) (Maloney, 1994) (Jardetzky, 1966).
According to this mechanism, the transport protein can exist in two different major conformations, an
outward-facing conformation (Co) and an inward-facing conformation (Ci). After binding and during
transport of the solutes, the transporter can also adopt a number of additional states, representing
transition states between the two major conformations. A scheme describing this mechanism is shown in
Figure 5.2. The transport cycle starts in the absence of ligands, the so called apo-state, in which the
symporter exists in an outward-facing open conformation (Co). Binding of the periplasmatic ion (I) to the
binding site results in a binary complex (Col), leading to structural rearrangement of the symporter. This
conformational change increases the affinity to the co-transported substrate (S), and binding of the
substrate generates a ternary complex (ColS). Substrate binding induces other conformational changes and
specific protein domains, so called gazes, shield the binding site from the outside of the ternary complex,
leaving the transporter in an outward-facing occluded conformation (CooclS). Further conformational
rearrangements of the ternary complex lead from the outward-facing occluded conformation to the
inward-facing orientation. First, the extracellular cavity is closed - the transporter protein adopts a

transient occluded state (CoclS). Afterwards, the intracellular cavity opens, but the intracellular gate still
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remains closed (CroclS). When the gate opens (CiIS), the subsequent release of the ion and the substrate
takes place and the transporter molecule adopts the inward-facing open apo-state (Ci). The transporter
reorientates back from the inward-facing to the initial outward-facing state (Co), passing the substrate free

occluded state (Coc), finally ending up in the apo state again being able to start the next transport cycle.

S* | ®

Figure 5.2: Schematic presentation of the reaction cycle of a secondary ion-coupled solute symporter.
The Figure is based on Forrest et al., 2011 and was adopted from M. Raba, PhD Thesis 2012. For details
see text.

Most secondary transporters share common structural features: hydrophobic, «-helical domains or
transmembrane domains (TMs) - connected by hydrophilic loops. Cutrently, three-dimensional structures
of such transporters are available for ActB (Murakami et al., 2002), AAC (Pebay-Peyroula et al., 2003),
CLC (Dutzler et al., 2002), EmrD (Yin et al., 2006), EmrE (Chen et al., 2007), GlpT (Huang et al., 2003,
Glten (Yernool et al., 2004); LacY (Abramson et al., 2003), (Guan et al., 2007) LeuTaa, (Yamashita et al.,
2005) and NhaA, (Hunte et al., 2005). Nevertheless, only some of them have been crystallized in different

conformations.

5.1.3 PutP - a member of the sodium substrate symporter family

The sodium/solute symporter family (SSSF; TC 2.A.21; SLC5) comprises several hundred representatives
in all three kingdoms of life (Jung et al., 2012). Members of this group of transporters use a preexisting
Na* gradient to drive the uphill transport of various solutes such as amino acids, vitamins ot ions across
the membrane (Jung, 2002). The human Na*/I- symporter (NIS) and the Na*/glucose transporter
(SGLT1) were shown to be involved in diseases such as iodide transport defect (Reed-Tsur et al., 2008) or

glucose-galactose malabsorption (Wright et al., 2007). Moreover, PutP-mediated proline uptake in bacteria
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plays an important role in human infectious diseases. In Staphylococcus anrens, the proline permease
contributes to the survival of the pathogen in the host organism (Bayer et al., 1999), and a knock out of

the homologous gene in Helicobacter pylori abolished its ability to colonize the stomach of model organisms

(Kavermann et al., 2003).

To understand the molecular principles of Na*-coupled transport, here the Na*-dependent proline
permease PutP of Escherichia coli was used, the functionally best-characterized member of the SSSE.
Previous studies showed that this symporter is functioning according to an ordered binding mechanism
and that Na*-coupled proline uptake is mediated with a stoichiometry of 1:1 (Yamato, 1992) (Yamato and
Anraku, 1990). For PutP a topology model comprising 13 TMs was proposed with the N-terminus facing
the periplasm and a C-terminus found in the cytoplasm (Wegener et al., 2000) (Jung et al., 1998 a). A

secondary structure model for PutP is shown in Figure 5.3.
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Figure 5.3: Secondary-structure model of the Na*/proline symporter PutP. (Jung et al., 1998) (Wegener
et al., 2000) The topology comprises a 13 transmembrane motif with the N-terminus facing the periplasm
and the C-terminus facing the cytoplasm. For a better understanding the transmembrane segments of all
members of the LeuT structural family are numbered from 1’ to 10’. Therefore the N-terminal
transmembrane segment of PutP is numbered as -1” and the C-terminal transmembrane segments as 11
and 12°. eL: extracellular loops, iL: intracellular loops. Residues involved in alteration are colored: Red:

ligand involved, blue: ligand dependent conformational dynamics, green: structural and or functional
importance.

Biochemical and spectroscopic analyses gave detailed insights into PutP’s tertiaty structure in which TM1'
and TMS8' seem to be involved in formation of a hydrophilic inward-facing cavity (Pirch et al., 2003)
(Hilger et al., 2008). Cysteine labeling experiments with TM1' were carried out, which provided the first
evidence for ligand dependent opening and closing of the cytoplasmic vestibule. Furthermore, it could be
shown that TM1' and TM8' are located close to each other, whereas TM8' contains residues which are

significant for Na* and proline binding (5340 and T341). These findings are in good agreement with
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studies on the three-dimensional structure of the leucine transporter LeuTaa, which contains comparable

polar residues (T354 and S355) important for Na* binding (Yamashita et al., 2005).

With zr vitro and in vive transport analyses, the role of amino acids for the transporter function could also
be analysed. Some positions in TM1', D55, S57 and G58, suggested the involvement in Na* and/or
proline binding (Pirch et al., 2002) (Quick et al., 1996) (Quick and Jung, 1997). In addition, it forms part
of a water filled cleft that is open to the cytoplasm in the absence of ligands and closes induced by proline
binding in the presence of Nat (Pirch et al., 2003). Furthermore, Pirch et al, (2003) identified two
additional amino acids, A48 and G63, to be fundamental for transporter function. Taken together these
results suggest that residues in TM1' and TM8' were involved in the translocation pathway of PutP, and
important for ion and substrate binding. Moreover, residues which are located halfway across the
membrane, like S340 and T341, seem to be necessary for transporter function and suggest participation in

formation of the Na*and/or proline binding pocket.

