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Abstract

Protein structures were originally determined by X-ray crystallography, a technique
which uses a regularly arranged lattice to measure the electron density of a protein
in three-dimensional space. NMR later emerged as an alternative for solving
solution-based structures but is generally limited to small proteins or complexes.
Membrane transporters are often multimeric, macromolecular systems that
undergo large conformational changes. To understand these ‘machineries’ and
their dynamic nature we must use an approach that is capable of capturing their

various conformations.

Site-directed spin labelling can be used in combination with continuous wave EPR
techniques to investigate the structure, topology and chemical environments of the
strategically placed probes. Pulsed Electron-Electron Double Resonance
spectroscopy can precisely measure distances between two labels, thus allowing
the conformations of these transporters to be mapped as they undergo their

dynamic rearrangements.

Here this approach has been applied to various systems in order to gain better
insight into the functional dynamics of membrane-bound or -associated proteins.
This includes members of the generally well-studied substrate binding proteins
from ATP-binding cassette (ABC)-type transporters, where crystal structures have
been published and an accepted model of function exists. This subclass of
proteins is responsible for binding a huge range of natural substrates, and the
reported inter-lobe flexibilities can vary widely. Further to this, preliminary
investigations of a multimeric secondary active transporter (the first of its family to
have its structure resolved) are reported here, with the view to work towards
answering several questions such as binding order and potential synchronisation

of the monomers.

The systems studied here are of interest due to their medical relevance; substrate
binding domains are vital for sequestering nutrients in many cell types that are
involved in disease (e.g. pathogens and cancer), and the malfunction of many
mammalian homologues of secondary active transporters have been linked to

neurological disorders.
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Introduction

1 Membrane Transporters

In all Kingdoms of life, efficient and selective movement of nutrients and toxins into
and out of organisms is vital, regardless of whether the system in question is
comprised of one or trillions of cells. At a cellular level, this involves transport
across a membrane, usually facilitated by specialised ‘machineries’ composed of
proteins and their derivatives. As a broad category of proteins, membrane
transporters have been linked to a plethora of medical disorders and pathogenic
infections, either as a result of their malfunction or due to their role in a pathogen’s
survival and virulence. Understanding how these proteins function or fail has
therefore become an area of study widely invested in, as they represent enticing

potential targets for novel drugs (such as antimicrobials and anticancer agents).

The Transporter Classification Database' (TCDB; www.tcdb.org) contains more
than 18,000 transporter protein sequences, classified into 1356 families based on
functional and phylogenetic information and further categorised into 72
superfamilies. These can be broadly sorted into several classes (numbering of list

below not consistent with that of the TCDB system?):

Channels/pores

Electrochemical potential-driven transporters
Primary active transporters

Group translocators

Transport electron carriers

Accessory factors involved in transport

N o a b~ b=

Incompletely characterised transport systems

Despite the identification of a vast number of genes and protein sequences related
to membrane transport, relatively few of their three-dimensional structures have
actually been resolved. In the Protein Data Bank® (PDB; www.rcsb.org), there are
over 140,000 protein structures, as resolved by any method; only around 2800
coordinate files belong to membrane proteins (n.b. not necessarily transporters),
corresponding to just over 900 unique proteins (according to
blanco.biomol.uci.edu/mpstruc?). This is likely a result of the nature of membrane
proteins themselves; for example, it is often difficult to produce and purify such

molecules in the quantities needed for structural studies. These challenges, and



the merits and drawbacks of the various methodologies used to resolve these
protein structures, will be discussed in a later section (3. EPR on Membrane

Transporters).

To introduce the systems investigated in this thesis, only two of the classes of
membrane transporter described previously need to be explored in more depth:
the primary active transporters and electrochemical potential-driven transporters

(or secondary active transporters).
1.1 Primary Active Transport (ABC-type)

This method of transport uses a form of metabolic energy to drive the translocation
of substrates across a membrane; this is frequently in the form of the chemical

potential energy but may be energy derived from redox chemistry or photons.

