Transport mechanism of a multidrug resistance

protein investigated by pulsed EPR

spectroscopy

inward-fa'cirig TmrAB

Ac (ATP)
AG'/AHY/AS’

ATP

outward-facmg TmrAB

Dissertation

for attaining the PhD degree of Natural Sciences

Submitted to the Department 14
of the Johann Wolfgang Goethe University
in Frankfurt am Main
by

Katja Barth

from Wiesbaden, Germany

Frankfurt am Main 2019

(D30)






Accepted by Department 14: biochemistry, chemistry and pharmacy

of the Johann Wolfgang Goethe University as a dissertation

Dean: Prof Clemens Glaubitz
First expert assessor: Prof Thomas F. Prisner
Second expert assessor: Dr Benesh Joseph

Date of the disputation: 14.11.19






"The past can hurt. But the way | see it, you can either run from it, or learn from it."

— Rafiki, The Lion King

In memory of
Volker Barth (1959-2016)

Balou (2002-2015)






Abstract

In human several diseases result from malfunctions of ATP-binding cassette (ABC) systems,
which form one of the largest transport system superfamily. Many ABC exporters contain
asymmetric nucleotide-binding sites (NBSs) and some of them are inhibited by the transported
substrate.! For the active transport of diverse chemically substrates across biological
membranes, ABC transport complexes use the energy of ATP binding and subsequent
hydrolysis. In this thesis, the heterodimeric ABC exporter TmrAB?® from Thermus
thermophilus, a functional homolog of the human antigen translocation complex TAP, was
investigated by using pulsed electron-electron double resonance (PELDOR/DEER)
spectroscopy. In the presence of ATP, TmrAB exists in an equilibrium between inward- and
outward-facing conformations. This equilibrium can be modulated by changing the ATP
concentration, showing asymmetric behaviour in the open-to-close equilibrium between the
consensus and the degenerate NBSs. At the degenerate NBS the closed conformation is more
preferred and closure of one of the NBSs is sufficient to open the periplasmic gate at the
transmembrane domain (TMD).® By determining the temperature dependence of this
conformational equilibrium, the thermodynamics of the energy coupling during ATP-induced
conformational changes in TmrAB were investigated. The results demonstrate that ATP-
binding alone drives the global conformational switching to the outward-facing state and allows
the determination of the entropy and enthalpy changes for this step. With this knowledge, the
Gibbs free energy of this ATP induced transition was calculated. Furthermore, an excess of
substrate, meaning trans-inhibition of the transporter is resulting mechanistically in a reverse
transition from the outward-facing state to an occluded conformation predominantly.® This
work unravels the central role of the reversible conformational equilibrium in the function and
regulation of an ABC exporter. For the first time it is shown that the conformational
thermodynamics of a large membrane protein complex can be investigated. The presented
experiments give new possibilities to investigate other related medically important transporters

with asymmetric NBSs or other similar protein complexes.
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1 Introduction

1.1 Overview of methodological approaches to investigate membrane proteins

The class of membrane proteins plays a major role in cell communication, transport across
membrane barriers, the use of energy and also in triggering the initiation of signalling
pathways.* As membrane proteins are important drug targets, structure determination and
the transition from structure to mechanism become highly important.*® In primary active
transporters, like ATP-binding cassette (ABC)-transporters, the energy is delivered by ATP
hydrolysis and in secondary active transporters by ion translocation.>

Due to their specific functional role proteins can have different conformational dynamics
or underlying mechanisms, although they adopt similar folds.® There are various methods
that can address different questions in the investigation of the structure and function of an
ABC transporter. Although the structure of a membrane protein or also a homology model,
if a structure determination is not possible, gives a lot of information about the protein, it
remains a static picture.” Yet, by knowing the structure it becomes possible to plan
experiments on a reasonable basis.’

For the determination of the fundamental structure, methods that can be used include X-ray
crystallography, Small Angle X-ray Scattering (SAXS) or Cryo-Electron Microscopy
(Cryo-EM). With X-ray crystallography it is possible to resolve the atomistic structure with
a high resolution (standard medium resolution starts at 2.7 A, a 1.2 A resolution can resolve
the full atomic constitution®), but due to crystal packing it is not possible to gain information
about the structure and dynamics of molecules in their natural environment for membrane
proteins. Moreover, it is challenging in crystallography to find the ideal conditions to
crystallize the protein and to resolve its different conformational states. Another possibility
for structure determination is SAXS, which gives a snapshot of the thermodynamic state in
a buffer solution, without broadening or attenuation of the signal, if applied to dynamic or
flexible systems.® While in X-ray crystallography a crystalline order is necessary for
diffraction reflections, scattering of a macromolecule with SAXS is always possible.
Nevertheless, SAXS is a low-resolution method, which can gain resolutions of 10-20 A.*
In addition to that, Cryo-EM is a widely used method to solve structures since this method
can also investigate biologic macromolecules in different conformations in their native
environment.!* In comparison to X-ray spectroscopy, a smaller amount of sample is
required and furthermore very large protein complexes can be investigated.!! In Cryo-EM
a lower molecular weight limit is the main challenge, which is expected around 38 kDa and
is characterized by a low signal to noise ratio.!

17
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If a structure is resolved, other methods are required to get further insights into the function,
dynamics and mechanisms of membrane proteins since the structure only gives a static
picture as already mentioned. At this point spectroscopic methods like nuclear magnetic
resonance (NMR), electron paramagnetic resonance (EPR) or Forster resonance energy
transfer (FRET) can be used, which gain insight in different time scales and amplitude of
structural changes.® In the case of liquid-state NMR, it is possible to resolve the structure
and heterogeneity of proteins at high resolution and to monitor conformational changes of
the backbone to the domain levels with high sensitivity. Nevertheless, most membrane
proteins are not suitable for liquid-state NMR,® because of size restrictions (up to 50 kDa).?
These restrictions can be partially overcome with solid-state NMR (ssNMR) together with
magic angle spinning (MAS).2® With ssNMR it is moreover possible to investigate
membrane proteins in phospholipid bilayers, which give a similar environment compared
to biological membranes in contrast to detergent solutions.*® To overcome the small energy
difference of the nuclear spin states and the small Boltzmann polarization, which leads to
the intrinsically low sensitivity of liquid NMR and ssSNMR, it is possible to use dynamic
nuclear polarization (DNP).* With DNP the high polarization of an electron spin can be
transferred to a nuclear spin like *H or *C, which results in an increase of the NMR signal.**
Based on the nuclear overhauser effect (NOE) it is possible to determine qualitatively
distances in proteins with NMR spectroscopy. With the development of two-dimensional
NMR spectroscopy nuclear overhauser effect spectroscopy (NOESY) experiments can be
used to obtain distance restraints in the range of 0.5-0.7 nm.® To determine longer distances
with NMR spectroscopy, Residual Dipolar Couplings (RDCs) or Paramagnetic Relaxation
Enhancement (PREs) (3 — 3.5 nm) are detected, which are both labelling-based
techniques.®

FRET! and EPRY"!® are important techniques to investigate membrane proteins since they
are not dependent on the size of the biomolecule which is of interest.

With single-molecule FRET, it is possible to monitor the kinetics of a conformational
change of individual molecules, in a distance range of 1-10 nm.*® Yet, relatively large
labelling-probes are necessary, which is a limiting factor for placement of the probes in the
sequence and might affect conformational changes of the membrane protein. In addition,
the extraction of distances from FRET efficiencies is not straight-forward.6-6:19

The analysis of a spin-labelled protein with EPR makes it possible to directly observe
structural rearrangements in domains and secondary structural elements in detergent

micelles, proteoliposomes and nanodiscs. Furthermore, small amounts of proteins are



sufficient for EPR measurements because of a larger Boltzmann polarization compared to
NMR. Finally, the typically smaller probe size of EPR spin labels gives negligible structural
and functional perturbations of the conformations and the shorter linker leads to higher
accuracy of the observed distance distribution compared to FRET.® With continuous wave
(cw) EPR it is possible to measure distances up to 1.8 nm and to investigate dynamics.'® To
measure larger distances with EPR spectroscopy, pulsed techniques like pulsed electron-
electron double resonance (PELDOR) are necessary, which is also called double electron-
electron resonance (DEER). With PELDOR it is possible to measure distances in the range
of 2-8 nm.*820 For longer distances Carr-Purcell pulsed electron-electron double resonance
can be used, where the time window can be prolonged.?

Besides the afore mentioned experimental approaches, molecular dynamics (MD)
simulations can be used to study membrane proteins.?? Various improvements in the field
of MD simulations made it possible to already investigate conformational ensembles? or
especially for ABC transporters the cycle for conformational changes during ATP
hydrolysis.?® Nevertheless, for ABC transporters, it was not yet possible to observe any
transport events due to the fact that MD simulations are mainly limited by computational
power and the lack of initial structures.?

In this thesis, EPR spectroscopy was used to investigate the heterodimeric ABC exporter
TmrAB from Thermus thermophilus.

1.2 ABC transporter
In the class of ATP-binding cassette (ABC) transport complexes the use of ATP binding

and subsequent hydrolysis of the bond between the y- and the B-phosphate is necessary to
translocate substrates across membranes.>?4% By conversion of ATP to ADP and the
orthophosphate (P;) in the transport process approximately -30.5 kJ mol™ energy is released,
which is necessary for the translocational movement of substrates across membranes.? This
transporter class has been widely investigated and several reviews' 22 and books?>* show
the current scientific knowledge of ABC transporter systems. The following section lays
the basis for the understanding of the complexity of the ABC transporter classes. In the

result part, more details are explained where it is relevant.

1.2.1 Architecture of ABC transporters

Primarily ABC transporters can be classified into importers, exporters and extruders,

according to the direction of substrate translocation. Various different substrates can be
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transported across membranes, like antibiotics, toxins, vitamins, steroids, lipids, ions,
polysaccharides, peptides and proteins.! While ABC exporters are found in all three phyla
of life, ABC importers are only found in bacteria, chloroplasts and mitochondria of plants.®

In general, all ABC transporters contain two solvent-exposed, conserved nucleotide binding
domains (NBDs), which can bind and hydrolyse ATP and two transmembrane domains
(TMDs) which are variable and form the pathway necessary for the substrate translocation.

NBDs and TMDs are shown schematically in Figure 1.

ExRort _
Periplasm : :

Membrane
TMD

Coupling
-1+ helices

.

----

E . o
-----

Import
Figure 1: Schematical architecture of an ABC transporter: Two TMDs are located in the membrane and
coupled to two NBDs via two coupling helices. The NBDs are located in the cytoplasm and bind and hydrolyse
ATP, while the TMDs build a pathway through the membrane from the cytoplasm to the periplasm for

substrate export and in the other direction for substrate import. (Based on the model of [2])

In eubacteria and archaea, NBDs and TMDs often exist as distinct subunits, while in higher
organisms they are usually combined into half-transporters, containing one NBD and one
TMD each. If an ABC transporter is assembled from two half-transporters, it can either be
homodimeric or heterodimeric. The NBDs contain several conserved motifs that are
necessary for ATP-binding and hydrolysis, as for the communication between both NBDs
and the TMD and NBD interaction. Another possibility is a full-transporter containing all

four domains in a single polypeptide chain.

1.2.1.1 Structural and functional aspects of the NBDs

The NBDs are characterised by a highly conserved structure and sequence, therefore they

are the hallmark of the ABC family. In every ABC transporter, two NBDs are present which



are responsible for ATP binding and hydrolysis in the presence of catalytic magnesium ions.
They belong to the superfamily of P-loop nucleotide triphosphatases (NTPases)*® and
consist of two subdomains, the larger RecA-like domain, which can also be found in other
P-loop adenosine triphophatases (ATPases), and an a-helical subdomain, that can only be

found in ABC transporters.t242°

Significant for the role of the NBDs in the transport process are seven highly conserved
motifs, which are shown in Figure 2, illustrated by the heterodimeric ABC exporter TmrAB
(pdb code 5MKK).?

a-helical domain

a-helical domain

Figure 2: Conserved motifs of the NBDs shown by the heterodimeric ABC exporter TmrAB (pdb code 5MKK).
View from the top onto the NBDs with all the highly conserved sequence motifs highlighted in the following
colour code: a-helical domain — green, RecA like domain — light blue, A-loop — red, Walker A — magenta,
Walker B — orange, D-loop — blue, H-loop — green, ABC motif — cyan, Q-loop — yellow.

The aromatic residue in the A-loop (red), which is usually a tyrosine, helps to position the
ATP by stacking with the adenine ring. Also involved in the ATP-binding is the P-loop or
Walker A-motif (magenta; GXXGXGK(S/T) — X can be any amino acid), which is a
phosphate-binding loop containing a highly conserved lysine residue. Here the amide
nitrogens of the backbone and the g-amino group of the lysine form a network of interactions
with the B- and y-phosphate of ATP. The Walker B-motif (orange; $¢$p$pDE - ¢ can be any
hydrophobic amino acid) supports the coordination of the catalytic magnesium ion via the

conserved aspartate residue. In addition, the second acidic residue at the end of the Walker
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B-motif, which is often glutamate, is very likely the general base that polarizes the attacking
water molecule.

Directly after the Walker B-motif follows the D-loop (blue; SALD), where the two
monomers from the dimeric ensemble run parallel. As a consequence changes in their
conformation affect the geometry of the catalytic site and support the formation of the ATP
hydrolysis site. The H-loop (green) or switch region contains a highly conserved histidine
residue which forms a hinge between a 3 strand and the a helix close by the C-terminus of
the NBD. This histidine residue builds interactions with the conserved aspartate of the D-
loop and with the y-phosphate of ATP and thereby helps with the positioning of attacking
water, the general base and the magnesium ion.

Located at the interface between the RecA-like and the a-helical subdomains, the Q-loop
(yellow) contains approximately eight residues with a conserved glutamine residue at its N-
terminus. Changes in the conformation of the Q-loop allow the conserved glutamine residue
to move in and out of the active site during the cycle of ATP hydrolysis, thereby forming
the active site when Mg-ATP is bound and breaks it when ATP is hydrolysed. In addition,
the Q-loop plays also a role in the interaction with the TMDs.

The last important conserved motif is the ABC signature motif or C motif (cyan; LSGGQ)
which is located in the a-helical subdomain and is only found in the ABC superfamily and
not in other P-loop NTPases. It is found at the N-terminal end of a long helix that guides

the positive charge of the helical dipole towards the y-phosphate of ATP.2°

As shown in Figure 3a, the NBDs in ABC transporter can have different orientations
towards each other. They either can be in an open conformation (left), where the two
nucleotide binding sites (NBSs) are free, or in a closed conformation (right), where ATP is
bound to both NBSs. As shown in the top view (Fig. 3b), two ATP-binding sites exist at the
interface between the NBDs, which are connected by twofold (pseudo) symmetry. The
NBDs are coupled to the TMDs via coupling helices, which lead to open TMDs at the
cytoplasmic side and closed TMDs at the periplasmic side when the NBDs are open. When
ATP is bound the NBDs are closed which leads to a closing of the TMDs at the cytoplasmic
side and an opening on the periplasmic side. This ATP binding process and closing
mechanism are supported by all the conserved motifs mentioned previously. After ATP
hydrolysis, which is only possible if the NBDs are packed against each other as indicated
(Fig. 3b), ADP and P; get released and the NBDs can move apart. If one or more of the

conserved amino acids are substituted, this leads to a non-canonical ATP-binding site,



where ATP binding is assumed to be still possible, but ATP hydrolysis should not be
possible anymore, which is a typical feature of heterodimeric transporters.

During ATP hydrolysis the chemical energy can be transformed into a mechanical force for
alternating access of the substrate-translocation pathway in the TMDs to the periplasmic or

the cytosolic side of the membrane.?®

a
Periplasm

Membrane

Coupling
helices

aeprt

Cytoplasm

b

a-helical RecA-like
subdomain

domain

RecA-like a-helical
domain subdomain

Figure 3: Schematic representation of NBDs and coupling helices. (a) Side view from the membrane plane,
in which the NBDs are coupled to TMDs located in the membrane via coupling helices on the cytoplasmic
side. On the left NBDs are open and the ATP binding sites are free, while on the right the NBDs are closed
upon ATP-binding. (b) Top view on the twofold (pseudo) symmetry of the NBDs. On the left, both ATP binding
sites are free, while on the right the NBDs are closed by ATP binding in both ATP-binding sites. (Based on
the model of [>])

In prokaryotes, ABC transporters are localized in the plasma membrane, with ATP
hydrolysis taking place on the cytoplasmic side. In eukaryotes, ABC transporters are also
located in organelle membranes, where ATP hydrolysis is taking place on the cytosolic side
of the membrane. In mitochondria and chloroplasts, the ATP binding domains are located

on the matrix or stroma side.?®

1.2.1.2 Structural and functional aspects of the TMDs

While the NBDs are highly conserved through all ABC transporter classes, the two TMDs,
which form the substrate translocation pathway, are highly variable. Based on their
sequence and structural homology in the TMDs it is possible to classify ABC transporter

into seven distinct types, which can be further grouped by their function. Responsible for
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substrate import are types I-111, while types IV and V function as substrate exporter and
members of type VI function as extractors. Type VII ABC transporters are representatives
which are included in efflux pumps and therefore act as lipoprotein extractors or regulate

cell division.!

1.2.1.2.1 ABC importers (type I-111)
As shown in Figure 4 there are three types of ABC importers, illustrated with the X-ray

structures of the Escherichia coli (E. coli) maltose transporter MalFGK23* (type I; Figure
4a), the E. coli vitamin B12 transporter BtuCD® (type II; Figure 4b) and the folate*® energy-

coupling factor (ECF) transporter from Lactobacillus brevis (L. brevis) (type I11; Figure 4c).

uptake of
micronutrients

MalFGK,-MBP BtuCD-F Folate ECF transporter
[2R6G] [4F13] [4HUQ]
Type | Type Il Type lll

(a) (b) (c)

Figure 4: Representative bacterial ABC importers involved in substrate uptake: (a) Crystal structure of the
maltose importer MalFGK; from E. coli, a type | ABC transporter, in complex with the maltose-binding
protein (MBP) located in the periplasm (pdb code 2R6G). (b) Crystal structure of the vitamin B, importer
BtuCD from E. coli, a type Il ABC transporter, in complex with the substrate-binding protein BtuF situated
in the periplasm (pdb code 4FI3). (c) Crystal structure of the folate energy-coupling factor (ECF) importer
from L. brevis, a type I11 ABC transporter, in complex with the folate-binding protein EcfS located in the inner
membrane (pdb code 4HUQ). (Based on the model of [])

Importers of type I and I1, which are primarily found in bacteria, feature TMDs that consist
of five to ten transmembrane (TM) helices.! Type | importers enable the uptake of diverse
nutrients including ions, sugars, amino acids, short peptides and oligosaccharides. Based on
the well-studied maltose transporter from E. coli, a mechanism for type | importers can be

proposed (Figure 5a).?* The transport cycle starts putatively in an inward-facing



conformation, where the TMDs are closed on the extracellular side and open to the
cytoplasm, while the NBDs are separated. Hereby a substrate-loaded binding protein
located on the extracellular side is approaching (state 1, Figure 5a). From state 1 to state 2
the key conformational transition is the closing of the NBDs, which moves the coupling
helices towards each other and thereby converts the TMDs into an outward-facing
conformation. This conformational change leads to the formation of a tunnel between the
attached binding protein and a low-affinity substrate-binding pocket located halfway across

the membrane (state 2, Figure 5a).?*

a g @ @ ?
a\

Periplasm
/= Y o Membrane
2P,
P DP
AD,

A

ATPase
==
Futile

Cytoplasm

Cytoplasm

) ¥
2ATP 2ADP

Figure 5: Mechanisms of type | and Il ABC importers, with the following colour code: TMDs in blue and
rose, NBDs in green and dark blue, binding proteins in orange, substrates in dark violet, ATP and ADP are
shown in red, P; represents the inorganic phosphate and the red lines in the NBDs display the ABC signature
motifs. (a) Import mechanism of a type | transporter shown schematically. (b) Schematic view of type 1l import
mechanism containing three distinct gates. Represented by dark green lines is TM5 in the TMDs and shows
cyto gate 2, which is formed by the loop between TM2 and TM3. The small green arrows in state 3 indicate

forces working on the translocation pathway and trapped substrate. (Based on the model of [*])

Especially in the maltose transporter, two specific effects lead to the release of the substrate
from the binding protein: The binding pocket is slightly distorted and the periplasmic TMD
loops arrange a steric clash with the bound substrate.®* In the irreversible step from state 2
to state 3 ATP is hydrolysed and inorganic phosphate (Pi) gets released. Therefore, the NBD
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dimer is opening and pulling the coupling helices outward, which triggers the conversion to
an inward-facing conformation, whereby the substrate can be released into the cytoplasm.
By the exchange of ADP to ATP the system gets finally restored (state 3 to 1, Figure 5a).%

In type 1l ABC importers, which are generally part of high-affinity uptake pathways for
metal chelates including heme and other iron-containing complexes and cobalamins, the
substrates are larger and more hydrophobic compared to type | ABC importers. In addition,
the substrates are only available at low concentrations.?* A mechanism for type Il importers
can be proposed based on the vitamin B12 transporter BtuCD-BtuF (BtuCD-F) from E.
coli®>*" and is shown in Figure 5b. There is no measurable affinity for vitamin B12 in the
TMDs of BtuCD-F, which is different compared to the maltose transporter. Based on the
crystal structures®> three gate regions are found in the transmembrane BtuC subunit,
whereby two are located on the cytoplasmic side (cyto gates 1 and 2) and one on the
periplasmic side (peri gate).

Different to type | importers, ATP binding and hydrolysis does not itself generate an
inward-facing conformation. Instead, the two cytoplasmic gates separate the cytoplasm
from the main translocation pathway in both the ATP-bound and the nucleotide-free states,
as long as no substrate is available. The import cycle is supposed to start in an ATP-bound
state (state 1, Figure 5b) with the NBDs closed and the coupling helices pushed together,
therefore closing cyto gate 2. This is an outward-facing conformation since the peri gate is
open. For a conformational change to state 2, the docking of the substrate-binding protein
and release of the substrate into a hydrophobic cavity is necessary. Like in type | importers
the high-affinity pocket in the substrate-binding protein is distorted by docking and the
loops of the TMD cause a steric clash. In the following irreversible conformational change
from state 2 to state 3, ATP hydrolysis and the release of phosphate is taking place. In this
step, the NBD dimer has to at least open partially and thereby is separating the coupling
helices and opening cyto gate 2. Because of the size of the transported substrate cyto gate 1
cannot be closed, which probably is leading to a tensed conformation and pressure from the
sides to the substrate, which might contribute to the substrate release to the cytoplasm. Upon
substrate release, BtuCD changes into a relaxed conformation (state 4, Figure 5b), in which
cyto gate 1 and peri gate are closed and therefore does not contain a central cavity anymore.
This asymmetric structure is unique to type Il importers and is a very stable conformation,

especially in vitro. On the pathway back to state 1, the transporter might be restored via an



inward-facing conformation which is nucleotide-free. Since this state has not been observed
yet, it is not included in the cycle shown in Figure 5b.%

Type 111 systems are responsible for the uptake of certain micronutrients into eubacteria and
are moreover found in archaea and plants. As shown in Figure 4c, ECF systems are not built
by two related TMDs, but rather contain a transmembrane component (EcfT) and a
membrane-embedded substrate-binding protein (EcfS).t The number of helices, which build
the transmembrane component, varies for different ECF systems. In the case of ECF type
systems, no additional substrate-binding protein is necessary since the membrane-
embedded substrate-binding protein, also called S-component, binds and transports the
substrate with high affinity. This S-component contains a core of six TM-helices, while a
few S-components also contain an additional N-terminal helix®®, and it is assumed that the
translocation pathway is restricted to this part of the transporter, where an unique alternating
access mechanism is ongoing.?®> So far it was not possible to elucidate the transport
mechanism of this type since only crystal structures without substrate are available.
Especially in EcfT, two long X-shaped a-helices interact with the NBDs and the S-
component of the complex. Therefore, the coupling of transitions in the NBDs and proposed
changes in the S-component have to be mediated by EcfT. A scissor-like movement of the
a-helices could change the orientation of the S-component or might dissociate from the
complex during the cycle.?®

1.2.1.2.2 ABC exporters (type 1V-V)
Grouped into seven subfamilies, ABCA to ABCG, the human genome encodes 48 different

ABC proteins (E. coli encodes 80 and Saccharomyces cerevisiae 31 ABC transporters
respectively)®. Thereby the ABC proteins are sorted by their gene organization and their
auxiliary domains.*

All known eukaryotic ABC transport systems are exporters, except the retinal importer
ABCAA4, the chloride channel CFTR** and the sulfonylurea receptors SUR1**" and
SUR2. ABC transporters of the subfamilies ABCB and ABCC and very likely ABCD
contain six TM helices, which are arranged in a typical way for type IVABC systems. This
was first shown for the bacterial resistance protein Sav1866*. Due to differences in their
domain organization and other structural elements, it is possible for human ABC proteins
to fulfil various different physiological functions, like removal of xenobiotics, translocation

of lipids and antigenic peptides or chloride ion conduction.!
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The architecture of the TMDs in human ABCA and ABCG proteins (type V) is different
compared to other subfamilies, which has been shown for the structures of ABCA1, ABCG2
and ABCG5/ABCGS. In the ribosome recycling factor ABCEL1, which is the only ABCE
member, and the three ABCF proteins no transport function is present, due to the lack of
any TMDs.! Instead they are involved in protein translation*® and mRNA surveillance®.
Important examples of eukaryotic ABC exporters are CFTR*143, TAP1/2%!, SUR1**' and
MRP13L, Malfunction of CFTR leads to the most frequent hereditary disease cystic fibrosis.
TAP1/2, which is part of the MHC | peptide loading complex®?, is responsible for the
transport of peptides across the ER-membrane and thereby plays an important role in the
immune system. SURL is serving as a regulatory subunit in Kir6.2°, which is an integral
membrane protein and both together, SUR1 and Kir6.2 build a potassium ion channel which
has been associated with congenital hyperinsulinism and neonatal diabetes. At last, MRP1
extrudes a wide range of anti-cancer drugs in tumour cells and is associated with
chemotherapy failure.®!

In Figure 6 two types of ABC exporters are shown, illustrated with the X-ray structures of
the Campylobacter jejuni flippase PgIK®* (type IV; Figure 6a), the exporter MsbA>® from
E. Coli (type IV; Figure 6b) and the O-antigen transporter Wzm-Wzt from Aquifex aeolicus
(type V; Figure 6¢).

LLO LPS O-antigen
flipping flipping transport

Figure 6: Representative bacterial ABC exporters: (a) Crystal structure of the flippase PgIK from
Campylobacer jejuni (pdb code 5C73), a type IV ABC transporter. (b) Crystal structure of the exporter MsbA
from E. coli (pdb code 5TV4), also a type IV ABC transporter. (c) Crystal structure of the O-antigen
transporter Wzm-Wzt from Aquifex aeolicus, a type V ABC transporter (pdb code 6AN7). (Based on the model

of [')



ABC transporters have a broad substrate specificity, they are not only restricted to
hydrophilic, water-soluble substances, but approximately half of the transporters are
involved in the translocation of lipidic substrates®. These ABC transporters, called
flippases, move lipid-linked polar substrates through the membrane leaflets. One example
in bacteria is PgIK (Figure 6a, type 1V), that flips lipid-linked oligosaccharides (LLOs) from
the cytoplasm to the periplasmic leaflet, where its glycan moieties are provided for protein
N-glycosylation. The actual mechanism of this flipping process remains unknown. The
occluded conformation, which is shown in Figure 6a, seems to be an important intermediate
of the translocation cycle. A unique feature of PgIK is a short helix at the periplasmic side
of the membrane, which forms a hydrophobic groove. Based on biochemical experiments
an ‘outward-only’ mechanism has been proposed for the flipping. In the beginning, the
substrate lipid anchor has to interact with the hydrophobic groove PgIK with bound ATP,
where a positively-charged collection of arginines is exposed in a cavity of the outward-
facing flippase. The substrate with its hydrophilic head group moves from the cytoplasmic
side to the arginines, where the pyrophosphates build strong interactions, which finally lead
to a reorientation of the head group. By ATP hydrolysis and release of the free phosphate
that is stimulated by LLO binding, the LLO gets finally flipped through the small TMD
opening. This happens via occluding the arginine assembly and pushing the polar head
group into the aqueous phase.!

Another representative of type IV exporters is MsbA, shown in Figure 6b, which is a
homodimeric ABC transporter and carries out lipid-A-core flipping.>’ Elucidation of the
structure in the nucleotide-free (apo) state (Figure 6b), the ADP-vanadate-bound state and
the ADP-bound state revealed further understanding of the substrate identification by
MsbA.* In the nucleotide-free structure, electron density in the cryo-EM structure showed
that co-purified lipopolysaccharide (LPS) is binding deeply inside a pocket, which is formed
by the TMDs, whereby the acyl chains are already located at the height of the periplasmic
leaflet. It has been shown that lipid A-core binding is supported by hydrophobic and
hydrophilic interactions. In addition, affinity and substrate specificity are given by
interactions with the glucosamines and the acyl chains, whereas the core oligosaccharide
remains more flexible. The entry pathway is suggested to be at an opening between TM4
and TM6. In the ADP-vanadate trapped state an occluded conformation is observed, in
which the LPS-binding site is inhibited by TM helices, similar to a post flipping state. All
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in all the mechanism of MsbA seems to be different compared to PgIK, nevertheless, they

belong to the same transporter type.!

A representative of the last exporter class (type V), Wzm-Wzt*® is shown in Figure 6c. In
this transporter, Wzm forms a central transmembrane pathway, which is open to the
intracellular and periplasmic side and the substrate entry and exit are controlled by cytosolic
and periplasmic gate helices. The assembly of the TMDs is different compared to PgIK, but
similar to mammalian ABCA and ABCG subfamilies. Because of the closed structure of
the isolated NBDs and functional experiments, a transport mechanism for O-antigen
transport was proposed, which is different to other classical alternating access mechanisms,
and seems to be typical for transporters with polymeric substrates®. In the absence of
substrate, the transmembrane pathway has to be closed for Wzm-Wzt to prevent leakage of
solutes. By binding of the lipid anchor to the cytosolic gate and recognition of the O-antigen
by the carbohydrate domains, the opening of the pathway gets triggered. Afterwards, the
lipid head group is suggested to move into the channel and flip to the periplasmic side. It is
not known if this mechanism either happens spontaneously or by energy from the proton-
motive force through the inner membrane. In the next step, the polysaccharide is transported
through the channel in a stepwise manner, driven by various ATP binding and hydrolysis
steps. When the substrate is released the transporter moves back into the closed resting
state.’

Although new insight into different transporters could be gained, it is not yet possible to
fully understand the whole mechanism e.qg. the catalyzed lipid-flipping. It is moreover not
possible to define a general mechanism for ABC exporters, because it seems like there is a
high variation for different transporters.

This diversity is illustrated in Figure 7, where different mechanisms are shown
schematically. In 7a the classical alternating access mechanism is shown for MsbA, where
the transporter is in an inward-facing-state without nucleotide (state 1), in which the
substrate, here lipid A, can bind (state 2). By ATP binding the transporter gets converted
into an outward-facing conformation, where the substrate can be released (state 3) and the
NBDs are closed. After ATP hydrolysis the transporter gets restored, back to the inward-
facing conformation, whereby ADP gets released.?®

For McjD (Figure 7b) an occluded conformation is typical in absence of nucleotides and
substrate, in which the TMDs are closed on both the periplasmic side and the cytosolic side
(state 1), but the NBDs are separated. When ATP and the antibacterial peptide MccJ25 are



present, the substrate enters the TMDs, where it is bound in an occluded conformation (state
2), in which the NBDs are closed upon ATP binding. For substrate-release, the TMDs are
opening on the periplasmic side (state 3), afterwards, the TMDs are closing again on the
periplasmic side and the transporter moves back to an occluded conformation, with bound
ATP (state 4). After ATP hydrolysis McjD gets restored (back to state 1).%
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Figure 7: Mechanisms of ABC exporters with the following colour code: TMDs in blue and rose, NBDs in
green and dark blue, substrates blue or violet as indicated, ATP is shown in red, P; represents the inorganic
phosphate and the red lines in the NBDs display the ABC signature motifs. (a) Alternating access mechanism
of MsbA. (b) Export mechanism of McjD, where the occluded conformation is mainly present. (c) Export
mechanism of the flippase PglIK, where ATP hydrolysis pushes the substrate out of the transporter. (Based on
the model of [%])

In Figure 7c the proposed mechanism for PglK is shown, where the NBDs are widely
separated in the substrate- and nucleotide-free apo-state (state 1). By ATP-binding, the
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transporter changes to an outward-facing conformation with closed NBDs and the TMDs
are open on the periplasmic side (state 2). Here the substrate LLO (shown in violet) can
enter the flippase cavity in the TMDs. By ATP hydrolysis LLO gets pushed out of the cavity

and the transporter gets into an outward-occluded conformation.?®

1.2.1.2.3 Extractors and Efflux pumps (type VI-VII)

Type VI ABC transporters act as extruders, and members of type VII ABC transporters
represent parts of efflux pumps, that act as lipoprotein extractors or regulate cell division.!
In Figure 8a a representative of group V1 is shown. The extruder is built of LptB2FG® from
Pseudomonas aeruginosa, LptC® from E. coli, LptA® from E. coli and LptD-LptE®® from
Salmonella typhimorium. In Figure 8b the MacAB-TolC% efflux pump from E. coli is

shown, which is a representative of type VII.
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Figure 8: Representative Extractor (type VI) and Efflux pump (type VII): (a) Crystal structure of an Extractor
build of LptB,FG from Pseudomonas aeruginosa (pdb code 5X5Y), LptC from E. coli (pdb code 3MY2), LptA
from E. coli (pdb code 2R1A) and LptD-LptE from Salmonella typhimorium (pdb code 4N4R), a type VI ABC

transporter. (b) Crystal structure of the Efflux pump MacAB-TolC from E. coli (pdb code 5NIK). (Based on
the model of [1])



In most Gram-negative bacteria the extracellular leaflet of the outer membrane consists
mainly of lipid A. This is typically a hexa-acylated and phosphorylated disaccharide of
glucosamine, which forms the anchor of the complex glycolipid called lipopolysaccharide
(LPS). Concerned with the extraction of LPS from the inner membrane is the ABC
transporter LptB2FG®® (type VI). After extraction from LptB,FG, LPS is hand over to
LptC®, which transports the LPS to LptA®2, LptA finally delivers the LPS across the
periplasm to the extracellular leaflet of LptD-LptE®2. This bridging function of the different
components could be shown with functional studies®, but the actual extrusion mechanism
remains unknown. LptF and LptG form the TMDs, which have a unique fold and no helix
swapping in contrast to other ABC transporters. In addition, there is only a weak interaction
between LptF and LptG and a large cavity between them in the outward-facing state. Both
contain B-jellyroll-like domains. The structure proposes that ATP binding by the NBD LptB
opens a gate into the cavity, through which LPS can enter. Afterwards, it is driven out into
the periplasmic [-jellyroll-like domains by conformational changes driven by ATP

hydrolysis. To understand the complete mechanism further investigations are necessary.’