In addition, by site directed mutagenesis further residues in the hydrophilic loop domains (iL, eL)) could be
identified to be of importance. Arginine R40 in the intracellular loop il.1 is suggested to be localized in
close proximity to the ion binding site and to represent a residue being of major importance for Na*
coupling to proline transport (Quick et al., 1999). On the other hand residue D187 in the intracellular loop
domain il.3 might be involved in release of Na* into the cytoplasm (Quick and Jung, 1998). Finally, if the
negatively charged residue E311 in extracellular loop el4 is substituted by Gln or Arg, this eliminates the
transporter function of PutP completely, suggesting an involvement in transporter dynamic function
rather than in ligand binding (M. Raba, PhD Thesis, 2012: Bracher and Jung, unpublished results). The
conformational dynamics upon ligand-binding could be observed at specific PutP sites by various
spectroscopic and biochemical analyses (Wegener et al., 2000) (Jeschke et al., 2004) (Pirch et al., 2003)
(Pirch et al., 2002). Effects upon ligand binding could be identified in il.1 (L37) and TM1' (F45). Binding
of proline induces conformational changes in both of these regions of PutP, whereas Na* only has an
effect on the intracellular loop (Wegener et al., 2000). Later, interspin distances measurements between
positions L37 (iL.1) and D187 (iL3) supported this notion by revealing an increase of the main distances
upon Na* binding (Jeschke et al., 2004). Other parts of the protein that also have been identified to be
effected by ligand binding are TM6' (P252), ilL.4 (R257), el.4 (D298, 1315, 1.318) and TMS8' (C344) (M.
Raba, PhD Thesis, 2012; Pirch and Jung, unpublished information; Imrich and Jung, unpublished results).

Information about the tertiary structure of PutP is limited. Mainly spin labeling EPR studies contributed
to todays understanding of the structural features of PutP. For example, interspin distances measurements
confirmed that iL.2 and el.4 are located on opposite sides of the membrane bilayer, and that il.1, iL.2 and
iL.3 are found on the same side (Jeschke et al., 2004), in agreement with the proposed secondary structure

model for PutP shown in Figure 5.3 (Jung et al., 1998) (Wegener et al., 2000).
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Crystallization of vSGLT of Vibrio parahaemolyticus revealed first insights into the structure of SSSF
transporters at atomic resolution (Faham et al., 2008). The structure implies that the SSSF shares the same
fold with the LeuT structural family, a group of unrelated transporters that turned out to have a common
core architecture (Abramson et al., 2003) (Yernool et al., 2004) (Schulze et al., 2010) (Faham et al., 2008)
(Weyand et al., 2008) (Murakami et al., 2002) (Ressl et al., 2009) (Yamashita et al., 2005). The available
structural information on vSGLT was used to compute a homology model of PutP (Olkhova et al., 2010)

that is shown in Figure 5.4 A.

B
294 AYFNDHPALAGAVNQNAERVFIELAQILFNP324

Figure 5.4: (A) PutP homology model based on the crystal structure of the sodium/galactose transporter
vSGLT (Olkhova et al., 2010) in ribbon representation. Positions in eL.4 are marked by spheres at the

positions of the respective Co atoms. Helices TM1* (green), TM7’ (yellow), and TMS8’ (blue) are
highlighted. (B) eL.4 sequence.

Despite the increasing number of available transporter crystal structures with LeuT-like core architecture,
detailed information on the protein dynamics during the translocation cycle is still quite limited. Based on
the available structural information for LeuT, a molecular mechanism of function was proposed (Forrest
et al,, 2008) (Forrest and Rudnick, 2009). According to this model the reciprocal opening and closing of
an outward- and an inward-facing cavity is achieved by a ‘rocking bundle’ motion of two domains formed
by topologically inverted repeats, and movements of transmembrane helices (TMs) were predicted.
Recently, LeuT structures in the outward- and inward facing conformation (Krishnamurthy and Gouaux,
2012) revealed major conformational alterations for TMs 1°, 2°, 5°, 6°, and 7°. Interestingly, it was shown
that closing of the outward-facing cavity is not exclusively achieved by movements of transmembrane
helices. In Mhpl, an a-helical domain in el.4 connecting TMs 7 and 8, contributes to the formation of a

‘thick gate’ that occludes the substrate binding site (Shimamura et al., 2010). The general importance of
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this loop structure for the molecular mechanism of function of LeuT-like transporters was also supported
by biophysical measurements in LeuT (Claxton et al.,, 2010). EPR spectroscopic analyses demonstrated
that e[.4 regulates the access from the extracellular milieu to the ion and substrate binding sites upon Na*
and/or leucine binding. These data wete supported by the compatison of ctystal structures of LeuT in the
outward-open and the inward-open conformation (Krishnamurthy and Gouaux, 2012). The transition of
an outward-facing open to an inward-facing open conformation comes along with a substrate dependent
movement of el.4 into the outward-facing cavity that occludes the binding site from the extracellular
space. Furthermore, a functional role of el.4 is also described for eukaryotic representatives of this
structural family, e.g. for the serotonine transporter SERT (Mitchell et al., 2004) and the y-aminobutyric
acid transporter GAT-1 (Zomot and Kanner, 2003).