ATP-binding cassette (ABC) systems are found ubiquitously in nature®-®,
responsible for the selective import and export of various molecules and, in some
cases, for non-transport processes such as DNA repair’. These systems hydrolyse
adenosine triphosphate (ATP) in order to drive these processes. As such, the ABC
transporters are a large superfamily of primary active transporters. The members
of this superfamily are typically multimeric complexes consisting of at least two
transmembrane proteins/domains (TMDs), two highly conserved membrane-
associated ATPase subunits (the eponymous ABCs, also called nucleotide binding
domains, NBDs) which transiently dimerise, and, in most importers, a
substrate/solute binding protein (SBP, also known as a substrate/solute binding
domain, SBD). Due to their prominence in nature, in terms of both universal
presence and functional importance, these systems have been a focal point of
much research. In microorganisms, these present as potential targets for novel
treatments, and indeed as the source of newly evolved resistances®'°. Moreover,
for decades ABC systems have been implicated in drug-resistance in cancers’,
but it has been more recently proposed that the role of these systems in
tumorigenesis extends beyond drug efflux'2. Further to this, malfunctions and
mutations in these protein complexes have been linked to a large number of

diseases and disorders'S.



Nucleotide-binding domains (NBDs)

High resolution structural data for many of these complexes and their components
exist, particularly for the ABC (or NBD) modules. These display remarkable
sequence identity across the various species from which the systems in question
were isolated, and as such are considered the defining characteristic of the
superfamily® 415, These also have a consistent global fold, which can be broken
into two subdomains: a larger catalytic core and a smaller a-helical subdomain.
The larger segment is structurally similar to the RecA-like motor ATPases,
consisting of six a-helices and two -sheets. This subdomain contains the Walker
A motif (or P-loop; GXXGXGKS/T where X can be any amino acid) and Walker B
motif (PPDDD, where P is a hydrophobic residue)’®. This is where ATP
hydrolysis takes place; the glycine-rich P-loop binds the nucleotide electrostatically
via the triphosphate component, while the aspartate residue of the Walker B
coordinates the catalytic Mg?* ion via its water molecule ligand'-'8. A conserved
aromatic residue, usually a tyrosine, stacks with the adenine ring in a region

known as the A-loop™®.

Homologues of this subdomain are also found in a variety of systems outside of
the ABC superfamily. The smaller, helical subdomain consists of three or four a-
helices and contains the ‘ABC signature’ motif (also referred to as the LSGGQ
motif, C motif, or linker peptide)'®. The two subdomains are linked by two loop
regions; one of these contains a highly conserved glutamine residue and is
referred to as the Q-loop. This is believed to be involved in the interactions
between the NBDs and TMDs, particularly in relaying the hydrolysis of ATP to give
a conformational change in the TMDs®> " 7. The H-loop (or switch region) contains
a conserved histidine, which hydrogen bonds the y-phosphate of the ATP and is
required for hydrolysis. This residue is also involved in interactions when the two
NBDs dimerise and has contacts with the Walker A motif and D-loop” 8. The D-
loop is a conserved sequence, preceded by the Walker B motif, containing an

aspartate residue’®.

A lot of research to date has focussed on using the structural information about
the NBDs to understand their mechanism of function. Some of this has been
based on the crystal structures, investigating where certain interactions take place
and how the assemblies are oriented and rearranged spatially. For example, it is

understood that in order to hydrolyse the ATP, the two NBDs act cooperatively and
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dimerise. The D-loops of the two NBDs run alongside each other in the dimer and
help form the hydrolysis site'®. The nucleotide is positioned at the interface,
flanked by the Walker A motif and Q-, H- and D-loop regions of one unit and the
LSGGQ motif of the other. Additionally, mutational studies have been used to
confirm that certain conserved residues are necessary for the units to function
(either structurally, i.e. forming hydrogen bonds, salt bridges or hydrophobic
interactions to stabilise the conformations, or mechanistically, i.e. hydrogen bonds

to activate the water for hydrolysis)> 7- 17-18,
Transmembrane Domains (TMDs)