The tripartite MacAB-TolC® pump (Figure 8b) connects the inner to the outer membrane
through the periplasmic space in E. coli or other related Gram-negative bacteria. The pump
plays an important role in the efflux of e.g. macrolide antibiotics and polypeptide virulence
factors. It is built of the homodimeric MacB transporter, which is located in the inner
membrane, the hexameric MacA in the periplasm and the TolC trimer located in the outer
membrane. With the cryo-EM structure, it was shown that the nucleotide-free MacB
protomers own a large periplasmic domain and the TMDs consist of four TM helices, which
is typical for type VII ABC transport systems. The MacB dimer interface is too tight for
substrate binding, while the NBDs are significantly separated. Since there is no substrate
cavity in the TMDs, the MacB dimer shows an opening at the membrane-periplasm border,
which was visible in the cryo-EM data as additional density and could work as an entry
pathway for substrates from the periplasm. Furthermore, it could be shown that the large
periplasmic domain of MacB makes contact with the MacA hexamer. In addition, the MacA
hexamer and TolC trimer build a tunnel through the periplasm, which is interrupted by a
glutamine gating ring in MacA, which is supposed to act as a one-way barrier to control
substrate translocation. But this barrier is not present in all transporters of this type. For
further understanding of this transporter type more experiments have to be performed to

finally get a transport mechanism.?
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1.2.2 The heterodimeric ABC exporter TmrAB
The heterodimeric ABC exporter TmrAB#%%6” from the Gram-negative eubacterium

Thermus thermophilus is a type IV ABC transporter and the only exporter in Thermus
thermophilus. A wide range of substrates can be exported by TmrAB like dyes, peptides
and lipids. In Figure 9 the crystal structure of the transporter is shown, which has been

solved with a resolution of 2.7 A in the apo inward-facing conformation.

TMDs

NBDs

Figure 9: The heterodimeric ABC exporter TmrAB: Crystal structure of TmrAB? from Thermus Thermophilus,

with TmrA shown in violet and TmrB in green. (pdb code 5MKK)

Due to the homology to various multidrug transporters, the subunits were named Thermus
thermophilus multidrug resistance protein A (TmrA) and B (TmrB). Both can be expressed
in E. coli and can be co-purified as a stable complex, with a combined theoretical mass of
approximately 135 kDa (TmrA —Hisio— 70.5 kDa and TmrB — 64.4 kDa), whereby TmrA
has a His-tag implemented.®’

As it is characteristic for exporters, TmrA and TmrB are built of six transmembrane helices.
All ABC signature motifs, which are important for ATP binding and hydrolysis are found
in TmrA and TmrB. In TmrB the supposedly catalytic glutamate beside the Walker B motif
is substituted by aspartate and the A-loop tyrosine is substituted by an arginine, which leads
to a non-canonic ATP-binding site.2667

It has been shown that TmrAB is a functional homologue of human TAP and it shows

similarities to the lipid flipping behaviour of PgIK .2



1.3 Electron paramagnetic resonance

For the investigation of the heterodimeric ABC exporter TmrAB, electron paramagnetic
resonance (EPR) was used. The method EPR, also called electron spin resonance (ESR), is
useful for structure characterization and to observe dynamics and spatial distributions of
paramagnetic spin systems with an unpaired electron. Compared to nuclear magnetic
resonance (NMR), the basic principles are similar, but EPR is more sensitive. Besides
naturally paramagnetic systems, diamagnetic systems can be investigated through the

introduction of nitroxide radicals or transition metal ions.®

In this thesis, only the quantum mechanical description and the theoretical background
which is necessary to understand the presented nitroxide spectra is described. More
information about EPR spectroscopy in general®®-"°, specifically about pulsed EPR™ or in

particular EPR in applications’>"3 can be found in several books.

1.3.1 Spin Hamiltonian

The energy of an unpaired electron with spin S and the surrounding nuclei n with spin I, can

be described by the static spin Hamiltonian ( #,), which is shown in Equation (1).

ﬁo = }TEZ + ﬁNZ + ﬁHF + }TZFS + ﬁee (1)

This equation consists of the electron Zeeman interaction (Hj,), the nuclear Zeeman
interaction (Hyy), the hyperfine coupling between electron and nuclear spins (Hyr), the
zero-field splitting (#,rs) and the interaction between two electrons (#,,). Depending on
the external magnetic field, the magnitude of the electron (#z,) and nuclear (Fy,) Zeeman
interactions are varying. By performing EPR experiments at different magnetic fields,
different interactions in the static spin Hamiltonian ( #,) can be detected. Since the nuclear
Zeeman interaction and the zero-field splitting are not important for the performed
experiments with nitroxide spin labels, only the other relevant terms are briefly discussed

in the following subchapters.
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1.3.1.1 Electron Zeeman interaction

In Equation (2) the electron Zeeman interaction is described, which characterizes the

interaction between the electron spin and the external magnetic field.
Hez = “?Bngﬁ (2)

Hereby up is the Bohr magneton, 7 the reduced Planck constant and ﬁg depicts the
transpose of the magnetic field vector. g describes a tensor, containing the orientation

dependence of the interaction or can be an effective g value. S is the electron spin vector

1
2

operator. If one is looking on an effective g value of a nitroxide radical with the spin S =

the energy of the two spin states is given by the eigenvalues of this Hamiltonian operator,
which is shown in Figure 10 and described by Equation (3).
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Figure 10: Zeeman splitting of energy levels in a system with spin S = % The transition between the two shown

split energy states m, = i% can be induced by microwave irradiation (hvmw). At higher frequencies, the

Boltzmann population difference is increased. Frequently used microwave frequency ranges for EPR are
indicated with colours (S-band, X-band, Q-band, W-band, G-band and J-band).



While the g-value of a free electron is g, = 2.0023, it is different for unpaired electrons
that are located in atomic or molecular orbitals, due to spin-orbit interaction. For most
organic radicals these differences are very small, in the range Ag ~ 0.01. If the g tensor is

described by an ellipsoid with orthorhombic symmetry (g, # g, # g,) and the orientation

of the magnetic field B, is defined by the polar angles 9 and ¢, then the effective g value

(gerr) for a special orientation is determined by Equation (4).

Jeff = \/g,% sin? 6 cos? ¢ + g3 sin? 0 sin? ¢ + gZcos?6 (4)

In case of the high-field approximation, where the electron Zeeman interaction is much
larger than all other interactions, then only components including S, and I, are considered

in the hyperfine interaction.

1.3.1.2 Hyperfine interaction

In Equation (5) the Hamiltonian for the hyperfine interaction (HF) is given, for the case that

the electron spin S is coupled to nuclear spins 1.

ﬁHF = 27;:1 STAkIAk (5)

A, depicts the hyperfine tensor, which is a combination of two interactions, the isotropic
Fermi contact (FC) interaction and the anisotropic electron-nuclear dipole-dipole coupling
(DD). The FC interaction is depending on the electron spin density at the nucleus. There
will be no isotropic interaction (a;,,) for an unpaired electron in any orbital, except the s-
orbitals, because of the node of these orbitals at the nucleus. However, spin polarization
induces a slight difference between up and down spins in an s-orbital if an unpaired electron
is located close to the s-orbital. The Hamiltonian which describes the FC interaction is
shown in Equation (6) and the isotropic hyperfine coupling constant a;g, is given by
Equation (7).

ﬁHF—FC = Qiso S'Tik (6)
2 Uo
Aiso = §_ge.uBgn.un|lPO(0)|2 (7)
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In Equation (7) u, represents the permeability of the vacuum and |¥,(0)|? describes the
electron density at the nucleus. The anisotropic dipolar part of the hyperfine coupling
describes the orientation-dependent through-space interaction of the magnetic moments of

the electron and the nucleus, which is described by Equation (8).

3STHETL) ST,
rs E

. u R R
Hyp-pp = ﬁ JellpGnlin ( ) = STTDDIk (8)

Here r gives the distance between the electron and the nucleus and Tpp is the dipolar
hyperfine tensor. If the distance r between the unpaired electron and unpaired nuclear spin
equals or is larger than 0.25 nm the unpaired electron density may be considered at the
nucleus. In such a case, the interaction is an average of all important spin density centres or

its spatial integral over all electron spin density.

1.3.1.3 Electron spin-electron spin interaction

The weak interaction between two electron spins is described by the spin-spin interaction,
which can also be expressed by their individual spins S; and S,. In Equation (9) the spin-
spin interaction term is shown, which describes the interaction of two paramagnetic spin

centres.

Heoe = $1DppS; + 515, €C))

Hereby Dpp is the dipole-dipole tensor and J is the exchange coupling (Heisenberg
exchange coupling). If there is significant overlapping of the two spin orbitals, the
Heisenberg exchange coupling term gets relevant, which is the case for solids with interspin
distances <1 nm or for heavily delocalized unpaired electrons. In case of both radicals freely
moving in solution, where the radicals can collide with each other, the overlap can be
transient. Since the nitroxide labels are attached via saturated chains to the biomolecule, the
J coupling term is at least one order smaller than the dipole-dipole coupling for distances
longer than 1.5 nm. A frozen buffer or lipid environment with weak conductivity reduces J
coupling and therefore the overall J coupling can be neglected for frozen samples containing
nitroxide spins attached to protein molecules. If the electron spins are assumed to be
localized in the centre of the N-O bond in nitroxide radicals and parallel orientation of the

guantization axis along the external magnetic field, a point-dipole approximation for the



electron-electron dipolar tensor can be made. Therefore, the Hamiltonian can be described
as a sum of secular and pseudo-secular terms (}Tee,sec and }Tee,psec), which are shown in

Equations (10) and (11).

}Tee,sec = [/ + a)dd(l — 3 cos? 0)]-§1,z~§2,z (10)

~ 1 A A PO
}[ee,psec = [] - E(‘)dd(l -3 COSZ 9) (Sl,xSZ,x + Sl,ySZ,y) (11)

Here 6 represents the angle between the spin-to-spin vector and the external magnetic field

axis and w44 is the dipolar frequency depicted in Equation (12).

1 o

v 2

(12)

Wagq =

K,ﬁw| )

An isotropic g value of g, = g, = 2.006 is approximated for nitroxide spins and as a
consequence D has a value of 52 MHz - nm? for nitroxide spins. In the case of the high field
approximation, the pseudo secular term shown in Equation (11), which describes the mixing
of |a, 8,) and |B; ), can be neglected since the difference of resonance frequencies for the

coupled spins is typically much larger than wgq.

1.3.2 Site-directed spin labelling

Site-directed spin labelling (SDSL) combined with EPR spectroscopy is an approved and
widely used method in the field of structural biology, which has been first established on
bacteriorhodopsin.”" Over the years a lot of proteins were investigated with this method
for gaining structural and functional information.*® Similar to proteins, other large

biomolecules like DNA or RNA can also be spin labelled for EPR measurements.’5’’

A stable unpaired electron is needed for EPR spectroscopy. Such stable radicals are
typically attached by cysteine cross-linking at the desired position (Figure 11). If the protein
is containing natural cysteines, they first have to be removed to gain a “Cys-less” mutant,
to avoid non-specific labelling of those cysteines. It is therefore important that this “Cys-

less” variant has still the same or at least similar functionality.
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Figure 11: Site-directed spin labelling: Reaction of a free cysteine incorporated in a protein and MTSSL,
which reacts with the free sulfhydryl group of the cysteine. The label gets attached via disulphide-linkage,
resulting in the unnatural side chain R1 with an unpaired electron. During or after this reaction no reducing

agents should be present.

Typically (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)-methanethiol-sulfonate (MTSSL
or MTSL) is used for protein spin labelling, which contains a nitroxide moiety (referred to
as NO). MTSSL has the advantages that it is smaller than other spin labels and the size is
similar to a tryptophan side chain. Further benefits are its high specificity for the free thiol
of cysteines and high flexibility. Depending on the position of the C,-NO the flexibility can
also be a disadvantage, which is shown in Figure 12, since the distance can vary in a 4-8 A
range. This makes it difficult to compare the NO-NO distance to a coordinate of the native
side chain.

/

N—g

Figure 12: Structure of the unnatural side chain R1. C, and Cg are indicated in green and the flexible bonds,
where free rotation is possible, are tagged with red arrows. The flexible bonds between NO and C, are critical
factors.

Since it is not always possible to prevent reducing conditions, there are other spin labels for
slightly reducing surroundings available, like maleimido (MSL) or iodacetamido (IASL).
For the case that naturally existing cysteines cannot be removed from the protein of interest,

labelling with a hydroxylamine spin label of a genetically encoded unnatural amino acid, p-



acetyl-L-phenylalanine, is possible, which has been demonstrated for a T4 lysozyme.’® In
this method, an acidic pH of 4.0 is needed for labelling, which limits this approach for
general application. Another important class of spin labels are gadolinium(li1)-based
labels™ (Figure 13), which can be used in SDSL-EPR in pair or orthogonally to the classical
nitroxide-based labels.®%-82 One big advantage of these labels is their resistance to reduction,

which makes it attractive for in-cell EPR approaches.
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Figure 13: Gadolinium(l1)-based labelling of cysteines. Here the maleimido monoamide DTPA acts as a
chelating agent for Gd(I11), which reacts with the free sulfhydryl group of the cysteine as shown. Reducing

agents can be present after spin labelling of the protein.

1.3.2.1 Strateqy for labelling positions

It is important to carefully validate the position of cysteines before spin labelling via SDSL
and estimate how reliable the extracted EPR data will be. Therefore, the MATLAB-based
simulation software MMM?® can be used, which simulates based on an implemented
rotamer library® the selected positions after replacing the residue by cysteine. But before
the structure gets loaded into the MMM software, suitable positions for the simulations
should be identified. Here the amino acids valine, leucine, isoleucine, serine, threonine are
the best to exchange by cysteine. Aspartic acid, glutamic acid, glutamine, lysine and
arginine can still be taken into account, but because of their charge and the possible
important role of this charge for the functionality, they are the second choice only. Other
amino acids, like for example alanine because of its small size, are not good for exchange
by cysteine.

The MMM software determines the relative energies of the spin rotamers, which are
calculated from MD trajectories of the dihedral angles of free MTSSL, attached to a specific
position as a sum of pairwise Lennard-Jones potential energies between atoms of the label
and atoms of the protein. The important information of the simulation are the number of

rotamers and the partition function. Hereby a small number of rotamers (less than 10) means
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that the accessibility is small and that it is a tight side where the spin label could disturb the
protein. In contrast, a very high number of rotamers, which means the spin label is very
flexible, could lead to a broad distribution. Typically a number of rotamers around 50 is
considered as a good number. Moreover, the partition function Z also provides a measure
of the tightness of the labelling site. Values under 0.05 are considered as tight sites, which
can lead to insufficient labelling. Typically values of around 0.6 or 0.7 are considered as

good values.

1.3.3 Nitroxide-spectrum in continuous wave EPR

Continuous wave (cw) EPR spectroscopy of nitroxide spin labelled biomacromolecules
gives the possibility to gain insights into the solvent accessibility, polarity, side-chain
mobility, and distances between spin labels.®®> By measuring various different positions in
the protein of interest it is possible to elucidate a secondary structure element, its orientation

and the protein topography.
A typical cw EPR spectrum of a nitroxide radical with spin S = % shows three lines, because

of the hyperfine interaction with the nuclear spin 1 =1 (**N), as shown in Figure 14. Since
the hyperfine interactions with protons which are close to the nitroxide are typical very
small, they are typically unresolved in the spectral line width. Sometimes so-called
“satellites” are visible in the cw EPR spectrum, which means small intensity-doublets
around each of the three spectral lines. Satellite signals are due to hyperfine interactions
with close-by naturally abundant *3C atoms. These interactions are visible when the
nitroxide is in the fast isotropic motion limit.

The principal axis system of nitroxides is defined in such a way that the z-axis is parallel to
the direction of the 2p, orbital of the nitrogen atom and the x-axis is parallel to the N-O
bond. The properties of the nitroxide spectrum, which are dependent on the orientation with
respect to the external magnetic field, are determined by the anisotropy of the A and g
tensors. For MTSSL the hyperfine values are typically in the range of A,,~A,, = 0.45 —
0.50 mT and 4,, = 3.3 — 3.7 mT. The hyperfine principal values are known to be polarity-
dependent. Typical g values are g,, = 2.0081 — 2.0091, which is polarity and proticity
dependent, g,, = 2.0061 and g,, = 2.0021.
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Figure 14: Nitroxide cw spectrum (S=1/2, 1=1):Zeeman and hyperfine splitting scheme for a free and fast
tumbling nitroxide radical is shown on top. At the bottom, a typical cw nitroxide spectrum is shown for a free

TEMPOL radical (the structure is depicted) in solution and at room temperature, measured at X-band.

The spectrum of MTSSL, if it is freely tumbling in solution, consists of three narrow lines
with equal distance, centred at an average g value due to the fast averaging of the
anisotropies. In the case of low-temperature measurements, where the rigid limit is reached,
the super-positioning of all possible molecular orientations result in the so-called powder
spectrum. This spectrum is characterized by a central line for m; = 0 with the frequency
scattering completely caused by g anisotropy. The high field line is typically broader than
the low field line due to the relative sign of the A and g values.

In addition, the EPR spectra are sensitive to the rotational correlation time of the entire
protein. For example at X-band (9.5 GHz), the spectrum of a nitroxide is mainly
characterized by the hyperfine splitting, typically with high tumbling and isotropic
coupling. At slower tumbling rates the high field line gets smaller and at even slower
tumbling rates the high-field lines get broad leading to the solid limit due to the anisotropic
hyperfine coupling (powder spectrum). At X-band, this powder spectrum is still
characterized by the hyperfine coupling and therefore the orientation information is mainly
due to the A, anisotropy. However, at higher frequencies (like W-Band, 95GHz), the g-
Tensor anisotropy is also visible and all orientations can be resolved.
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If a spin label is attached to a protein, the spin label side chain can still rotate, but typically
not in the same extent as free in solution. These motions are described in the EPR line shape,
where the motion depends on the rotational correlation time of the entire protein, motion of
the backbone relative to the protein and the rotational isomerization of the bonds linking
the spin label to the protein. In Figure 15 this is illustrated by the comparison of a free
tumbling MTSSL to a MTSSL bound to the protein TmrAB: The lines are broader due to

the binding to the protein and the related motional restrictions.
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Figure 15: Comparison of free MTSSL- and bound MTSSL-cw EPR spectrum: The free MTSSL in solution is
shown in black, which shows three equidistant sharp lines. Also visible are the previously described 3C
“satellites”, which are marked with grey arrows for the first line. The cw EPR spectrum for MTSSL bound to
the protein TmrAB (labelled at TmrA61 and TmrB56) in the nucleotide-free apo-state is shown in red. It is
clear to see that the lines are significantly broader compared to the free label. Both spectra were measured
at X-band.

1.3.4 Pulsed electron-electron double resonance (PELDOR)

Basically, cw EPR experiments could be used to estimate interspin distances up to 2 nm,
however, for distances longer than 2 nm, pulsed EPR methods are necessary. Pulsed
electron-electron double resonance (PELDOR), which is also called double electron-
electron resonance (DEER), is a method to measure weak dipolar couplings between two
unpaired electrons, in a range of 2-8 nm or in very favourable cases up to 10 nm.'8 This
technique with a 3-pulse sequence has been introduced by Milov et al.®, a later extended
dead-time free, 4-pulse sequence by Pannier et al.?°, lead to its wide use for various
applications. Dead-time is the time during and directly after a pulse, in which the sensitive
detector needs to be protected from the high power present in the resonator. This leads to a

time, depending on the bandwidth of the resonator, where no signal can be recorded. As a



consequence, for the 3-pulse sequence, no broad distributions with distances lower than 3
nm could be detected and furthermore, uncertainties in the zero time determination occur.
Recently the classical PELDOR technique has been further extended by Spindler et al.?! to
a 7-pulse Carr-Purcell (CP) sequence, which is a useful tool to extend the time window, for

example for membrane proteins, where long-distance measurements can become difficult.

1.3.4.1 4-Pulse PELDOR

Nowadays dead-time free 4-pulse PELDOR is widely used for structure and dynamic

studies of biomacromolecules with nitroxide labels. As shown in Figure 16 the PELDOR
experiment consists of two spins, the observer spins and the pump spins. At the observer
frequency va (Fig. 16a) the refocused echo sequence creates an echo, which is modulated
as a function of the timing of the pumped spins (vs). The modulation of the echo is induced
by the changes of the local magnetic field due to the dipole field change from the flipped
pumped spins (Figure 16c).
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Figure 16: Dead-time free 4-pulse PELDOR: a) Pulse sequence for 4-pulse PELDOR, whereby time t is
varied from t=0 to tmax and the variation of the integral echo intensity pq is recorded. The refocused echo is
generated by a sequence (blue) containing one n/2 and two & pulses at the observer frequency va. A m pulse
(red) is applied at different time intervals at the pump frequency vs. b) Typical Q-band field sweep spectrum
of nitroxide radicals, with the positions for pump (red) and observer (blue) pulses indicated. ¢) The & pulse at
frequency vg inverts the pumped spins (red) and thereby changes the local field at the observer spins (blue).
d) Two spins are separated by the distance rag and the distance vector is tilted to the external magnetic field
Bo by 0. The dipolar coupling (wag) of the two spins is proportional to the distance by r? and dependent on
the angle 6. (D = 52 MHz nm3 for nitroxide radicals??)

45



46

At X- or Q-band frequencies the spectra of a nitroxide radical are rather broad and it is
possible to choose only a fraction of spins which gets excited (Fig. 16b). Two different
frequencies are used for a PELDOR experiment, one at the observer frequency to create a
refocused echo and the second frequency to invert the pump spins, both excitation should
not overlap and are typically separated by +65 MHz or -100 MHz at X- or Q-band,
respectively. During the experiment, the refocused echo sequence is kept constant and only
the timing of the pump pulse is varied. The dipolar coupling between the two spins, which
is investigated in this experiment is depending on the distance between the spin labels and
the angle between the distance vector and the external magnetic field (Figure 16d). In Figure

17 an example of experimental PELDOR data and its analysis is shown.
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Figure 17: PELDOR Data analysis example (TmrAB labelled at TmrA288 and TmrB272 with MTSSL): On
the left side the normalized primary data V(t)/V(0) is shown fitted with an exponentially decaying background

function. In the middle, the resulting form factor F(t)/F(0) is shown, which has been obtained by dividing the
primary data by the background. The modulation depth A is also indicated. A depends on the inversion
efficiency of the pump pulse and is influenced by the labelling efficiency. The oscillation is defined by a
frequency including the interspin distance. After fitting of the form factor with Tikhonov regularization, the

interspin distance distribution P(r) is obtained, shown on the right. Green bars indicate noise artefacts.

The obtained experimental signal (V(t)) consists of two parts as shown in Equation (13).

V(t) = B(t) x F(t) (13)

First, the exponentially or stretched exponentially decaying background function B(t),
which describes the intermolecular contributions coming from interactions between spin
labels of surrounding protein molecules or protein complexes. The second term is the form
factor (F(t)), which describes the interaction of the coupled spins in the same biomolecule,
the so-called intramolecular interaction. Assuming an exponential background function
with V' (0) = 1, depending on the dimensionality of the spin label distribution, B(t) is given
by Equation (14).



B(t) = exp(—ktg) (14)

Here k quantifies the density of the spins and D is the dimension of the spin distribution.
For proteins, which are homogeneously distributed in three dimensions in a frozen solution
D = 3. For reconstituted membrane proteins in liposomes, the spin distribution can be
limited to a two-dimensional bilayer and therefore D = 2 can be assumed. By comparison
of double-labelled proteins and the corresponding single-labelled proteins, the value of D
can also be obtained experimentally. The primary PELDOR data is divided by the
background function to obtain the form factor. The form factor is a function of the dipolar
frequency wgd (Equation (12)) and the modulation depth 4, which is determined by the
inversion efficiency of the pump pulse and the labelling efficiency as shown in
Equation (15), whereby 0 describes the angle between the interspin vector and the external

magnetic field.
F(t) =1—2[1—cos((1—3cos?)wygt)] (15)

According to Equation (12), long distances imply low dipolar frequencies wdq, leading to
the need for long observation times for precise measurements. If the protein sample is
frozen, the PELDOR data describes the interspin distances arising from both rotameric
transitions and backbone fluctuations, resulting in a distance distribution with a certain
mean distance. By assuming a distribution of the interspin vectors along the external
magnetic field, the form factor of each distance can be transformed into a Pake pattern by
Fourier transformation. Thus the experimental F(t) is fitted by a linear combination of
multiple traces, whereby each is according to a single distance. The distance distribution

P(r) is built by the coefficients in this linear combination of multiple traces.

1.3.4.2 7-Pulse CP-PELDOR

The observation time window in which the dipolar frequency can be measured is restricted

by the phase memory time T of the introduced paramagnetic centre. This results in an
upper limit for the length and resolution of the interspin distance of interest. Especially for
membrane proteins, which are mostly measured in detergent or liposomes, the transversal
relaxation time of nitroxide radicals is very short, which leads to a typical limit for the

observation time window of approximately 5 ps.
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For prolongation of the pulsed EPR time window, three approaches can be used. First
dilution of the spin concentration removes the strong background slope, whereby the ideal
concentration depends on the time window. Especially in membranes clustering of protein
can be a problem, which can be overcome by adding unlabelled protein. Deuteration of the
protein, lipid or detergent leads to a longer relaxation time and thereby to a higher limit for
the observation time window.®”#8 Finally a Carr-Purcell®® sequence can be used, with
multiple observer spin refocusing pulses, which prolongs the total time window for
observation of the dipolar evolution. This was, for example, already used for 5-pulse-
PELDOR.21%0

To use this approach for dipolar spectroscopy, each of the refocusing pulses on the observer
frequency (va), must be combined by an inversion pulse on the dipolar coupled pump spin
at the pump frequency (vs) (Figure 18). Each of the refocusing pulses has to be combined

with one pump pulse to get the maximum effect out of the sequence.?
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Figure 18: Pulse Sequence for 7P-CP-PELDOR. At the observer frequency, one /2 pulse and three © pulses

create the refocused echo and after every m-pulse, at the observer frequency, a sech/tanh pulse is applied at

the pump frequency for inversion.

Classical rectangular microwave pulses® cannot be used for these multiple pump pulses
since large artefacts are created by their frequency offset dependent nonuniform inversion
evolution function. For the Carr-Purcell concept adiabatic sech/tanh pump pulses®® can be
used since they possess a high inversion efficiency. To take into account the nonideal
behaviour of the pump inversion pulses the additional parameter p has to be defined, which
describes the probability of spin inversion in the bandwidth of the sech/tanh pulse. In
contrast to the modulation depth parameter, A, which defines the overall inversion efficiency
of B-spins inverted by one pump pulse, p describes the probability for the B-spin being
inverted by both pump pulses. The ideal performance of sech/tanh pulses are reduced due

to transversal relaxation during the pulse, bandwidth limitations and inhomogeneity of the



magnetic field B of the resonator. If the p value is less than the ideal one, then 2N dipolar
signals with varying intensities, time-zeros and time-increments add to the signal, in which

N is the number of pump pulses.?

The signal of the 7-pulse CP-PELDOR sequence (Fig. 18) is obtained by observation of the
last refocused echo modulated by the pump pulses at times Ty, T and Tz, whereby the time

axis, T, of the experiment is given by Equation (16).

T=1+7+73— (1] + |To| +[T3]) (16)

Furthermore, the phase of the 7-pulse CP-PELDOR signal, defined by the time increments
before the pump pulses, is described by Equation (17).

Paip = (T1 + T2 + 13 — |Ty| = |T2| = T3]) - waip (17)

The intramolecular signal of interest, which describes the dipolar interaction between the
two spin labels in one biomolecule, is a superposition of all dipolar pathways weighted by
their related probabilities as described in Equation (18).

Vintra = /1}52 (COS(plﬁ + COSP123 + COS(pﬁ3)
+App(cos@ 33 + cOSPTa3 + COSP133)
+Ap2cos@s +1— A (18)

p is defined as p = 1 — p. As an example ¢33 represents the path, in which only the first
pump pulse inverts the B-spin. For the calculation of the intermolecular background
interaction, similar calculations can be performed. Every experiment separates the complete
B-spin ensemble into sub ensembles, corresponding to one certain pathway. Each sub
ensemble contributes differently to the intermolecular function, but every A-spin, however,
is affected by all of these B-spin sub ensembles. The total intermolecular function is the

product of all the different B-spin sub ensembles, as shown in Equation (19).

Vinter = Vint1 ’ Vintz ’ Vint3 (19)
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Whereby Vi, describes the intermolecular decay function coming from n pump pulses and

are further defined in Equations (20)-(22).

Vint = e(—lacﬁ2(|‘rl—|T1||+|12—|T2||+|T3—|T3||)) (20)
1
Vintz = e(_lacpﬁ(lfl'FTZ_ITll_lTZ||+|T3—T1+|T1|—|T3||+|T2+T3—|TZ|—|T3||)) (21)
Vint. = e(—laCPz(|T1+T2+Ts—|T1|—|T2|—|T3||)) (22)
3

The concentration of the radical (c) has to be taken into account and a is further described
in Equation (23).

2mgus
q = 19 Hsto (23)
9v3h
For gaining a good signal-to-noise ratio for mainly the intramolecular interaction, p has to
be larger than 0.7, to get an artefact as small as possible, which can be subtracted off the

true dipolar evolution function with an approximate correction.?

1.3.4.3 PELDOR data analysis
By fitting the form factor the distance distribution P(r) of the PELDOR data can be

obtained. A commonly used method is the Tikhonov regularization with a L-curve criterion
that is integrated in the MATLAB-based software package DeerAnalysis.?? Besides that,
also model-based fitting can be used, where the known distance and width can be
implemented to fit the data accordingly and the ratios of different fractions can be
calculated. With DeerAnalysis One- or Two-Gaussian fits can be performed. If the trace of
interest contains more than two different distances the MATLAB-based software package
DD can be used.®* With this software it is possible to take up to eight distances into

account for Gaussian fitting.

1.3.4.3.1 Data analysis with DeerAnalysis

The determination of the distance distribution P(r) from the form factor F(t) is an ill-posed

problem. The reliability of the distance distribution is therefore strongly dependent on the



signal-to-noise ratio of the original data. Thus the main goal is to improve the resolution in
the distance distribution while the influence of the experimental noise gets minimized. A
distance distribution is characterized by the mean distance < r >, the width o, and its
overall shape. For reliable determination of all three parameters, it is necessary to measure
the dipolar evolution at least two periods of the dipolar oscillation, because the mean
distance and the background needs to be fitted longer than one period. In Equation (24) the
time-domain signal S(t) for a given distance distribution P(r) is described. Thereby S(t) is
calculated by the DeerAnalysis software using the kernel function K and fitting to the
experimental form factor F(t) with minimal deviation. The kernel function is given in

Equation (25) for PELDOR experiments with ideal pulses.

S(t) = K(t, r)P(r) (24)

K(t,7r) = j cos[(3x?% — Dwyyt] dx (25)
0

Direct fitting of S(t) to F(t) would lead to significant noise artefacts. With the DeerAnalysis
software, a Tikhonov regularization can be used to overcome this issue. Therefore, a
regularization parameter o is introduced and by minimizing the function given in
Equation (26) for every regularization parameter « the optimal distance distribution can be
obtained, with D(t) as shown in Equation (27). In the first term of Equation (26), the error
of fitting the simulated dipolar evolution function S(t) to the experimental data D (t) gets
minimized. The second term describes the square norm of the second derivative of P(r)
weighted by the regularization parameter «. Since «a is a measure of the roughness of P(r),

it is large for broad distance distributions and small for well-defined narrow distances.

2

dZ
Go(P) = IS = DOII* + a || = P(7) (26)
(&) = FO -(A-21 (27)

A
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For the determination of the optimal a value the L-curve criterion can be used, which is
shown in Figure 19. This is a plot of log n(a) against log p(a), which defines the mean

square deviation and the smoothness as shown in Equation (28) and (29).

p(a) = IS(®) = D(O)II? (28)

2 2

n(a) = ‘

In case of a good signal-to-noise ratio, the plot is L-shaped (Figure 19) and the red circle in
the curve shows the optimal value for the regularization parameter (here: a = 23.16).
Whereas the blue and green circles show an unrealistic regularization parameter, leading to

unrealistic peak splitting or a smoothed over distribution, respectively.
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Figure 19: Tikhonov regularization L curve (DeerAnalysis 2016). The left side shows the plot that describes
the relation between the mean square deviation p and smoothness of the distribution n with different o values,
whereby the best is shown with a red circle. On the right side, distance distribution is shown for different a
values. The blue line with &« = 1.01 shows an unrealistic peak splitting, the green line with @ = 1000.26
shows a smoothed over distribution with artificial broadening and the red line for « = 23.16 shows the most

realistic distance distribution.

If the measurement was long enough and the distance distribution is reliable the distance
< r > and the width o, can be used for Gaussian Fitting. If an equilibrium between two
conformations is present, DeerAnalysis can fit F(t) with a two Gaussian model fit and
thereby determine the value p1, which describes the fraction of peak 1 in relation to peak 2.
If p1=1, then only the conformation with the smallest distance is present and if p1=0, than
only the conformation with the larger distance is present. The Gauss function is described

in Equation (30).



_(x=b)?
f(x) =ae 20° (30)

The factor a is defining the maximum probability of the curve, which is the ratio of p1 and
p2, b defines the position of the centre peak, which is the mean distance < r > and ¢
describes the width, which is a,.. It should be mentioned, that the knowledge of the distance
and width are not necessary for one or two Gaussian fittings. The program DeerAnalysis
can also fit these parameters, but with the implementation of these parameters, the results

get more reliable.

1.3.4.3.2 Data analysis with DD
Since DeerAnalysis is restricted to two Gaussian fittings with the implemented scripts, data

with more than two fractions cannot be analysed with this software in a sufficient manner.
Here DD%°* (DEER data) can help, which allows using Gaussian fittings with up to eight
different distances and widths. As explained before, this software can also give the relative
ratio from the different fractions as output. In DD, one either sets the number of expected
distances or one sets the known distances and widths directly into the program.