5.1.4 Aim of the work

In order to provide experimental information on the structure, dynamics and functional role of the
homologous loop eL4 of members of the sodium/solute symporter family (SSSF), a cysteine-scanning
mutagenesis of the respective domain in PutP was performed, followed by site-directed spin labeling
(SDSL) (Altenbach et al., 1989) (Altenbach et al,, 1990) (Bordignon and Steinhoff, 2007) (Klare and
Steinhoff, 2009) and electron paramagnetic resonance (EPR) spectroscopy. Single mutant spin label side
chain’s mobility, polarity and accessibility for paramagnetic quencher molecules together with inter-spin
distances for a double mutant have been obtained to unravel the structure of the extracellular loop el4
and possible structural changes thereof induced by ligand binding (Nat and Na*t and proline) to PutP

reconstituted into liposomes (Raba et al., 2014).
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5.2 Material and Methods

Cloning, expression and purification of PutP mutants, spin labeling and reconstitution were done by the
group of H. Jung at the LMU Munich, Department Biologie I, Ber. Mikrobiologie and kindly provided for
EPR experiments by Dr. Michael Raba. The following single spin-labeled derivatives were analysed:
A294R1, Y295R1, F296R1, N297R1, D298R1, H299R1, P300R1, A301R1, L.302R1, A303R1, G304R1,
A305R1, V306R1, N307R1, Q308R1, N309R1, A310R1, E311R1, R312R1, V313R1, F314R1, I315R1,
E316R1, L317R1, A318R1, Q319R1, 1320R1, 1.321R1, F322R1, N323R1, and P324R1. Double spin
labeled derivate: H299R1/A318R1

5.2.1 EPR Methods

To determine the influence of the ligands on the EPR spectra, after thawing the respective
proteoliposomes were supplemented with 50 mM NaCl or 50 mM NaCl and 10 mM proline, incubated
over night at 4°C, centrifuged and resuspended in the appropriate buffer to yield a PutP concentration of
100 — 250 uM. As negative controls, measurements were also performed in the presence of 50 mM KCl or

50 mM KCl and 10 mM proline.

5.2.2 Mobility measurements

Spin label mobility and ligand dependent changes thereof in the EPR spectra for the different PutP R1
mutants were determined from room temperature X-band cw EPR spectra, recorded using a homemade
X-band (~ 9.5 GHz) EPR spectrometer equipped with a Bruker dielectric resonator (MD5). All spectra
were obtained at 0.5 mW incident microwave power and 0.15 mT B-field modulation in 0.9 mm diameter

Glass capillaries loaded with 10 pl of the sample.

5.2.3 Temperature dependent measurements

Temperature dependent cw EPR spectra were analysed in terms of an equilibrium between two
components with different mobilities present in the spectra at ambient temperature. The EPR spectra
were recorded in the temperature range from 273 K to 303 K. The first derivative spectra were
normalized to their amplitudes and compared to each other. The relative contributions of the two
components were determined by means of the amplitudes in the low field region. The logarithm of the

ratio of the two components was analysed in terms of the free energy AG by means of a van’t Hoff plot.
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5.2.4 Polarity measurements

Low temperature cw-EPR measurements were carried out at 160 K on a homemade X-band EPR
spectrometer equipped with a Super High Sensitivity Probehead (Bruker Biospin GmbH, Rheinstetten,
Germany). The magnetic field was measured with a RMN-2 B-field meter (Drusch, Germany). A
continuous flow cryostat Oxford ESR900 (Oxford Instruments, Oxfordshire, UK) was used in
combination with an Intelligent Temperature Controller (ITC 4; Oxford Instruments), allowing the
stabilization of the sample temperature to 160 K. The microwave power was set to 0.2 mW and the B-
field modulation amplitude to 0.25 mT. EPR quartz capillaries (3 mm inner diameter) were filled with
sample volumes of 40 pl. The hyperfine tensor component values A,, as a measure for the polarity were

determined from a detailed line shape analysis using the program Dipfit (Steinhoff et al., 1997).

5.2.5 Accessibility measurements

Accessibilities were determined for the collision reagents gaseous oxygen and NiEDDA
(Ni(II)ethylenediamine diacetate) by the EPR power saturation method (Altenbach et al., 2005). 6.3 ul of
sample solution were filled into gas permeable TPX (Polymethylpenten) capillaries (Rototec Spintec
GmbH, Biebesheim, Germany) and the EPR spectra were recorded using a homebuilt cw EPR
spectrometer equipped with a loop gap resonator. The B-field modulation was set to 0.15 mT and the
applied microwave power was varied in the range from 0.1 to 50 mW. For reference measurements the
sample was deoxygenated by fluxing the resonator permanently with nitrogen gas to determine the
saturation behaviour in the absence of any exchange reagents. In order to obtain the accessibilities for the
hydrophobic oxygen molecule, nitrogen was replaced by 100 % Oz and the samples equilibrated before
recording the EPR spectra. For determination of the spin label side chain accessibility from the aqueous
phase NiEDDA with a final concentration of 20 mM was used. During the measurements a nitrogen gas
flux was applied. Before each experiment the sample was fluxed with the respective gas for at least 30 min.
Heisenberg exchange frequencies, W, were calculated using the program powerfit written by Martin

Kiihn (Kiihn, 2003).
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5.2.6 Pulsed EPR spectroscopy

Pulse EPR experiments (double electron electron resonance, DEER) were performed at X-band
frequencies (9.3-9.4 GHz) on a Bruker Elexsys 580 spectrometer equipped with a Bruker Flexline split-
ring resonator ER 4118X-MS3. 2.4 mm inner diameter EPR quartz capillaries were loaded with 30-40 pl
protein with a final concentration of 10% deuterated glycerol. For temperature control a continuous flow
helium cryostat CF935 (Oxford Instruments) regulated by an Oxford temperature controller ITC 503S
was used. All measurements were petformed using the four-pulse DEER sequence: ©/2(Uobs) - T1 — T (Dobs)
— € =7 (Vpump) — (11 + 2 — t)) — @ (Vobs) - T2 — echo (Martin et al., 1998) (Pannier et al., 2000). For the
DEER pulses at the observer frequency the < channels were used. A two-step phase cycling (+ <, - <)
was petformed on n/2(vebs). Time t* was varied, whereas 11 and 12 are kept constant, and the dipolar
evolution time is given by t = t’ — 11. Data were analysed only for t > 0. The resonator was overcoupled to
Q ~ 100; the pump frequency vpump Was set to the center of the resonator dip and coincided with the
maximum of the nitroxide EPR spectrum, whereas the observer frequency vons was ~67 MHz higher and
coincided with the low field local maximum of the spectrum. All measurements were performed at a
temperature of 50 K with observer pulse lengths of 16 ns for /2 and 32 ns for © pulses and a pump pulse
length of 12 ns. Proton modulation was averaged by adding traces at eight different 11 values, starting at
110 = 200 ns and incrementing by Aty = 8 ns. Analysis of the DEER traces was performed with the
software DeerAnalysis 2011 (Jeschke et al., 2006). Briefly, the phase corrected dipolar evolution data was
background corrected assuming a homogeneous 2D background, and distance distributions were obtained

by Tikhonov regularization with the regularization parameter « chosen based on the L curve criterion.