The TMD has a largely a-helical secondary structure and is embedded in the
phospholipid bilayer; this undergoes conformational change as a result of ATP
hydrolysis in the NBDs in order to facilitate transport. Due to the variety of
substrates that are conveyed by ABC transporters, it is not surprising to note that
the structures and sequences of the TMDs can vary quite significantly?°. There are
usually 6 a-helices per TMD monomer, however there are cases in which 5-11
helices per monomer occur?'. These monomers are arranged and oriented in such
a way as to form a pore or channel that is only accessible to one side of the lipid
bilayer at any one time (potentially via occluded intermediates). Though there is no
notable sequence identity across this subunit, they do exhibit consistently similar
three-dimensional topologies than can be divided into separate folds: importer
types I, Il and Il (these folds can only be determined once the protein’s structure
has been resolved), and exporters?®. ABC importers have only been discovered in

prokaryotes, whilst the exporters exist in both pro- and eukaryotes.

The research into ABC-type transporters discussed within this thesis focusses on
type | and Il importer systems, and so only the details of these will be examined at
length here. The importer classes were originally divided into two (types | and Il)
based on general their size and architectural differences?>23. Type Ill importers
refer to the family of energy-coupling factor (ECF) transporters; while the existence
of this group of transporters has been known since the 1970s?4, they were only

recently classified as a subgroup of ABC transporters?® 25

The type | importers are usually structurally characterised by having fewer a-
helices when compared with type Il importers?>23, These TMDs are typically
composed of 5 core TM helices per monomer (the two monomers making up the

TMD are either identical, i.e. homodimeric, or structurally very similar), but in some
4



cases there is a sixth helix which wraps and links the two monomer units, creating
a TMD of 12 helices in total'®. These are thought to undergo domain-wide rigid-
body movements during conformational change??. Additionally, the type | class
has been found to exhibit severely limited ATPase activity in the absence of SBDs
(see below for more detailed structural and functional information on these

subunits), whilst ligand-bound SBDs promote activity?®.

In contrast, the type Il importers are typically larger than the type | importers; their
TMDs typically consist of 10 a-helices per monomer?% 22, The TMD monomer
structures can be broken down into two subdomains: TMs 1/2 and 6-10 make up
one, and TMs 3/4/5/5a make up the other (also referred to as the inner
subdomain). Fewer structures of these importers have been resolved than those of
type |, but the mechanism of translocation has been posited to involve two distinct
rigid-body rotations of these subdomains per TMD monomer?? (see below for more

mechanistic detail).

A common feature of these importer classes (and potentially other folds of ABC-
type transporters)'® 22-23. 27 s the so called ‘coupling helix’ of the TMDs, which
exist at their interface with their associated NBDs. These short helices dock into
the surface of the NBD, at a groove between the RecA-like and helical
subdomains??%® (containing the Q-loop), which rotate towards one another upon
ATP binding'®. These coupling helices share little or no sequence identity when
aligned, but architecturally they appear to be well-conserved?® 27. Another key
characteristic that is shared by the type | and Il importer classes is that they both

require SBDs to sequester and deposit substrate for translocation.
Substrate-binding Domains (SBDs)

The SBDs were the first components of ABC-type transporters to be identified?’;
the first was the L-arabinose binding protein (ABP) in 197428, These subunits are
water-soluble and can either be found moving freely in the periplasm of Gram-
negative bacteria (generally in excess relative to the translocator complexes?®), or
tethered to the membrane (either lipid-anchored or attached to a membrane-
spanning peptide) or fused to their TMDs in Gram-positive bacteria or archaea?®
30; TMD-fused SBDs are also found in Gram-negative bacteria, but are far less
common?'. Regardless of their arrangement and location relative to the rest of the
ABC complex, they share a similar overall fold, consisting of two globular lobes

connected by a linker region®°. This is interesting considering they vary widely in



both size and sequence, which itself is likely consistent with the sheer variety of

target substrates they are responsible for acquiring®.