While it is possible in DeerAnalysis to adjust the range of the background fit, this is not
possible with DD. As shown in Figure 20 the primary data set gets fitted as good as possible,
while the background gets adjusted accordingly. Since the software is varying the

background during fitting, it is not possible to change the set background.
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Figure 20: Data analysis with the DD software (TmrAB labelled at TmrA461 and TmrB349 with MTSSL).
The original data is presented as black points and the fit is shown in red. In green, the corresponding
background is shown, which was set accordingly to the best fit.
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2 Motivation and aim

The class of ABC proteins is one of the largest active membrane transporter families, which
are essential for import and export of a wide range of substrates. Although these systems
are widely investigated a lot of questions remain open for ABC exporters about the transport
mechanism and process. Because of their involvement in various diseases, especially in
human cells, it is very important to understand this complex system.

In this thesis, the main aim is to improve the current understanding of the transport
mechanism for ABC exporters using EPR spectroscopy, whereby the heterodimeric ABC
exporter TmrAB is the model system. Several crystal structures of ABC exporter are
available, but important details like the substrate binding and release, the molecular
mechanism for nucleotide-induced NBD closure and the inward-outward transition of
TMDs remain unknown. Especially for heterodimeric exporters, like TmrAB, the functional
role of the two asymmetric ATP binding sites is unclear, whereby only one of them is
supposed to be ATPase active. Moreover, the interaction of proteins and lipids, and how the
native membrane environment is influencing the structure and function of the transporter,
remains unknown. During a substrate transport cycle of ABC exporters, structural
transitions occur, which are modulated by nucleotides and/or substrate binding. While
crystal structures show a static picture of one of these conformational ensembles, it is very
difficult to crystallize an ABC exporter in all the different conformational states, due to their
very dynamic nature. Therefore, EPR spectroscopy is a useful technique to gain structural
information with high precision on an ABC exporter in several of the intermediate states in
detergent or membrane environment. During previous studies®® the protocol for protein
expression, purification and spin labelling of TmrAB has been optimized to address various
of these questions using EPR spectroscopy. Thus nitroxide spin labels were introduced to
the transporter at key positions, like the periplasmic gate, the cytosolic gate and both NBSs.
Taking all labelling positions together, the overall structural rearrangements of the
transporter can be observed and can be used to investigate the alternating access mechanism
with nucleotides, the response to substrate and the asymmetry of the NBSs. In addition, it
is possible with EPR spectroscopy to get insights into the thermodynamics of the
transporter, which is not so easy to tackle with other methods. Crystal structures typically
do not exhibit the lowest energy-state, but the state in which the system could be
crystallized. With MD simulations thermodynamics can be investigated, but typically
crystal structures serve as starting point and computational limitations make it difficult to
observe the complete transport cycle.
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3 Materials, methods and sample preparation

3.1 Materials

3.1.1 Plasmid

In Figure 21 the map of the expression vector used for TmrAB expression is shown.® The
plasmid with the TmrA_C416A mutation is the cys-less version which was used as a basis

for single or double mutants.
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Figure 21: Schematic description of the pET22 vector, which carries the TmrAB gene. In TmrA, a 10x His-
tag is implemented, via a TEV cleavage site. All restriction enzymes sites are shown. The expression of TmrAB

is driven by the T7 promoter, which can be induced with IPTG.

A T7 promoter is included in the vector, which can be induced by IPTG. A TEV cleavage
site coupled to a 10x His-tag is located on TmrA. In addition, the vector contains an

ampicillin resistance gene.

3.1.2 Crystal structures and homology models

Simulations for the mutant planning were based on the crystal structure of TmrAB (pdb
code 5MKK), which was determined via X-ray crystallography in the inward-facing state.?

Homology models were made with SWISS-MODEL®, based on the outward-facing
structure of Sav1866 with bound AMP-PNP®" (pdb code 20NJ) and on the occluded
structure of McjD% (pdb code 4PLO). For comparison also the crystal structure of
TM287/288% (pdb code 4Q4H) was used.
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3.1.3 Peptides used as substrates for TmrAB

In this thesis, the peptides C4F and K5F were used. The peptide C4F was provided by the
charité Berlin and was produced by solid-phase synthesis and purified by HPLC. Peptide
C4F, which contains a fluorophore on the cysteine, was used for transport assays. The
peptide K5F, which contains a fluorophore on the lysine, was used for EPR experiments.
Peptide K5F was used for the trans-inhibition experiments and was synthesized in the
Tampé lab. At first, the lysine was labelled with fluorescein and then the peptide was
synthesized by solid-phase synthesis with the modified amino acid. In further experiments,
the peptide K5F was provided by the company JPT from Berlin. The sequences are shown
in Table 1.

Table 1: Sequences of peptides used as substrates for TmrAB. The abbreviation FL stands for the fluorophore
fluorescein and is indicated in front of the labelled amino acid.

Peptide Sequence
CAF RRYF-CKSTEL
K5F RRYCFLKSTEL

3.1.4 Chemicals

Table 2: List of chemicals and the suppliers used in this thesis.

Chemical Company
ADP Sigma Aldrich
Agar-agar Roth

Agarose Biozym
Aluminium chloride Sigma Aldrich
AMP-PNP Sigma Aldrich
Ampicillin Roth

Argon Praxair

ATP Sigma Aldrich
Beryllium sulphate Sigma Aldrich
Bio-Beads SM-2 Bio-Rad
Calcium chloride Roth/Merck
d8-glycerol Euriso-top
DDM Roth
Disodium hydrogen phosphate VWR

DMSO

Thermo Scientific

DNase AppliChem
dNTP Fermentas
DOPC Avanti Polar Lipids



E.coli polar lipid extract
EDTA

Ethidium bromide
Fast digest buffer
Glycerol

HEPES

Imidazole

IPTG

Lysozyme
Magnesium chloride
Manganese chloride
B-Mercaptoethanol
MOPS

MTSSL

PEI

Phusion GC buffer
Phusion HF buffer
PIPES

Potassium acetate

Potassium chloride

Potassium dihydrogen phosphate

Rubidium chloride

SDS

Sodium chloride

Sodium fluoride

Sodium hydroxide

Sodium orthovanadate
TEMPOL

TRIS

Triton X-100
Tryptone/peptone ex casein

Yeast extract

Avanti Polar Lipids
Roth

Roth

Thermo Scientific
Roth

Roth

Sigma Aldrich
Roth

Sigma Aldrich
Roth

Roth

Roth

Roth

Toronto Research Chemicals

Sigma Aldrich
Thermo Scientific
Thermo Scientific
Sigma Aldrich
Sigma Aldrich
Roth

Roth

Roth

Roth

Roth

Fluka

Roth

Sigma Aldrich
Sigma Aldrich
Roth

Fluka

Roth

Roth
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3.1.5 Nucleotides and trapping reagents
The nucleotides ATP, ADP and AMP-PNP were diluted in water and the pH was adjusted
to 7.0 before use. As a non-hydrolysable ATP analogue AMP-PNP can be used to trap the

transporter in the ATP-state without hydrolysis.

The vanadate solution was prepared according to the product information of Sigma
Aldrich.1% Afterwards the solution was stored at -20 °C. Before being used, the vanadate
solution was heated up to 95 °C for 20 minutes. For the trapping with beryllium fluoride or
aluminium fluoride, the stock solutions of sodium fluoride in water and beryllium sulphate

in water or aluminium chloride in water were mixed directly with the protein solution.

3.1.6 Kits and columns

Table 3: List of kits and columns used in this thesis and their suppliers.
Kit or column Company

Amicon Ultra-5 Centrifugal filters Merck Millipore

Econo-Pac 10DG Columns Bio Rad
Micro Bio-Spin 6 Chromatography Columns Bio Rad
Ni-NTA Agarose AppChem
Qiagen
QIAprep Spin Miniprep Kit Qiagen

3.1.7 Equipment
In Table 4 the equipment which was used during this thesis is listed, further used equipment,

like the buildup of the EPR spectrometer are explained in sections 3.2.14 for cw and 3.2.15
for PELDOR.

Table 4: List of equipment and the suppliers used in this thesis.

Description Model Company
Autoclave VE-150 Systec
Balance 440-49N Kern
EMB 500-1 Kern
Camera C5060WZ Olympia

Cell density meter

Ultrospec 10

Amersham Biosciences

Centrifuge 5417R Eppendorf
Avanti J-26 XP Beckman Coulter
RC 5B Plus Sorvall

Optima XE-90 Ultracentrifuge
Optima L-90K Ultracentrifuge

Beckman Coulter

Beckman Coulter



Extruder

French press
Freezer -20 °C
Freezer -80°C

Fridge
Heating chamber
Ice machine

Incubation shaker

Incubator
Magnetic stirrer
Microwave
NanoDrop
Plate reader
Platform shaker

pH meter

Rotation evaporator

Rotor

Shaker

Sonifier

Test tube rotator

Thermo cycler

Thermomixer

Ultrasonic bath
UV light

Optima TLX Ultracentrifuge
Heraeus Fresco 21
Megafuge 16R

Extruder

400 nm filter membranes

Basic Z model

HFC series
Forma 900 Series

Profi line

AF80

Innova 4330
Innova 43
Kelvitron

IKA MAG RET

Clario Star Plus
KS250 basic
FiveEasy Plus pH meter FP20
pH electrode

461 Water bath
RE111 Rotavapor
Rotary vane pump
JLA 8.1

GSA

Ti45

TLA110

AG CH- 4103 bottmingen
Branson sonifier 250
34528

CMV-ROM

T personal

T advanced
Compact

Thermo Stat plus
Universal

Sonorex

UST-20 M-BR

Beckman Coulter
Thermo Scientific
Thermo Scientific
Avestin

Avestin

IUL Instruments GmbH
Biacore

Thermo Scientific
Thermo Scientific
Liebherr

Ehret

Scotsman

New Brunswick Scientific
New Brunswick Scientific
Heraeus instruments
Sigma Aldrich

Severin

Thermo Scientific
BMG Labtech

Ika Labortechnik
Mettler Toledo

SI Analytics

BUCHI

BUCHI

vacuubrand

Beckman Coulter
Sorvall

Beckman Coulter
Beckman Coulter
Infors HT

Thermo Scientific
Snijders

Froébel Labortechnik GmbH
Biometra

Biometra

Eppendorf

Eppendorf
Labortechnik

Bandelin

biostep
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UV-Vis Varian Cary 50 Bio
spectrophotometer
Voltage source E143
E835
Vortexer Lab dancer
Water preparation Milli-Q

3.1.8 Enzymes and cells

Agilent technologies

Consort
Consort
VWR
Millipore

Table 5: List of enzymes and cells used in this thesis and their suppliers.

Enzymes, Antibodies and Cells
Phusion High-Fidelity DNA Polymerase
Dpnl

XL1 (from E. coli)

BL21 (DE3) (from E. coli)

3.1.9 Buffers, media and solutions

Company
Thermo-Scientific
Thermo-Scientific
Agilent technologies
Merck

Table 6: List of buffers, media and solution and their composition used in this thesis.

Buffer/Media/Solution

Elution buffer for nickel column

HEPES buffer

LB-medium (1 L)

Low-salt LB-agar (1 L)

PBS buffer

Reconstitution buffer

Composition

300 mM imidazole

In HEPES buffer

0.05% DDM

20 mM HEPES

300 mM sodium chloride
pH 7.5

10 g trypton

5 g yeast extract

10 g sodium chloride

10 g trypton

5 g yeast extract

5 g sodium chloride

20 g agar-agar

140 mM sodium chloride
10 mM disodium hydrogen phosphate
2.7 mM potassium chloride
1.8 mM potassium dihydrogen phosphate
pH 7.3

20 mM HEPES

140 mM sodium chloride
5% glycerol

pH 7.5



TAE buffer

TFB1

TFB2

TSK buffer

Transport buffer for transport assay

Wash buffer for nickel column

40 mM TRIS-acetate pH 8
1mM EDTA

30 mM potassium acetate
10 mM CaCl,

50 mM MnCl;

100 mM RbClI

15% glycerol

pH 5.8

10 mM MOPS or PIPES
75 mM CaCl;

10 mM RbCI

15% glycerol

pH 6.5

20 mM HEPES

150 mM sodium chloride
pH 7.2

20 mM HEPES

107 mM sodium chloride
5% glycerol

pH 7.5

50 mM imidazole

ImM B-mercaptoethanol
In HEPES buffer

0.05% DDM

3.1.10 Molecular rulers and loading dyes

Table 7: List of molecular rulers and loading dyes used in this thesis and their suppliers.

Description
6x DNA loading dye
GeneRuler 1 kb Plus DNA ladder

Company
Thermo Scientific

Thermo Scientific
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3.1.11 Software

Table 8: List of software used in this thesis and their application.

Software Application
ChemBioDraw Ultra 12.0 Chemical structures
CLC sequence viewer Sequence alignment
Corel Draw X8/2018 Creating Figures
DD6c PELDOR data evaluation
DeerAnalysis 2016 PELDOR data evaluation
MATLAB R2017a/R2018b For MMM, DeerAnalysis and DD
Mendeley Reference management
Microsoft Office Excel Calculations
Microsoft Office Picture Manager Image modification
Microsoft Office Word Thesis writing
MMM 2015/2017.2 MTSSL rotamers and interspin distance simulations
Origin 2018/2019 Data plotting
PyMOL 2.2.3 Protein structure viewing

3.2 Methods

3.2.1 Cloning of TmrAB cysteine single or double mutants

PCR-based site-directed mutagenesis with Phusion High-Fidelity DNA Polymerase
(Thermo-Scientific) was used for the cloning of TmrAB cysteine single or double mutants.
The Phusion DNA Polymerase has a 5°—3> DNA polymerase activity and 3’—5’
exonuclease activity and is generating blunt ends.!

For every mutation, a forward and a reverse primer with the wanted cysteine mutation were
designed, with 9 bp before and 27 bp after the mutation position. All primers, which were
used in this thesis, are shown in Table 9 and were provided by Eurofins Genomics'®. The
primers for the double mutants TmrA _T61C TmrB_R56C and TmrA_K585C
TmrB_A562C are not presented here since the mutants were cloned during previous
studies.®® For all mutants, the cysteinless plasmid with the TmrA_C416A mutation was used

as a template and for simplification, this mutation is not further mentioned.



Table 9: Primers used for the cloning of the cysteine double mutants of TmrAB. The mutated bases are

highlighted in red. The primers for TmrA are written in capital letters and primers for TmrB in lowercase

letters.

Primer
A_\V/288C
A_V/288C_rev
B_E272C
B_E272C_rev
A_D112C
A _D112C rev
B_D97C
B_D97C_rev
A_V461C
A_V461C_rev
B_D349C
B_D349C_rev
A_A416C
A_A416C_rev
B_L458C
B_L458C_rev
A_E538C
A _E538C _rev
B_R549C
B_R549C_rev
A_S578C
A_S578C_rev
B_T555C
B_T555C_rev
A_E523Q
A_E523Q_rev

Sequence
CGG GGC GCCTGCTCCTTGGGGCTT CTCGTG GCCTTC GTG
CCC CAAGGA GCAGGC GCC CCGCACccACcTCcceecseecee
gtc cgg ggg tgt ctg age gtg ggg gag cte gte cag ttc
cac gct cag aca ccc ccg gac cac cat ggc gee ccc gge
CTC AGG AGC TGC CTT TTC GCC AAG CTC ATG CGC CTC CAC
GGC GAA AAG GCA GCT CCT GAG GTC AAA GAG GAC CCG CTG
ctg agg cgg tgc ctc ctc cac cac ctc ctc acc ttg gac
gtg gag gag gca ccg cct cag gtc gta ctc cac ctg gcg
GAC CCC AGC TGT CCC CCG GAG CGG GTG GAG GAG GTG GCC
CTC CGG GGG ACA GCT GGG GTC AAA GAG GCG CAG GTT GTC
ctc aag cgg tgc ggg cgc tgg ctc ctt agg ggc ctc acc
cca geg cce gea ceg ctt gag cec cac cec ttc aaa geg
CAG AGG GGG TGC GTC TTC TTG GAC GGG GTG GAC GTG CGG
CAA GAA GAC GCA CCC CCT CTG GGG GTC GTA GAA GCG GGC
gag gag atc tgc gcc ttt ccc aag ggg tac gag acg gtc
ggg aaa ggc gca gat ctc ctc gtg gat ccc gge gag ccg
CGC CTC CAG TGC GCC CTT TAC AAG GCC ATG GAA GGG AGG
GTA AAG GGC GCA CTG GAG GCG CTT CTC CGT CTC CGA GTC
gac ggg ggg tgc atc gtg gag gag ggg acc cac gag age
ctc cac gat gca ccc ccc gtc cag gac gat gat cca gtc
GAG GAG GGG TGC CAC GAG GAG CTT CTG GCC AAG GGC GGC
CTCCTCGTG GCACCCCTCCTCCACGAGCCTCCCCTT GCG
gag gag ggg tge cac gag agce ctc ctt cag gee gga ggc
get cte gtg gea cee cte cte cac gat cct cce ccc gte
ATC CTG GAC CAG GCC ACG GCC AGC GTG GAC TCG GAG ACG
GGC CGT GGC CTG GTC CAG GAT GAG GAG GAT GTC GGG GCT

In Table 10 the reaction mixture for the used PCR is shown, whereby both cysteine

mutations were introduced at the same time. As already mentioned, cys-less TmrAB was

used as a template for the PCR. In the case of single mutants, the final volume was adjusted

by adding more water to the reaction mixture. For the additional E-to-Q-mutation, which

was introduced to some double mutants, the double mutant was used as a template. In every

case two mixtures were prepared, one with GC buffer and one with HF buffer. Generally,

HF buffer is the favourable buffer, because of the high error rate of Phusion DNA
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Polymerase with the GC buffer, but since TmrAB is a GC-rich protein the GC buffer is
sometimes more effective.!%

Table 10: PCR mixture for the generation of double cysteine mutagenesis of TmrAB with Phusion HF or
Phusion GC buffer. The final volume was adjusted via the amount of water in case of the generation of single
cysteine mutants.

Volume [pL] Final concentration
5x Phusion GC/HF 10 1x
dNTPs (10 mM) 1 0.2 mmol/L
N-terminal primer 1(100puM) 1.25 0.25 mmol/L
C-terminal primer 1(100uM) 1.25 0.25 mmol/L
N-terminal primer 2(100uM) 1.25 0.25 mmol/L
C-terminal primer 2(100uM) 1.25 0.25 mmol/L
Template (60 ng/ pL) 21 2.5 ng/uL
Phusion Polymerase (2 U/uL) 0.5 1 U/uL
DMSO 15
ddH20 29.9
Final volume 50

To reduce unspecific amplifications all mixtures were pipetted on ice and polymerase was
added directly before the reaction was started. In Table 11 the program used for the PCR is

presented, which was performed in a thermo cycler (Biometra).

Table 11: Thermal cycling program used for the PCR-based site-directed mutagenesis of TmrAB.

Temperature [°C] Time [min] Cycle
Initial denaturation 98 5 1
Annealing 75 1
Elongation 72 4
Denaturation 98 1 25
Annealing 75 1
Elongation 72 4
Final Elongation 72 10 1

To see if the PCR was successful an agarose gel electrophoresis (see section 3.2.2) was
made after the PCR and afterwards, a Dpnl (3.2.3) digestion was done.



3.2.2 Aogarose gel electrophoresis

To check the DNA amplification after PCR, agarose gel electrophoresis was performed,
where the length of the amplified DNA can be investigated referring to a marker.

In every case, an 1% agarose gel was used. The gel was prepared by mixing 1% w/v agarose
with TAE-buffer and heating the gel in a microwave until the agarose was completely
dissolved. Subsequently, the gel was cast. As reference marker Thermo Scientific
‘GeneRuler 1 kb Plus DNA Ladder’'% was used.

For every gel, one lane was loaded with a mixture of 2 uLL 6x DNA loading dye and 5 pL
DNA ladder. For the PCR samples, a mixture of 2 uLL 6x DNA loading dye and 8 pLL sample
was loaded on the gel. The gels were running in TAE buffer at 120 V for approximately
35 minutes. Thereafter gels were incubated in a 0.5% ethidium bromide bath for 15 minutes.
After staining, the gel was imaged with a documentation system, containing a camera

connected to a computer, an UV light source and a coverage.

3.2.3 Dpnl fast digest
After the PCR, not only the amplified DNA is present, but also the template DNA. With

Dpnl fast digest the methylated template DNA can be specifically removed.

On ice 10 pL of 10x fast digest buffer, 4 L ddH20 and 1 puL. Dpnl were added to the PCR
reaction tubes. Then the mixture was incubated at 37 °C for 10 minutes and afterwards at
90 °C for five minutes for inactivation of the enzyme and stopping of the digestion. The

mixtures were then stored at -20 °C.

3.2.4 Generation of competent E. coli cells

For the generation of competent E. coli cells, XL1 and BL21 (DE3) cells were used and
prepared with rubidium chloride, which is supposed to make the cells more competent.
Here, the protocol will be described for completeness, but the preparation was done by

members of the Tampé lab.

At first, an overnight culture with 2.4 mL LB medium was inoculated with a single colony
from an LB plate and incubated overnight at 37 °C and 180 rpm. On the next day, the
overnight culture was used to inoculate 250 mL LB medium containing 20 mM MgSOain

a 1 L baffled flask until an ODegoo between 0.4 and 0.6 was reached. Then the cells were
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pelleted by centrifugation (4500 g, 5 min, 4 °C). Afterwards, the cell pellet was resuspended
in 100 mL ice-cold TFB1 buffer and kept on ice all the time. The resuspended cells were
incubated on ice for five minutes and then again pelleted by centrifugation (4500 g, 5 min,
4 °C). Thereafter the cells were resuspended in 10 mL ice-cold TFB2 buffer and incubated
on ice for 15-60 minutes. Finally, the cells were aliquoted into precooled tubes and quickly

frozen in liquid nitrogen and stored at -80 °C.

3.2.5 Transformation and retransformation

After the Dpnl digestion, the plasmids were transformed into E. coli XL1 competent cells
for vector amplification. With higher concentrated plasmids, which were gained by vector
amplification, retransformations into E. coli XL1 competent cells were made for further
amplification or retransformation into E. coli BL21(DE3) competent cells were made for
protein expression. For this purpose, the cells were plated onto LB-agar plates containing
ampicillin. Because of the ampicillin resistance gene, the plates are selective for positive

clones.

For a transformation 5 uL of the PCR product after Dpnl digestion were added to 50 pL of
E. coli XL1 competent cells. For a retransformation 1 uL of higher concentrated plasmid
solution was added to either E. coli XL1 competent cells or E. coli BL21(DE3) competent
cells. The mixture was mixed with the pipette tip and incubated for 5 minutes on ice.
Afterwards, the mixture was plated onto an LB-agar-plate (preheated 37 °C, 15 min),

containing ampicillin (100 pg/mL). The plates were then incubated at 37 °C overnight.

3.2.6 Seguencing
For the sequencing of the plasmids, an overnight culture of E. coli XL1 cells was prepared

with 5 mL LB-medium containing 100 pg/mL ampicillin inoculated with a clone from a
transformation plate. After incubation in a shaker at 37 °C and 180 rpm overnight, the
plasmid was purified with the QIAprep Spin Miniprep Kit from Qiagen. The plasmid

concentrations after purification were determined with a NanoDrop.

For sequencing 13 pL of the plasmid solution (~100 ng/ pL) was mixed with 2 pLL primer
solution (1.2 pM) and sent as a premixed sample to Eurofins Genomics.'%? All used primers
are shown in Table 12. Sequence alignment was made with the CLC sequence viewer

software.104



Table 12: Primers used for the sequencing of TmrAB cysteine mutations.

Primer Sequence

Seql GGC CTG GTT CCA GGA CCT GA
Seq 2 CTCGCCTTT CCC AAG GGG TA
Seq 3 TCC GAC GTG GAC GCC ATC AA
Seq 4 TCATCG CCC GCT TCT ACG AC

T7_promoter TAA TAC GAC TCA CTATAG GG
T7 _terminator CCC AAG GGG TTATGC TAG

3.2.7 Expression
An overnight culture with 150 mL LB-medium containing100 pg/mL ampicillin and a clone

from a transformation plate with E. coli BL21(DE3) competent cells was prepared in a
baffled flask and incubated in a shaker at 37 °C at 180 rpm.

For the expression, 2 L LB-medium containing 100 pg/mL ampicillin was inoculated with
20 mL of the overnight culture in a 5 L baffled flask. The culture was incubated in a shaker
at 37 °C and 160 rpm until an ODeoo between 0.6 and 0.8 was reached. Afterwards, the
culture was induced with 1 mL of 1M IPTG (Isopropyl-p-D-thiogalactopyranoside),
typically after approximately two hours. The culture was then incubated for another
3.5-4 hours at 37 °C and 160 rpm, while the protein expression took place. Finally, the cells
were harvested using centrifugation (4500 rpm, 15 min, 4 °C) and the obtained cell pellet

was weighted (typically ~45 g for 12 L culture) and stored at -80 °C.

3.2.8 Purification

Initially, the purification is starting with the membrane preparation, whereby the cells are
lysed to isolate the membranes, which contain the protein. Therefore, the cell pellet was
suspended in HEPES buffer containing 100 pg/mL lysozyme. For cell lysis with a French
press, a small amount of DNase was added to remove the remaining DNA. The cells were
then lysed with the French press and a pressure of 1 kbar. If the French press was not used,
then the cells were disrupted using a sonifier (duty cycle 60, output control 6, 2-3 min). In
both cases the cell fragments were pelleted by centrifugation (8000 rpm, 15 min, 4 °C) and
afterwards the supernatant containing the membranes was centrifuged (42000xg, 1 h, 4 °C)
to pellet the membranes, which were then stored at -80 °C (normally ~10 g from ~45 g

cells).
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To obtain the protein the membrane pellet was resuspended in HEPES buffer until a
homogenous mixture was reached. Afterwards, 1% n-dodecyl-p-D-maltopyranoside
(DDM) was added for solubilisation and the mixture was stirred for one hour at 4 °C. The
membrane suspension was centrifuged (42000xg, 30 min, 4 °C) to pellet the membranes,

whereby the protein remained in solution.

Since the protein includes a 10x His-tag, which can bind to Ni-NTA, the protein can get
purified via IMAC (immobilized metal ion chromatography). Further description about how
the 10x His-tag can bind to the Ni-NTA can be found in the user manual from Qiagen.'%®

Fresh Ni-beads from Qiagen were washed with water and transferred to HEPES buffer via
resuspending in water or buffer, centrifugation (2000xg, 5 min, 4 °C) and removing the
supernatant (this procedure was repeated two times). Afterwards, the Ni-beads were
resuspended in HEPES buffer (200 mM HEPES, 300 mM NaCl) ina 1:1 v/v ratio. Already
used Ni-beads were restored by washing with 0.5 M sodium hydroxide solution for 30
minutes and the same washing procedure with water or buffer, whereby the washing with

water was repeated four times.

In order to bind the 10x His-tag on the Ni-beads the supernatant from ultracentrifugation
was stirred for one hour at 4 °C with 30 mM imidazole, 1 mM [-mercaptoethanol and 5 mL
of Ni-beads (1:1 v/v ratio in HEPES buffer, for ~10 g membrane pellet). Then the mixture
was loaded on a column and the flow-through was discarded. Afterwards, the Ni-beads with
protein-bound via the 10x His-tag were washed with 10x column volume washing buffer
(HEPES buffer with 50 mM imidazole, 1 mM [B-mercaptoethanol and 0.05% DDM).
Finally, 10 fractions, 0.5 mL each, were eluted with elution buffer (HEPES buffer
containing 300 mM imidazole and 0.05% DDM). The protein concentration was determined
for all fractions via NanoDrop and the six fractions with the highest concentration were
pooled. Then a buffer exchange to TSK buffer containing 0.05% DDM was performed by
using Econo-Pac 10DG columns (desalting columns), leading to a final protein solution of

4 mL volume, typically with a concentration of 0.7-1 mg/mL.

During previous studies %, it was found that the purity of the protein at this stage is sufficient
for EPR spectroscopy, therefore no further purification steps were done. The protein
solution was directly spin labelled or if cys-less protein was used, it was also proceeded like

further described in the spin labelling section (3.2.9).



3.2.9 MTSSL labelling of TmrAB or K5F
Via site-directed spin labelling, MTSSL can be attached to the cysteine of the protein of

interest. During previous studies®™ different conditions for labelling time, temperature or
concentration of MTSSL were tested and the method with the best efficiency and least effort

was further used.

For the spin labelling, a stock solution of MTSSL in DMSO (100 mM) was used, which
was added in 40 fold molar excess to the 4 mL protein solution in TSK buffer with 0.05%
DDM. To prevent the formation of biradicals in the aqueous solution, where the probability
for biradical formation is higher than in DMSO, the pipette tip was moved in the solution
carefully while adding the stock solution slowly. Then the mixture was incubated on an
overhead rotor for 30 minutes at room temperature.

Since the free spin label needs to be removed and a higher concentration of protein would
be optimal for EPR spectroscopy, the protein was concentrated with Amicon Ultra-5
Centrifugal filters to a volume of approximately 50 pL. Afterwards, the solution was added
to Micro Bio-Spin 6 Chromatography Columns, which were previously equilibrated with
TSK buffer containing 0.05% DDM, for the separation of free spin label. The final protein
concentration was determined via NanoDrop.

Labelling efficiency was tested with cw spectroscopy (section 3.2.14). Samples for
PELDOR measurements (3.2.15) were either directly prepared in detergent solution or the
protein was reconstituted into liposomes (3.2.11), either for transport assays (3.2.12) or for
PELDOR measurements in liposomes. Sample preparation is further described in chapter
3.3.

For some experiments, spin labelled K5F peptide was required, which contains one free
cysteine in the sequence. For spin labelling of K5F, 200 uM peptide in water was mixed
with 200 uM MTSSL label and incubated for two hours at room temperature. The spin-
labelled peptide was stored at -20 °C.
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3.2.10 Preparation of liposomes

Before the protein could be reconstituted into liposomes, the liposomes itself had to be
prepared. Therefore, 1.4 mL of E. coli polar lipid extract (25 mg/mL in chloroform, from
Avanti Polar Lipids) and 0.6 mL DOPC (dioleoyl-sn-glycero-3-phosphocholine, 25 mg/mL
in chloroform, from Avanti Polar Lipids) were mixed and the chloroform was removed with
a rotary evaporator (20 min at 300 mbar and 20 min at 100 mbar). Since the dried liposomes
have a high risk for oxidation, they needed to be protected by an inert gas atmosphere
(argon), which was introduced through the rotary evaporator. Afterwards, the liposomes
were resuspended in 2.5 mL reconstitution buffer (to 20 mg/mL) with the help of an
ultrasonic bath until the solution was clear. Aliquots of the solution were frozen in liquid
nitrogen and warmed to room temperature for five times (freeze and thaw). Finally, the

aliquots were stored at -80 °C.

3.2.11 Reconstitution of protein into liposomes

Protein was reconstituted into liposomes for two different purposes, either for transport
assays or for EPR measurements in liposomes, which is more similar to the natural
membrane environment compared to detergent micelles.

In both cases, the liposomes were brought to room temperature and extruded 11 times
through a 400 nm polycarbonate filter membrane. After destabilizing the liposomes
(20 mg/mL) with Triton X-100 for 30 minutes at 4 °C, spin-labelled TmrAB or wild type
TmrAB was added at a molar protein-to-lipid ratio of 1:15,000 for transport assays or
1:2,000 for EPR measurements. For transport assays, the sample volume was adjusted to a
final lipid concentration of 2.5 mg/mL and for EPR samples to 10 mg/mL, respectively.
After another 30 minutes incubation at 4 °C Bio-Beads were added for removing the
detergent and to facilitate the insertion of the proteins into liposomes. For this purpose, Bio-
Beads were added in steps and always incubated at 4 °C on an overhead rotor. In a first step,
approximately 40 mg Bio-Beads were added and after one hour another 40 mg Bio-Beads
were added. After one night incubation, approximately 80 mg Bio-Beads were added and
after two hours 80 mg Bio-Beads were added again. Following another two hours of
incubation, the Bio-Beads were removed and the solution was transferred into an
ultracentrifugation tube. Proteoliposomes were harvested by ultracentrifugation
(80000 rpm, 30 min, 4 °C) and the supernatant was discarded. For transport assays, the
proteoliposomes were resuspended in reconstitution buffer to a final concentration of

5 mg/mL, whereas for EPR spectroscopy the proteoliposomes were resuspended with



reconstitution buffer to a final volume of approximately 20-30 pL. Reconstitution efficiency

was determined with cw EPR spectroscopy.

3.2.12 Transport assay

If the transporter is reconstituted into liposomes, two orientations of the transporter are
possible in proteoliposomes since the transporter can adopt a right-side-in or right-side-out
orientation. The right-side-out orientation can be used for transport assays to observe the
transport of substrate, in which conventional methods are using isotopically labelled
substrates. In addition, also other methods for determining the transport activity can be used,

for example with a fluorescent substrate.

Typically for a transport assay, 6 samples were prepared with the composition shown in
Table 13.

Table 13: Transport assay mixture for determination of substrate transport of TmrAB.

Compound Volume [pL]
Magnesium chloride (100 mM) 1.5
Reconstituted protein sample (5 mg/mL) 10
Peptide C4F (300 pM) 0.5
Transport buffer 33

5 uL ATP (30 mM) was added to three out of the six samples, were the ATP hydrolysis and
therefore substrate transport can take place. 5 uL transport buffer was added to the
remaining three samples, which served as a negative control and background measurements
since here no ATP for substrate transport is present. Directly after adding either ATP or the
buffer, the samples were heated up to 68 °C, if not stated different, for 5 minutes.
Afterwards, the transport was stopped by adding 200 uLL PBS buffer with 10 mM EDTA.
EDTA is a chelate ligand, which can coordinate free magnesium in solution and thereby
prevent ATP hydrolysis. Furthermore, a filter plate (0.65 um, Durapore) was incubated for
20 minutes with 0.3% polyethyleneimine (PEI) and afterwards, the PEI was removed by a
vacuum pump. Then the 250 uL samples were transferred to the filter plate and the solution
was removed by a vacuum pump, hereby only the proteoliposomes remain on the filter.
Afterwards, the samples were washed two times with 250 pLL PBS buffer containing 10 mM
EDTA. For the final measurement, the samples were incubated for 10 minutes with 250 pL

PBS buffer containing 0.1% SDS. Then, 150 pL of the samples were transferred into a black
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96 ELISA plate. For quantification, a standard curve was recorded with PBS buffer
containing 0.1% SDS as a blank sample. In addition, standard samples of the C4F peptide
in the same buffer were measured with different concentrations. Concentrations of 2 nM,
4 nM, 10 nM, 50 nM and 100 nM were used. Fluorescence was measured with a CLARIO
star plate reader from BMG labtech.

3.2.13 MMM software

The software MMM?® (Multiscale Modeling of Macromolecular systems) which can be

implemented into MatLab, was used to choose the labelling positions in a protein. This is
important because positions with spatial restrictions can lead to insufficient labelling. In
addition, structure and/or function of the protein can be influenced by a spin label on
restricted sites. On the other side, labelling of a completely unrestricted position with high
flexibility can lead to a broad distance distribution, which results in no clear information

about the investigated system.