All resulting EPR datasets were handled and analysed as described in chapter 3.2.5 and 3.2.6
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5.3 Results and Discussion

First insights into the architecture of the SSSF proteins were gained by the X-ray crystal structure of the
sodium-coupled galactose symporter VSGLT of zbrio parabaemolyticus (Faham et al., 2008). This structure
was used to compute a homology model of PutP (Olkahova et al., 2011). Examination of this model
together with data from several EPR studies (Wegener et al., 2000) (Hilger et al., 2008) (Hilger et al.,
2009), as well as recent crystallographic and EPR investigations on the cognate bacterial homolog of a
neurotransmitter: sodium symporter, LeuT (Claxton et al., 2010), lead to the proposal that helices VIII
and IX as well as the interconnecting loop eL4 determine the accessibility of the periplasmic cavities

which bind sodium and proline.

To elucidate the structure and ligand-induced dynamics of el.4, we performed a cysteine scanning
mutagenesis and subsequent site-directed spin labeling with each individual loop position in combination
with EPR spectroscopy. Analyses of spin label mobility and polarity as well as accessibility to
paramagnetic quenchers will allow to refine this region in the present homology model, especially
concerning the extent of an «-helical segment oriented approximately perpendicular to the transmembrane

helices.

5.3.1 Structural features of eL4 in the absence of ligands

A detailed analysis of the structural features of eL.4 was carried out using four parameters: (i) the mobility
of the R1 side chain from room temperature cw EPR spectra, quantified by means of the reciprocal width
of the central resonance line, AHg, (i) the polarity of the spin label microenvironment, determined via
the hyperfine coupling tensor element A,, obtained from low temperature (160 K) cw-EPR spectra, (iii)
the accessibility towards molecular oxygen (by means of the exchange frequency W), reflecting the
accessibility to the membrane lipids; and (iv) the accessibility towards the nickel complex NiEDDA,

quantifying the accessibility of the spin label side chain from the aqueous phase.
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5.3.1.1 Analysis of the spin label mobility in the apo state

The mobility of the R1 nitroxides can provide information about the protein’s structure. Residues
attached to a helix surface or located in loop regions reveal a high mobility. In contrast, R1 side chains
bound in the protein’s interior are strongly immobilized. In a first set of experiments, X-band cw EPR
spectra of all spin labeled PutP variants have been recorded at 298 K (Fig. 5.5). All room temperature cw
EPR spectra of PutP carrying spin labels in el.4 reveal the presence of at least two spectral components
characterized by different mobilities (indicated by i = immobile and m = mobile for A294R1). This can be
a result of inhomogeneous structural constraints in the microenvironment of the spin label leading to
different stable spin label conformations (Hubbell et al., 1996) (Langen et al., 2000) or different protein

conformations in equilibrium. This issue will be discussed later.
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Figure 5.5: X band room temperature cw EPR spectra of el.4 in the ligand-free (apo) state. The spectra
were normalized by their amplitudes. Residue number is given on the right side for each spectrum. Bars
are placed at the low field spectral line to visualize the mobile and immobile components.
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As a measure for the mobility of the spin probe attached to the respective thiol group, the reciprocal
width of the central resonance line is shown in Fig. 5.6 as a function of sequence position. Inspection of
the mobility profile reveals two distinct subdomains. The most mobile R1 side chains (AHp! = ~ 2.8-4.3
mT1) in the absence of any ligand are found at positions 298-302, 304-306, and 308. For all other label
positions similar, intermediate mobilities characterized by AHg! values between 2.0 and 2.7 mT! are
observed, indicating tertiary contacts. Furthermore, the mobility values for of the more mobile region 298-
308 display a clear periodical pattern with a periodicity ~ 3.6 (indicated by the thick grey line in Fig. 5.0),
taken together indicative for a surface exposed a-helix. A similar periodicity pattern, although much less
expressed, can also be found in the region flanked by positions 310 and 318. Mobility values and pattern
are in line with an o-helix involved in several tertiary contacts. An a-helical secondary structure for this
part of el4 (residues 313 to 317) has already been proposed from the vSGLT-based PutP homology
model (Olkhova et al. 2010).
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Figure 5.6: Cw EPR analysis of el.4 in the ligand-free (apo) state. Mobility parameter AH¢'; the estimated
error is £0.01 mT" due to uncertainties of the line width determination in the presence of multiple
components (cf. Fig. 5.5).

5.3.1.2 Analysis of the spin label polarity in the Apo state

In the next part of this study the hyperfine coupling tensor element A,, as a measure for the polarity of
the R1 side chain’s environment has been obtained from low temperature (160 K) cw-EPR spectra (Fig.
5.13). The resulting polarity profile for el.4 in the absence of ligands is shown in Figure 5.7. Only position
298 exhibits an A,, value characteristic for residues fully exposed to the bulk water phase (A, = 3.6-3.7
mT) (Steinhoff et al., 2000) (Plato et al., 2002). The polarity profile displays strong variations with A,
values ranging from 3.37 mT (pos. 319) to 3.64 mT (pos. 298), and reveals two subdomains with different
mean polarities. The N-terminal part of el.4 (294-305) is located in a more polar environment (A,, = 3.52
mT) than the C-terminal part (306-324, A,, = 3.46 mT). Furthermore, as already observed in the mobility

analysis, periodical patterns are also observed in the polarity profile. Both subdomains exhibit clear
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patterns with periodicities of ~ 3.6 as indicated by the harmonic graphs in Figure 5.7. In the N-terminal
region, the periodicity is not as pronounced as in the succeeding part. Consequently, the polarity analysis
indicates the presence of two a-helical segments with different environmental polarity and involvement in

tertiary contacts.
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Figure 5.7: Cw EPR analysis of el.4 in the ligand-free (apo) state). Polarity parameters A,, determined
from the fitting of simulated spectra to the experimental ones obtained at 160 K.