Though the overall fold of these subunits is ubiquitous, there are defining
characteristics and differences that have been used in the extensive work that has
been done to divide them into 6 distinct groups, clusters A-F2°-30, Further research
into these classifications has resulted in updated subdivisions3'. Some of these

SBDs are found outside of ABC transporters3°.

Cluster A SBDs associate only with type Il importers, and are responsible for
binding metal ions, either directly (subgroup A-l) or via chelators (A-Il). This cluster
has a single, rigid a-helix linker region. These SBPs are unique to ABC

importers?°-31,

SBDs in cluster B bind carbohydrates, branched-chain amino acids, natriuretic
peptides and auto-inducer 2. The structural feature that defines this group is the
presence of three interconnecting strands between the lobes. The cluster can be
further separated into five subdivisions, based on the native substrate and the
architecture of the interconnecting strands. Some of these SBDs are associated

with systems outside of ABC transport?®-3",

Cluster C SBDs have a varied pool of target substrates: di- and oligopeptides,
arginine, nickel ions and cellobiose. These are typically larger than the SBDs in
other clusters (around 50-70 kDa) due to their ‘extra’ domain that helps in the
binding of large substrates. This cluster of SBDs is associated only with type |

importers?°-31,

Cluster D can be divided into four subclusters based on the respective substrates:
carbohydrates such as maltose (D-l), poly-amines (D-Il), tetrahedral oxyanions (D-
[ll-a & D-lll-b) and ferrous/ferric iron (D-IV). Though some of these subclusters
bear functional similarities with other SBD clusters (D-I and B both bind
carbohydrates), they are all defined as cluster D as their hinge region consists of
two short strands (4-5 amino acids each). The maijority of these are associated
with ABC transport, but some D-Il SBPs have been linked to transcription

factors?9-31,

Cluster E associate either with tripartite ATP-independent periplasmic (TRAP)
transporters (E-I subcluster), or tripartite tricarboxylate (TT) transporters (E-I

subcluster), which employ electrochemical ion gradients to drive transport. E-I
6



SBPs bind organic acids, amino alcohols, dipeptides and glycerol-3-phosphate,
while E-ll SBPs bind amino acids. The defining structural characteristic of this

group is a single B-strand which is part of both lobe domains?®-31,

Cluster F SBDs bind a range of substrates, which define the subclusters: thiamine,
pyrimidines, sulfonates and bicarbonate (F-1), methionine (F-II), glycine betaine,
proline betaine and choline (F-Ill), and amino acids (F-1V). The cluster F SBPs are
identified by two peptide stretches at the hinge, similar to cluster D, but 8-10 amino
acids each. F-I, Il & lll are all associated with type | importers only. F-IV SBPs are
found in type | importers, ligand-gated ion channels and G-protein coupled
receptors (GPCRs)?%-3",

The general consensus is that these proteins function by a common mechanism
known as the ‘Venus Flytrap’ model®?-34, wherein the substrate is bound in the cleft
between the two lobes, which close together via a pivot, bend or rotation of the
hinge/linker region. However, since it has been established that there are marked
differences between, and even within, the various defined clusters of SBP, it calls
into question whether a single mechanism can be applied so universally without
addressing the previously mentioned structural differences. Indeed, the various
crystal structures point towards there being significant disparities in the degrees of

flexibility between the respective lobes.
Generally Accepted Mechanism of ABC Importers

The mode of action for these importers is generally accepted to be the alternating-
access model (fig. 1.1.1). This describes the alternation of the complex between
inward- and outward-facing conformations. The resting state of these importers is
inward-facing, i.e. the TMDs hold the NBDs apart and block off the channel at the
outer side of the membrane?2. When the SBP is docked and loaded with substrate,
two molecules of ATP bind at the NBD interface?® and they dimerise. This brings
the coupling helices of the two TMDs together, switching the conformation to
outward-facing. This is domain-wide in type | importers but is only thought to
involve one subdomain in type Il (TMs 1/2 and 6-10)?% 22; the inner subdomain
(TMs 3-5a) of the type Il importer is thought to move separately in response to the

SBD, mediating access to the translocation pathway?°.