These problems can be overcome with careful analysis of labelling sites and therefore the
rotamer library approach® of the MMM program is a good and helpful tool. Moreover,
distance distributions can be simulated with MMM based on a crystal structure or homology
model. With this software, the relative energies of the spin rotamers attached to a specific
position are calculated as a sum of pairwise Lennard-Jones potential energies between
atoms of the spin label and atoms of the protein. These spin rotamers were calculated from
the MD trajectories of the dihedral angles of free MTSSL. As a result, for every position, a
number of rotamers with a partition function Z can be given. Hereby the partition function
Z is a measure of the tightness of the labelling site, whereby small values correspond to a
high net interaction energy between the label and the environment surrounding the protein
molecule, leading to possible labelling failure. For the MTSSL rotamer library at 175 K, Z
values <0.05 are regarded as tight sites, which means labelling could fail or could lead to

significant influences on the protein structure.®*

3.2.14 Continuous wave measurements

For all continuous wave (cw) EPR measurements 20 pul sample was transferred into
Blaubrand-intramark micropipettes (Brand) with a micropipette controller (Brand) and
sealed with heamtocrit sealing kit (Brand). All cw EPR measurements were performed at

X-band frequency (9.4 GHz) using a Bruker E500 spectrometer with a SHQE cavity, with



the following experimental parameters: 100 kHz modulation frequency, 1.5 G modulation
amplitude, 0.6 mW microwave power, 20.48 ms time constant, 81.92 ms conversion time,
1024 points and 200 G sweep width. The EPR signal was recorded as the first derivative of
the absorption signal. For spin counting the signal was double integrated and the intensity

compared to a TEMPOL reference sample.

3.2.15 PELDOR measurements

For PELDOR measurements 10-15 uL of a sample containing 20 % deuterated glycerol was

transferred into a 1.6 mm outer diameter and 1.1 mm inner diameter quartz EPR tube
(Suprasil, Wilmad LabGlass) and was immediately frozen in liquid nitrogen. All PELDOR
data were measured on an ELEXSYS E580 EPR spectrometer (Bruker) equipped with a
PELDOR unit (E580-400U, Bruker), a continuous-flow helium cryostat (CF935, Oxford
Instruments), an arbitrary waveform generator (SpinJet-AWG) and a temperature control
system (ITC 502, Oxford Instruments). The experiments were performed at Q-band
frequencies (33.7 GHz) using an ELEXSY'S SuperQ-FT accessory unit and a Bruker AmpQ
10 or 150W TWT (Applied Systems Engineering Inc.) amplifier with a Bruker EN5107D2
cavity at 50 K. For 4-pulse PELDOR (DEER), a dead-time free 4-pulse sequence with
phase-cycled n/2-pulses was used. Thereby typical pulse lengths for the observer pulses
were 16 and 32 ns (for n/2 and & pulses) and 12 ns (x pulse with 150 W) or 20 ns (& pulse
with 10 W) for the pump pulse. The frequency of the pump pulse was set to the maximum
of the echo-detected field swept spectrum, and the observer pulses were adjusted 80 MHz
lower, hence on the high-field side of the EPR spectrum. Deuterium modulations were
averaged out by increasing the first interpulse delay by 16 ns for eight steps. The 7-pulse
Carr-Purcell measurements were done with the help of Dr Philipp E. Spindler, who also
removed the artefact occurring in these measurements. For 7-pulse Carr-Purcell PELDOR,
typical pulse lengths were 32 ns (n/2 and =) for the observer pulses and 400 ns () for the
sech/tanh pump pulses. Hereby the interpulse delays t1, 12, and 13 were chosen to be as
close to each other as possible while avoiding overlap with any of the unwanted echoes
created by the four observer pulses. While the second pump pulse was kept fixed, the first
and the third pump pulses were moved in equal but opposite time increments of 24 ns and
the third pump pulse was reversed in time to avoid signal distortion from ringing. The form
factor was obtained after background correction and artefact removal with a home-written
MATLAB script by Dr Philipp E. Spindler.
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106 version 2016 was

For determination of distance distributions the software DeerAnalysis
used, in which the normalized primary PELDOR data V(t)/V(0) were processed to remove
the background function from intermolecular interactions and the resulting form factors
F(t)/F(0) were fitted with a model-free Tikhonov regularization or Gaussian function(s) to
obtain the distance distributions.

For distance distributions with more than two distances the software DD’ version 6¢ was
used, which fits the dipolar evolution trace as a sum of up to eight Gaussian distance

distributions.

3.3 Sample preparation

3.3.1 Samples for the investigation of the alternating access mechanism of TmrAB

For the investigation of the alternating access mechanism, various samples with different
nucleotides have been prepared to introduce conformational changes. The protein
concentration was always in the range of 30-60 uM for the samples in detergent micelles
(B-DDM). For the apo-state, no nucleotides were added and the sample was either prepared
in detergent micelles or reconstituted into proteoliposomes, as described in section 3.2.11.
For the pre-hydrolysis-state, 10 mM ATP and 0.5 mM EDTA (ATP-EDTA) or 10 mM
AMP-PNP, which is a non-hydrolysable ATP analog, and 10 mM Mg (AMP-PNP-Mg?*)
were added. In addition, the system can be trapped in the pre-hydrolysis-state by adding
10 mM ATP, 16 mM sodium fluoride, 4 mM beryllium sulfate and 10 mM Mg?* (ATP-
BeFs-Mg?"). The transition-state was induced by adding 10 mM ATP, 10 mM ortho-
vanadate and 10 mM Mg?* (ADP-Vi-Mg?") in detergent micelles and also reconstituted into
proteoliposomes. For the samples in proteoliposomes, the trapped protein was added to the
proteoliposomes as described in section 3.2.11, whereby in every step the concentration of
ATP, ortho-vanadate and Mg?* was kept constant. Another possibility to obtain the
transition-state is by adding 10 MM ATP, 16 mM sodium fluoride, 4 mM aluminium
chloride and 10 mM Mg?* (ADP-AIFs-Mg?*). For the post-hydrolysis-state, 10 mM ADP
and 10 mM Mg?* (ADP-Mg?*) were added and for hydrolysing conditions 10 mM ATP and
10 mM Mg?* (ATP-Mg?*) were added. All samples with nucleotides in detergent micelles
were incubated for five minutes at 68 °C. For PELDOR samples 15-20% (v/v) deuterated
glycerol was added, and after transfer into the PELDOR tube the sample was directly frozen
in liquid nitrogen and stored at -80 °C.



3.3.2 Samples for the investigation of the conformational equilibrium by ATP
binding
For the investigation of the conformational equilibrium by ATP binding, the protein

concentration was always fixed to 50 uM; only in one case 40 UM was used, due to a low
concentration of the protein solution. As the protein concentration is taken into account in
the calculations of the Keq, this difference is not further discussed. All samples were
prepared in detergent micelles (B-DDM). For the investigation of the equilibrium of the
ATP-EDTA state with different ATP concentrations 0.5 mM EDTA was used and the ATP
concentration was varied as indicated. All samples were incubated for five minutes at 68 °C.
For the thermodynamical investigations of the ATP-EDTA equilibrium 50 mM ATP and
0.5 mM EDTA were used and the samples were incubated for five minutes at the indicated
temperature. For PELDOR samples 15-20% (v/v) deuterated glycerol was added, and after
transfer into the PELDOR tube the sample was directly frozen in liquid nitrogen and stored
at -80 °C.

3.3.3 Samples for the investigation of the trans-inhibition by K5F peptide

To investigate the mechanism of trans-inhibition of TmrAB, the protein concentration was
always fixed to 50 uM. All the samples were prepared in detergent micelles (3-DDM). For
the investigations in the ATP-EDTA state 10 mM ATP and 0.5 mM EDTA were used and
for ATP-Mg?* 10 mM ATP and 10 mM Mg?* were used. To achieve an excess of substrate
typically 500 uM K5F was added, if not stated differently. All samples were incubated for
five minutes at 68 °C. For PELDOR samples 15-20% (v/v) deuterated glycerol was added
and after transfer into the PELDOR tube, the sample was directly frozen in liquid nitrogen
and stored at -80 °C.
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4 Results
In Figure 22 the proposed transport cycle for the heterodimeric ABC exporter TmrAB is

shown, which served as a working model for this thesis.

ADPY, \L
transition state TmrAB

outward-facing TmrAB

Figure 22: Proposed transport cycle for the heterodimeric ABC exporter TmrAB. The cycle starts on top with
the inward-facing structure of TmrAB (pdb code 5MKK), where the substrate, indicated as a pink dot, is
supposed to access the transporter from the cytosolic side. Continuing clockwise, by ATP binding the
transporter should close the NBDs and first change to an occluded conformation, where the substrate is
surrounded by the TMDs, which are closed on the cytosolic side and on the periplasmic side. The occluded
conformation is illustrated by a homology model of TmrAB, based on the occluded structure of McjD (pdb
code 4PL0). Afterwards, the TMDs are supposed to open on the periplasmic side, whereby the substrate can
be released. The outward-facing structure is shown with a homology model of TmrAB based on the outward-
facing structure of Sav1866 with bound AMP-PNP (pdb code 20NJ). Via a transition state, after hydrolysis
of one ATP, the transporter can move back to the inward-facing conformation, by the release of ATP, ADP
and P;. If vanadate is present, it can insert into the phosphate bond after ATP hydrolysis and thereby trap the
transporter in the transition state.
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With X-ray crystallography, it was so far only possible to crystallize the inward-facing
structure of TmrAB (apo-state) without any nucleotide. For other heterodimeric ABC
exporters, no occluded or outward-facing structure is available as well. It is assumed that
the transport cycle can be different compared to homodimeric export systems and, so far,
studies on the homodimeric transporter MsbA%, the heterodimeric exporter BmrCD and
the heterodimeric exporter TM287/288° could show that EPR spectroscopy is a useful tool
to investigate this highly important transporter class, which still is not well understood. As
shown in Figure 22 a mechanism can be proposed, which is starting in the inward-facing
state, where the substrate (indicated as a pink dot) presumably binds in the binding pocket
in the TMDs, coming from the cytosolic side. By ATP binding, the transporter should then
close the NBDs and change to an occluded conformation, in which both sides of the TMDs
are closed and capture the substrate. By the opening of the TMDs on the periplasmic side,
the substrate can be released. To restore the transporter for the next transport cycle, ATP
hydrolysis is taking place on the consensus ATP binding site, and ATP, ADP and P; get
released before the transporter moves back to the inward-facing conformation. This so-
called transition state can be trapped by vanadate, which inserts into the phosphate bond of
ADP after hydrolysis and thereby locks the transporter in the outward-facing conformation.
In the following sections, several aspects of this cycle are further investigated. These are
the conformational changes of the alternating access mechanism (section 4.1) and the
equilibrium between the inward-facing and outward-facing structure and how this can be
influenced by changing the ATP concentration or the temperature (section 4.2). Moreover,
the role of the substrate is further investigated in relation to how trans-inhibition is
influencing the transporter (section 4.3).

4.1 Alternating access mechanism of TmrAB

4.1.1 Mutant planning and simulations of labelling positions

For the investigation of the transport cycle presented in Figure 22, double mutants were
needed to monitor conformational changes. For this purpose, the inward-facing structures
of the ABC exporters MsbA!, TM287/288% and Sav1866°” were compared to the structure
with bound nucleotides in the outward-facing conformation. The transmembrane domains
act as gates, which is clearly visible in the different conformations, whereby the TMDs are
closed to the periplasm and open to the cytoplasm in the inward-facing state and the other
way around in the outward-facing state. Therefore, the part of the protein located in the

periplasm is called the periplasmic gate and the part in the cytoplasm is called cytosolic



gate. These two gates are key positions in substrate uptake and release, where distance
changes should be clearly visible.

Moreover, the nucleotide binding domains are very important for the whole transport cycle
since they should close by nucleotide binding and open after hydrolysis and nucleotide
release. Therefore, central positions were chosen in the NBDs to observe the global
movement in the NBDs. In an asymmetric ABC exporter, one ATP binding site is the
consensus site, which is supposed to bind and hydrolyse ATP, and the other site is
degenerated, which means that this site is supposed to bind ATP without hydrolysis.
Therefore, these two sites are also key positions to observe their different behaviour.

Due to the available crystal structures of ABC exporters and related EPR studies on
MsbA% and BmrCD!% analogous position were found in TmrAB. These positions were
further analysed with the MATLAB-based simulation package MMM?® to investigate the
quality of the labelling positions concerning the accessibility for spin labelling and the
expected interspin distances. Thereby the distances from the inward-facing crystal structure
of TmrAB? were compared to a homology model based on the outward-facing structure of
Sav1866°” with bound AMP-PNP. In Table 14 all analysed positions are shown, whereby
R1 stands for the side chain formed after MTSSL labelling of the cysteines. As already
mentioned, the basis for all mutants was the cys-less version with the TmrA_C416A
mutation. For the TmrA_A416C TmrB_L458C mutant, the cysteine was restored. For sake

of clarity, this is handled as a mutation.

Table 14: Cysteine double mutants of TmrAB analysed with MMM. R1 is the side chain formed after spin
labelling of the cysteines. The spin-labelled double mutants are indicated further in the text by the given
abbreviations. If the position in the transporter is described, TM stands for the transmembrane helix which

has been labelled.

Position Position in the transporter Abbreviation
TmrA_T61R1 B_R56R1 periplasmic gate (TM1-TM2)  TmrA61B56
TmrA_V288R1 B_E272R1  periplasmic gate (TM5-TM6)  TmrA288B272
TmrA_D112R1 B_D97R1 cytosolic gate (TM2) TmrA112B97
TmrA_V461R1 B_D349R1  consensus site/NBDs TmrA461B349
TmrA_C416R1 B_L458R1  degenerate site/NBDs TmrA416B458
TmrA_E538R1 B_R549R1  consensus site/NBDs TmrA538B549
TmrA_S578R1B_T555R1  global/NBDs TmrA578B555
TmrA_K585R1 B_A562R1  C-terminal helix/NBDs TmrA585B562

81



82

At the time when these mutants were planned, already two ABC exporters had been
investigated by EPR spectroscopy, namely the heterodimeric exporter BmrCD!® and the
homodimeric exporter MsbhA%, For BmrCD no crystal structure was available, therefore
the mutants were chosen on a homology model based on the crystal structure of
TM287/2883%L. In this work, the published EPR studies and the crystal structure of Sav1866
were used to choose appropriate labelling positions. After the mutant planning was done for
this project, an EPR study on TM287/2881° was published. The labelling positions used in
the TM287/288 study are not directly comparable to the ones which were used in this thesis.
In the following, the analogous or corresponding positions are described for BmrCD and
MsbA, if they were used for the published EPR studies, and further for Sav1866 since its
outward-facing structure could propose if a significant difference can be observed due to a

conformational change.

In the periplasmic gate, the position TmrA61B56 is equivalent to BmrC55D416,
MsbA-61-61 and Sav1866-51-51. For the other periplasmic gate position TmrA288B272,
no analogous position was investigated for BmrCD or MsbA. The corresponding position
in Sav1866 is Sav1866-275-274. In the cytosolic gate, TmrA112B97 is equivalent to
BmrC188D96, MshA-103-103 and Sav1866-102-102. In the NBDs on the consensus site,
TmrA461B349 is analogous to BmrC440D441 and Sav1866-442-351 and TmrA538B549
is analogous to BmrC515D641 and Sav1866-518-549. On the degenerate NBSs,
TmrA416B458 is equivalent to BmrC392B552 and Sav1866-397-461. The NBD mutant for
the global motion TmrA578B555 is analogous to BmrC555D647 and Sav1866-558-558.
On the C-terminal helix in the NBDs, TmrA585B562 is equivalent to Sav1866-566-566 and
comparable to BmrCD 533R1/625R1 and MsbA 539R1/539R1.

In Figure 23 all the labelling positions of TmrAB are illustrated. All positions were
simulated with the simulation software MMM, by using the inward-facing crystal structure
of TmrAB. The resulting rotamers are also shown in Figure 23. Important information,
which is given by the software, is the number of populated rotamers and the partition

function, which were further explained in section 3.2.13.



Figure 23: Labelling position in TmrAB, with TmrA in violet and TmrB in green. On the left, the labelled

amino acids are shown as red spheres and the light blue arrows indicate a spin label pair. The mutants on

the degenerate site are in the front. In the middle, the transporter is shown from the other side for a better

view on the consensus site mutants. On the right, the MMM-simulated rotamers are indicated for all positions

(same colour code). Rotamers are shown in violet for TmrA mutations and in green for TmrB mutations. The

ball represents the N-O midpoint and the size is corresponding to the probability of each rotamer.

In Table 15 the number of rotamers and the partition function are shown for the chosen

labelling positions. The values for TmrA51B56 and TmrA585B562 are not listed since they

were already prepared previously.®

Table 15: Number of rotamers and partition functions for the spin labelled positions, calculated with MMM.

Residue
TmrA288R1B
TmrAB272R1
TmrAl112R1B
TmrAB97R1
TmrA461R1B
TmrAB349R1
TmrA416R1B
TmrAB458R1
TmrA538R1B
TmrAB549R1
TmrA578R1B
TmrAB555R1

Rotamers

18
47
46
28
21
93
43
65
84
94
67
102

Partition function

1.14583
1.27614
1.21887
3.06907
0.69443
1.28568
3.21450
0.80850
1.06306
1.28568
0.58379
0.67417
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For all of these positions, the number of rotamers and the partition function are in an
acceptable range, although the partition function for TmrAB97R1 and TmrA416R1B is
rather high. For TmrAB97R1 the simulation was made with an older version of MMM,
whereby the resulting value was in the acceptable range. For TmrA416R1B the natural

cysteine of TmrAB was restored and therefore the higher value was not further considered.

In Figure 24 the simulated distances for TmrAB in the inward-facing state are shown, which
are further compared to simulations of the homology models based on Sav1866 with bound
AMP-PNP in the outward-facing state and McjD in the occluded conformation. These are

the three states which are significant for the proposed cycle and are presented in Figure 22.

TmrA61B56 TmrA288B272
5 = Simulations
5, 5, inward-facing (apo)
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Figure 24: MMM-simulated interspin distances for all the double mutants (the positions are indicated). The

inward-facing state (apo-state) is shown in black and is based on the crystal structure of TmrAB (pdb 5SMKK).
For the outward-facing state, simulations on the homology model based on Sav1866 with bound AMP-PNP

(pdb code 20NJ) were done. The occluded conformation was simulated with the homology model based on

McjD (pdb code 4PLO).
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For the positions shown in Figure 24, the proposed distances for the three states are listed
in Table 16. In all cases a clear difference between the inward-facing state and the outward-
facing state is visible. All mutants together are supposed to give a good overview over the

whole transporter. The experimentally measured distances are shown in the next section.

Table 16: Simulated distances with the MMM software. Simulated distances and widths for the inward-facing
state (apo-state) are based on the crystal structure of TmrAB (pdb 5MKK), for the outward-facing state on
the homology model based on Sav1866 with bound AMP-PNP (pdb code 20NJ) and for the occluded
conformation with the homology model based on McjD (pdb code 4PL0).

Position Inward-facing state (apo) Outward-facing state Occluded state
TmrA61B56 2.7%+0.4nm 4.6 +0.3nm 1.3+0.3nm
TmrA288B272 3.7+0.2nm 52+0.3nm 4.4 +0.3nm
TmrA112B97 5.6 £0.3 nm 4.8+0.2nm 4.8 +0.2 nm
TmrA461B349 3.8+0.4nm 3.2+0.2nm 41+0.3nm
TmrA416B458 5.1 +0.3 nm 3.6 £0.4 nm 2.4 £0.3nm
TmrA538B549 2.8+0.5nm 3.3+0.6 nm 3.7+0.6 nm
TmrA578B555 4.8 0.3 nm 4.2 +0.5nm 3.7+0.5nm
TmrA585B562 3.2+0.4nm 3.9+0.3nm 4.7+0.4nm

For the degenerated NBS mutant TmrA416B458 a clearer differentiation between the
different states is expected, compared to the simulations for the mutants TmrA461B349 and
TmrA538B549 on the consensus site. The comparable mutant TmrA480B391 on the
consensus site was cloned, but unfortunately, several attempts to express and purify the
protein failed, therefore the other mutants were used.

For all important mutants it was shown that they are active in substrate transport (Figure
25) and the activity is compared to the wild type protein. For the mutants TmrA61B56 and
TmrA585B562, this was already shown in previous studies.®® In case of the mutant
TmrA538B549, which was only used as a control for the consensus site, and
TmrA578B555, which did not lead to significant information about the transporter, no
transport activity was tested. Figure 25 also shows one example of an E-to-Q-mutant, in
which the catalytic glutamic acid of the consensus site is substituted by glutamine and

thereby gets inactive.
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Figure 25: Transport activity of TmrAB mutants. The transport activity of spin labelled TmrAB is presented

TmrA416B458

TmrA461B349

TmrA416B458
E-to-Q

as the percentage of wild type, which was 1.89 + 0.09 or 3.0 + 0.4 nmol min't mg™* protein in two different
measurements. All mutants are transporting active, except for the E-to-Q-mutant of TmrA416B458, whereby

the catalytic glutamic acid is substituted to glutamine on the consensus site.

4.1.2 Experimental distance measurements on TmrAB

The transporter was measured in various intermediate states of the transport cycle, as shown
in Figure 22. At first, TmrAB was measured in the apo-state without any nucleotides and
furthermore in the different states with nucleotides or nucleotide analogues. The pre-
hydrolysis state is presented by the samples ATP-EDTA, AMP-PNP-Mg?* and
ATP-BeFs-Mg?*, which means nucleotides are bound in the transporter, but no hydrolysis
should take place. Mg?* is very important as a catalyst for ATP hydrolysis, which can be
coordinated by the chelate ligand EDTA with high affinity. The transporter can be trapped
in the transition state with ortho-vanadate (ADP-Vi-Mg?*) or with aluminium fluoride
(ADP-AIF,-Mg?*), which describes the state after ATP hydrolysis, whereby ADP gets
trapped in the binding pocket by insertion of vanadate or aluminium fluoride into the
hydrolysed phosphate bond. The post-hydrolysis state describes the state which is populated
with ADP-Mg?*. It is the state after hydrolysis and before nucleotide release. With ATP-

Mg?* the transporter can be observed under hydrolysing conditions.



For all samples, the labelling efficiency was tested with cw EPR spectroscopy and was in
the range of 80-100% and the reconstitution efficiency, which was also tested by cw EPR
spectroscopy was in the range of 30-50% in proteoliposomes.

4.1.2.1 Periplasmic gate

In the periplasmic gate, the two mutants TmrA61B56 and TmrA288B272 were investigated.
For the mutant TmrA61B56, which was already used in previous studies %, it was shown
that trapping with ortho-vanadate opens the periplasmic gate. The ATP-EDTA sample,
which was also measured during these studies, was incubated at room temperature and not
heated to 68 °C, therefore the preparation was repeated. In Figure 26 the resulting distances
for TmrA61B56 are shown. For completeness, also the previously measured apo-state and
ADP-Vi-Mg?" are shown. In addition, the distances under hydrolysing conditions with
ATP-Mg?* are presented. Previously also ADP-Mg?* and AMP-PNP-Mg?* was measured,
but could not show a difference compared to the apo conformation. Also shown are the apo-
state and ADP-Vi-Mg?* measured in proteoliposomes (PLS), whereby the distance in the
vanadate-trapped state is approximately 1 nm larger compared to the measurement in

detergent micelles.

For the apo-state, which corresponds to the inward-facing conformation, an interspin
distance of approximately r = 2.2 £ 0.4 nm was determined, which is slightly smaller than
what was simulated based on the crystal structure (2.7 £ 0.4 nm). This shows that the
periplasmic gate is closer in the apo-state than predicted from the crystal structure. With
ADP-Vi-Mg?* corresponding to the outward-facing conformation, an interspin distance of
r=4.0 £ 0.4 nm can be determined in detergent micelles and of r=5.2 + 0.2 nm in PLS. In
the simulation, a value of r = 4.6 £ 0.3 nm was predicted, which lies between the two
determined distances. This is the only position where a small difference between detergent
micelles and proteoliposomes was visible. As this was not particularly significant,
measurements were performed in general in detergent micelles. With ATP-EDTA and
ATP-Mg?*, an equilibrium between the two distances corresponding to the inward-facing

and the outward-facing conformation is populated.
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Figure 26: Conformational changes at the periplasmic gate TmrA61B56. Distances were obtained with
Tikhonov regularization. Original data V(t)/V(0) are displayed on the left, background corrected data
F(t)/F(0) are displayed in the middle and the distance distributions P(r) are shown on the right. By trapping
with ortho-vanadate the periplasmic gate opens by 2 nm compared to the apo conformation in detergent
micelles and by approximately 3 nm in proteoliposomes (PLS). Corresponding simulations are indicated with
dotted lines. With ATP-EDTA or with hydrolysing conditions with ATP-Mg?* an equilibrium between the two
states is populated. The asterisks indicate distance peaks with a significant uncertainty in their shape and
width due to the length of the dipolar evolution trace. The vertical lines indicate the most probable distance

in the closed (black) and open (red) states. (Data analysis performed with DeerAnalysis 2016)

If the catalytic glutamic acid on the consensus site is substituted by glutamine (E523Q) the
transporter is transport-inactive, as shown in Figure 25. In Figure 27 the distance
distributions are shown for the periplasmic gate mutant TmrA61B56-E-to-Q, whereby the
most important states like apo-state, ADP-Vi-Mg?* and ATP-EDTA are shown. While in
the apo-state and with ADP-Vi-Mg?* no difference compared to the transport-active mutant
can be observed, the fraction of the open outward-facing conformation is significantly
increased with ATP-EDTA.
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Figure 27: Conformational changes at the periplasmic gate TmrA61B56-E-to-Q. Distances were obtained
with Tikhonov regularization. Original data V(t)/V(0) are displayed on the left, background corrected data
F(t)/F(0) are displayed in the middle and the distance distributions P(r) are shown on the right. No difference
to the TmrA61B56 data can be observed for the apo-state or ADP-Vi-Mg?*, whereas for ATP-EDTA a shift to
the open outward-facing conformation can be observed. The equilibrium of TmrA61B56 ATP-EDTA is shown
in dotted lines for comparison. The vertical lines indicate the most probable distance in the closed (black) and

open (red) states. (Data analysis performed with DeerAnalysis 2016)

For the other periplasmic gate mutant, TmrA288B272, the most important states are
presented in Figure 28. The apo-state or inward-facing conformation shows an interspin
distance of r = 3.4 £ 0.3 nm, which is comparable to the simulated interspin distance of r =
3.7 £ 0.2 nm. With the 7-pulse CP-PELDOR measurement, an interspin distance of r = 5.2
+ 0.3 nm for ADP-V;-Mg?* could be determined, which was performed with the help of Dr
Philipp E. Spindler. This distance fits perfectly to the simulated distance for the outward-
facing state, which was also r = 5.2 + 0.3 nm. In addition, the 4-pulse measurement can be
fitted with a Two-Gaussian fit, by using these two defined distances and fitting by Tikhonov
regularization leads to a comparable result. For the ATP-EDTA and ATP-Mg?* states, the
data were fitted with Two-Gaussian models since the time windows were too short for
reliable distance analysis with Tikhonov regularization. Both states form an equilibrium of
the inward-facing and the outward-facing conformation, whose ratios are similar in both
cases. With ATP binding 67% of the transporter changes to the open conformation and

under hydrolysing conditions 69%. The distance of the open conformation is approximately
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2 nm larger compared to the closed conformation, which is comparable to the other

periplasmic gate mutant.
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Figure 28: Conformational changes at the periplasmic gate TmrA288B272. Distances were obtained with
Tikhonov regularization for the apo-state and the ADP-Vi-Mg?* 7-pulse data. In all other cases, the distances
were determined with Two-Gaussian fits, with the mean distances being r = 3.4 + 0.3 nm for the apo-state
inward-facing conformation and r = 5.2 + 0.3 nm for the outward-facing conformation. Original data
V(t)/V(0) are displayed on the left, background corrected data F(t)/F(0) are displayed in the middle and the
distance distributions P(r) are shown on the right. For the 7-pulse data, the background corrected data with
the artefact is shown in orange and the artefact itself is shown in blue. By trapping with ortho-vanadate the
periplasmic gate opens by 2 nm compared to the apo conformation in detergent micelles. Corresponding
simulations are indicated in dotted lines. For the ADP-Vi-Mg?* 4-pulse data, the Tikhonov fit is indicated with
dotted lines. With ATP-EDTA or hydrolysing conditions with ATP-Mg?*, an equilibrium between the two
states gets populated. The vertical lines indicate the most probable distance in the closed (black) and open

(red) states. (Data analysis performed with DeerAnalysis 2016)



With ADP-Mg?* or AMP-PNP-Mg?*, no significant differences compared to the apo-state
can be observed. In all cases, the closed- or inward-facing conformation is the dominant
fraction. However, it is also visible that in the apo-state already a small fraction is opening
(Fig.29, red line), which is also seen with ADP-Mg?* or AMP-PNP-Mg?*. All relevant states
are shown in Figure 29, where also the apo-state in proteoliposomes is presented, which
shows no difference compared to the measurement in detergent micelles. For the apo-state,
the fit was done with a Tikhonov regularization and all other measurements were fitted with
a Two-Gaussian model based on the predefined distances for the closed and open
conformation. If one of the two fractions has a very low probability close to zero a perfect

fitting is not possible.
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Figure 29: Apo-like states at the periplasmic gate TmrA288B272. Distances were obtained with Tikhonov
regularization for the apo-state in detergent micelles. In all other cases, the distances were determined with
Two-Gaussian fits, with mean distances of r = 3.4 + 0.3 nm for the apo-state inward-facing conformation and
r = 5.2 £ 0.3 nm for the outward-facing conformation. Original data V(t)/V(0) are displayed on the left,
background corrected data F(t)/F(0) are displayed in the middle and the distance distributions P(r) are shown
on the right. For the apo-state in proteoliposomes, no difference compared to the measurement in detergent
micelles can be observed. For ADP-Mg?* and AMP-PNP-Mg?* no significant change can be observed
compared to the apo-state. In all cases, a small open fraction is visible, also without any nucleotide. The
vertical lines indicate the most probable distances in the closed (black) and open (red) states. (Data analysis

performed with DeerAnalysis 2016)

91



92

With ATP-BeFs-Mg?* the pre-hydrolysis state should be trapped, in which only ATP is
binding. With ADP-AIF,-Mg?* the post-hydrolysis state should be populated, like with
ADP-Vi-Mg?*, where the outward-facing conformation gets populated. Both states show
mostly the outward-facing conformation, similar to a state trapped with ortho-vanadate. The
results are shown in Figure 30. Also presented are the samples prepared with ADP-V;i-Mg?*
in detergent micelles and proteoliposomes, whereby no differences are visible in case of the
distances that can be observed. However, the probability of the inward-facing conformation

increases, showing that the trapped state is not as stable in proteoliposomes as in detergent

micelles.
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Figure 30: ADP-Vi-Mg?*-like states at the periplasmic gate TmrA288B272. Distances were obtained with
Two-Gaussian fits, with the mean distances being r= 3.4 =+ 0.3 nm for the apo-state inward-facing
conformation and r = 5.2 £ 0.3 nm for the outward-facing conformation. Original data V(t)/V(0) are displayed
on the left, background corrected data F(t)/F(0) are displayed in the middle and distance distributions P(r)
are shown on the right. No difference can be seen between the populated distances for ADP-Vi-Mg?* in
proteoliposomes and in detergent micelles. For ATP-BeFs-Mg?* and ADP-AIF,-Mg?* no significant changes
can be observed compared to the ADP-Vi-Mg?*-state. In all cases, the outward-facing open conformation is
the main fraction. The vertical lines indicate the most probable distance in the closed (black) and open (red)

states. (Data analysis performed with DeerAnalysis 2016)

The two presented double mutants, TmrA61B56 and TmrA288B272, represent the

structural rearrangement in the periplasmic gate, which means the part of the



transmembrane domains which is located on the site to the periplasm. To see the response

on the other side of the transmembrane domains, the cytosolic gate was investigated.

4.1.2.2 Cytosolic gate
The cytosolic gate is located between the transmembrane domains and the nucleotide

binding domains, where the substrate is supposed to enter the transporter in the inward-
facing conformation. To investigate the structural rearrangements of this gate the mutant

TmrA112B97 was used, for which the most important states are shown in Figure 31.

As shown in Figure 31 the determined interspin mean distance for the apo conformation is
r=5.7 £ 0.4 nm, which is comparable to the mean distance of r = 5.6 £ 0.3 nm determined
by the simulation with the crystal structure. Since the time trace is long enough to define
the mean distance, but not the width of the distance distribution, a validation with different
background lengths was performed with DeerAnalysis and the error range is indicated in
Figure 31. For ADP-Vi-Mg?" an interspin distance of r = 4.6 + 0.2 nm could be determined,
which is comparable to the simulated distance of r = 4.8 £ 0.2 nm in the outward-facing
conformation. With ATP-EDTA an equilibrium between both states, the inward-facing and
the outward-facing state, gets populated. For the ATP-Mg?* state, the measurement was too
short for a reliable distance fitting, therefore the original measurement was superimposed

with the ATP-EDTA measurement, whereby no significant difference was visible.
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Figure 31: Conformational changes at the cytosolic gate TmrA112B97. Original data V(t)/V(0) are displayed
on the left, background corrected data F(t)/F(0) are displayed in the middle and the distance distributions
P(r) are shown on the right. Distances were obtained with Tikhonov regularization for the apo-state, ADP-
Vi-Mg?*and ATP-EDTA. For the apo-state inward-facing conformation a mean distance of r = 5.7 + 0.4 nm
was determined for the most probable distance distribution (black). Validation was done for the apo-state,
whereby the background starting point was varied between 1000-3000 us in 100 steps. The endpoint was
always 4800 ps. Minimal and maximal distance distributions are shown in cyan and magenta and the area
between these two distributions is shown in grey. For ADP-Vi-Mg?*or the outward-facing conformation a
mean distance of r = 4.6 £ 0.2 nm was determined. The corresponding simulations are indicated in dotted
lines. With ATP-EDTA an equilibrium between the two states gets populated. For the hydrolysing conditions
with ATP-Mg?*, the time trace was superimposed with the ATP-EDTA time trace, whereby no significant
differences can be observed. The vertical lines indicate the most probable distance in the closed (black) and

open (red) states. (Data analysis performed with DeerAnalysis 2016)

In Figure 32 the ADP-Mg?* and AMP-PNP-Mg?* states are shown, for which no difference
compared to the apo-state was visible in the periplasmic gate. Also in the cytosolic gate, no
significant difference is visible if the time traces are superimposed with the apo-state. This
procedure is necessary since the time traces are too short for a reliable distance analysis
with Tikhonov regularization. Data for ATP-BeFs-Mg?* (pre-hydrolysis state) and ADP-
AlF,-Mg?* (post-hydrolysis state) in the periplasmic gate showed the same outward-facing



conformation as the data for ADP-Vi-Mg?*. As an example, ADP-AIFs-Mg?* is shown with
the time trace superimposed with the ADP-Vi-Mg?* trace, which shows no significant
difference (Fig. 32 right side).
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Figure 32: Apo-like and ADP-V;-Mg?*-like states at the cytosolic gate TmrA112B97. On the left original data
V(t)/V(0) are compared to the apo-state for ADP-Mg?* and AMP-PNP-Mg?*. On the right, the original data

V(t)/V(0) is compared to the ADP-Vi-Mg?* for ADP-AIF,-Mg?*. For all shown traces no significant

differences in the original data are visible. Further distance analysis with Tikhonov regularization is not
possible for these traces since the time window is too short. (Data analysis performed with DeerAnalysis
2016)

The measurements on the cytosolic gate and the periplasmic gate reveal comparable results.
As expected, the cytosolic gate closes in the outward-facing conformation, while the
periplasmic gate opens. This can be seen from the distance change from the apo-state to the
ADP-Vi-Mg?" post-hydrolysis-state, where the distance gets approximately 1 nm smaller.
As before, with ATP-EDTA and hydrolysing conditions and with ATP-Mg?* an equilibrium
between inward- and outward-facing conformations gets populated.