5.3.1.3 Analysis of the spin label accessibility in the Apo state

In the third set of experiments, accessibility measurements have been carried out to supplement the
interpretation of the mobility and polarity data. The Heisenberg exchange frequencies We have been
determined in the presence of oxygen (100 %) and 20 mM NIiEDDA by cw EPR power saturation
measurements. A spin label at a water exposed site is associated with a large exchange frequency with
NiEDDA and a low accessibility for oxygen, whereas a higher accessibility for oxygen indicates a spin
label located in the membrane interior. Buried sites are characterized by low collision frequencies for both
quenchers. The accessibility profiles for oxygen and Ni are shown by means of the respective W values
in Figure 5.8. The Ni-accessibility profile reveals the same two-subdomain organization of el4 as the
mobility and polarity profiles. The two regions of a-helical periodicity are characterized by different Ni-
accessibilities and thus different exposure to the bulk water phase. The same periodical patterns are
observed in the oxygen-accessibility profile, where the different environments of the two subdomains are

also reflected in different mean oxygen accessibilities, but less expressed compared to Ni.
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Figure 5.8: Cw EPR analysis of el.4 in the ligand-free (apo) state). Accessibilities for oxygen (100 %) and
NiEDDA (20 mM) in terms of the Heisenberg exchange rates, Wey.

The combined results from the mobility, polarity and accessibility analyses provide strong indications that
ell4 comprises two a-helical segments, one in the N-terminal half (residues 295/296-306/307, in the
following denoted el4a) and one in the C-terminal half (residues 311/312-321/322, eL4b). Furthermore,
eL4b appears to be significantly more closely associated to the rest of the protein than elL4a. As already
described all of these spectra reveal the presence of two spectral components and it has to be taken into
account that the peak-to peak line width is dominated by the mobile component even though it is the

minor one.

5.3.2 Structural changes upon binding of Na* and/or proline

5.3.2.1 Analysis of the spin label mobility upon ligand binding

To track the dynamics of el.4 during the transport cycle, the influence of Na* and/or proline binding on
spin label mobility, polarity and accessibility were tested. Room temperature cw EPR spectra recorded in
the presence of Na* and/or proline reveal only slight changes in the EPR spectral shape (Fig 5.9) and
therefore small changes in AH¢! (Fig 5.10). Significant changes in spin label side chain mobility upon
ligand binding are only observed for positions 298 (Na*/P: AHg! = + 0.57 mT"), 300 (Na*/P: + 0.48
mT1), 305 Na*/P: + 0.43 mT), 306 Nat/P: + 0.47 mT""), and most expressed for positions 314 (Na*:
-0.85 mT-1: Na*/P: - 0.94 mT"!) and 320 (Na*/P: + 0.79 mT!) in eL4b. In general, the mobility of the spin
label side chains was less affected by binding of Na* alone compared to the influence of Na* and proline.
Furthermore, addition of Na* alone causes weak and unsystematic changes of spin label mobility in both
directions, whereas Na*/proline resulted with few exceptions (295, 302 and 314) in increased mobilities of

the spin labels.
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Figure 5.9: X band room temperature cw EPR spectra of e[.4 in the presence of ligands (50 mM Na* and
50 mM Na*/10 mM proline). The spectra wetre normalized by their amplitudes. Residue numbers are
given on the left side for each spectrum. Bars are placed at the low field spectral line to visualize the
mobile and immobile components.
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Figure 5.10: Cw EPR analysis of eL.4 in the presence of ligands (50 mM Na* and 50 mM Na*/10 mM
proline). Mobility parameter AHg, the estimated error is £0.01 mT-! due to uncertainties of the line width
determination in the presence of multiple components.

Most cw RT EPR spectra of spin labeled PutP variants, exhibit at least 2 components characterized by
different mobilities. Since the reciprocal central line width is strongly biased by the mobile component of
the spectrum, for a more precise interpretation of spin label dynamics the inverse of the spectral breadth
(second moment, <H 2>-1) was calculated from all cw RT EPR spectra. In contrast to the inverse central
linewidth, the inverse second moment reflects the influence of the immobile component rather than the

mobile component.

In Figure 5.11, the spectral second moment is plotted versus the inverse linewidth for each position in the
apo state (Fig. 5.11 A), and in the presence of Na* (Fig. 5.11 B) and Na*/proline (Fig. 5.11 C). The
correlation between these two parameters allows a general classification of regions accommodating buried,

surface-exposed, or loop residues as indicated in Figure 5.11 (Bordignon and Steinhoff, 2007).

0,50 T . . . . . ———— .
looplsurface B ' looplsurface C ' ' looplsurface
0,48 2304 4 2304 4
N 4 N-terminus, eL4A
[~ 046 * C-terminus, eL4B 301 b
£ -G
~ 044 38 308
D 304
Lo “ 1
E 301
0,40 E
v
0,38
looplcontact
+ Iy
0.3 Na _ belscontaet /

30 35 40 45501015 20 25 30 35 40 45501015 20 25

AH'(mT")

Figure 5.11: Two-dimensional mobility plot of the inverse of the second moment versus the inverse of the
central linewidth for eL.4 in the absence (A) and presence of ligands (50 mM Na* (B) and 50 mM Na*/10
mM proline (C)). Topological regions of the protein according to (Isas et al., 2002) and (Mchaourab et al.,
1996) are indicated by boxes.
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The 2-dimensional mobility plots reveal most residues to be located in helix/contact and helix/surface
regions. Exceptions are positions 300-302, 304 and 308 on el.4a. These residues show significantly higher
mobilities and are also most affected by substrate binding. Strikingly, immobilization of spin label side
chains at these positions imposed by sodium binding seems to be largely reverted by additional binding of
proline. Another striking feature visible from the 2D plots is the behavior of position 314. In the apo state
it is located in the borderline area between the helix/buried and helix/contact regions. Upon addition of
sodium it exhibits, as already seen from the mobility plot in Fig. 5.10, strong immobilization that is even
enhanced in the additional presence of the second substrate proline. In line with these observations are
the very low accessibilities for the spin label at this position towards both oxygen and NiEDDA,

indicating this side chain to be deeply buried in the protein interior (Fig. 5.14 A, B).