The SBP is then able to deposit the substrate in the cleft created between the

TMDs. It has been suggested that the movement of the ‘outside’ end of the TMDs
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(where the SBD docks) that occurs during conformational change may physically
separates the lobes of the SBD and encourage deposition of the substrate into a
transient binding pocket in the TMD gap of type | importers'® 23; it is suggested
that there is little or no such interaction of type Il importer TMDs with their
substrates and instead specificity is conferred exclusively by the SBDs'® 23, The
ATP is then hydrolysed, and the NBDs dissociate from one another, reorienting
the TMDs to the inward-facing position, thereby occluding the proposed transient
binding pocket. This allows the substrate to move into the cytoplasm and for the
products of ATP hydrolysis (adenosine diphosphate, or ADP, and an inorganic
phosphate group, Pi) to be released? 2’.

SBP

Outside Substrate
Cell

%E%%%ﬁﬁﬁ@%ﬁ%%ﬁ%%ié%ﬁ?ﬁ% %@Wﬁ%ﬁ%ﬁi

000000 O'......O........O 0000000000000000
Cytoplasm TMD

NBDs \ 2x ADPA.
2 x ATP +P;

Fig. 1.1.1: representation of the alternating-access model for the mechanism of
gram-positive bacterial ABC-type importers, showing the translocation of a
substrate coupled with ATP hydrolysis.



1.3Secondary Active Transport

This is also known as coupled transport or co-transport. There is no direct coupling
of metabolic energy, instead electrochemical potential difference (derived from
pumping ions in or out of the cell) is used to drive the movement of the coupled
substrate, often against its concentration gradient. The transport of the ion and the
coupled substrate can be in the same direction, or in opposite directions, to one
another across the membrane (symport and antiport, respectively). Usually, the
ion pumped to create this electrochemical gradient is a monovalent cation,

typically H* or Na*.
Solute Carrier (SLC) Family

The Solute Carrier (SLC) family of membrane transporters is comprised of around
400 secondary active transporters and facilitative transporters (i.e. those that allow
solutes to be transported downhill with their electrochemical gradients). This large
family is then categorised into 65 families’ 3°-3" and is responsible for the transport
of a wide variety of substrates, both charged and uncharged, organic and
inorganic. The criteria for a group of proteins to be classified as SLCs are
functional, rather than their relation to other SLCs (either by amino acid sequence
or phylogenetics); whilst the sequence identity of members within an SLC family is
typically greater than about 20-25%, the homology between the separate families

is negligibly low38,

The malfunctions of most SLC families have been linked to various diseases and
disorders including certain types of anaemia®®, diabetes*’, neurodegenerative
diseases (including Alzheimer’s, Huntington’s*' and Parkinson’s*?) and mental
health issues (such as depression, anxiety and anorexia nervosa*?). Despite their
appeal as potential therapeutic targets*3 there are relatively few crystal structures
resolved for this type of transporter*4. However, from the structures of 44 SLC
proteins (covered in a 2017 review**) that have been reported, they can be
grouped into several common folds despite their vast differences in both sequence
and function. The largest of these can be designated as: Major Facilitator
Superfamily (MFS) fold, Leucine Transporter (LeuT) fold, ‘other antiparallel’ (or
NhaA-like) folds. Of the remaining identified folds, the most important for this

thesis is ‘others with hairpin (HP) domains’.