4.1.2.3 Nucleotide binding domains

For the substrate transport, the transmembrane domains are significant since they build the
translocation pathway. The substrate can enter the transporter through the open cytosolic
gate in the inward-facing conformation and exit the transporter through the periplasmic
gate, which is opening in the outward-facing conformation while the cytosolic gate is
closing. The necessary energy is supposed to come from ATP hydrolysis, which is taking
place in the nucleotide binding domains (NBDs). In case of TmrAB, it is not only important
how the NBDs change their conformation during nucleotide binding, due to the asymmetry

of one consensus and one degenerate ATP binding site, the specific response to nucleotides
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of both sites may be different. For the global motion of the NBDs, the mutants
TmrA585B562 and TmrA578B555 were investigated. For the specific motions of the
consensus site, TmrA461B349 was investigated and TmrA538B549 served as a control for
further experiments presented in section 4.2.1. To investigate the specific motions of the

degenerate site, TmrA416B458 was investigated.

For TmrA585B562 and TmrA578B555, the apo-state and ADP-Vi-Mg?* are shown in
Figure 33. In the case of TmrA585B562, the detergent data is shown, which was measured
and discussed in previous studies.®® This data shows a slightly larger interspin distance with
ADP-Vi-Mg?" r = 4.8 = 0.3 nm compared to the apo-state, where the main peak has an
interspin distance of r = 4.3 £ 0.2 nm. This change is resulting from a rotational motion of
the spin-labelled C-terminal helix via closing of the NBDs. In proteoliposomes, no
significant differences in the distance distribution can be observed compared to detergent
micelles. For TmrA578B555 a main distance peak in the apo-state is found at r = 5.1 £
0.5 nm, which is comparable to the simulated distance of r = 4.8 + 0.3 nm. In the case of
ADP-Vi-Mg?#*, the determined interspin distance is r = 4.8 + 0.5 nm, which is slightly larger
than the simulated distance of r =4.2 £ 0.5 nm. It is clear for both mutants that the distance
distributions are broader compared to the simulations from the crystal structure. These data
reveal that this part of the transporter is more flexible than predicted, apparently, these

mutants are therefore not useful for investigating the global motion of the NBDs.
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Figure 33: Conformational changes at the NBDs TmrA585B562 and TmrA578B555. Original data V(t)/V(0)
are displayed on the left, background corrected data F(t)/F(0) are displayed in the middle and the distance
distributions P(r) are shown on the right. Distances were obtained with Tikhonov regularization for the apo-
state, ADP-V;-Mg?*. For TmrA585B562 the distance distribution is very broad in the apo-state, with a
distance of the main peak of r = 4.3 + 0.3 nm and with ADP-V;-Mg?* the mean distance is r = 4.8 + 0.3 nm,
which is slightly larger due to a rotational motion of the C-terminal helix during NBD closing. No significant
differences can be observed for the measurement in proteoliposomes compared to measurement in detergent
micelles. For TmrA578B555 a distance of r = 5.1 £ 0.3 nm can be determined for the main peak in the apo-
state. For the ADP-Vi-Mg?*-sample, the distance is slightly smaller with r = 4.8 + 0.5 nm. The asterisk
indicates distance peaks with uncertainty in shape and width corresponding to the length of the dipolar
evolution time detected. Corresponding simulations are indicated with dotted lines and the vertical lines
indicate the most probable distance in the closed (black) and open (red) states. (Data analysis performed with

DeerAnalysis 2016)

Furthermore, the specific motions of the consensus nucleotide binding site (NBS), which is
supposed to bind and hydrolyse ATP, and of the degenerate NBS, which is supposed to bind
ATP without hydrolysis, were investigated. Such a study is supposed to reveal differences

in the response of the two NBSs. For the degenerate site, the mutant to observe
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conformational changes is TmrA416B458, for which the most important states are

presented in Figure 34.
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Figure 34: Conformational changes at the degenerate NBS TmrA416B458. Distances were obtained with
Tikhonov regularization for the apo-state and the ADP-Vi-Mg?* 7-pulse data. In all other cases, the distances
were determined with Two-Gaussian fits, with the mean distances being r = 5.7 + 0.3 nm for the open-state
and r = 3.8 = 0.4 nm for the closed-state. Original data V(t)/V(0) are displayed on the left, background
corrected data F(t)/F(0) are displayed in the middle and distance distributions P(r) are shown on the right.
For the 7-pulse data, the background corrected data with the artefact is shown in orange and the artefact
itself is shown in blue. By trapping with ortho-vanadate the degenerate NBS closes by 2 nm compared to the
apo conformation in detergent micelles. Corresponding X-ray simulations are indicated in dotted lines. For
the ADP-Vi-Mg?* 4-pulse data, the Tikhonov fit is indicated with dotted lines. With ATP-EDTA or under
hydrolysing conditions with ATP-Mg?* an equilibrium between the two states gets populated. The vertical
lines indicate the most probable distance in the closed (black) and open (red) states. (Data analysis performed

with DeerAnalysis 2016)



The 7-pulse data were measured by Dr Philipp E. Spindler, who also did the artefact
subtraction. For the apo-state or inward-facing conformation, an interspin distance of r =
5.7 £ 0.3 nm was determined, which is slightly larger than the simulated distance of r = 5.1
+ 0.3 nm. For ADP-V;-Mg?* an interspin distance of r = 3.8 + 0.4 nm was determined, which
is comparable to the simulated distance of r = 3.6 £ 0.4 nm. The distances get smaller in the
post-hydrolysis state, due to the closing of the NBDs for ATP binding. With ATP-EDTA
and hydrolysing conditions with ATP-Mg?*, an equilibrium between the open and closed
conformation of the NBS can be observed.

For ADP-Mg?* and AMP-PNP-Mg?* the distance distributions, like in the TMDs, do not

show any difference compared to the apo-state with open NBDs, as shown in Figure 35.
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Figure 35: Apo-like states at the degenerate NBS TmrA416B458. Distances were obtained with Two-
Gaussian fits, with the main distances r = 5.7 + 0.3 nm for the open-state and r = 3.8 £ 0.4 nm for the closed-
state. Original data V(t)/V(0) are displayed on the left, background corrected data F(t)/F(0) are displayed in
the middle and the distance distributions P(r) are shown on the right. For ADP-Mg?* and AMP-PNP-Mg?*
no significant changes can be observed compared to the apo-state. In all cases the degenerate NBS stays in
an open conformation, only a minimal fraction of the closed conformation can be observed. The vertical lines
indicate the most probable distance in the closed (black) and open (red) states. (Data analysis performed with

DeerAnalysis 2016)

As presented for the TMDs, ADP-AIF4-Mg?* shows the same effect as ADP-Vi-Mg?", the
degenerate site is predominantly closed. This is displayed in Figure 36, where the two states

are compared to each other.
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Figure 36: ADP-Vi-Mg?*-like state at the degenerate NBS TmrA416B458. Distances were obtained with Two-
Gaussian fits, with the distances r = 5.7 £ 0.3 nm for the open-state and r = 3.8 £ 0.4 nm for the closed-state.
Original data V(t)/V(0) are displayed on the left, background corrected data F(t)/F(0) are displayed in the
middle and the distance distributions P(r) are shown on the right. For ADP-AIF,-Mg?* no significant change
can be observed compared to the ADP-V;-Mg?*-state. In both cases, the closed conformation is the main
fraction. The vertical lines indicate the most probable distance in the closed (black) and open (red) states.

(Data analysis performed with DeerAnalysis 2016)

Figure 37 shows the PELDOR data for the inactive mutant TmrA416B458-E-to-Q in the
apo-state, with ADP-Vi-Mg?* and with ATP-EDTA. As observed in the periplasmic gate,
in the apo-state and with ADP-Vi-Mg?* no difference compared to the transport-active
mutant can be observed. With ATP-EDTA, however, the fraction of the closed
conformation is significantly increased compared to the active mutant. A Two-Gaussian
model was not able to fit the PELDOR data of the apo-state in a perfect manner. This is

because of the low probability of one fraction.

The measured data for the degenerate NBS is consistent with the previously presented data
for the TMDs. While the periplasmic gate is opening in the outward-facing conformation,
at the same time the cytoplasmic gate is closing, which is stabilized by trapping with ortho-
vanadate. Following ATP binding, which is necessary for subsequent ATP hydrolysis, the
transporter needs to close the NBDs, as shown for the degenerate NBS (Fig. 34). For the
consensus NBS, the mutants TmrA461B349 and TmrA538B549 were introduced. As
already mentioned, the mutant directly comparable to the one introduced to monitor the
degenerate site, which was supposed to have the same clear differentiation between the two

states, was cloned but could not be purified.
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Figure 37: Conformational changes at the degenerate NBS TmrA416B458-E-to-Q. Distances were obtained
with Two-Gaussian fits, with the distances r = 5.7 £ 0.3 nm for the open-state and r = 3.8 + 0.4 nm for the
closed-state. Original data V(t)/V(0) displayed on the left, background corrected data F(t)/F(0) displayed in
the middle and the distance distributions P(r) are shown on the right. No difference to the TmrA416B458 data
can be observed for the apo-state or ADP-Vi-Mg?*, whereas for ATP-EDTA a shift to the closed conformation
can be observed. The equilibrium of TmrA416B458 ATP-EDTA is shown in dotted lines for comparison. The
vertical lines indicate the most probable distance in the closed (black) and open (red) states. (Data analysis

performed with DeerAnalysis 2016)

The most important states for TmrA461B349 are presented in Figure 38, where the apo-
state gives an interspin distance of r = 3.9 £ 0.5 nm, which is very close to the simulated
distance of the crystal structure with r = 3.8 + 0.4 nm. For ADP-Vi-Mg?* an interspin
distance of r = 3.1 £ 0.4 nm was determined, which is also close to the simulated distance
of the closed NBDs with r =3.2 £ 0.2 nm. In all cases, a small fraction with a larger distance
is appearing (marked with an asterisk). This fraction is so small that it is not taken further
into account. Since this fraction is already appearing without any nucleotides, it might be a
minor second population occurring in the inward-facing conformation. From apo-state to
ADP-Vi-Mg?* the consensus NBS is closing at this position by approximately 1 nm and is
populating an equilibrium between both states with ATP-EDTA or under hydrolysing
conditions with ATP-Mg?*. In summary, these results are consistent with the previous

observation at the TMDs and on the degenerate NBS.
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Figure 38: Conformational changes at the consensus NBS TmrA461B349. Distances were obtained with
Tikhonov regularization and the distances of r = 3.9 + 0.5 nm for the open-state and r = 3.1 + 0.4 nm for the
closed-state were obtained. Original data V(t)/V(0) are displayed on the left, background corrected data
F(t)/F(0) are displayed in the middle and the distance distributions P(r) are shown on the right. By trapping
with ortho-vanadate the consensus NBS closes by 1 nm compared to the apo conformation in detergent
micelles. Corresponding X-ray simulations are indicated in dotted lines. For the ATP-Mg?* data, a Two-
Gaussian fit is indicated with dotted lines. With ATP-EDTA or under hydrolysing conditions with ATP-Mg?*
an equilibrium between the two states gets populated. The asterisks mark a small population, which is already
occurring without any nucleotides, which is very small and therefore not further taken into account. The
vertical lines indicate the most probable distance in the closed (black) and open (red) states. (Data analysis

performed with DeerAnalysis 2016)

As shown in Figure 39, for the apo-state no significant difference can be observed between
the measurement in proteoliposomes and in detergent micelles. As already shown for the
other presented mutants, ADP-Mg?* and AMP-PNP-Mg?* cannot induce conformational

changes with respect to the apo-state.
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Figure 39: Apo-like states at the consensus NBS TmrA461B349. Distances were obtained with Two-Gaussian
fits for the apo-state in proteoliposomes with distances of r = 3.9 + 0.5 nm for the open-state and r = 3.1 +
0.4 nm for the closed-state. In dotted lines, the corresponding Tikhonov regularization is shown. All other
traces were fitted with Tikhonov regularization. Original data V(t)/V(0) are displayed on the left, background
corrected data F(t)/F(0) are displayed in the middle and the distance distributions P(r) are shown on the
right. No difference can be observed between the apo-state data in detergent micelles and proteoliposomes.
For ADP-Mg?* and AMP-PNP-Mg?* no conformational changes compared to the apo-state can be observed.
The asterisks mark a small population, which is already occurring without any nucleotides. This fraction is
very small and therefore not further taken into account. The vertical lines indicate the most probable distance

in the closed (black) and open (red) states. (Data analysis performed with DeerAnalysis 2016)

As shown in Figure 40, for ADP-Vi-Mg?* no significant difference can be observed between
the measurement in proteoliposomes and in detergent micelles. For ADP-AIF,-Mg?* and
ATP-BeF3-Mg?* the consensus NBS is closing, as with ADP-Vi-Mg?*. This is consistent

with the observations for the other mutants.
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Figure 40: ADP-Vi-Mg?*-like states at the consensus NBS TmrA461B349. Distances were obtained with Two-
Gaussian fits for ADP-Vi-Mg?* in proteoliposomes with a distance of r = 3.9 + 0.5 nm for the open-state and
r = 3.1+ 0.4 nm for the closed-state. In dotted lines, the corresponding Tikhonov regularization is shown and
all other traces were fitted with Tikhonov regularization. Original data V(t)/V(0) are displayed on the left,
background corrected data F(t)/F(0) are displayed in the middle and the distance distributions P(r) are shown
on the right. No difference can be observed between the ADP-Vi-Mg?* data in detergent micelles and
proteoliposomes. For ATP-BeFs-Mg?* and ADP-AIF,-Mg?* the consensus NBS is closing as observed for
ADP-V;-Mg?*. The asterisks mark a small population, which is already occurring without any nucleotides,
which is very small and therefore is not further taken into account at this point. The vertical lines indicate the
most probable distance in the closed (black) and open (red) states. (Data analysis performed with
DeerAnalysis 2016)

For the corresponding inactive mutant, TmrA461B349-E-to-Q, the apo-state, ADP-Vi-Mg?*
and ATP-EDTA are shown in Figure 41. As observed in the periplasmic gate and for the
degenerate NBS (Fig. 27 and Fig. 37), in the apo-state and with ADP-Vi-Mg?* no difference
can be observed compared to the transport-active mutant. With ATP-EDTA the fraction of
the closed conformation is clearly increased compared to the active mutant, but not as much
as for the degenerate NBS (Fig. 37). At this point, both sides, consensus and degenerate
NBS, behave slightly different because on the degenerate site almost a complete shift to the
closed conformation for the inactive mutant can be observed, while on the consensus site

only a partial shift is visible.

104



TmrA461B349-E-to-Q

1 apo 1
0.9 0o
S 50 3
Sos £ E *
=07 =0.8 =
> [ e
0.6
0.7
0 1 2 3 4 0 1 2 3 4 o 1 2 3 & 5 6 7
t(us) t(us) ri(nm
2+
1 ADP-V-Mg 1
~ 09 — —_
[=2 909 3
w Y. ©
Zos = = .
g - - N\
0.7 08 .
0 1 2 3 4 0 1 2 3 4 o 1 2 3 4 5 6 7
t(us) t(us) ri(nm;
1 ATP-EDTA 1 :
09 _
S 509 E
’2_\0.8 é ~,
507 0.8 T
0 1 2 3 4 0 1 2 3 4 0 1
t (us) t (us) r(nm)

Figure 41: Conformational changes at the consensus NBS TmrA461B349-E-to-Q. Distances were obtained
with Tikhonov regularization. Original data V(t)/V(0) are displayed on the left, background corrected data
F(t)/F(0) are displayed in the middle and the distance distributions P(r) are shown on the right. No difference
to the TmrA461B349 data can be observed for the apo-state or ADP-V;-Mg?*, whereas for ATP-EDTA a shift
to the closed conformation can be observed, but not as large as on the degenerate NBS. The equilibrium of
TmrA461B349 ATP-EDTA is shown in dotted lines for comparison. The asterisks mark a small population,
which is already occurring without any nucleotides. This fraction is small and not changing so much in the
different states and therefore it is not further taken into account. The vertical lines indicate the most probable
distance in the closed (black) and open (red) states. (Data analysis performed with DeerAnalysis 2016)

In total, the conformational changes on the consensus NBS fit qualitatively to the changes
on the degenerate NBS. Except for the inactive E-to-Q-mutant, no differences between the
two NBSs can be observed. To determine if the observed effects are from the specific NBS
or might be introduced by the spin labels, another mutant for the consensus NBS,
TmrA538B549, was investigated (relevant for experiments described in section 4.2.1). The
apo-state, ATP-Vi-Mg?* and ATP-EDTA are shown in Figure 42. For the apo-state, an
interspin distance of r = 3.8 £ 0.7 nm, which is far from the simulated distance of the crystal
structure with r = 2.8 + 0.5 nm, was obtained. For ADP-Vi-Mg?* an interspin distance of
r=3.2 £ 0.5 nm was determined, which is close to the simulated distance of the closed
NBDs with r = 3.3 £ 0.6 nm. From a comparison of the simulation of the crystal structure,
and the simulation of the outward-facing state homology model a distance increase was
proposed. This cannot be seen for the TmrA538B549 mutant since the distance was

approximately 1 nm larger than predicted from the crystal structure. This results in an
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experimental determined final change of 0.6 nm between the two states. This makes it hard
to distinguish the two states, but since this mutant is only used as control these results are
sufficient. With ATP-EDTA the time trace can be fitted as a combination of the open and

closed state.
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Figure 42: Conformational changes at the consensus NBS TmrA538B549. Distances were obtained with
Tikhonov regularization for the apo-state and ATP-Vi-Mg?*. For ATP-EDTA a Two-Gaussian model with
distances of r = 3.8 + 0.7 nm for the open-state and r = 3.2 £ 0.5 nm for the closed-state was used. The
Tikhonov regularization is superimposed in dotted lines for ATP-EDTA. Original data V(t)/V(0) are displayed
on the left, background corrected data F(t)/F(0) are displayed in the middle and the distance distributions
P(r) are shown on the right. By trapping with ortho-vanadate the consensus NBS closes by 0.6 nm compared
to the apo conformation. Corresponding simulations are indicated in dotted lines. For the apo-state, the
distance distribution is 1 nm larger than expected from the simulation. With ATP-EDTA an equilibrium
between the two states gets populated. The vertical lines indicate the most probable distance in the closed

(black) and open (red) states. (Data analysis performed with DeerAnalysis 2016)
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4.1.3 Discussion of the alternating access mechanism of TmrAB

In Figure 22 the proposed alternating access mechanism of TmrAB was previously
presented. With the first experiments, whereby nucleotides, catalytic magnesium ions and
trapping reagents were added, mainly two states could be observed. In the apo-state without
any nucleotides, an inward-facing conformation with a closed periplasmic gate and open
NBDs and the cytosolic gate could be observed for all mutants. With ADP-Vi-Mg?* an
outward-facing conformation could be populated with the periplasmic gate open and the
cytosolic gate, as well as the NBDs, closed. The nucleotides ADP-Mg?* or AMP-PNP-
Mg?*, a non-hydrolysable ATP analogon, were not able to introduce this conformational
changes to populate the outward-facing conformation. For the transition to the outward-
facing conformation, also ADP-AIF,-Mg?* or ATP-BeFs-Mg?* can be used, which should
populate the post-hydrolysis or the pre-hydrolysis state, respectively. It has been shown in
all these cases, that ATP-EDTA and hydrolysing conditions with ATP-Mg?* induce an
equilibrium between inward- and outward-facing conformations, whereas the amount of the
outward-facing conformation is slightly larger under hydrolysing conditions. All these
investigations so far have been carried out without substrate, only nucleotides introduced
these conformational changes. In Figure 43 the conformational states which could be

observed in the alternating access mechanism are highlighted.
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ADP-V,
transition state TmrAB

outward-facing TmrAB

Figure 43: Alternating access mechanism of TmrAB where the states which could be observed experimentally
with nucleotides are marked with pink boxes. Without any nucleotide, the transporter was observed in the
inward-facing state (top) and by trapping with e.g. ortho-vanadate the transporter could be observed in the
transition-state, like shown on the left. For ATP binding only or under hydrolysing conditions the transporter
was populating an equilibrium between the inward-facing conformation (top) and the outward-facing
conformation (bottom). The equilibrium with bound ATP is indicated by an arrow and all observed states are
highlighted with a pink box. During the experiments so far no substrate was present, which is indicated in the

proposed cycle with pink dots.

As already mentioned, EPR data are available for the homodimeric ABC exporter MsbA%,
the heterodimeric ABC exporters TM287/288!° and BmrCD!®. These data can be
compared with the observed results of the heterodimeric ABC exporter TmrAB.
Asymmetric NBDs are a typical feature of heterodimeric ABC exporters, which is also
found in several human ABC exporters like CFTR, MRP1 and SUR1.

The structures of TmrAB® and TM287/288™° showed partially engaged NBDs; this
conformation is further validated by the PELDOR results of TmrA578B555 and
TmrA585B562. In the apo-state, TmrA578B555 shows an interspin distance of r = 5.1 +

0.5 nm, which is close to the crystal structure simulation, which showed a distance of r =



4.8 + 0.3 nm. For ATP-Vi-Mg?" an interspin distance of r = 4.8 + 0.3 nm was determined,
which is slightly larger than the distance of r = 4.2 + 0.5 nm, which was simulated with the
homology model based on the outward-facing structure of Sav1866 with bound AMP-PNP.
For TmrA585B562 an interspin distance of r = 4.3 £ 0.2 nm was determined in the apo-
state, this is larger than the simulated distance from the crystal structure, r = 3.2 £ 0.4 nm,
but significantly smaller than in MsbA, where r = 6.0 £ 0.5 nm at the comparable position
MsbA-539-539. A comparison to BmrC555B647 and BmrC533B625 is difficult since for
BmrCD a large and broad opening is visible and a well-defined inward-facing state can be
only seen with AMP-PNP-Mg?* or ADP-Mg?*. For BmrC533D625 no difference can be
seen between the inward-facing and the outward-facing state but for BmrC555D647, which
is comparable to TmrA578B555, a closing can be observed. For BmrC555D647 the distance
in the well-defined inward-facing state is around 5.5 nm, which is just slightly larger than
in TmrAB and the closure is around 1 nm.

For BmrCD in general, a wide-open conformation is seen for the NBDs in the apo-state,
which are further engaged with AMP-PNP-Mg?*, ADP-Mg?* or ATPyS-Mg** (slowly-
hydrolysable ATP analogue). The human single-polypeptide exporters CFTR*, MRP1!?
and SUR1% all contain asymmetric NBSs, which are disengaged with the smallest
separation in SUR1. Different to BmrCD, in TmrAB the NBDs can be fully closed by
addition of ATP, but ADP or AMP-PNP has no influence on the conformation. With the
EPR studies on BmrCD*% and TM287/288°, it was shown that ATP binding is sufficient
for the switching to the outward-facing conformation for TM287/288, whereas for BmrCD
ATP hydrolysis is necessary. For TmrAB, ATP binding is sufficient for the transition to the
outward-facing conformation, like in TM287/288.

At the periplasmic gate TmrA61B56 and TmrA288B272 were investigated and at the
cytosolic gate, TmrA112B97 was investigated. For TmrA61B56 an interspin distance in the
inward-facing conformation of r = 2.2 = 0.4 nm was observed, which is slightly smaller
than proposed from the crystal structure with a simulated distance of r = 2.7 £ 0.4 nm and
also smaller than the comparable distance for MsbA with r = 3.0 £ 0.4 nm. For the
comparable position BmrC55D146, the periplasmic gate is further opened at this position
with approximately 4.5 nm. In TmrAB the periplasmic gate is opening by about 2 nm with
ATP-Vi-Mg?*, resulting in an interspin distance of r = 4.0 + 0.4 nm in detergent micelles.
In proteoliposomes, the gate opening is resulting in an interspin distance of r =5.2 £ 0.2 nm.
The simulated distance for the homology model in the outward-facing state proposed a

distance of r = 4.6 £ 0.3 nm, which is between the distance in detergent micelles and
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proteoliposomes. For BmrC55D146 the periplasmic gate opening is in a comparable range,
however, the distance distribution is much broader. For MsbA-61-61 a distance of r =4.0 +
0.3 nm was observed, which is the same as for TmrAB in detergent micelles. This
corresponds to an opening of only 1 nm compared to the inward-facing state. For
TmrA288B272 the interspin distance in the apo-state is r = 3.4 + 0.3 nm, which is
comparable to the simulation of the crystal structure, where a distance of r = 3.7 £ 0.2 nm
was extracted. No comparable position was measured for BmrCD or MsbA, but with the
transition to the outward-facing state, this gate is also opening by about 2 nm, resulting in
an interspin distance of r = 5.2 = 0.3 nm. This is exactly the distance that was simulated
from the homology model for the outward-facing state.

In the cytosolic gate, TmrA112B97 showed an interspin distance of r =5.7 £ 0.4 nm in the
apo-state, which is very close to the simulated distance in the crystal structure of r =5.6 +
0.3 nm. This open state is comparable to the distance in BmrC188D96 of approximately
6 nm. In MsbA-103-103 the opening is larger with r = 7.2 + 0.5 nm. The cytosolic gate is
closing in the outward-facing state by 1 nm, resulting in a distance of r = 4.6 £ 0.2 nm,
which is comparable to r = 4.8 + 0.2 nm, which was simulated for the outward-facing state.
In BmrC188D96 the closing step of the cytosolic gate is comparable, leading to an outward-
facing distance of approximately 4.5 nm. In MsbA-103-103 a distance of r =4.7 £ 0.1 nm
is showing a similar closing step.

For all these positions in the TMDs of TmrAB, a small population of the outward-facing
state can be observed, even in the absence of ATP. As observed with P-gp''® or
TM287/288°, this might happen through an independent motion of the TMDs, whereas
both NBSs do not close without ATP. Furthermore, ATP acts as a ligand which shifts the
equilibrium of inward- to outward-facing conformation and stabilizes the outward-facing
conformation. These observations are in agreement with electrophysiology data for
CFTRM4115 'which show that ATP-independent channel opening has a low probability and
that ATP-dependent channel activation is in the nM range. In addition, this is analogous to
the allosteric regulation in ligand-gated ion channels, where ligand binding shifts the
equilibrium to the open state. For CFTR it is rather clear that ATP binding gates the channel
activity in an allosteric way.'*® It seems like the conformational switching in TmrAB and
CFTR by ATP behave qualitatively like the gating mechanism of ligand-gated ion-channels.
To further investigate this equilibrium, labels on the consensus and the degenerate NBSs
are important. TmrA416B458 is located on the degenerate site and yields in the apo-state

an interspin distance of r = 5.7 £ 0.3 nm, which is slightly larger than the distance simulated



from the crystal structure with r = 5.1 £ 0.3 nm. The comparable inward-facing state with
AMP-PNP for BmrC392D552 shows a distance of around 4 nm, which is smaller than in
TmrAB. By closing the degenerate site by 2 nm an interspin distance of r =3.8 £ 0.4 nm is
resulting, which is comparable to the simulated outward-facing distance of r =3.6 £ 0.4 nm.
For BmrC392D552 the degenerate site closed by 1.5 nm resulting in a distance around
2.5 nm, which is smaller than in TmrAB. For the consensus site TmrA461B349 an interspin
distance of r = 3.9 £ 0.5 nm was obtained, which is comparable to the simulated distance of
r = 3.8 £ 0.4 nm and smaller than the inward-facing state of BmrC440D441. For
BmrC440D441 with AMP-PNP, a distance of r = 4-6 nm was obtained.

In the closed NBS state, an interspin distance of r = 3.1 + 0.4 nm can be measured, which
is comparable to the simulated closed distance of r = 3.2 £ 0.2 nm and to BmC440D441,
where a distance of r = 3-5 nm was measured for the closing gate. In addition,
TmrA538B549 is located on the consensus site, which shows an interspin distance of r =
3.8 £ 0.7 nm in the apo-state, which is significantly larger than r = 2.8 + 0.5 nm simulated
from the crystal structure, but comparable to BmrC515D641 with AMP-PNP, which shows
a distance of around 4 nm. In the closed state, only a small closing step to a distance of r =
3.2 £ 0.5 nm can be observed, which is comparable to the outward-facing simulation with r
= 3.3 £ 0.6 nm and BmrC515D641 with a distance of approximately 3.5 nm in the closed
state.

In summary, these positions offer insights into the role of the asymmetry, which was already
observed in the transport-inactive E-to-Q mutant. On the periplasmic gate and in the NBDs
the outward-facing conformation is stabilized with ATP-EDTA for the transport-inactive
mutant, where the equilibrium gets shifted. This has also been seen for TM287/288°,
where clear shifts could be observed with these inactive mutants. Comparing the degenerate
and consensus site of TmrAB with the E-to-Q mutation, an almost complete shift could be
obtained for the degenerate site with ATP-EDTA, whereas on the consensus site only an
increase of the fraction was visible. Compared to the other investigated transporters, for
TmrAB typically well-defined states can be observed, which makes it possible to

distinguish the different conformations.
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4.2 The conformational equilibrium induced by ATP binding
With ATP-EDTA or under hydrolysing conditions (ATP-Mg?*) an equilibrium between the

inward- and outward-facing conformation is populated. Under hydrolysing conditions, two
states are possible, which could be observed. These are either the ATP-bound state or the
transition state, with one ATP on the degenerate site and one ADP on the consensus site.
The actual conformation under hydrolysing conditions is unclear, while for ATP-EDTA it
is clear which equilibrium is observed. In this case, ATP can be bound on both NBSs, but
cannot be hydrolysed since no catalytic free magnesium ions are available. Therefore, in
this section, the equilibrium between inward-facing (apo) and outward-facing ATP-bound

TmrAB is investigated, which is shown in Figure 44.

inwa‘rwd—facing outward-facing
TmrAB TmrAB

Figure 44: Conformational equilibrium induced by ATP binding in TmrAB. The inward-facing structure of
TmrAB (pdb code 5MKK) is in equilibrium with the outward-facing structure shown with a homology model
of TmrAB based on the outward-facing structure of Sav1866 with bound AMP-PNP (pdb code 20NJ).

Based on this equilibrium different important questions of the transport mechanism were
tackled. First of all, the response of the consensus and degenerate site to ATP binding and
how the conformational changes on the NBSs are coupled to the TMDs, were investigated.
TmrAB has a turnover of 9 ATP molecules per second, with a Kmatp value close to
0.9 mM®®, whereby ATP binds predominantly due to interactions with the A-loop, Walker
A and Walker B motifs®-'7. This could possibly lead to an allosteric interaction between
the consensus and the degenerate NBS and to a cooperative movement along with the
conformational space during the closing motion.*® Therefore, the transporter was titrated
with different ATP concentrations from 0.5 mM to 50 mM in the ATP-EDTA state and the
populations of both the inward- and outward-facing conformation were observed for the

periplasmic gate and both NBS (section 4.2.1).



In addition, the thermodynamics of this conformational change were investigated by
varying the incubation temperature from 0 °C to 80 °C. The response at these different
temperatures was observed in the periplasmic gate and on both NBSs (section 4.2.2). For
the temperature titrations 50 mM ATP was used, to saturate the protein with ATP and to

only observe the effect of temperature.

4.2.1 Influence of different ATP concentrations to the conformational equilibrium

To investigate the response of the consensus and degenerate NBS and the coupling to the
TMDs, TmrAB was titrated with different ATP concentrations. More in detail, the mutants
TmrA416B458 on the degenerate NBS, TmrA461B349 on the consensus NBS and
TmrA288B272 on the periplasmic gate were investigated under identical conditions.
Furthermore, TmrA538B549 was investigated as a control for the consensus site to show
that the observations describe the response of the NBS and are not an effect induced by the
spin labels. All the measurements were done with 50 pM TmrAB and 0.5 mM EDTA.

In Figure 45 the measured data for the degenerate NBS 416-458 are shown, which were
fitted with a Two-Gaussian model, based on the measured distances in the apo- or open-
state of r = 5.7 £ 0.3 nm and a distance of r = 3.8 £ 0.4 nm in the closed-state. It is evident
from the data that the population of the closed state is monotonically increasing, with
increasing ATP concentrations from 0.5 to 50 mM ATP. The probability of the open and
closed conformation (Pciosed and Popen) and the corresponding fractional closure 6 (defined

aS Pclosed/(Pclosed+Popen)) are presented in Table 17.