Interestingly, this residue, F314, appeats to be “locked” in a hydrophobic pocket in the PutP homology
model (Olkhova et al., 2010), suggesting that the homology model might represent PutP in a substrate
bound form and furthermore that F314 might play a key role in stabilizing the substrate bound

conformations of el 4.

5.3.2.2 Analysis of the spin label polarity upon ligand binding

In Figure 5.12 the results of the polarity measurements in the presence of ligands are shown. In general,
addition of Na* causes only slight changes in A,, (max. - 0.06 mT for position 305). The N-terminus (295-
298, in el.4a) experiences a slightly less polar environment, but for H299R1 the environmental polarity
increases. Contrarily, the stretch 306-314 (mostly el4b), succeeding residue 305, that exhibits the most
expressed shift towards a more apolar environment is shifted to a more polar region. The additional
presence of the substrate proline leads to an overall shift for almost all residues (exceptions are D298R1,

A305R1 and I320R1) to a more polar, i.e. more surface-exposed region.

294 296 298 300 302 304 306 308 310 312 314 316 318 320 322 324

M7 7T T T T 1T T 171 71713370

3.65
3.60
3.55
3.50
3.45
3.40
335 L0 e Y a1 1335

294 296 298 300 302 304 306 308 310 312 314 316 318 320 322 324

apo
=y~ Na

PR I ST BT R T

residue number

Figure 5.12: Cw EPR analysis of el.4 in the presence of ligands (50 mM Na* and 50 mM Na* /10 mM
proline). Polarity parameters A,, determined from the fitting of simulated spectra to the experimental ones
obtained at 160 K.
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5.3.2.3 Analysis of the spin label accessibility upon ligand binding

Accessibility measurements with spin labeled PutP derivatives in the presence of Nat reveal a strong
increase in oxygen accessibility (Fig. 5.14) for residues in eL4b (positions 309-311, 313, 315-322 and 324),
but much weaker and less systematic changes for el 4A (AW (O2) < 0: 294-301, 303; AW (O2) > 0: 302,
304-308). The additional presence of the second substrate proline had a largely contrary impact on the
oxygen accessibilities. In the N-terminal part, el.4a, positions 297-300 now experience increased oxygen
accessibilities, whereas for the remaining positions either no changes compared to Na* alone or only slight
further changes in the same direction are observed. In the C-terminal part, eL4b, addition of proline leads
to oxygen accessibilities more similar to the apo state, although most We values tend to be slightly
reduced in the presence of both substrates. The accessibilities towards the water-soluble NiEDDA
complex are in general more affected by Na* alone, leading to increased We, values in most cases.
Exceptions are D298R1, A305R1 and A318-1320, being those residues that already showed an exceptional
behavior in the polarity analysis. In the presence of both ligands either no additional changes in Ni
accessibility are observed, or the We values are more similar to those in the apo state. Exceptions are

positions 299-301 and 308 that show a significant further increase in Ni accessibility in the presence of

proline.
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Figure 5.14: Cw EPR analysis of eL4 in the presence of ligands (50 mM Na* and 50 mM Na*/10 mM
proline). (A) Accessibilities for oxygen (100 %) in terms of the Heisenberg exchange rates, We.. (B)
Accessibilities (Wey) for NIEDDA (20 mM).
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Interpretation of the accessibility data in terms of localization of the respective side chain with respect to
the rest of the protein is not straightforward, as the accessibility of a spin label side chain is influenced not
only by steric aspects, i.e. here the close interaction of el.4 with the rest of the protein, limiting oxygen
and NiEDDA diffusion around the side chain under investigation. PutP is a membrane spanning protein
and therefore the vicinity of the hydrophobic core of a lipid bilayer has also strong influence on the local
oxygen and NiIEDDA concentrations. In case of possible motions of el.4 perpendicular to the membrane

plane these two effects might counteract each other and mask conformational changes to a certain extent.

Inspection of the mobility, polarity and accessibility traces in in terms of secondary structure reveals that

the periodical patterns characteristic for a-helical structures persist also in the presence of substrates.
Even though the addition of Nat* and/or proline led to changes in the mobility, polarity and most
expressed in oxygen accessibility, no structural rearrangements within the putative a-helical structures
seem to take place. The data rather suggest ligand-induced movements of el.4 as a rigid body and that the

observed changes are due to changes in the interaction between el.4 and the rest of the protein.

5.3.3 Probing structural changes of eL.4 with DEER spectroscopy

To further probe the influence of substrate binding on the structure and function of el.4, a double-
cysteine mutant was measured comptrising cysteine substitution for residues H299 and A318, predicted to
be located in the second helical turn of elL.4a and the second-last helical turn of eL4b, respectively, to
monitor the relative alignment of the two predicted a-helices in the absence and in the presence of
substrate(s). After spin labeling pulsed EPR interspin distance measurements applying the double
electron-electron resonance (DEER) technique have been carried out. The distance distribution (Fig. 5.15
B) obtained by Tikhonov regularization of the background corrected DEER time domain trace (Fig. 5.15
A) exhibits two populations centered at 2.7 and 3.8 nm. Even though the oligomeric state of PutP still
remains to be elucidated, previous EPR studies applying DEER spectroscopy revealed no evidence for
intermolecular spin-spin interactions (Jeschke et al., 2006). Therefore both distance populations have to
result from intramolecular spin-spin couplings and the observed bimodal distance distribution must result
cither from two protein conformations in equilibrium or from two discrete rotamer populations imposed
by strongly anisotropic secondary and tertiary contacts for the spin label side chain at least at one of the

two labeled sites.

The addition of the substrates Na* or Na* and proline causes only minor changes in the DEER traces and

resulting distance distributions (Fig. 5.15).
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Figure 5.15: DEER PutP299/318, apo, Na* and Na*P. (A) Background corrected DEER time traces.
Background correction has been performed assuming a 2-dimensional distribution of the PutP molecules
on the unilamellar vesicles. The fits to the experimental data (dotted lines) have been performed by
Tikhonov regularization (B) Distance distributions obtained by Tikhonov regulatization corresponding to
the fits shown in (A).