The MFS fold is named after a large group of membrane transporters which are
responsible for facilitating the relocation of small solutes across membranes as a
result of chemiosmotic gradients*>. This fold consists of 12 TM helices overall, in
two 6-helix bundles referred to as N- (TMs 1-6) and C-terminal (TMs 7-12)
domains; in each domain, there are two 3-TM inverted repeats. The bundles are
connected by an extended cytoplasmic loop (between TMs 6 and 7). These
bundles are arranged into a ‘clam shell’ type structure, with an aqueous cleft
between the bundles; this is lined with amino acids that bind the target substrate,
and thereby confer the substrate specificity. It is generally thought these proteins
function as monomers. Their binding sites differ based on the chemical and
structural features of the substrate (polarity, charge, size, shape) but largely occur
at the interface between the two helical bundles**. These types of transporter are
thought to use an alternating access-type mechanism sometimes referred to as
‘rocker-switch’® (fig. 1.2.1). This means the aqueous cleft is open either to the
extracellular environment or cytoplasm at any one time. Conformational change
from one orientation to the other is coupled with simultaneous sealing of the
opposite end (thereby preventing a continuous pathway through the transporter).
The sealing of the translocation pathway is aided by ‘gates’ on either side of the
structure. Of the SLC proteins whose structures have been resolved, this is the
largest cluster (15 of 44)%.

Substrate\ °q ®* o o ° °

® ® ® ®
Ions“
([ J

L

[ ] ® ®
®
Fig. 1.2.1: representation of the alternating-access rocker-switch model for the

mechanism of MFS-fold secondary active transporters, in this example showing the
symport of a substrate coupled (against concentration gradient) with ions (with
concentration gradient). The separate 6-helix bundles are shown in different colours
(orange and green).

L
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The LeuT fold is named after the Leucine Transporter, a dimeric bacterial
homologue of the sodium-dependent neurotransmitter transporter
(Neurotransmitter Sodium Symporter, NSS, family). This involves protomers of 10
TM helices arranged as a 5+5 inverted repeat (i.e. 5 TM helices in each inverted
repeat)* 47. These repeats are oriented anti-parallel to one another. An identifying
feature of the LeuT fold is that the first TMs of the two inverted repeats (TM1 and
TM®6) are comprised of two short, disjointed a-helices each. These short segments
are connected by a highly conserved ‘unwound’ stretch*’-48, The first two helices in
each repeat (TMs 1, 2, 6 & 7) form a four-helix bundle that comprises the core
domain; this is surrounded by another bundle of the third and fourth helices per
repeat (TMs 3, 4, 8 & 9), called the scaffold domain*4, where the protomers meet
to form oligomers. Individual transporters may have unique structural features
though the overall fold is the same, e.g. more helices (though 5+5 core conserved)
in VSGLT49-%0,

The substrate binding site is thought to be a pocket between certain TMs; the
discontinuous helices TM1 and TMG6 sit approximately halfway through the lipid
bilayer, and their associated unwound sections are proposed to provide local polar
environments for ion/substrate binding*’; the substrate-to-ion binding stoichiometry
is within the 1:1 to 1:3 range and ion binding/release is directly coupled with
substrate binding/release**. Like the MFS fold, these proteins are thought to
operate via an alternating access mechanism. In this, the core domain rotates to
transport the substrate, whilst the scaffold is a stationary support®', and the
substrate is suggested to be occluded from both the extracellular environment and
the cytoplasm by ‘gates™’; this mechanism is sometimes referred to as ‘gated
pore’6.52 (fig. 1.2.2). However far fewer of the SLC proteins whose structures
have been resolved are grouped in this category (only 7 of the 44), making it
difficult to build a complete picture of the functional dynamics these systems

undertake** 47,
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Fig. 1.2.2: representation of the alternating-access gated pore model for the
mechanism of LeuT-fold secondary active transporters, in this example showing the
symport of a substrate coupled (against concentration gradient) with ions (with
concentration gradient). A single protomer is shown for simplicity (scaffold domain
in green, transport domain in blue).