Table 17: Probability of the open and closed conformation at the degenerate NBS TmrA416B458, modulated

by ATP. The corresponding fractional closure 0 is defined as Pciosed! (Pclosed+Popen)-

ATP concentration Pelosed Popen Fractional closure 6
0.5 mM 0.11 0.89 0.11
1mM 0.14 0.86 0.14
10 mM 0.37 0.63 0.37
25 mM 0.59 0.41 0.59
50 mM 0.69 0.31 0.69

The probability of the closed state was determined by Two-Gaussian fitting with

DeerAnalysis.
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Figure 45: ATP modulates the conformational equilibrium at the degenerate NBS TmrA416B458. Apo-state
and ADP-Vi-Mg?* were fitted with a Tikhonov regularization. The open state (0 mM) was determined with 7-
pulse CP-PELDOR. A distance in the apo- or open-state of r = 5.7 £ 0.3 nm and a distance in the closed-state
of r = 3.8 + 0.4 nm, were used for Two-Gaussian fitting of the titration data. Original data V(t)/V(0) are
displayed on the left, background corrected data F(t)/F(0) are displayed in the middle and the distance
distributions P(r) are shown on the right. The degenerate site closes in a monotonic response to increasing
ATP (0.5 to 50 mM) concentration. ATP-V;-Mg?* is representing the completely closed state. The vertical
lines indicate the most probable distance in the closed (black) and open (red) states. (Data analysis performed
with DeerAnalysis 2016)

For the consensus NBS, the mutant TmrA461B349 was investigated, which is shown in
Figure 46. A Two-Gaussian model was applied, using a distance in the apo- or open-state
of r = 3.9 £ 0.5 nm and a distance in the closed-state of r = 3.1 + 0.4 nm. A small fraction
of a larger distance can be observed, which is neglected since it is too small to disturb the

fit with two distances. For completeness, the fits obtained by Tikhonov regularization are



overlaid in dotted lines. Different to the degenerate site, the consensus site is showing a

saturation response at 25 mM ATP.
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Figure 46: ATP modulates the conformational equilibrium at the consensus NBS TmrA461B349. Apo-state
and ADP-V;-Mg?* were fitted with a Tikhonov regularization. A distance in the apo- or open-state of r = 3.9
+ 0.5 nm and a distance in the closed-state of r = 3.1 = 0.4 nm were used for Two-Gaussian fitting of the
titration data and fits obtained by Tikhonov regularization are overlaid in dotted lines. Original data V(t)/V(0)
are displayed on the left, background corrected data F(t)/F(0) are displayed in the middle and the distance
distributions P(r) are shown on the right. The consensus site closes with increasing ATP concentration but
shows a saturation response at 25 mM ATP. ATP-Vi-Mg?* is representing the completely closed state. The
vertical lines indicate the most probable distance in the closed (black) and open (red) states. (Data analysis

performed with DeerAnalysis 2016)
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The probability of the open and closed conformations determined by DeerAnalysis and the
corresponding fractional closure 6 (defined as Pciosed/(Pclosed+Popen)) are presented in Table
18.

Table 18: Probability of the open and closed conformation at the consensus NBS TmrA461B349, modulated

by ATP. The corresponding fractional closure 0 is defined as Pciosed! (Pclosed+Popen)-

ATP concentration Pelosed Popen Fractional closure 6
0.5 mM 0.04 0.96 0.04
1mM 0.06 0.94 0.06
10 mM 0.21 0.79 0.21
25 mM 0.41 0.59 0.41
50 mM 0.42 0.58 0.42

As a control for the consensus NBS also TmrA538B549 was investigated (Figure 47). For
TmrA538B549 a Two-Gaussian model was applied, using a distance in the apo- or open-
state of r = 3.8 £ 0.7 nm and a distance in the closed-state of r = 3.2 + 0.5 nm. As it was
observed for TmrA461B349 on the consensus site, also TmrA538B549 is showing a
saturation response at 25 mM ATP. This shows that this particular behaviour originates
from the consensus NBS and is not induced by the spin label. The probability of the open
and closed conformations (determined by DeerAnalysis) and the corresponding fractional
closure 6 (defined as Pciosed/(PclosedtPopen)) are presented in Table 19. For 1 mM ATP the
closed fraction was too small and rounded to zero (the PELDOR trace for 1 mM ATP was
shorter than for 0.5 mM ATP, which made it difficult to fit this small fraction).

Table 19: Probability of the open and closed conformation at the consensus NBS TmrA538B549, modulated

by ATP. The corresponding fractional closure 0 is defined as Pciosed! (Pclosed+Popen)-

ATP concentration Pelosed Popen Fractional closure 6
0.5 mM 0.02 0.98 0.02
1mM 0.00 1 0.00
10 mM 0.24 0.76 0.24
25 mM 0.38 0.62 0.38
50 mM 0.42 0.58 0.42
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Figure 47: ATP modulates the conformational equilibrium at the consensus NBS TmrA538B549. Apo-state
and ADP-V;-Mg?* were fitted with Tikhonov regularization. A distance in the apo- or open-state of r = 3.8 +
0.7 nm and a distance in the closed-state of r = 3.2 + 0.5 nm were used for Two-Gaussian fitting of the ATP
titration data. Original data V(t)/V(0) are displayed on the left, background corrected data F(t)/F(0) are
displayed in the middle and the distance distributions P(r) are shown on the right. The consensus site closes
with increasing ATP concentration but shows a saturation response at 25 mM ATP, as for TmrA461B349 on
the consensus site. ATP-Vi-Mg?* is representing the completely closed state. The vertical lines indicate the
most probable distance in the closed (black) and open (red) states. (Data analysis performed with
DeerAnalysis 2016)

In Figure 48 the measured data for the periplasmic gate TmrA288B272 are shown, which
were fitted with a Two-Gaussian model, based on a measured distance in the apo- or closed-
state of r = 3.4 + 0.3 nm and a distance in the open-state of r = 5.2 + 0.3 nm. Already in the
apo-state, a small fraction of the open-state can be observed, as previously discussed. With

increasing ATP concentration the open-state fraction is increasing.
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Figure 48: ATP modulates the conformational equilibrium at the periplasmic gate TmrA288B272. The ADP-

Vi-Mg?* state was measured with 7P-CP-PELDOR and was fitted with a Tikhonov regularization. A distance

in the apo- or open-state of r = 5.2 £ 0.3 nm and a distance in the closed-state of r = 3.4 + 0.3 nm were used

for Two-Gaussian fitting of the ATP titration data and the apo-state. Original data V(t)/V(0) are displayed on

the left, background corrected data F(t)/F(0) are displayed in the middle and the distance distributions P(r)

are shown on the right. As discussed previously, already a small open fraction is observed in the apo-state

and with increasing ATP concentration the open-state at the periplasmic gate is increasing. ATP-Vi-Mg?* is

representing the completely closed state. The vertical lines indicate the most probable distance in the closed

(black) and open (red) states. (Data analysis performed with DeerAnalysis 2016)

The probability of the open and closed conformation and the corresponding opening

probability Po (defined as Popen/(PopentPclosed)) are presented in Table 20.



Table 20: Probability of the open and closed conformation at the periplasmic gate TmrA288B272, modulated

by ATP. The corresponding opening probability P is defined as Popen/(PopentPciosed)-

ATP concentration Pelosed Popen Opening Probability Po
0 mM/apo-state 0.81 0.19 0.19
0.5 mM 0.72 0.28 0.28
1mM 0.59 0.41 0.41
10 mM 0.33 0.67 0.67
25 mM 0.32 0.68 0.68
50 mM 0.31 0.69 0.69

The dose-response curves for both NBS and the periplasmic gate are shown in Figure 49;
the data were analysed by fitting the Hill equation with the Origin software (function
‘Hill1*). Both mutants at the consensus NBS, TmrA461B349 and TmrA538B549, show

similar curves.
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Figure 49: Dose-response curves for both NBS and the periplasmic gate. The consensus NBS are shown in
dark blue for TmrA461B349 and in cyan for TmrA538B549. The degenerate NBS TmrA416B458 is shown in
green and the periplasmic gate TmrA288B272 is shown in red. For the NBS, the fractional closure 0 (defined
as Pciosed/ (Peiosedt+Popen)) and for the periplasmic gate the open probability Po (defined as Popen/(PopentPclosed)
is plotted against the ATP concentration. The horizontal line indicates 40% closure and the vertical lines
show the corresponding ATP concentration for the NBSs. Overall 6 and P varied by 5% between independent

measurements.
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As shown in Figure 49 ATP gradually enhanced the closure (¢) of both NBS, resulting in
characteristic dose-response curves fingerprinting the two NBSs. The consensus NBS
reached a saturation response at 25 mM, where more than 40% closure was reached, while
it was almost completely closed with ATP-Vi-Mg?*. This implies that the ATP affinity is
not the major limiting factor for the closure since the equilibrium is close to a 1:1 ratio,
showing that the open and closed state have similar energy. In contrast to that, the
degenerate NBS was more linearly closing upon increasing ATP concentration, resulting in
a significantly enhanced closure compared to the consensus NBS. Overall the closed
conformation is more stable at the degenerate NBS, where it reached the 40% closure at a
2-fold lower ATP concentration as compared to the consensus NBS.

The D-loop could play an important role for this additional stability.!'® Mutation of the
catalytic glutamate at the consensus NBS (E523Q) in TmrA increased the closure of both
NBS, as shown in Figure 37 for the degenerate site and Figure 39 for the consensus site.
This enhancement is significantly larger in case of the degenerate site.

In accordance with the observations on both NBS, increasing of the ATP concentration also
enhanced the opening of the periplasmic gate at the TMDs. Plotting of the opening
probability (Po) yields the dose-response curve shown in Figure 49, which shows a
saturation behaviour close to 10 mM ATP. As previously discussed, this gate already
showed a small population of the open conformation in the absence of ATP. Compared to
the closure of both NBS, for the periplasmic gate, an earlier transition to the open state can
be observed. At 10 mM ATP a similar response can be observed for TmrA61B56 (Fig. 26)
and TmrA112B97 (Fig. 31). In all labelling positions in the TMDs, the opening in the
periplasmic gate or closing in the cytosolic gate is approximately the sum of the fractional
closure values of both NBSs. This leads to the assumption that the closure of one NBS
appears to be sufficient to open the periplasmic gate. At 25 and 50 mM ATP, the gate
opening is no longer increasing significantly; this correlates well with the saturation of the
consensus NBS, whereas the degenerate NBS is still closing. Between the apo-state and
50 mM ATP Pg is increasing from 0.19 to 0.69, showing that the closure of the NBSs upon
ATP binding shifts the equilibrium at the periplasmic gate towards the open conformation.
This behaviour of TmrAB is qualitatively more similar to an allosteric regulation in a
ligand-gated ion channel, rather than to the strictly coupled alternating-access mechanism
for ABC transporters. It has been shown for CFTR, that ATP enhanced the channel
activation in a concentration-dependent manner in the range of 0 to 30 mM*'* and the gating

by ATP presents features of allosteric regulation!®®. Since the closed conformation is more



favoured at the degenerate NBS it might have a higher influence on the periplasmic gate
opening. Since the closed- and open-state are energetically similar on the consensus NBS,
this could probably explain why for CFTR only the degenerate site could be photo labelled
with 8-azido ATP!®,

Finally, these results reveal that the consensus NBS might control the lifetime of the
outward-facing state and that ATP hydrolysis at this site leads to the opening of both NBSs,
which results in the restoring of the transporter to the inward-facing conformation.

4.2.2 Influence of different temperatures to the conformational equilibrium

Even though a number of structural studies were done over recent years, a mechanism
determining the energy-landscape of a transport cycle remains unknown. In 2016 Zhang et
al.?” reviewed the current state of knowledge, with a special focus on the coupling of ATP
hydrolysis to conformational changes during a transport cycle, based on the available
structural and biochemical data. Especially in exporters, e.g. for P-gp, it was observed that
by trapping of the transitions state with ADP-V;-Mg?* the substrate affinity is 30-fold lower
compared to the affinity in the inward- and outward-facing state, which show the same
affinity without trapping.'?° These observations lead to the assumption that ATP hydrolysis
is the driving force for substrate release. MD simulations could use e.g. structural data to
investigate thermodynamics, but although a lot of structures are available, still not enough
input data is available to observe a transport cycle.?® In addition, computational limitations
restrict the possibilities of MD. Since structures are a snapshot of specific states, for which
the conditions were optimized for the crystallization progress and not for the lowest-energy
conformation, differences to the natural behaviour can occur. An approach to look into
thermodynamics is the temperature dependence of an equilibrium, which can be described
by the van’t Hoff equation. This approach has been previously used for the maltose-binding
protein from Thermotoga maritima (TmMBP), where the substrate binding to the protein
has been investigated with UV spectroscopy at different temperatures.*?* With a linear van’t
Hoff model they observed that the substrate-binding is entropy-driven.

In this thesis, the conformational equilibrium induced by ATP binding in TmrAB is
investigated at different temperatures at an ATP concentration of 50 mM to fully saturate
the protein. By determining the temperature dependence of this equilibrium, the
thermodynamics underlying the energy coupling during ATP-induced conformational
changes in TmrAB can be studied. For this purpose, both NBSs and the periplasmic gate

were investigated to observe the overall motion in the transporter. Temperatures between 0
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and 80 °C were chosen, which are the conditions that were previously used to investigate
the ATPase activity of TmrAB®. The ATPase activity has its maximum at approximately
70 °C, which is close to the incubation temperature of 68 °C typically used for PELDOR
experiments. In Supp. Figure 1 transport assays are shown at different temperatures for
wildtype and the spin-labelled TmrA416B458, which both show the same maximum at
70°C. In Figure 50 the temperature-dependent PELDOR data for the consensus NBS are
shown. Since for this experiment, the data is analysed quantitatively, for each position two
sample sets from different protein purification batches were measured. From these
measurements, the average value was used for analysis and the error resulting from
differences in the activity of the protein was taken into account for the final error. For the
consensus NBS TmrA461B349, the software DD was used for analysis and a Three
Gaussian fitting was done since in these measurements the intensity of the additional
distance at r = 6.0 = 0.5 nm was much larger than in the previous measurements. Since this
component already occurred in the inward-facing state without any nucleotides, this fraction
was added to the open probability (Popen). In Table 21 the probabilities for the closed

conformation (Pclosed) and the open conformation (Pciosed) are shown for both sample sets.

Table 21: Probability of the open and closed conformation at the consensus NBS TmrA461B349, modulated
by temperature.

Temperature Peosed (first sample set / second sample set)  Popen (first sample set / second sample set)

0°C 0.03/0.07 0.97/0.93
25°C 0.34/0.27 0.66/0.73
40 °C 0.51/0.43 0.49/0.57
50 °C 0.52/0.44 0.48/0.56
60 °C 0.44/0.35 0.56 / 0.65
70 °C 0.37/0.39 0.63/0.61
80 °C 0.37/0.28 0.63/0.72
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Figure 50: Temperature dependence of the conformational equilibrium induced by ATP binding at the
consensus NBS TmrA461B349. ADP-Vi-Mg?* was analysed with Tikhonov regularization. Distances in the
apo- or open-state of r=3.9 £ 0.5 nm and r = 6.0 + 0.5 nm and a distance in the closed-state of r = 3.1 +
0.4 nm were used for Three-Gaussian fitting of the temperature-dependent data and the apo-state. Original
data V(t)/V(0) are displayed on the left, background corrected data F(t)/F(0) are displayed in the middle and
the distance distributions P(r) are shown on the right. The degenerate site closes linearly with increasing
temperature up to 50 °C, whereas at higher temperatures the open conformation is increasing. The first
sample set is shown in green, the second sample set is underlaid in blue. ATP-Vi-Mg?* is representing the
completely closed state. The vertical lines indicate the most probable distance in the closed (black) and open
(red) states. (Data analysis performed with DeerAnalysis 2016 for the apo-state and ADP-V;-Mg?* and with

DDé6c for ATP-EDTA)
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With the populations of the states and the knowledge of the concentrations, the equilibrium
constant (Keq) can be calculated. If both NBS are closing due to ATP binding either one or
two ATP could be bound. Since this cannot be clarified with the done experiments, both
models were used for further calculations. In Equation (31) the calculation of Keq for one
bound ATP is described and in Equation (32) the equivalent equation is shown for the case

that two ATP are bound to the transporter in the outward-facing state.

X _ [TmrAB — ATP] 31
¢OATP = ITmrAB] - [ATP]

K _ [TmrAB — 2ATP] (32)
€42ATP = ITmrAB] - [ATP)?

Concentrations are indicated by square brackets. In the numerator is the ATP bound
outward-facing complex and in the denominator the ATP-free inward-facing protein.

Based on Equations (31) and (32) KeqWwas calculated for both cases at all temperatures. The
corresponding concentrations and Keq values for both sample sets are shown in Supp.
Table 1 in the supporting information section. The error was calculated with Equation (33)
and (34), according to Gaussian error propagation, with an assumed error in the protein

concentration of 20%.

1 2
( - (0.2 - [TmrAB — ATP])?
_ [\[TmrAB]- [ATP])
AKeq.1arp = [TmrAB — ATP] , (33)
*C trmrasy - arpp. (02 [TmrABD)
(i omor)
=) - (0.2 [TmrAB — ATP])?
Kooz = [TmrAB] - [ATP] (34)

[TmrAB — ATP] __ ,
*C rmrag qarp) (02 [TmrABD

For the calculation of the Kegav the average of the two sample sets (Keg,1st and Keg,2nd) Was
used (Equation (35)) and the corresponding error was calculated with Equation (36) using

Gaussian error propagation.



Keq,lst + Keq,an

Keq,av = 2 (35)

1 2 1
AKeq,av = (E)Z ) (AKeq,lst) + (E)Z ’ (AKeq,an)Z (36)

For the graphical plotting, the natural logarithm was taken from Kegav, and the final error

was calculated with Gaussian error propagation (Equation (37)).

! )2 ) (AKeq,av)z (37)

Aaneq,av = (K

eq,av

The resulting values for Keg,av, the corresponding errors and the natural logarithm are shown
in Table 22.

Table 22: The average equilibrium constants for the consensus NBS TmrA461B349, modulated by

temperature.

Temp. Keg.av AKeg,av INKeg,av AlnKegav  Kegav AKeg,av INKeqav ~ AlnKegay
[1/M] [1/M] (LATP) (1ATP) [1UM7] [1/M?] (2ATP) (2 ATP)
(1 ATP) (1 ATP) (2 ATP) (2 ATP)

0°C 1.0 0.3 0.03 0.2 21 5 3.0 0.2

25°C 8.7 1.8 2.2 0.2 170 40 5.2 0.2

40°C 18 4 2.9 0.2 350 70 5.9 0.2

50°C 19 4 2.9 0.2 370 80 5.9 0.2

60 °C 13 3 2.6 0.2 260 60 5.6 0.2

70°C 12 3 25 0.2 240 50 55 0.2

80°C 10 2 23 0.2 190 40 5.3 0.2

For the degenerate NBS TmrA461B349, the data analysis was done similarly, the data is
shown in Figure 51. In Table 23 the probabilities for the closed conformation (Pciosed) and

the open conformation (Pciosed) are shown for both sample sets.
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Figure 51: Temperature dependence of the conformational equilibrium induced by ATP binding at the

degenerate NBS TmrA416B458. Apo-state and ADP-Vi-Mg?* were analysed with Tikhonov regularization.

The open-state (0 mM) was measured with 7-pulse CP-PELDOR. A distance in the apo- or open-state of r =

5.7 £ 0.3 nm and a distance in the closed-state of r = 3.8 + 0.4 nm were used for Two-Gaussian fitting of the

temperature-dependent data. Original data V(t)/V(0) are displayed on the left, background corrected data

F(t)/F(0) are displayed in the middle and the distance distributions P(r) are shown on the right.

The

degenerate site closes linearly with increasing temperature up to 50 °C. At higher temperatures, the open

conformation is increasing. A first sample set is shown in green, a second sample set is underlaid in blue.

ATP-Vi-Mg?* represents the completely closed state. The vertical lines indicate the most probable distance in

the closed (black) and open (red) states. (Data analysis performed with DeerAnalysis 2016)



Table 23: Probability of the open and closed conformation at the degenerate NBS TmrA416B458, modulated
by temperature.

Temperature Pcosed (first sample set / second sample set)  Popen (first sample set/ second sample set)

0°C 0.10/0.10 0.90/0.90
25°C 0.33/0.47 0.67/0.53
40 °C 0.59/0.70 0.41/0.30
50 °C 0.65/0.72 0.35/0.28
60 °C 0.57/0.68 0.43/0.32
70 °C 0.47/0.61 0.53/0.39
80 °C 0.47/0.63 0.53/0.37

Keg,av Was calculated as described for the consensus NBS TmrA461B349. In Figure 51 it
can be seen, that the differences between the two sample sets are larger compared to the
other positions. Therefore, the error estimation with Gaussian error propagation would
underestimate the error. In this case the error AKegav Was calculated with Equation (38), in
which the standard deviation multiplied with the student factor is calculated. The student
factor is a correction factor for small ensembles and in this case, the factor for 95%
probability was used. In Supp. Table 2 the concentrations for the calculations are shown
and in Table 24 the final average equilibrium constants with the corresponding error are

shown.

AKeq,av — \/(Keq,lst _Keq,av)z‘;(Keq,an —Keq,av)? .2.92 (38)

Table 24: The average equilibrium constants for the degenerate NBS TmrA416B458, modulated by

temperature.

Temp. Keg,av AKeg,av INKeg,av AlnKegav  Kegav AKeg,av INKegav ~ AlnKegav
[1/M] [1/M] (LATP) (1ATP) [1UM7] [1/M?] (2ATP) (2 ATP)
(LATP) (1ATP) (2ATP) (2ATP)

0°C 2.2 0.5 0.8 0.2 44 9 3.8 0.2

25°C 14 18 2.6 1.3 280 60 5.6 1.3

40°C 40 40 3.6 1.0 750 160 6.6 1.0

50°C 40 30 3.8 0.7 870 180 6.8 0.7

60°C 40 30 35 1.0 700 150 6.5 1.0

70°C 30 30 3.2 11 490 110 6.2 11

80°C 30 40 33 1.3 520 110 6.3 1.3
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To observe the overall structural rearrangement, also the periplasmic gate TmrA288B272
was investigated following the same approach as for both NBS. The data are shown in
Figure 52. In contrast to both NBS, in the periplasmic gate, an increase in the open state is
observed up to 70 °C. The corresponding probabilities for the closed conformation (Pclosed)

and the open conformation (Pciosed) are shown in Table 25.

Table 25: Probability of the open and closed conformation at the periplasmic gate TmrA288B272, modulated
by temperature.

Temperature Peosed (first sample set / second sample set)  Popen (first sample set / second sample set)

0°C 0.82/0.77 0.18/0.23
25°C 0.67/0.67 0.33/0.33
40 °C 0.53/0.53 0.47/0.47
50°C 0.41/0.41 0.59/0.59
60 °C 0.36/0.39 0.64/0.61
70 °C 0.33/0.35 0.67/0.65
80 °C 0.35/0.39 0.65/0.61
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Figure 52: Temperature dependence of the conformational equilibrium induced by ATP binding at the
periplasmic gate TmrA288B272. The 7-pulse CP-PELDOR measurement of ADP-Vi-Mg?* was fitted with a

Tikhonov regularization. A distance in the apo- or closed-state of r = 3.4 £ 0.3 nm and a distance in the open-

state of r = 5.2 £ 0.3 nm, were used for Two-Gaussian fitting of the temperature-dependent data and the apo-

state. Original data V(t)/V(0) are displayed on the left, background corrected data F(t)/F(0) are displayed in

the middle and the distance distributions P(r) are shown on the right. The periplasmic gate opens linearly

with increasing temperature up to 70 °C. The first sample set is shown in green, the second sample set is

underlaid in blue. ATP-Vi-Mg?* is representing the completely closed state. The vertical lines indicate the

most probable distance in the closed (black) and open (red) states. (Data analysis performed with

DeerAnalysis 2016)
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Calculations of Keg,ay and the corresponding errors for the periplasmic gate TmrA288B272
were identical to the procedure as performed for the consensus NBS. In Supp. Table 3 the
concentrations for the calculations are shown and the calculated average equilibrium

constants with the corresponding error are presented in Table 26.

Table 26: The average equilibrium constants for the periplasmic gate TmrA288B272, modulated by

temperature.

Temp. Keg,av AKeg,av INKeg,av AlnKegav  Kegav AKeg,av INKegav ~ AlnKegav
[1/M] [1/M] (LATP) (LATP) [1/M?] [1/M?] (2ATP) (2 ATP)
(LATP) (LATP) (2ATP) (2ATP)

0°C 5.2 11 1.6 0.2 100 20 4.6 0.2

25°C 10 2 23 0.2 200 40 5.3 0.2

40°C 18 4 2.9 0.2 360 70 5.9 0.2

50 °C 29 6 3.4 0.2 380 120 6.4 0.2

60°C 34 7 35 0.2 670 140 6.5 0.2

70°C 39 8 37 0.2 780 160 6.7 0.2

80 °C 34 7 Bi5 0.2 680 140 6.5 0.2

When the peptide K5F was added to TmrAB288B272 no difference in the data could be
observed for temperatures of 25 and 50 °C (Supp. Figure 2). This shows that ATP binding
is the most important step in the transition from inward- to outward-facing conformation

and that the substrate is not changing the energetic state.

In Figure 53 the reciprocal temperature for both NBSs and the periplasmic gate is plotted
against the natural logarithm of the average equilibrium constant (Keqav). At higher
temperatures above 50 °C the behaviour of both NBSs is not linear anymore. One possible
reason for the decreasing InKeq at higher temperature could be that the reaction rates at
higher temperatures are faster than the rates of the freezing process. This would mean that
the equilibrium would go back to the lower-energy state, in this case, the apo-state, in a

temperature-dependent manner.

A linear fit was done between the values at 0 °C and 50 °C since this was the range in which
both NBSs are linearlyclosing. With these fits the enthalpy change and entropy change can
be estimated through the van’t Hoff-equation, which is shown in Equation (39), whereby R

is the universal gas constant (R= 8.31448 JKmol™?).



AH AS

InKeq = — 2+ (39)

From the slope and the intercept of the linear fits in Figure 53, the entropy change and
enthalpy change can be calculated according to Equation (40) for the entropy change (AS2;)

and Equation (41) for the enthalpy change (AHYy).

a) [TmrAB] + [ATP] — [TmrAB-ATP] b) [TmrAB] + [2ATP] — [TmrAB-2ATP]

TmrA416B458
TmrA461B349

0.0028 0.0030 00032 00034 0.0036 0.0028 0.0030 0.0032 0.0034 0.0036
AT [1/K] AT [1/K]

Figure 53: Linear van’t Hoff fit of both NBSs and the periplasmic gate. Shown are the degenerate NBS
TmrA416B458 in green, the consensus NBS TmrA461B349 in blue and the periplasmic gate TmrA288B272
in orange. The values between 0 °C and 50 °C were fitted with a linear function and the slope and intercept
were used to calculate the van 't Hoff enthalpy change and entropy change. In a) the values are shown for the

assumption of one ATP bound to the transporter and in b) for two bound ATP, respectively.
ASYy, = intercept - R (40)
AHY,; = —slope [T]- R (41)
If ASQ,; > 0 the reaction is entropy-driven and if AH?, < 0 the reaction is enthalpy-driven.
With the determined enthalpy change and entropy change of the van’t Hoff plot the Gibbs
free energy change (AGYy) can be calculated (Equation (42)).

In general a AG?y < 0, corresponds to an exergonic reaction, which would take place

spontaneously. Whereas with AG2, > 0 the energy barrier first would need to be overcome.
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The errors of the enthalpy change, entropy change and Gibbs free energy change can be

calculated with Equations (43)-(45) with the help of Gaussian error propagation.

AASY, = \/R? - Aintercept? (43)
AAHYy =/ (=R)?2 - Aslope? (44)
AAGE,, = \/ 12 - AAHO,” + (—=T)? - AASY,” (45)

In Table 27 the slopes and intercepts with corresponding errors for the linear fits are

presented. Both models are shown, where either one or two bound ATP.

Table 27: Slopes and intercepts determined with the linear van’t Hoff plot. Shown are the values for both
NBSs and the periplasmic gate with corresponding errors and for both models, with either one or two bound
ATP.

Slope [T] 4slope [T] Intercept Aintercept
TmrA416B458 (1 ATP) -5500 300 20.7 1.0
TmrA416B458 (2 ATP)  -5500 300 23.7 1.0
TmrA461B349 (1 ATP)  -5300 900 20 3
TmrA461B349 (2 ATP)  -5300 900 23 3
TmrA288B272 (1 ATP)  -2900 400 12.3 1.3
TmrA288B272 (2 ATP)  -2900 400 15.3 1.3

From these values the entropy change (AS?y) and the enthalpy change (AHQy) can be

calculated, which are presented in Table 28.



Table 28: The enthalpy change (AH?2,) and the entropy change (ASYy), fiom the linear van’t Hoff plot.
Shown are the values for both NBSs and the periplasmic gate with corresponding errors and for both models,

with either one or two bound ATP.

AHYy ASOy

TmrA416B458 (1 ATP) 45+ 3 kI 172 8 ]

~ " mol ~ ~ Kmol
TmrA416B458 (2 ATP) 45+ 3 Kk 198 + 8 J

~ " mol ~ ~ Kmol
TmrA461B349 (1 ATP) a4 +7 Kk 160 + 30 J

~  mol - Kmol
TmrA461B349 (2 ATP) 44 +7 kI 190 + 30 ]

~  mol - Kmol
TmrA288B272 (1 ATP) 24 + 4 Kk 100 + 11 J

~ mol - Kmol
TmrA288B272 (2 ATP) 24 + 4 kI 128 + 11 ]

~ mol - Kmol

For both models, it can be clearly seen that for all three positions the conformational
transition from inward- to outward-facing state by ATP binding results on a gain in entropy.
Yet the enthalpy change is positive, which means that the transition is endothermic and an
energetic barrier has to be overcome. Table 29 shows the temperature-dependent Gibbs free
energy change, which was calculated with Equation (41). For the calculation, the same
temperature values were used that were used for the determination of the enthalpy change

and entropy change.

Table 29: The Gibbs free energy change (AG?y) calculated from the enthalpy and entropy determined by the
linear van't Hoff plot. Shown are the values for both NBSs and the periplasmic gate with corresponding errors

and for both models, with either one or two bound ATP.

AGY; 0°C 25°C 40°C 50°C
TmrA416B458 M K 9+4 ] X
i, 2430 64—t 9x4-L 10+4-L
(szA“_?‘F‘))lﬁB“S 9:3-L 1za-L 17+4-L 19+4-L
(TlmA“_?‘F‘)?leg 03+10-L 4x10-L 710-L 9x11-L
(szA“_?‘F‘)?leg 710-L 12102 15410 172114
TmrA288B272 K K K K

4455 6453 8453 945
(1 ATP) mol mol mol mol
TmrA288B272 K i K i M i X
s 10+5-L 14451 1545 -2 1745

Since the errors of the enthalpy change and entropy change are both taken into account for
the calculations of the error of the Gibbs free energy change, the errors are in some cases
rather large, especially for TmrA461B349. Yet, the Gibbs free energy change is consistently
negative for all three positions and both models. Especially by using the model with two

bound ATP the gain in energy is approximately 17-19 kJ per mol. This suggests that the
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model with two bound ATP has a higher probability than the model with one bound ATP.
This shows that the transition from the inward- to the outward-facing state induced by ATP
binding is taking place spontaneously and is entropy-driven. Since no substrate was present
and no ATP hydrolysis could take place in this state, these results reveal that ATP binding
alone drives the global conformational switching from the inward- to outward-facing

conformation.

For the linear fitting, which is shown in Figure 53, the values from 60-80 °C are not taken
into account since both NBS stopped further closing. Another possibility for this behaviour
is a temperature dependence of the enthalpy change and entropy change, thus leading to a
smaller InKeq at higher temperatures. In this case, a non-linear van’t Hoff fit can be applied
which is shown in Figure 54. The corresponding fitting parameters, determined for a
polynomial fit of second order are shown in Supp. Table 4. A non-linear polynomial fit of

second-order was subsequently used, for which the formula is shown in Equation (46).

1 1\2
lnkeq=a+b-f+c-(7) (46)
a) [TmrAB] + [ATP] — [TmrAB-ATP] b) [TmrAB] + [2ATP] — [TmrAB-2ATP]
TmrA416B458

TmrA461B349

00028 00030 00032 00034 00036 00028 00030 00032 00034 0.0036
1T [1/K] 1T [1/K]

Figure 54: Non-linear van’t Hoff fit of both NBSs and the periplasmic gate. Shown are the degenerate NBS
TmrA416B458 in green, the consensus NBS TmrA461B349 in blue and the periplasmic gate TmrA288B272
in orange. The values between 0 °C and 80 °C were fitted with a polynomial function of second order. In a)

the values are shown for the assumption of one ATP bound to the transporter and in b) for two bound ATP.

From this non-linear fitting, the periplasmic gate TmrA288B272 shows a mostly linear
behaviour, whereas both NBS behave non-linearly. In principle, a non-linear behaviour



could mean that the enthalpy change is temperature-dependent. In 2017, Vieira et al.
investigated the non-linear van’t Hoff behaviour in pulmonary surfactant model
membranes.'?? In this publication the authors report how the heat capacity change, enthalpy
change, entropy change and Gibbs free energy change can be calculated from the fitting
parameters. Similar calculations were done for the non-linear van’t Hoff fit of TmrAB. The
calculation of the heat capacity change (ACC,) is shown in Equation (47) and the

corresponding error can be calculated through Gaussian error propagation (Equation (48)).

C
0 —92.p.(—
ACPy =2 R (7 (47)

AACY, = /(Z—RZ'ACZ (48)
VH TZ

In this, a, b and c are the constants of the polynomial. The calculation for the enthalpy

change and the corresponding error are shown in Equations (49) and (50).

o _ 2-c

2R
T

AAHY, = \/(—R)Z-Abz + (= 2=0)2 - Ac? (50)

Calculations for the entropy change are presented in Equations (51) and (52), respectively.

c
AS%; =R- (a - ﬁ) (51)
R
AASYy, = \/RZ -Aa? + (— ﬁ)z - Ac? (52)

Finally, the calculation of the Gibbs free energy change and the corresponding error is
described in Equation (53) and Equation (54).
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AG$H=—R-(a-T+b+%) (53)

R
DAGYy = |(=R-T)?-Aa? + (—R)?- Ab? + (= )2 - Ac? (54)

In Figure 55, the resulting curves for the enthalpy change, entropy change, Gibbs free
energy change and the heat capacity are shown for the case that one ATP binds to the

transporter.
[TmrAB] + [ATP] — [TmrAB-ATP] TmrA416B458
TmrA461B349
a) b)
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Figure 55: Heat capacity change, enthalpy change, entropy change and Gibbs free energy change for the
non-linear van’t Hoff plot in case of one ATP binding to the transporter. Shown are the degenerate NBS
TmrA416B458 in green, the consensus NBS TmrA461B349 in blue and the periplasmic gate TmrA288B272
in orange. On the left a) shows the heat capacity change at different temperatures. On the right b) shows the
enthalpy change at different temperatures, in the lower line c) shows the entropy change at different
temperatures and d) shows the Gibbs free energy change; for a better readability the behaviour of the curves

without errors is shown in lighter colour and the corresponding y-axis is on the right side of the plot (cyan).

In Figure 56, the resulting curves are shown for the case that two ATP bind to the

transporter. Since no perfect non-linear fit was possible as visible in Figure 54, the errors
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of the different fitting parameters are rather large. In the case of the enthalpy change,
entropy change and heat capacity change the resulting curves with the corresponding error
still look reasonable. For the Gibbs free energy change, where all errors sum up, the errors
are very large and therefore the results have to be considered critically.