This observation implies that the relative arrangement of the two helices largely persists during the
conformational changes induced by substrate binding. The minor changes observed in the distance
distributions, namely a slight decrease of both distances in the bimodal distribution by 1-2 Aanda change
in their relative contributions could be caused by changes of the spin label side chain environment and

consequently its motional freedom induced by substrate-induced motions of el4 as a rigid body.

In the present study mobility, polarity and accessibility parameters were determined for spin label probes
attached at all positions within the extracellular loop eL.4 of membrane-reconstituted PutP for the apo and
substrate bound states. Based on the observed clear periodicity of 3.6 residues found for almost all of the
EPR parameters determined we identified, contrary to the homology model of PutP, that predicted just
one a-helical domain from V313 to G319 (Olkhova et al., 2010), two a-helical regions within el.4. The
first helix spans residues 295/296-306/307 (el.4a) and the second helix is found to include residues
311/312-321/322 (el4b). This observation further links the sodium/proline symporter PutP to other
members of the SSSF, namely the sodium/glucose transporter vSGLT, where two such o-helices (EL8a
and EL8b) in the homologous loop domain were identified (Faham et al., 2008). Furthermore, crystal
structures of LeuT, a member of a family of unrelated transporters that share the same fold with the SSSF,
showed the presence of two short a-helices also named el.4a and eL.4b (Abramson et al., 2003) (Yernool
et al., 2004) (Schulze et al., 2010) (Faham et al., 2008) (Weyand et al., 2008) (Murakami et al., 2002) (Ressl
et al, 2009) (Yamashita et al., 2005), indicating that two a-helices are a common feature in the
corresponding loop domains, except for Mhpl and BetP in which only one secondary structural element

was observed. Also biochemical studies on the homologous loop in the serotonin transporter SERT, a
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eukaryotic representative of this structural family, identified two a-helical domains, connected by a hinge

(Mitchell et al., 2004).

A functional role of el.4 has been described for almost all representatives of this structural family. A
cysteine-accessibility analysis of SERT supports the idea that el.4 undergoes conformational alterations
during the transport cycle (Mitchell et al., 2004). As observed for LeuT and Mhp1, a direct participation of
any residue of el4 in substrate binding could not be shown, but it has been proposed that this region
together with the two flanking transmembrane helices determine the accessibility of the periplasmic
cavities which bind the substrates. For LeuT such a functional role for el.4 has been proposed based on
the results of another SDSL EPR study (Claxton et al., 2010), where motions of el.4 during transport have
been identified #za inter spin distance measurements. Furthermore, recently obtained crystal structures of
LeuT in different states of the transport cycle (Krishnamurthy and Gouaux, 2012), provided valuable
insights into the putative function of el4 as part of an extracellular gate determining substrate
accessibility. The transition of an outward-facing open to an inward-facing open conformation comes
along with a substrate dependent movement of el4 into the outward-facing cavity that occludes the
leucine binding site from the extracellular space. A similar mechanistic role of the corresponding loop was
also proposed for the eukaryotic y-aminobutyric acid transporter GAT-1 (Zomot and Kanner, 2003). The
authors found that at least parts of el.4 are involved in structural rearrangements during transport, but in
contrast to SERT, LeuT and Mhpl, a direct or indirect participation in GABA interaction has been

suggested.

The data obtained for PutP in the presence of the substrates sodium and sodium/proline further supports
this functional role of el.4 in the transport cycle. Analysis of the changes observed in mobility, polarity
and accessibility upon substrate binding unambiguously reveals structural alterations without significant
disturbance of secondary structure, namely the two helical segments el.4a and eL4b. Furthermore, inter
spin distance measurements between two positions located on elL4a and eL4b, respectively, suggest that

not only the secondary structure of el4 is largely preserved during transport, but also the relative

arrangement of the two a-helices remains largely unaltered.

5.3.4 Analysis of the spectral two-component system for PutP

As already mentioned and visible from Figures 5.5 and 5.9, all room temperature spectra of PutP carrying
the spin label in el.4 reveal the presence of at least two spectral components characterized by different
mobilities. The presence of two resolved components, a mobile and an immobile one, could also be
observed for specific residues of other membrane proteins like KesA, Rhodopsin (Kroncke et al., 2010)
and Bacteriorhodopsin (Steinhoff et al., 2000). As an example position 165R1 in BR exhibits an
equilibrium between two spinlabel populations with different mobilities (Steinhoff et al., 2000). Therefore

the presence of these spectral components in el.4 of PutP can be a result of inhomogeneous structural
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constraints in the microenvironment of the spin label leading, to different stable spin label conformations
(Hubbell et al., 1996) (Langen et al., 2000) or different protein conformations in equilibrium. As also
mentioned for colicin A in chapter 3, it seems very unlikely that the spectral components are only caused

by different rotamer conformations in all 30 examined PutP derivates.

5.3.4.1 Influence of the temperature on the spectral features in the Apo state

In order to get more insights, temperature effects on the spectral features of 14 specific residues of el.4 in
PutP in the absence of ligands were analysed by cw EPR. The cw EPR spectra were recorded in the
temperature range from 273 K to 303 K. As already visible from Figure 5.16, lowering the temperature
leads to an increase of the immobile (i) component and a concomitant decrease of the mobile (m)

component, thereby shifting the equilibrium between the two conformations.

294 308

Figure 5.16: Temperature influence on spectral features of the reconstituted el4 residues in PutP. The
spectra were recorded in the temperature range from 273 K to 303 K. As example for the cw spectra the
residues 294 and 308 are presented. Lowering the temperature leads to an increase of the immobile (i)
component and a concomitant decrease of the mobile (m) component.

From the temperature dependent spectra the ratios between the mobile and immobile components have
been determined by means of their amplitudes, as it could be shown by fitting selected spectra (data not
shown) with the program multicomponent (Altenbach, Altenbach/labview-programs/ept-

programs/multicomponent) that the amplitude ratios are equal to the spin number ratios.
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Figure 5.17: Plots of the natural logarithm of the ratio of the two conformations represented by the two
spectral components, In f5/f; (determined from the amplitudes of the components in the temperature
dependent cw EPR spectra), versus the inverse of the temperature (van’t Hoff plots) for the investigated
PutP variants. The resulting AG values in k] /mol ate given in the respective plots.
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Plots of the natural logarithm of the ratio of the two conformations represented by the two spectral
components, in f2/fi, versus the inverse of temperature (van’t Hoff plots, Figure 5.17) provide the AG
values for the transition between the two states representing the two components in thermodynamic

equilibrium (Figure 5.18).