In both models, the behaviour of the curves are the same, only the intensity is changing,
therefore both models are described together. What can be deduced from the analysis is that
the Gibbs free energy change is decreasing with increasing temperature as seen for the linear
van’t Hoff fit up to 50 °C. At temperatures above 50 °C, the periplasmic gate
TmrA288B272 is continuing to show a linear behaviour. For both NBS, however, at higher
temperatures, the Gibbs free energy change starts to increase, which fits to the observations

in Figure 54, where Keq is getting smaller at higher temperatures.

[TmrAB] + [2ATP] — [TmrAB-2ATP] TmrA416B458
TmrA461B349
a) b)
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Figure 56: Heat capacity change, enthalpy change, entropy change and Gibbs free energy change for the
non-linear van’t Hoff plot in case of two ATP binding to the transporter. Shown are the degenerate NBS
TmrA416B458 in green, the consensus NBS TmrA461B349 in blue and the periplasmic gate TmrA288B272
in orange. On the left a) shows the heat capacity change at different temperatures. On the right b) shows the
enthalpy change at different temperatures, in the lower line c) shows the entropy change at different
temperatures and d) shows the Gibbs free energy change; for a better readability the behaviour of the curves

without errors is shown in lighter colour and the corresponding y-axis is on the right side of the plot (cyan).
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In Table 30 the resulting values are presented for the heat capacity change at the

temperatures between 0 and 80 °C.

Table 30: The heat capacity change (AC?y) at different temperatures from the non-linear van’t Hoff plot.
Shown are the values for both NBSs and the periplasmic gate with corresponding errors and for both models,
with either one or two bound ATP.

ACSH 0°C 25°C 40 °C 50°C 60 °C 70 °C 80 °C
TmrA416 -1800 -1500 -1400 -1300 -1200 -1200 -1100
B458 + 300 + 200 + 200 + 200 + 200 + 200 + 200
(LATP)  _J_ J B J j j -
molK molK molK molK molK molK molK
TmrA416 -1800 -1500 -1400 -1300 -1200 -1200 -1100
B458 + 300 + 200 + 200 + 200 + 200 + 200 + 200
(2 ATP) J - J J J J J
molK molK molK molK molK molK molK
TmrA461 -2000 -1700 -1500 -1400 -1300 -1200 -1200
B349 + 200 + 200 + 200 +100 +100 +100 =100
(1ATP) J J J J J J J
molK molK molK molK molK molK molK
TmrA461 -2000 -1700 -1500 -1400 -1300 -1200 -1200
B349 + 200 + 200 + 200 +100 +100 +100 =100
(2 ATP) J J J J J J J
molK molK molK molK molK molK molK
TmrA288 -200 -180 -160 -150 -140 -130 -130
B272 + 300 + 200 + 200 + 200 + 200 + 200 + 200
(1ATP) J J J J J J J
molK molK molK molK molK molK molK
TmrA288 -200 -180 -160 -150 -140 -130 -130
B272 + 300 + 200 + 200 + 200 + 200 + 200 + 200
@ATP)  _J_ j o Bl j ] -
molK molK molK molK molK molK molK

In Table 31 the resulting values are presented for the enthalpy change at the temperatures
between 0 and 80 °C.
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Table 31: The enthalpy change (AHY;,) at different temperatures from the non-linear van’'t Hoff plot. Shown

are the values for both NBSs and the periplasmic gate with corresponding errors and for both models, with

either one or two bound ATP.

TmrA416
B458

(1 ATP)
TmrA416
B458

(2 ATP)
TmrA461
B349

(1 ATP)
TmrA461
B349

(2 ATP)
TmrA288
B272

(1 ATP)
TmrA288
B272

(2 ATP)

AHY,
80
+100
80
+100 L

mol
80
+60 L

mol

0°C

N
mol

80
+60-L

mol
30
+90-L

mol
30
+90 L

mol

25 °C
40
+20 2L

mol
40
+20 -

mol

40
+60 L

mol

mol

40°C
20
+90 2L

mol
20
+90 L

mol

10
+60 L

mol

mol

mol

60 °C
10
+90 2L

mol
-10
+90 L

mol
14
+60 L

mol

mol

70 °C
-20
+90 2L

mol
-20
+90 L

mol
-30
+60 -1

mol

mol

80 °C
-30
+90 2L

mol
-30
+90 L
mol
-40
+60 L

mol

In Table 32 the resulting values are presented for the entropy change at the temperatures
between 0 and 80 °C.

Table 32: The entropy change (AS?y) at different temperatures from the non-linear van’t Hoff plot. Shown

are the values for both NBSs and the periplasmic gate with corresponding errors and for both models, with

either one or two bound ATP.

TmrA416
B458

(1 ATP)
TmrA416
B458

(2 ATP)
TmrA461
B349

(1 ATP)
TmrA461
B349

(2 ATP)
TmrA288
B272

(1 ATP)
TmrA288
B272

(2 ATP)

ASYy,
300
+200

300
+200

300
+ 100

330
+100 ——

molK
120
+ 160

140

0°C

J

molK

J

molK

J

molK

J

molK

J

molK

25°C
150
J
+200 —

180
J
+200 m—T

150

J

40 °C
80
+200

110
+200

70

J

molK

J

molK

J

+ 100
m
170

olK

J

+90

molK

100
J

+ 100
m

100
+ 140

olK

J

molK

120
+ 140

J

molK

+90

molK

90
+ 140

120
+ 140

J

molK

J

molK

50°C
40
+200

60
+200

20
+90

J

molK

J

molK

J

molK

50

+

molK

90

+130 —

molK

110
+130

J

molK

60 °C
1
+ 200

30
+ 200

-19
+90

J

molK

J

molK

J

molK

10

+ J

molK

80
+130

110
+130

molK

J

molK

70 °C
-30
+ 200
-10
+ 200
-60
+ 80

J

molK

J

molK

J

molK

-30
+80
80
+130

100
+130

J

molK

J

molK

J

molK

80 °C
-70
+200
-40
+200
-90
+ 80

J

molK

J

molK

J

molK

-70

+ 80—

molK

70
+120

100
+120

J

molK

J

molK

In Table 33 the different values are presented for the Gibbs free energy change at the

temperatures between 0 and 80 °C
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Table 33: The Gibbs free energy change (AGYy) at different temperatures from the non-linear van’t Hoff
plot. Shown are the values for both NBSs and the periplasmic gate with corresponding errors and for both

models, with either one or two bound ATP.

AGY, 0°C  25°C 40 °C 50°C 60 °C 70 °C 80 °C

TmrA416 -2 7 9 10 10 10 9

B458 N R R I I i 3

8, £80-L 80—l +80-0  #80—L 80T £80_L  +80—L
( )
TmrA416 -9 15 17 18 18 18 18

k k k k k Kk Kk

(8242§rp) +80-0  +80-0  +80-0  +80-0  £80-1  x80-L1  £80—_
TmrA461 0010 -6 7 8 8 7 6

B349 M M M M M M M
GArp) g ®S0nn 500 #50C% k500 x50 50
TmrA461 -7 13 15 16 16 16 15

k k k k k k k

(823:?|'P) i50m—(])l iSOm—(])l iSOm_(])l iSOm—il iSOm_:)l iSOm_g)l iSOm—(])l
TmrA288 -4 6 8 9 9 10 11
B272 W g il il il il ]
Carp  T80ng 8000 x80L  x800  +80-0  x80.n  x80
TmrA288  -10 14 15 17 18 19 -20
B272 LN LN LN LN LN X X
ey EB0LG =80 xBOL x80 80D #8080
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With this non-linear fitting, the temperature-dependence of the enthalpy change and entropy
change can be taken into account. In the case of the periplasmic gate, TmrA288B272 the
enthalpy change, entropy change and heat capacity change consistently show a linear
behaviour, which means the values are not temperature-dependent for this position. In the
case of both NBSs, the enthalpy change and entropy change are decreasing with higher
temperatures and also changes in the heat capacity change can be observed.

The most important difference between the periplasmic gate and the two NBSs is that in the
NBSs ATP binds, while the periplasmic gate is far away from the nucleotide binding
pockets. The heat capacity change of ATP is -3 kJ/K*mol™, which was published previously
by Kodama in 1981.12% With the heat capacity change, the enthalpy can be calculated
(Equation (55)).

AH® = AC, - T (55)

In Figure 57 the temperature-dependent enthalpy change plots for the periplasmic gate and
both NBSs of TmrAB are shown and compared with the temperature-dependent enthalpy
change of ATP. As it can be seen in Figure 57, the changes in the enthalpy change of both
NBS are in between the linear enthalpy change of the periplasmic gate TmrA288B272 and
the temperature-dependent enthalpy change of ATP.



a) [TmrAB] + [ATP] — [TmrAB-ATP] b) [TmrAB] + [2ATP] — [TmrAB-2ATP]

TmrA416B458 TmrA461B349 ATP
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Figure 57: Temperature-dependent enthalpy of the periplasmic gate and both NBS of TmrAB compared to
ATP. Shown are the degenerate NBS TmrA416B458 in green, the consensus NBS TmrA461B349 in blue and
the periplasmic gate TmrA288B272 in orange. The graph for ATP is shown in light blue with the
corresponding y-axis on the right. On the left a) the model with one bound ATP is shown and on the right b)
shows the enthalpy with two bound ATP.

This shows, that it is possible that the non-linear behaviour of both NBSs is mainly coming
from the influence of ATP, which is located in the NBSs and might be too far away from
the periplasmic gate to influence its behaviour. For the periplasmic gate also the non-linear
fit reveals constant values for the enthalpy change and entropy change, which are
comparable to the values determined with the linear van’t Hoff fit. Since the non-linear
behaviour is mainly found at temperatures higher than 50 °C, the linear fit up to this
temperature might be more dependent on the NBS and is not influenced by ATP as much

as at higher temperatures.

Further experiments are necessary to reveal if the behaviour at higher temperatures is
coming from different reaction rates or non-linear behaviour. In first future experiments,
the Keq could be observed in a time-dependent manner. So far, the samples were incubated
for 5 minutes at different temperatures. By observing Keq at different incubation times, it
could be observed if the times at which the equilibrium is reached deviates at higher
temperatures. Furthermore, the samples were incubated in Eppendorf tubes and afterwards
transferred into the PELDOR sample tubes. By incubation directly in the sample tube at
higher temperatures, it could be observed if the results differ with a shorter time before
freezing. The latter was tested at 25 and 50 °C, but in these cases, no differences could be

observed.

141



142

4.2.3 Discussion of the conformational equilibrium induced by ATP binding

The focus of this chapter is the equilibrium between the apo, inward-facing and the ATP-
bound, outward-facing states as illustrated in Figure 58. The equilibrium of interest is
highlighted with a yellow box. For this equilibrium, the concentration of ATP was changed
to observe the response of both NBS and the coupling to the TMDs. Furthermore, the
conformational thermodynamics have been investigated, whereby information about the
Gibbs free energy change, enthalpy change and entropy change were investigated.

outward-facing TmrAB

Figure 58: Alternating access mechanism of TmrAB, with the conformational equilibrium induced by ATP
binding highlighted by a yellow box. Upon ATP binding, the transporter is populating an equilibrium between
the inward-facing conformation (top) and the outward-facing conformation (bottom). The equilibrium with
bound ATP is indicated by an arrow and the two states are highlighted with a yellow box. To investigate the
equilibrium, the concentration of ATP (Ac(ATP)) was varied and the response of both NBS and the coupling
to the TMDs was monitored. Furthermore, the conformational thermodynamics have been investigated (A1G°,
AH® and AS°). During these experiments, no substrate which is indicated in the proposed cycle with pink dots

was present.



The titration experiments with different ATP concentrations reveal that the closed
conformation is more favoured at the degenerate NBS, which was not observed for
BmrCD® or TM287/288'°. Overall, ABC exporters with asymmetric NBS show
significant differences in the apo-state and in the response of their NBSs in the presence of
different nucleotides, which might be important due to their different function and
regulation. Modulation of the ATP binding equilibrium in an allosteric manner, as shown
here for TmrAB, presents a novel feature of an ABC transporter.

Each NBD monomer consists of a RecA-like subdomain, which is connected to an a-helical
subdomain by a flexible bilobal hinge.'*” The A-loop, Q-loop, H-loop, Walker A and
Walker B motifs from the RecA-like domain of one NBD interact with the ABC signature
motif and the D-loop of the a-helical subdomain of the other NBD, whereupon two ATP
binding sites are formed. Due to ATP binding, a rotation of the a-helical subdomain towards
the RecA like subdomain gets induced. Previous studies'?4-1% already proposed that the two
NBSs may open or close independently, but how this is coupled to the conformation of the
TMDs remained unknown. This question was tackled in this chapter by observing both
NBSs and the periplasmic gate in the presence of ATP. While the closed state is more
favoured at the degenerate NBS, the consensus NBS shows that the open and closed state
has a comparable energetic state.

With the E-to-Q-mutation, the asymmetric response was further increased by a change of
the fractional closure from 6 = 0.37 to 6 = 0.81 at the degenerate NBS and only from 6 =
0.21 to 8 = 0.45 at the consensus NBS (Gaussian fitting for these two measurements are
shown in Supp. Figure 3). The increase in fractional closure for the E-to-Q-mutation
happens most likely due to an increase in ATP affinity and has also been observed for
TM287/288™10,

Furthermore, the closure either one of the NBSs seems to be sufficient to open the
periplasmic gate, leading to a more efficient change to the outward-facing conformation.
Already at low ATP concentrations, where a low fractional closure of both NBSs was
observed, the combined effect of these latter opened the periplasmic gate in a much larger
fraction. Since already in the apo-state a small opening can be observed at the periplasmic
gate, this intrinsic opening might also support further opening.

By observing the equilibrium at a constant ATP concentration at different temperatures, the
conformational thermodynamics could be investigated. Based on previous studies on P-gp,
where the transporter has a lower substrate affinity in the vanadate-trapped transition state,

it is assumed that ATP hydrolysis is the driving force of substrate release.’®® It is
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furthermore assumed that the energy from ATP hydrolysis is stored and used for substrate
translocation and conformational changes occurring thereby.?” These observations are also
in agreement with observations for the transporter associated with antigen processing
(TAP), which becomes bidirectional and less transport efficient upon mutations in the NBD
dimer.1!8 In the ABC exporter LptB2FG, which is the energy source for LPS transport, the
substrate is binding in the outward-facing conformation, at the post-transition state of ATP-
hydrolysis.12”128 A similar mechanism is suggested for PgIK for the transport of lipid-linked
oligosaccharide from the inner to the outer leaflet.%*

The results for TmrAB show that ATP binding alone drives the conformational change from
the inward- to outward-facing conformation. No ATP hydrolysis took place and also no
substrate was influencing the transporter. Furthermore, the linear van’t Hoff fits between 0
and 50 °C show that the conformational switching is entropy-driven. Because of the
decreasing InKeq at higher temperatures, a non-linear van’t Hoff data analysis was also
performed. A possible reason for this behaviour at higher temperatures could be the
temperature dependence of the enthalpy change of ATP which might be influencing both
NBSs. This is supported by the fact that the thermodynamic properties of the periplasmic
gate are not changing with higher temperatures. Another possible reason for the non-linear
behaviour at higher temperatures could be that the reaction rates are faster than freezing at
higher temperatures, which would lead to a shift to the lower-energy state (apo-state) at a
higher temperature. What is actually happening at higher temperatures needs further
investigation. Within the linear range, for both NBSs an entropy gain of approximately
170 JK mol™?, if one bound ATP is assumed, or 190 JK*mol?, with two bound ATP, can
be determined. For both models, the energetic barrier or the enthalpy change is
approximately 44/45 kJmol™. Out of these two values, a negative Gibbs free energy change
can be calculated, which is larger for the model with two bound ATP, suggesting a higher
probability of two bound ATP. For the periplasmic gate an entropy gain of approximately
100 JK*mol?, if one bound ATP is assumed, or 130 JK*mol™, with two bound ATP, can
be determined. These values are both lower compared to the entropy gain of both NBSs,
also the enthalpy change or the energy barrier is lower with approximately 24 kJmol™. For
the periplasmic gate also a negative Gibbs free energy change was calculated, which is
larger for the model with two bound ATP, suggesting a higher probability of two bound
ATP.

In summary, these observations are in agreement with previous findings, where lower

concentrations of ATP are sufficient for periplasmic gate opening, while for both NBS the



equivalent closing needs higher ATP concentrations. Since the energy barrier is lower in
the periplasmic gate, this might lead to an earlier switching to the outward-facing state and
might also be a reason for the small open fraction in the apo-state.

PELDOR spectroscopy is able to look into the conformational thermodynamics of larger
membrane protein complex and could be used for similar proteins. Already published data
clearly shows, that not every exporter is behaving in the same way. It is, therefore, necessary
to investigate every transporter on its own to gain a better understanding of the mechanistic

differences.

4.3 The role of substrate in the transport mechanism of TmrAB

Since the purpose of an ABC transporter is to transport substrates through membranes, it is
also important to see how the substrate is influencing the transporter during conformational
changes. For this purpose, the transporter was inhibited with a high amount of substrate and

the changes in the conformations were observed with PELDOR spectroscopy.

4.3.1 Trans-inhibition of TmrAB

Transport of substrate is the major function of an ABC transporter, but there is a limit of

substrate concentration which can be transported. If the concentration of the substrate is too
high, the transporter becomes inhibited and cannot transport substrate anymore. This trans-
inhibition has been shown biochemically for the hydrolysis and/or transport of TAP*® and
TAPL?, For TmrAB, trans-inhibition has been shown with an ATPase assay by Susanne
Hank.3

In this thesis, the major goal was to understand the structural rearrangements during trans-
inhibition, which is illustrated in Figure 59. Normally, the transporter undergoes a transport
cycle and gets restored for a new transport cycle by ATP hydrolysis and following ADP
and P; release. In the case of trans-inhibition, the transporter is inhibited by an excess of the
substrate to be transported; this has been shown biochemically. Too much substrate is filling
the transport pathway from both sites and therefore blocks the substrate entrance or exit,
hence no transport can take place. It is still unclear what the exact mechanism of trans-
inhibition is. With PELDOR distance measurements under high substrate concentrations in
the ATP bound ATP-EDTA state or under hydrolysing conditions, this question can be
tackled.
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Figure 59: Illustration of the process of trans-inhibition. On top, the classical transport mechanism is shown,
which has been already explained. The inward-facing structure of TmrAB (pdb code 5MKK), the substrate is
indicated as a pink dot, the occluded conformation is illustrated by a homology model of TmrAB, based on
the occluded structure of McjD (pdb code 4PL0) and the outward-facing structure is shown with a homology
model of TmrAB based on the outward-facing structure of Sav1866 with bound AMP-PNP (pdb code 20NJ).
The lower part of the Figure illustrates the process of trans-inhibition, where the transport pathway is filled
with substrate. It has been shown biochemically that no transport cycle is taking place, but it is unclear what

the major conformation induced by trans-inhibition is.

To evaluate the overall response of TmrAB to trans-inhibition, the periplasmic gate, the
cytosolic gate and both NBSs were investigated in the ATP-EDTA state and under
hydrolysing conditions. In the apo-state or with ADP-Vi-Mg?*, no differences after addition
of an excess of the peptide K5F can be observed, which is shown for the periplasmic gate
in Supp. Figure 4. In Figure 60 (light pink) it is also shown that no difference is visible if
50 uM K5F is added to 50 uM TmrA288B272 in the ATP-EDTA state (1:1 ratio).
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Figure 60: Trans-inhibition by K5F at the periplasmic gate TmrA61B56 and TmrA288B272. In green, ATP-
EDTA is shown without substrate, in light pink peptide is added in a 1:1 ratio, in pink trans-inhibition
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conditions with 500 uM peptide is shown and in dark pink hydrolysing conditions with 500 uM peptide is
shown. Simulations for the occluded conformation are indicated in blue dotted lines. Original data V(t)/V(0)
are displayed on the left, background corrected data F(t)/F(0) are displayed in the middle and the distance
distributions P(r) are shown on the right. TmrA61B56 a) is fitted by Tikhonov regularization and shows a
higher fraction of the closed conformation due to trans-inhibition. Under hydrolysing conditions, these
changes are smaller. The asterisks indicate peaks with uncertainty in the shape and width, which occurs due
to a small length of the detected dipolar evolution time. For TmrA288B272 b) the data were fitted with a Two-
Gaussian fitting model using distances of r = 3.4 + 0.3 nm and r = 5.3 £ 0.3 nm. Also for TmrA288B272, the
inward-facing state is increasing under trans-inhibition conditions, while peptide in a 1:1 ratio cannot
introduce significant changes. Under hydrolysing conditions, the effects are smaller than the ones observed
with ATP-EDTA. (Data analysis performed with DeerAnalysis 2016)
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If an excess of the substrate is added (500 uM K5F) which inhibits the transporter, a clear
closing motion can be observed for both, the periplasmic gate mutants TmrA61B56 and
TmrA288B272. Under hydrolysing conditions, the high amount of peptide cannot induce
the same effect, only minor changes are observed. In Figure 60, the ATP-EDTA data with
500 uM K5F was also compared with the simulation of the occluded state from the
homology model based on McjD. For TmrA61B56, the distance in the occluded state is
supposed to be smaller than for McjD. Although the proposed distance is shorter than the
lower limit of PELDOR, the data suggest that the measured distance is smaller than the
distance observed for the apo-state. For TmrA288B272, the proposed distance for the
occluded conformation is between the two distances which can be observed in the open-
and closed state. In summary, for the periplasmic gate, a closing motion towards the inward-

facing conformation can be observed upon trans-inhibition.

To see the overall structural rearrangement of the TMDs during trans-inhibition, also the
cytosolic gate TmrA112B97 was investigated. As presented in Figure 61, the ATP-EDTA
state with an excess of the substrate leads to a significant decrease of the outward-facing
closed conformation and to a small increase of the inward-facing conformation. In addition,
anew fraction characterized by a shorter interspin distance of r = 3.4 + 0.4 nm was observed.
This new state is remarkably more closed than the outward-facing state (for a better
comparison the presented ATP-EDTA PELDOR trace was shortened to the same length as
the measurement with K5F and fitted accordingly). These results suggest the presence of an
occluded conformation since both the periplasmic gate on top of the TMDs and the cytosolic
gate at the bottom of the TMDs and at the border to the NBDs are mainly closed. Under
hydrolysing conditions, the same new fraction can be observed, but with lower probability.
A simulation-based on the McjD homology model suggests a larger distance for the

occluded conformation.
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Figure 61: Trans-inhibition by K5F at the cytosolic gate TmrA112B97. In green ATP-EDTA is shown without
substrate, in pink trans-inhibition conditions with 500 UM peptide are shown and in dark pink hydrolysing
conditions with 500 uM peptide are shown. Simulations for the occluded conformation are indicated in blue
dotted lines. Data are fitted by Tikhonov regularization and the length of the original data of ATP-EDTA was
shortened to the length of the measurements with K5F for a better comparison. Original data V(t)/V(0) are
displayed on the left, background corrected data F(t)/F(0) are displayed in the middle and the distance
distributions P(r) are shown on the right. Due to trans-inhibition, a new fraction with shorter distance is
occurring at r = 3.4 £ 0.4 nm. Since both periplasmic gate and cytosolic gate are closed, these observations
suggest an occluded conformation. Under hydrolysing conditions, this fraction also appears, but smaller as
observed with ATP-EDTA. The asterisks indicate peaks with uncertainty in the shape and width, which occurs
due to a too-small length of the detected dipolar evolution time. (Data analysis performed with DeerAnalysis
2016)

To further reveal if trans-inhibition is resulting in an occluded conformation, both NBSs
which are supposed to be closed, have been investigated. In Figure 62, it is clear that in both
NBSs the inward-facing or open-state is increasing in the ATP-EDTA state with an excess
of K5F. By comparison of the changes between the TMDs and NBSs, the differences in the
NBSs are much smaller. Especially for the degenerate site, the closing probability & changes
only from 0.37 in the ATP-EDTA state to 0.22 in the ATP-EDTA state with substrate
excess. Under hydrolysing conditions with substrate excess, the closed fraction also appears
to be larger than in the ATP-EDTA state in both cases. Taking all of these results together,
they show that, due to trans-inhibition, the transporter mainly adopts the occluded
conformation, where the NBSs and the TMDs are closed (on both sides). Nevertheless, a

small fraction also changes to the inward-facing conformation.
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Figure 62: Trans-inhibition by K5F at both NBSs TmrA416B458 and TmrA461B349. In green ATP-EDTA is

shown without substrate, in pink trans-inhibition conditions with 500 uM or 1 mM peptide are shown and in
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dark pink hydrolysing conditions with 500 uM peptide are shown. Original data V(t)/V(0) are displayed on
the left, background corrected data F(t)/F(0) are displayed in the middle and the distance distributions P(r)
are shown on the right. For the degenerate NBS TmrA416B458, a) data were fitted with a Two-Gaussian
model based on distances of r = 3.8 £ 0.4 nm and r = 5.7 £ 0.3 nm. The closed state is decreasing from 6 =
0.37 in the ATP-EDTA state to 0.22 in the presence of an excess of substrate. Under hydrolysing conditions,
the closed state is increasing slightly in the presence of an excess of substrate. The consensus NBS
TmrA461B349 b) is fitted with Tikhonov regularization and shows a higher fraction of the open conformation,
due to trans-inhibition. Under hydrolysing conditions, these changes are smaller. The asterisks indicate peaks
with uncertainty in the shape and width, which occurs due to a too-small length of the detected dipolar
evolution time. In summary, for both NBSs transitions to the open conformation can be observed, but the
magnitude of the differences is smaller as in the TMDs, suggesting that the main fraction of the NBS stays

closed as in an occluded conformation. (Data analysis performed with DeerAnalysis 2016)



4.3.2 Discussion of the trans-inhibition of TmrAB

TAP is an active transporter, whose transport function is blocked by a high luminal peptide
concentration.!!® This process is called trans-inhibition and might protect the ER from the
stress response and the unfolded protein response at high peptide concentrations inside the
lumen. The work presented in this chapter revealed that mechanistically, the excess of
peptide reversed the transporter into the occluded conformation. In Figure 63, the
alternating access mechanism of TmrAB is shown including the new knowledge of the

trans-inhibition mechanism.

e

inward-facing TmrAB

Ac (ATP)
AG'/AH/AS’

outward-facing TmrAB

Figure 63: Alternating access mechanism of TmrAB, with highlighted trans-inhibition. Due to trans-inhibition
by an excess of the substrate K5F, the transporter gets inhibited and moves in the cycle from the ATP-bound
outward-facing state mainly back to the occluded conformation and partially to the inward-facing
conformation. This pathway is indicated by pink arrows. The positions in the cycle relevant for the trans-

inhibition pathway are highlighted with light blue boxes.

Trans-inhibition includes the interaction of the peptide with a second low-affinity binding
site in the outward-facing conformation. If the determined interspin distances in the
occluded conformation are compared to the simulated distances based on the homology

model, a smaller cavity in TmrAB is suggested compared to the exporter McjD%. This
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difference could be due to the fact that the crystal structure of McjD in the occluded
conformation is without substrate. Another reason could be that the peptide for the studies
with TmrAB is smaller than the peptide used for McjD (9 vs 21 amino acids).%% Since only
a small fraction of the transporter is further reversed to the inward-facing conformation, the
energy barrier for the occluded to inward-facing transitions is expected to be high. Although
the occluded conformation was observed for McjD and PCAT, the mechanistic role in the
conformational cycle remained unknown. To the best of the author’s knowledge, the
presented results on TmrAB are the first experimental evidence for this occluded
conformation in the transport cycle of a heterodimeric ABC exporter. Furthermore, it shows

the central role of this conformation in the mechanism of trans-inhibition.

4.4 Summary
The presented data of section 4.1, 4.2 and 4.3 can be summarized into a mechanistic model

for transport and trans-inhibition, which is presented in Figure 64. The substrate must bind
to the transporter in the apo-state, where the transport cavity is open at the cytosolic gate. It
has been shown that already the closure of one of the NBSs leads to the outward-facing
conformation. By ATP binding to one or both NBSs, the transporter can spontaneously
switch to the occluded conformation, which is transient under transporting conditions and
switches immediately to the outward-facing conformation. This has to be the case since
with the addition of nucleotides or nucleotide analogues the occluded-state could not be
observed. The occluded state could only be populated during trans-inhibition. Under
transporting conditions, the substrate can exit from the translocation pathway in the
outward-facing state. If the substrate is present in an excess, which means trans-inhibition
occurs, the conformational cycle is reversed, mainly to the occluded conformation. Since
this state is reversible, the data suggest that ATP hydrolysis may follow substrate
translocation, which would be an irreversible step. This is further confirmed by the ATPase
inhibition during trans-inhibition® which was done by Susanne Hank. After hydrolysis at
the consensus site, nucleotides might dissociate from both NBSs and the transporter is

restored to the inward-facing nucleotide-free state, which was suggested for CFTR*,
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Figure 64: Transport and trans-inhibition mechanism of TmrAB. Under physiological ATP concentrations,
TmrAB (pdb code 5MKK) shows a significant population of the inward-facing apo-state (on top). Since
binding of either of the NBSs opens the TMDs, substrate-binding must occur in the apo-state. The substrate
is indicated as a pink dot. By moving clockwise, ATP binding at one or both NBSs switches the TMDs into a
transiently occluded state, as observed for McjD (pdb code 4PL0). Then the transporter changes immediately
to an outward-facing state (at the bottom) similar to the Sav1866-AMP-PNP (pdb code 20NJ) structure. This
transition from the inward-facing state to the outward-facing state is driven by ATP binding, which results in
an entropy gain and a negative Gibbs free energy. The substrate can exit the transporter in this state. ATP
hydrolysis at the consensus NBS leads to the opening of the NBS and the transporter restores to the apo-state.
Several steps are reversible as indicated. Trans-inhibition reverses the transport mainly into the occluded

conformation.

So far, in ABC exporters with catalytic asymmetry, ATP hydrolysis is supposed to take
place at the consensus NBS3166119 However, the coupling of this energy to the transport
was not well understood. Referring to existing biochemical datal**'>3 the mechanistic
basis for the coupling of the NBDs and TMDs could be also valid for CFTR. Since the
human TAP*® and TmrAB are inhibited by the same peptide and a similar one for TAPL!?°,
the transport mechanism could be conserved among these transporters. Furthermore, these

results could be relevant for other catalytic asymmetric ABC exporters like SUR1 or MRP1,
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which are important for human health and diseases. By understanding the mechanism of
trans-inhibition the development of new drugs to modulate this trans-inhibition effect could
be developed, which is of medical interest. Also, the PELDOR techniques which was used
to determine the conformational thermodynamics, might be useful to investigate other
similar proteins. Furthermore, it has been shown that there are differences in similar
transport systems, which suggest that although there are several similarities in the
mechanism, every transporter has some specific details that have to be individually

investigated.

In summary, in this thesis, the molecular mechanism for the conformational coupling
between NBSs and TMDs, the conformational thermodynamics and the structural basis for
trans-inhibition in TmrAB, an ortholog of the human antigen transporter complex TAP,
were unravelled. It was shown that the closure of either one of the NBSs is sufficient to
trigger the opening of the periplasmic gate located on the TMDs. Furthermore, this
transition from inward- to outward-facing state is entropy-driven and has a negative Gibbs
free energy change, showing that ATP binding alone drives the conformational change and
no ATP hydrolysis or substrate binding is necessary. During trans-inhibition, the peptide
interacts with the transporter in the outward-facing state and reverses the transporter to the
occluded conformation. A reversible conformational equilibrium upon ATP binding plays
a central role in the function and regulation of TmrAB. In addition, it could be shown that
pulsed EPR spectroscopy is a powerful method to resolve and investigate conformational
equilibria at specific labelling positions in a large molecular complex and to get insights
into the overall structural rearrangements by combining results on various labelling

positions.

4.5 Outlook

In this thesis, important results were obtained to understand the conformational cycle of
TmrAB. Some experiments led to new important questions. During the investigation of the
E-to-Q mutants, which are inactive in substrate transport, it was observed that the outward-
facing state with ATP-EDTA is stabilized. Furthermore, as shown in Figure 65, it is also
possible to open the periplasmic gate and close both NBSs by ADP binding with this

inactive mutant.
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Figure 65: Conformational changes induced by ADP binding with the inactive E-to-Q mutants. Data for the
periplasmic gate TmrA61B56-E-to-Q and the consensus NBS TmrA461B349-E-to-Q were fitted with Tikhonov
regularization. For the degenerate NBS TmrA416B458, a distance in the apo- or open-state of r = 5.7 +
0.3 nm and a distance in the closed-state of r = 3.8 + 0.4 nm were used for Two-Gaussian fitting. Original
data V(t)/V(0) are displayed on the left, background corrected data F(t)/F(0) are displayed in the middle and
the distance distributions P(r) are shown on the right. With ADP-Mg?*the population of the outward-facing
state is significantly increasing, showing that ADP binding is sufficient to open the periplasmic gate and to
close both NBS. The asterisks indicate peaks with uncertainty in the shape and width, which occurs due to a
too-small length of the detected dipolar evolution time. The vertical lines indicate the most probable distance

in the closed (black) and open (red) states. (Data analysis performed with DeerAnalysis 2016)
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By this mutation in TmrA at the Walker B motif in the consensus NBS (TmrAE523QB),
the transporter becomes inactive in substrate transport but is still able to bind nucleotides.
While the addition of ADP-Mg?* was not sufficient to introduce conformational changes
for the active transporter, for this inactive mutant it is sufficient. This shows that the Walker
B motif has an important role in the transition between inward- and outward-facing state.
Therefore, this inactive mutant should be further investigated to unravel its specific role.
For example, investigations of the conformational thermodynamics of this mutant, as done
for the active variant, could show how the energetic behaviour is changing. In addition,
different ADP or ATP concentrations could show if the equilibrium between inward- and

outward-facing state can still be modulated.

In the presented studies about the conformational thermodynamics, the question if the
model with one or two bound ATP is correct could not be tackled. For this purpose,
hyperfine spectroscopy could help. This was shown previously for the heterodimeric ABC
exporter BmrCD!32, where the magnesium ions were substituted by manganese ions. By
observing the coupling to the present nucleotides, it could be quantitatively shown that there
is an asymmetric behaviour during ATP hydrolysis. For this purpose, pulsed electron-
nuclear double resonance (ENDOR) and electron-electron double resonance (ELDOR)-
detected nuclear magnetic resonance (EDNMR) can be used to observe the coupling
between Mn?* and the different nucleotides. The transport assay for TmrAB with
magnesium and manganese ions (Figure 66) shows that the transporter is still active in

transport with manganese, which makes it usable for ENDOR and EDNMR experiments.

transport activity
[nmol/mg*min]
T

+ATP -ATP +ATP -ATP
Mg?* Mn?*
Figure 66: Transport assay of TmrAB with magnesium or manganese ions. In red the transport activity is
shown for wildtype TmrAB performed with magnesium ions an in pink with manganese ions. Although the

transport efficiency is lower with manganese ions, there is still a significant activity.
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The results from the conformational thermodynamics experiments could be used to further
improve the input for MD simulations on TmrAB. Typically, certain structural data is used
as a starting point for MD simulation. These structures are obtained from a crystal, which
was crystallized under optimized conditions for crystallization, and this might not present
the lowest energy state of the transporter under physiological conditions. For TM287/288,
MD simulations showed the transitions from the inward-facing state over an occluded
conformation to the outward-facing state. These MD data could be compared to the EPR
data on this system, whereby the occluded conformation could not be validated by
measurements.!1%133 With TmrAB, however, a validation for the occluded conformation

would be possible.

So far, the main focus was on the transporter and not on the substrate binding and transport.
Studies were done to observe the binding of the peptide K5F with a spin-labelled peptide
(Supp. Figure 5). In these studies, the binding was observed in the apo-state and by parallel
addition of the peptide and ATP-Vi-Mg?*. Since already a significant amount of peptide
binding could be observed at a 1:1 ratio of peptide and protein, this ratio was used for
distance measurements between single labelled TmrAB and the MTSSL-labelled peptide.
For TmrA61B in the periplasmic gate and TmrA112B in the cytosolic gate, the results are
shown in Figure 67. Further measurements with TmrAB56 and TmrAB97 are presented in
Supp. Figure 6. According to the transport cycle, substrate binding in the apo-state and
substrate release in the ATP-Vi-Mg?* state are expected. This yields to a very low
modulation depth in the ATP-Vi-Mg?* state; furthermore, no clear distances could be
obtained. Yet distance measurements are possible in both the apo and the ATP-Vi-Mg?*
states, whereby the modulation depth is only slightly decreasing, showing probably that

there is more than one possible substrate binding position.
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Figure 67: Distance measurements between single-labelled TmrAB and the MTSSL-labelled K5F peptide.
Original data V(t)/V(0) are displayed on the left, background corrected data F(t)/F(0) are displayed in the
middle and the distance distributions P(r) are shown on the right. Shown are the apo-states in black and the
ATP-Vi-Mg?*-states in red for TmrA61B at the periplasmic gate and TmrA112B at the cytosolic gate. The
Modulation depth (2) is slightly decreasing with ATP-Vi-Mg?*, and no clear distance distributions could be

obtained in any of the examined cases. (Data analysis performed with DeerAnalysis 2016)

Since all of these measurements were obtained in detergent micelles, a different
environment could probably help to improve the results. Proteoliposomes would give a
more natural environment but would make it difficult to introduce the nucleotides and
substrate to the transporter. Therefore, nanodiscs could help, which were already
successfully used during the investigation of TAP***. Nanodiscs surround the protein like
they would be also situated in a membrane environment. However, the translocation
pathway and the NBDs would still be accessible from the outside. A natural environment is

probably necessary to observe specific substrate binding.



Deutsche Zusammenfassung

Die Klasse von Membranproteinen spielt eine groRe Rolle in der Zellkommunikation, dem
Transport durch die Membran, den Gebrauch von Energie und Anstolen von
Signalubertragungswegen.* Da Membranproteine wichtig sind in der Entwicklung von
medizinischen Wirkstoffen, ist es besonders essentiell ihre Strukturen und darauf aufbauend
ihre Mechanismen zu verstehen.*® Es existieren priméar-aktive Transporter wie ATP-bindende
Kassette (ABC-) Transporter, welche die Energie der ATP Hydrolyse nutzen und sekundér-
aktive Transporter, die Energie durch lonen-Translokation nutzen.® Durch beispielsweise
Kristallstrukturanalyse® oder Kryo-Elektronenmikroskopie!* kénnen Strukturen aufgeklart
werden. Diese Strukturen ergeben aber nur ein statisches Bild, aus welchem viele Informationen
uber das System gezogen werden kénnen. Die Funktion, Dynamik und der Mechanismus von
Membranproteinen sind daraus jedoch nicht ableitbar. Hierfur kdnnen spektroskopische
Methoden wie z.B. magnetische Kernresonanz-Spektroskopie (NMR)*, Elektronen-Spin-
Resonanz-Spektroskopie (ESR/EPR)Y"!8 oder Forster Resonanz Energie Transfer (FRET)®
genutzt werden. In dieser Arbeit wurde EPR-Spektroskopie verwendet um einen
heterodimerischen ABC Exporter zu untersuchen.

Die Klasse von ABC Transportern nutzt die Bindung von ATP und die anschlieende
Hydrolyse um Substrat durch Membranen zu transportieren.>?4% Die Umwandlung von ATP
zu ADP und Orthophosphat gibt etwa -30.5 kJ mol™ Energie frei. Anhand der Richtung des
Transports kénnen ABC Transporter unterteilt werden in Importer, Exporter und Extruder.
Viele verschiedene Substrate konnen hierbei transportiert werden, wie Antibiotika, Gifte,
Vitamine, Steroide, Lipide, lonen, Polysaccharide, Peptide und Proteine.! Wahrend ABC-
Exporter in Bakterien, Sdugetieren und Pflanzen auftreten, sind ABC-Importer nur in
Bakterien, Chloroplasten und Mitochondrien von Pflanzen zu finden.3! Im allgemeinen
bestehen ABC Transporter aus zwei konservierten nukleotid-bindenden Doméanen (NBDs) die
ATP binden und hydrolsieren, sowie aus zwei Transmembran-Domanen (TMDs), welche in
ihrer Struktur variieren und den Transportweg fur das Substrat bilden. Die TMDs befinden sich
groRtenteils in der Membran und sind im Zytoplasma Uber Kopplungshelizes mit den NBDs
verbunden. In ABC Exportern, welche hier behandelt werden, kann das Substrat durch das
sogenannte zytoplasmatische Gate zwischen die TMDs wandern und auf der anderen Seite der
Membran durch das periplasmatische Gate den Transporter verlassen. Hierfur sind strukturelle
Anderungen im Transporter durch einen Transportzyklus notwendig. Zunéchst befindet sich

der Transporter in einer nach Innen gerichteten Konformation, bei der die NBDs separiert sind
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und das zytoplasmatische Gate ge0Offnet ist. Wahrenddessen sind die TMDs am
periplasmatischen Gate geschlossen. Wenn ATP in den NBDs gebunden wird, werden diese
und das zytoplasmatisch Gate geschlossen. Es wird somit eine geschlossenen Konformation
erreicht, da die TMDs an beiden Seiten zu sind und das Substrat in dem TMDs eingeschlossen
ist. Direkt danach 0Offnet das periplasmatische Gate, wodurch Substrat den Transporter
verlassen kann. Der Transporter liegt dann in einer nach Aulien gerichteten Konformation vor,
bei der das periplasmatische Gate getffnet ist und die NBDs, sowie das zytoplasmatisch Gate
geschlossen sind. Durch das Hydrolysieren von ATP und anschlielendem Entweichen von
ADP aus den Bindungstaschen kann der Exporter in der nach Innen gerichteten Konformation

wiederhergestellt werden.

Es ist zwischen homodimerischen und heterodimerischen ABC Transportern zu unterscheiden.
In homodimerischen Transportern kénnen zwei ATP gebunden und hydrolysiert werden,
wéhrend in heterodimerischen zwar zwei ATP gebunden werden kdnnen, aber nur eines davon
hydrolysiert werden kann. Das liegt daran, dass die NBDs viele wichtige konservierte Motive
enthalten, die die verschiedenen Schritte der ATP Bindung und Hydrolyse unterstiitzen. Wenn
aber wie in heterodimerischen Transportern einzelne Aminosauren ausgetauscht werden, kann
dieses Motiv seine Rolle nicht mehr erfullen und es ist keine Hydrolyse mehr mdglich. Daher
spricht man in diesem Fall von asymmetrischen NBDs, wobei eine consensus Seite mit allen

ublichen Motiven und eine degenerierte Seite ohne Hydrolysefunktion vorliegen.

Um das Protein zu untersuchen wurde EPR Spektroskopie verwendet, womit Systeme mit
ungepaarten Elektronenspins untersucht werden kénnen. Hierbei kénnen nicht nur natirliche
paramagnetische Systeme untersucht werden, es kénnen auch paramagnetische Spinsonden
oder Ubergangsmetalle in das diamagnetische System eingefiinrt werden.® Durch
ortsspezifisches Spin Labeling (SDSL), eine Methode die erstmals fiir Bacteriorhodopsin’ "
verwendet wurde, kann ein Protein selektiv gelabelt werden. Hierfir ist zunéchst ein Protein
ohne Cystein notwendig, in welches anschliefend an den gewinschten Stellen Cystein
eingefuhrt wird. Anschliefend wird mit MTSSL gelabelt, welches mit dem freien
Schwefelatom am Cystein eine Schwefelbriicke bildet. Mittels Continuous-Wave (cw) wird die
Labeling-Effizienz bestimmt und mittels Pulsed Electron-Electron Double Resonance
(PELDOR), kénnen Abstadnde zwischen zwei Elektronenspins gemessen werden. Da mit cw
EPR nur Abstande bis zu 2 nm gemessen werden kénnen, sind fiir groRere Abstdnde gepulste
EPR Methoden notwendig. PELDOR (auch double electron-electron resonance (DEER)

genannt) detektiert schwache dipolare Kopplungen zwischen ungepaarten Elektronen, die einen
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Abstand von 2-8 nm besitzen, in sehr guten Fallen bis zu 10 nm.*® Hauptsachlich in dieser
Arbeit verwendet wurde die Totzeit-freie 4-Puls-Sequenz® und in wenigen Fallen die 7-Puls-
Carr-Purcel (CP)-Sequenz?!, mit der das Zeitfenster der Messung verlangert werden kann. Bei
4-Puls-PELDOR existieren zwei Typen von Elektronenspins, die Beobachterspins und die
Pumpspins. In der Beobachterfrequenz wird ein Echo durch eine refokussierte Echo-Sequenz
generiert. Dieses Echo wird durch Anregung des Pumpspins zu verschiedenen Zeitpunkten
modelliert, wobei sich das lokale magnetische Feld der Beobachterspins dandert. Die
experimentellen Daten bestehen zum einen aus der Hintergrundfunktion, welche
intermolekulare Wechselwirkungen enthalt und den gewollten Interaktionen der zwei Spins
innerhalb des Proteins, auch intramolekulare Wechselwirkungen genannt. Daher muss zunéachst
eine Hintergrundkorrektur vorgenommen werden. AnschlieBend koénne die Daten entweder
mittels Tikhonov Regularisierung ausgewertet werden oder mittels Gaussfits. Auswertungen
erfolgten groBtenteils mit der DeerAnalysis Software!® oder fiir drei-Gaussfits mit der DD

Software!®’.

In dieser Arbeit stand der heterodimerische ABC Exporter TmrAB von Thermus Thermophilus
im Fokus, welcher ein funktionelles Homolog des menschlichen Antigen-Translokations-
Komplex TAP ist. Eine Kristallstruktur von TmrAB ist bereits bekannt? und mit dieser Struktur
sowie auf Basis der Positionen die fiir den heterodimerischen ABC Exporter BmrCD®
gemessen wurden, wurden Labelingpositionen fur TmrAB geplant. Es wurden Spinsonden im
periplasmatischen Gate, im zytoplasmatischen Gate und jeweils an der consensus und der
degenererierten Nukleotid-bindenden Seite (NBS) eingefihrt. Dartiber hinaus wurden auch
Messungen an globaleren Positionen in den NBDs durchgefuihrt um die gesamte Bewegung der
NBDs widerzuspiegeln. Diese Positionen erwiesen sich jedoch als nicht so aussagekréaftig. Im
apo bzw. dem nukleotidfreien Zustand wurde eine nach Innen gerichtete Konformation
beobachtet, wobei in den TMDs bereits eine kleine Fraktion von der nach Aufien gerichteten
Konformation zu beobachten war. Dies spricht flr eine unabhéngige Bewegung der TMDs, da
in den NBDs ohne Nukleotide keine SchlieBung erfolgt. Mittels Abstandsmessungen wurde
nach der Zugabe von ATP, Vanadat und Magnesiumionen eine fast komplette Anderung von
der nach Innen gerichteten Konformation zu der nach AufRen gerichteten Konformation
beobachtet. Hierbei wird das ATP an beiden NBSs gebunden, aber voraussichtlich nur an der
consensus Seite hydrolysisert, anschliefend insertiert das Vanadat in die gebrochene
Phosphatbindung und hélt den Transporter in dem gebundenen Zustand fest. Durch die Zugabe
von ATP und den Chelatliganden EDTA konnte der Zustand der reinen ATP Bindung

untersucht werden, da falls katalytische Magnesiumionen vorliegen diese durch das EDTA
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abgefangen werden. In diesem Zustand konnte fiir alle Positionen ein Gleichgewicht zwischen
der nach Innen gerichteten und der nach Aufien gerichteten Konformation beobachtet werden.
Ein dhnliches Gleichgewicht, nur mit Abweichungen in den Wahrscheinlickeiten, wurde auch
unter hydrolysierenden Bedingungen beobachtet (nach der Zugabe von ATP und
Magnesiumionen). Wihrend fiir BmrCD% beobachtet wurde, dass AMP-PNP Einfluss auf den
Transporter hat und ATP Hydrolyse notwendig ist um die nach-auRen-gerichtete Konformation
zu erlangen, konnte mit TmrAB keine Anderung mit AMP-PNP, dem nicht hydrolysierbaren
ATP Analogon, erreicht werden. Zu dem heterodimerischen ABC Exporter TM287/288'°
konnen mehr Uberinstimmungen im Zyklus beobachten werden, da dieser wie TmrAB rein
durch ATP Bindung die nach Aul3en gerichtete Konformation einnehmen kann und auch keine
Anderung durch AMP-PNP zeigt. Durch die Zugabe von ADP und Magensiumionen konnte

keine Anderung bei aktivem TmrAB herbeigefiihrt werden.

Das Gleichgewicht, welches durch die Zugabe von ATP und EDTA entsteht, wurde
anschlieBend weiter untersucht, wobei der Transporter zum einen mit Spinsonden am
periplasmatischen Gate und zum anderen mit Spinsonden an beiden NBSs untersucht wurde.
Zunachst wurde die Konzentration von ATP zwischen 0.5 bis 50 mM bei konstanter
Proteinkonzentration variiert. Hierbei war am peripasmatischen Gate eine konstant steigende
Offnungswahrscheinlichkeit bei steigender ATP Konzentration zu beobachten, wahrend an
beiden NBS die SchlieBungswahrscheinlichkeit weniger stark anstieg. Bei genauerer
Betrachtung ist zu sehen, dass bei der Zugabe von 25 mM ATP an der consensus NBS eine
Sattigung erreicht wird, wobei die SchlieBungwahrscheinlickeit nicht Gber 0.4 steigt. An der
degenerierten NBS kann daruber hinaus bis zu einer SchlieBungswahrscheinlichkeit von etwa
0.7 bei 50 mM ATP ein linearer Anstieg beobachtet werden. Fir das periplasmatische Gate ist
eine stark steigende Offnungswahrscheinlichkeit bereits bei geringen ATP Konzentration zu
beobachten, die zeigt, dass wahrscheinlich bereits die SchlielSung einer NBS bereits ausreicht
um das periplasmatische Gate zu 6ffnen. Das asymmetrische Verhalten der beiden NBSs kann
auch beobachtet werden, wenn der Transporter durch Einfiihren einer E-zu-Q-Mutation
(E523Q) in TmrA inaktiv gemacht wird. Auch hier kann mit ATP-EDTA eine SchlieRung der
NBSs erfolgen. Wahrend an der consenus Seite die Wahrscheinlichkeit des geschlossenen
Zustand etwas steigt, wird an der degenerierten Seite eine fast komplette SchlieBung durch diese
Mutation beobachtet. Insgesamt zeigt dies, dass der geschlossene Zustand an der degenerierten
NBS energetisch bevorzugt wird, wahrend an der consensus NBS der energetische Zustand der

beiden Konformationen wohl sehr ahnlich ist.
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Weiterhin wurde die Temperatur wéhrend der Inkubation mit ATP und EDTA von 0 bis 80 °C
variiert. Die ATP Konzentration betrug 50 mM um im geséttigten Bereich zu sein. Auf diesem
Weg konnte die Thermodynamik fiir die Konformationsdanderung durch ATP Bindung
untersucht werden. Hierbei war zu beobachten, dass bei einer Temperatur tber 50 °C fir beide
NBSs ein Abfall in der SchlieBungswahrscheinlichkeit zu beobachten ist, wéhrend die
Offnungswahrscheinlichkeit am periplasmatischen Gate weiter steigt. Durch eine nicht-lineare
van-’t-Hoff-Auftragung und einen Vergleich mit der Enthalpiednerung von ATP konnte gezeigt
werden, dass das nicht-lineare Verhalten bei erhdhten Temperaturen moglicherweise auf den
Einfluss von ATP und dessen Temperaturabhdngigkeit zuriickzufiihren ist. Eine andere
Maoglichkeit ware, dass die Reaktionsraten bei hohrerenTemperaturen schneller sind und
daduch der Transporter bei hoheren Temperature schneller in den nach Innen gerichteten
Zustand zuruckfallt, als er eingefroren werden kénnte. Mit linearen van-’t-Hoff-Fits konnte flr
alle Positionen bestimmt werden, dass die Konformationsédnderung Entropiegetrieben ist. In
allen Fallen wurde eine negative Anderung der Gibbs Energie festgestellt. Hierbei wurden zwei
Modelle benutzt, zum einen, dass ein ATP in den NBSs gebunden wird und zum anderen, dass
zwei ATP gebunden werden. Das Modell mit zwei ATP Molekdlen ist aufgrund des héheren
Energiegewinns der freien Gibbs Energie wahrscheinlicher. Weiterhin ist die
Enthalpiednderung stark positiv in allen Féllen, wobei die Energiebarriere fiir beide NBSs etwa
doppelt so grof’ ist im Vergleich zum periplasmatischen Gate. Die kleinere energetische
Barriere im periplasmatischen Gate ist in Ubereinstimmung mit den Beobachtungen bei
verschiedenen ATP Konzentration, wo schnellere Anderungen erzielt werden konnten. Die hier
prasentierten Ergebnisse zeigen, dass die ATP Bindung alleine die Konformationsédnderung
antreibt.

Dariiber hinaus wurde das Phanomen der Trans-Inhibierung untersucht, was bedeutet, dass
durch einen starken Substratiiberschuss kein Substrattransport mehr moglich ist. Diese
Inhibierung ist vermutlich ein Schutzmechanismus in der Zelle. In dieser Arbeit wurde
hauptsdchlich der ATP gebundener Zustand mit einem Uberschuss an Peptid untersucht.
Hierbei zeigte sich am periplasmatischen Gate, dass der nach Innen gerichtete Zustand in der
Wahrscheinlichkeit stark ansteigt. Am zytoplasmatischen Gate sinkt der Anteil der nach AuRen
gerichteten Konformation und es gibt einen kleinen Anstieg der nach Innen gerichteten
Konformation. Hauptséchlich ist jedoch eine neue Population zu erkennen, die einen kleineren
Abstand im Vergleich zur nach AuRen gerichteten Konformation aufweist. Beide NBSs zeigen
einen leichten Anstieg in der gedffneten Population, aber bleiben groRtenteils geschlossen.

Zusammenfassend bedeutet dies, dass die NBSs hauptsachlich geschlossen sind, wéhrend die
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TMDs auch an beiden Seiten geschlossen sind, was eine Occluded-Konformation bedeutet.
Dies zeigt, dass durch Trans-Inhibierung der Transportweg vom ATP-gebundenen nach Aulen
gerichteten Zustand umgekehrt wird zu einem kleinen Teil in die nach Innen gerichteten
Konformation und zum gréfiten Teil in die occluded-Konformation. Vermutlich ist die
Energiebarriere fiir eine Umkehrung der occluded-Konformation zu der nach innen-gerichteten
Konformation groRer. Fur einen heterodimerischen ABC Exporter ist dies, soweit bekannt, das
erste Mal, dass der occluded-Zustand experimentell nachgewiesen werden konnte.

In dieser Arbeit wird gezeigt, dass das umkehrbare Konformationsgleichgewicht eine groRe
Rolle in der Funktion und Regulation eines ABC Exporters spielt. Weiterhin wurde zum ersten
Mal gezeigt, dass es mdglich ist die Thermodynamiken der Konformtionsanderungen zu
untersuchen. Da es in der Gruppe der heterodimerischen ABC Exporter teilweise viele
Uberschneidungen gibt, jeder Exporter aber viele individuellen Eigenschaften im
Transportmechanismus beistzt, muss jeder Transporter auch individuell untersucht werden. Die
hier genutzten Methoden der gepulsten EPR Spektroskopie konnen hilfreich sein, um andere

Transporter mit asymmetrischen NBS oder auch allgemein ahnliche Proteine zu untersuchen.
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Supp. Table 1: Calculation of the equilibrium constant for the consensus NBS TmrA461B349. Shown are the
concentrations calculated from the ratio determined by PELDOR, based on the starting concentrations of 40 or
50 uM TmrAB and 50 mM ATP. First a) is the calculation for the first sample set with the assumption of one
bound ATP and b) is the corresponding calculation with two ATP bound. Respectively ¢) and d) are the same

calculations with the second sample set.

a)
Temp. Pclosed Popen [Tm rAB] [ATP] [Tm rAB- Keq [1/M] AKeq
(M] [M] ATP] [M]
0°C 0.03 0.97 0.0000388 0.0499988 0.0000012 0.62 17

0
25°C 0.336 0.664 0.00002656  0.04998656  0.00001344 10 3
40 °C 0.507 0.493 0.00001972  0.04997972  0.00002028 21 6
50 °C 0.52 0.48 0.0000192 0.0499792 0.0000208 22 6
60 °C 0.439 0.561 0.00002244  0.04998244  0.00001756 16 5
70 °C 0.366 0.634 0.00002536  0.04998536  0.00001464 12 4
80 °C 0.363 0.637 0.00002548  0.04998548  0.00001452 11 4
b)

Temp. Pclosed Popen [Tm rAB] [ATP] [Tm rAB- Keq [l/MZ] AKegq
(M] [M] ATP] [M]

0°C 0.03 0.97 0.0000388 0.0499976 0.0000012 12 4

25°C 0.336 0.664 0.00002656  0.04997312  0.00001344 200 60

40 °C 0.507 0.493 0.00001972  0.04995944  0.00002028 410 120

50°C 0.52 0.48 0.0000192 0.0499584 0.0000208 430 130

60 °C 0.439 0.561 0.00002244  0.04996488  0.00001756 310 90

70°C 0.366 0.634 0.00002536  0.04997072  0.00001464 230 70

80 °C 0.363 0.637 0.00002548  0.04997096  0.00001452 230 70

c)

Temp. Pelosed Popen [TmrAB] [ATP] [TmrAB- Keq [1/M] AKegq
[M] [M] ATP] [M]

0°C 0.067 0.933 0.00004665  0.04999665  0.00000335 1.4 0.4

25°C 0.266 0.734 0.0000367 0.0499867 0.0000133 7 2

40 °C 0.425 0.575 0.00002875  0.04997875  0.00002125 15 4

50 °C 0.439 0.561 0.00002805  0.04997805  0.00002195 16 5

60 °C 0.347 0.653 0.00003265  0.04998265  0.00001735 11 3

70°C 0.391 0.609 0.00003045  0.04998045  0.00001955 13 4

80 °C 0.279 0.721 0.00003605  0.04998605  0.00001395 8 2

d)

Temp. Pelosed Popen [TmrAB] [ATP] [TmrAB- Keq [l/MZ] AKegq
(M] [M] ATP] [M]

0°C 0.067 0.933 0.00004665  0.0499933 0.00000335 29 8

25°C 0.266 0.734 0.0000367 0.0499734 0.0000133 150 40

40 °C 0.425 0.575 0.00002875  0.0499575 0.00002125 300 90

50 °C 0.439 0.561 0.00002805  0.0499561 0.00002195 310 90

60 °C 0.347 0.653 0.00003265  0.0499653 0.00001735 210 60

70°C 0.391 0.609 0.00003045  0.0499609 0.00001955 260 80

80 °C 0.279 0.721 0.00003605  0.0499721 0.00001395 150 50
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Supp. Table 2: Calculation of the equilibrium constant for the degenerate NBS TmrA416B458. Shown are the

concentrations calculated from the ratio determined by PELDOR, based on the starting concentrations of 50 M

TmrAB and 50 mM ATP. First a) is the calculation for the first sample set with the assumption of one bound ATP

and b) is the corresponding calculation with two ATP bound. Respectively c) and d) are the same calculations

with the second sample set.

a)

Temp.

0°C
25°C
40 °C
50 °C
60 °C
70 °C
80 °C

b)

Temp.

0°C
25°C
40 °C
50 °C
60 °C
70 °C
80 °C
c)
Temp.

0°C
25°C
40 °C
50 °C
60 °C
70°C
80 °C

d)

Temp.

0°C
25°C
40 °C
50 °C
60 °C
70 °C
80 °C

Pclosed

0.1042
0.3251
0.5901
0.6452
0.5703
0.4729
0.4744

Pclosed

0.1042
0.3251
0.5901
0.6452
0.5703
0.4729

0.4744

Pclosed

0.0953
0.4738
0.6987
0.7174
0.6825
0.6097
0.6294

Pclosed

0.0953
0.4738
0.6987

0.7174
0.6825
0.6097

0.6294

Popen

0.8958
0.6749
0.4099
0.3548
0.4297
0.5271
0.5256

Popen

0.8958
0.6749
0.4099
0.3548
0.4297
0.5271

0.5256

Popen

0.9047
0.5262
0.3013
0.2826
0.3175
0.3903
0.3706

Popen

0.9047
0.5262
0.3013

0.2826
0.3175
0.3903

0.3706

[TmrAB]
(M]

0.00004479
0.000033745
0.000020495
0.00001774
0.000021485
0.000026355
0.00002628

[TmrAB]
(M]

0.00004479
0.000033745
0.000020495
0.00001774
0.000021485
0.000026355

0.00002628

[TmrAB]
(M]

0.000045234
0.00002631
0.000015065
0.00001413
0.000015875
0.000019515
0.00001853

[TmrAB]
(M]

0.000045234
0.00002631
0.000015065

0.00001413
0.000015875
0.000019515

0.00001853

[ATP]
[M]

0.04999479
0.049983745
0.049970495
0.04996774
0.049971485
0.049976355
0.04997628

[ATP]
[M]

0.04998958
0.04996749
0.04994099
0.04993548
0.04994297
0.04995271

0.04995256

[ATP]
[M]

0.049995234
0.04997631
0.049965065
0.04996413
0.049965875
0.049969515
0.04996853

[ATP]
[M]

0.049990468
0.04995262
0.04993013

0.04992826
0.04993175
0.04993903

0.04993706

[TmrAB-
ATP] [M]

0.00000521
0.000016255
0.000029505
0.00003226
0.000028515
0.000023645
0.00002372

[TmrAB-
ATP] [M]

0.00000521
0.000016255
0.000029505
0.00003226
0.000028515
0.000023645

0.00002372

[TmrAB-
ATP] [M]

0.000004766
0.00002369
0.000034935
0.00003587
0.000034125
0.000030485
0.00003147

[TmrAB-
ATP] [M]

0.000004766
0.00002369
0.000034935

0.00003587
0.000034125
0.000030485

0.00003147

Keq [1/M]

2.3
10
29
36
27
18
18

Keq [1/M7]

47

190
580
700
530
360

360

Keq [1/M]

2.1
18
46
51
43
31
34

Keq [1/M2]

42
360
900

1000
900
630

700

AKeq

U1 01 00 = 00 WO
N 3

AKeq

13
60
170

200
150
100

100

AKegq

0.6

13
15
12

10

AKegq

12
100
300

300
300
180

200

175



Supp. Table 3: Calculation of the equilibrium constant for the periplasmic gate TmrA288B272. Shown are the
concentrations calculated from the ratio determined by PELDOR, based on the starting concentrations of 50 M
TmrAB and 50 mM ATP. First a) is the calculation for the first sample set with the assumption of one bound ATP

and b) is the corresponding calculation with two ATP bound. Respectively ¢) and d) are the same calculations

with the second sample set.

a)
Temp. Pelosed Popen [Tm rAB] [ATP] [Tm rAB- Keq [1/M] AKegq
M] [M] ATP] [M]
0°C 0.8163 0.1837 0.000040815 0.049990815 0.000009185 4.5 13
25°C 0.6696 0.3304 0.00003348  0.04998348  0.00001652 10 3
40°C 0.5254 0.4746  0.00002627  0.04997627  0.00002373 18 ®
50°C 0.4072 0.5928 0.00002036  0.04997036  0.00002964 29 9
60 °C 0.3588 0.6412 0.00001794  0.04996794  0.00003206 36 10
70°C 0.3263  0.6737 0.000016315 0.049966315 0.000033685 @ 41 12
80 °C 0.3547  0.6453 0.000017735 0.049967735 0.000032265 36 11
b)
Temp. Pclosed Popen [Tm rAB] [ATP] [Tm rAB- Keq [l/MZ] AKegq
M] [M] ATP] [M]
0°C 0.8163 0.1837 0.000040815 0.04998163  0.000009185 90 30
25°C 0.6696 0.3304 0.00003348  0.04996696  0.00001652 200 60
40 °C 0.5254 0.4746 0.00002627  0.04995254  0.00002373 360 100
50°C 0.4072 0.5928 0.00002036  0.04994072  0.00002964 580 170
60 °C 0.3588 0.6412 0.00001794  0.04993588  0.00003206 700 200
70°C 0.3263 0.6737 0.000016315 0.04993263  0.000033685 800 300
80 °C 0.3547 0.6453 0.000017735 0.04993547  0.000032265 700 200
c)
Temp. Pelosed Popen [TmrAB] [ATP] [TmrAB- Keq [1/M] AKegq
(M] [M] ATP] [M]
0°C 0.7747  0.2253 0.000038735 0.049988735 0.000011265 5.8 1.7
25°C 0.6659  0.3341 0.000033295 0.049983295 0.000016705 10 3
40 °C 0.5328 0.4672 0.00002664  0.04997664  0.00002336 18 5
50 °C 0.4133 0.5867  0.000020665 0.049970665 0.000029335 28 8
60 °C 0.3885 0.6115 0.000019425 0.049969425 0.000030575 31 9
70°C 0.3544 0.6456 0.00001772  0.04996772  0.00003228 36 11
80 °C 0.3896 0.6104 0.00001948  0.04996948  0.00003052 31 9
d)
Temp. Pelosed Popen [TmrAB] [ATP] [TmrAB- Keq [l/MZ] AKegq
(M] [M] ATP] [M]
0°C 0.7747  0.2253 0.000038735 0.04997747  0.000011265 120 40
25°C 0.6659  0.3341 0.000033295 0.04996659  0.000016705 200 60
40 °C 0.5328 0.4672 0.00002664  0.04995328  0.00002336 350 100
50 °C 0.4133 0.5867  0.000020665 0.04994133  0.000029335 570 160
60 °C 0.3885 0.6115 0.000019425 0.04993885  0.000030575 630 180
70°C 0.3544  0.6456  0.00001772  0.04993544  0.00003228 700 200
80 °C 0.3896 0.6104 0.00001948  0.04993896  0.00003052 630 180
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Supp. Figure 2: Peptide is not changing the temperature dependence of the conformational equilibrium induced

by ATP binding at the periplasmic gate TmrA288B272. The peptide was added in a 1:1 ratio to the protein

concentration and in the original data no difference between the two measurements can be observed at 25 or

50 °C. (Data analysis performed with DeerAnalysis 2016)

Supp. Table 4: Fitting parameters for the non-linear polynomial fit of second order. This is based on the equation

Inkeg =a+b- % +c- (%)2. Shown are the parameters for all positions and both models (one or two bound ATP)

with errors given by origin.

TmrA416B458 (1 ATP)
TmrA416B458 (2 ATP)
TmrA461B349 (1 ATP)
TmrA461B349 (2 ATP)
TmrA288B272 (1 ATP)
TmrA288B272 (2 ATP)

-74 £13
-72+13
-81+8
-719+8
12+12
42+12

b
51000 + 8000
51000 + 9000
55000 + 5000
55000 + 5000
4000 + 7000
4000 + 7000

c
-8300000 + 1200000
-8300000 + 1200000
-9000000 + 800000
-9000000 + 800000
-100000 + 1100000
-100000 + 1100000
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Supp. Figure 3: Gaussian fitting for the ATP-EDTA states of the degenerate NBS TmrA416B456-E-to-Q and
consensus NBS TmrA461B349-E-to-Q. Two Gaussian fittings on the degenerate NBS shows a partial closure 6 =
0.81 and for the consensus, NBS 0 = 0.45. Original data V(t)/V(0) are displayed on the left, background corrected
data F(t)/F(0) are displayed in the middle and the distance distributions P(r) are shown on the right. (Data analysis
performed with DeerAnalysis 2016 for TmrA416B458-E-to-Q and DD6c¢ for TmrA461B349-E-to-Q)
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Supp. Figure 4: Excess of substrate is not changing the apo or ADP-Vi-Mg?* state at the periplasmic gate. On
top for TmrA61B56 in the apo-state, no significant difference is visible after addition of 500 uM K5F peptide. The
data were fitted with Tikhonov regularization. Below for TmrA288B272 for ADP-Vi-Mg?* with two Gaussian
fittings with the distances r = 3.4 £ 0.3 nm and r = 5.2 £ 0.3 nm no significant difference is visible after addition
of 500 uM K5F peptide. Original data V(t)/V(0) are displayed on the left, background corrected data F(t)/F(0)

are displayed in the middle and the distance distributions P(r) are shown on the right. (Data analysis performed

with DeerAnalysis 2016)
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Supp. Figure 5: Peptide binding observed with cw spectroscopy. To obtain the presented curves peptide (MTSSL
labelled K5F) was added in the indicated concentrations to 50 uM TmrAB (cysteinless, unlabelled) and heated to
68 °C either without any nucleotides (apo) or with 10 mM ATP, 10 mM Mg?*and 10 mM ortho-vanadate (ATP-V;-
Mg?*). By comparison with the free spin-labelled peptide, the fraction of free and bound peptide to the transporter
was calculated. The free peptide is displayed on the x-axis and the bound peptide divided by the total added peptide

amount is displayed on the y-axis.
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Supp. Figure 6: Distance measurements between single-labelled TmrAB and the MTSSL-labelled K5F peptide.
Shown are the apo-states in black and the ATP-Vi-Mg?*-states in red for TmrAB56 at the periplasmic gate and
TmrAB97 at the cytosolic gate. Original data V(t)/V(0) are displayed on the left, background corrected data
F(t)/F(0) are displayed in the middle and the distance distributions P(r) are shown on the right. The modulation
depth (4) is slightly decreasing with ATP-Vi-Mg?* and no clear distance distributions could be obtained in any of

the analysed cases. (Data analysis performed with DeerAnalysis 2016)
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