The AG values for positions in eL4 vary between 29.0 — 41.3 kJ/mol (7-10 kcal/mol) with the only
exception for position 305 whith a AG value of about 19 kJ/mol (4.5 kcal/mol). Kroncke et al. (2010)
suggested that AG values of about 4 kcal/mol correspond to different side chain rotamers at a helical site,
explained by the observed nontraditional hydrogen bond contributing approximately 2 kcal/mol, and the
stability of the conformer in the crystal structure due to the buried surface area another ~2 kcal/mol
(Kroncke et al., 2010). For position 1204R1 of LeuT a AG value of 7 kcal/mol was observed and the
authors suggested that this energetic difference between the two populations is closer to the expected
value of side chain rotamers, although they do not exclude that secondary or tertiary changes of LeuT

takes place which could also be contribute to the population enthalpy difference.

114

AG (kcal/mol)
i

204 296 298 300 302 304 306 308 310 312 314 316 318
residue number

Figure 5.18: AG values in kcal/mol for the different PutP positions. The range corresponding to the
value for different side chain rotamers is marked with red dotted lines (Kroncke et al., 2010).

The predominately identical AG values of about 29.0- 41.3 kJ/mol (7-10 kcal/mol) for positions on el.4
determined in this study, being significantly larger than 4 kcal/mol, thus imply that the two spectral
components may arise from an equilibrium between different protein conformations rather than from a
spin label side chain rotamer equilibrium. However, the existence and contribution of the latter cannot be
completely excluded. For position 305, showing an exceptional low AG value, the presence of both
equilibria with opposing energy trends for the conformational transition of the protein and the resulting

label side chain rotamer transition can be assumed.
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5.4 Summary

PutP is an integral membrane protein located in the cytoplasmic membrane of Escherichia coli, being
responsible for the coupled transport of Na* and proline in a 1:1 stoichiometry. It belongs to the family of
sodium solute symporters (SSSF). Three dimensional structural data for PutP are at the moment not
available, but a homology model has been developed based on the crystal structure of another member of
this protein family, the Na*/galactose symporter vSGLT of Vibrio parabaemolyticus (Olkhova et al., 2011).
In this chapter a site directed spin labeling electron paramagnetic resonance investigation on the
sodium/proline symporter PutP part el.4 is described that was carried out to elucidate its structural and
functional features. A series of spin-labeled mutants (kindly provided by Dr. Michael Raba, LMU Munich)
was engineered to analyse the structure of eL.4 in PutP, and its functional relevance compared with other

members of this protein family.

The results obtained in this work reveal a clear periodicity of 3.6 residues corresponding to an a-helix for
almost all of the EPR parameters like mobility, polarity and accessibility for two region. The first helix of
el4 in the N-terminal part, el.4a, spans positions 296-306, whereas the second, C-terminal helix, eL.4b,
comprises positions 312-321. Therefore el.4 in PutP forms a helix-loop-helix structure. This observation
is in agreement with observations for other members of the of the SSSF, like the sodium/glucose
transporter vSGLT, which contains two such a-helices (EL8a and EL8b) in the homologous loop domain
(Faham et al., 2008) (Watanabe et al., 2010). Furthermore, crystal structures of LeuT, a member of a

family of unrelated transporters that share the same fold with the SSSF, showed the presence of two short

a-helices also named el.4a and el.4b (Abramson et al., 2003) (Yernool et al., 2004) (Faham et al., 2008;
Murakami et al., 2002). An «-helical structure like e.4b in PutP seems to exist in all protein structure with
the LeuT-fold (Schulze et al., 2010) (Yamashita et al., 2005) (Weyand et al., 2008) (Ressl et al., 2009)
Schulze et al., 2010). The mobility and polarity data show furthermore that the two a-helical segments are
involved to different extents in tertiary contacts and also exhibit different environmental polarities. The
polarity profiles indicates the location of the N-terminal part (e.4a) in a more polar environment than the
C-terminal part (eL4b) and the mobility profile for el.4a exhibits values for the inverse line width typical
for a surface exposed label in an o-helical region, whereas eL.4b seems to be more involved in tertiary

contacts due to a closer contact to other protein components in PutP.

All room temperature spectra for PutP reveal the presence of two spectral components characterized by
different mobilities. In order to investigate and verify the origin of the two spectral components,
temperature-dependent (273 K to 303 K) cw X-band EPR measurements were carried out on different
PutP variants in the absence of ligands. Lowering of the temperature leads to an increase of the immobile
(i) component and a concomitant decrease of the mobile (m) component, thereby shifting the equilibrium

between the two conformations. From the determination of this temperature dependency on the spectral
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features compared to results obtained for LeuT (Kroncke et al., 2010) the AG values imply the idea that

el4 is involved in a protein conformational equilibrium at room temperature.

The cw EPR data obtained for PutP in the absence and presence of the ligands Na* and Na*/proline
further imply the idea of el.4 functioning as an external gate to the SSSF. The ligand-induced changes
observed in mobility, polarity and accessibility upon substrate binding are small, but indicate significant
structural alterations without large disturbance of secondary structure. Only two spin-label positions,
where hydrophobic residues have been substitited, F314R1 and F310R1, demonstrate large substrate-
dependent changes in mobility and polarity. A special case appears to be position F314, this residue
exhibits low accessibility to both quencher molecules, Oz and NiEDDA, and shows very low mobility and
environmental polarity, indicating that this side chain is deeply buried in the protein interior. Careful
inspection of the homology model and comparison to other transporter structure with the LeuT fold lead
to the conclusion that Phe314 in el4b of PutP anchors the loop in the core of the protein and is in

hydrophobic contact with the extracellular terminus of cTM1 (Raba et al., 2014).
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