The ‘other antiparallel’ fold, sometimes referred to as NhaA-like (after the Na*/H*
antiporter NhaA), is similar to the LeuT fold in that it contains 2 sets of inverted
repeats, usually with 5 TMs each*®, though this number of TMs is variable**. This
fold also contains discontinuous helices, but they occur in a different location when
compared with the LeuT-fold (TM 4 in the first repeat, and TM 9 in the second)*3.
These are also similar to LeuT-fold proteins in that their protomers are also made
up of two domains: a transport domain (TMs 1, 2, 6 & 7) and an ion-coordinating
scaffold domain (all remaining helices)** 48, Less is known of this fold, and even
fewer structures (5 out of the 44) have been resolved for these proteins*4. It has
been suggested that these proteins function via an ‘elevator mechanism’? (fig.
1.2.3), similar to that of LeuT-fold proteins, wherein the transport domain moves

relative to the scaffold (discussed in more detail below).

The remaining SLCs whose structures have been resolved (the final 17 of 44)* do
not adopt folds that fit the above models, and therefore grouped under ‘other’
folds. However, within this is a very small group of oligomeric proteins with similar
protomer folds containing so-called hairpin (HP) domains (3/44 SLC proteins of
known structure)**. The overall structures have scaffold domains (where the
protomers meet) and transport domains. Since so few of these structures have

been resolved, it is difficult to infer a broad functional theory. However, some ideas
12



have been proposed, the most prevalent of which is the elevator mechanism?6 54
%5, The prototypical system around which this mechanism has been built is Gltpr5*
55 a homotrimeric sodium/aspartate transporter of the ‘HP domain’ fold group**. In
this, the transport domain, including the HP domains, moves relative to the
scaffold domain (or oligomer interface). The HPs are proposed to act as gates or
flaps®?; they open to allow substrate and ion binding/release and close to occlude
the space as the transport domain moves up and down like an elevator®: 48.54-55 |t
has been shown that the protomers of these systems work independently of one

another®6-57,
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Fig. 1.2.3: representation of the alternating-access elevator model for the
mechanism of some secondary active transporters, in this example showing the
symport of a substrate coupled (against concentration gradient) with ions (with
concentration gradient). A single protomer is shown for simplicity (scaffold domain
in orange, transport domain in green).

SLC13/DASS

In order to introduce the secondary active transporter system covered in this
thesis, we will focus on the specifics of the SLC13 family, also known as the
Divalent Anion:Na* Symporter (DASS) family. These have been found in archaea,
plants, bacteria and animals and can be divided into two groups based on their
target substrates: Na*-sulfate (NaS) or Na*-carboxylate (NaC)%8. More specifically,
they are responsible for the transport of organic di- and tricarboxylates (often
substrates and products of the Krebs Cycle), dicarboxylate amino acids, and

inorganic sulfate and phosphate®. For all of these, the Na*:anion coupling ratio is
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3:1. The properties and functions (both structural and physiological) of the
vertebrate, and particularly mammalian, members of the DASS family have been
reviewed®8. However, it is often beneficial to use bacterial homologues as they are
typically easier to produce and purify in the quantities needed for structural and
functional studies. For this particular SLC family, the structure of only one example
has been successfully resolved: VcINDY (Vibrio cholerae I'm Not Dead Yet). The
first crystal structure was published in 2012 (PDB accession code 4F35)%°, and
later to higher resolution in 2017 (PDB 5ULD)®°. This has been used to create
homology models of other DASS family members (particularly the human
variants)®'. The VcINDY protein fits within the ‘HP domain’ fold group as described
above as a homodimer** and so is proposed to fit with the elevator mechanism*®:
6162 The specific details of VcINDY will be discussed and explored more

thoroughly in a later section.
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2 Electron Paramagnetic Resonance Spectroscopy

2.1 Fundamental theory of EPR

Spectroscopy is the study of the interaction of matter with electromagnetic
radiation. In the case of Electron Paramagnetic Resonance (EPR) spectroscopy,
microwave radiation is utilised to study unpaired electrons. An electron is a

subatomic particle that carries a negative elementary electric charge and has a
mass approximately ﬁ that of a proton®3. It is the charge, coupled with the

angular momentum (as derived from the spin, a fundamental quantum mechanical

property) of the electron contribute its intrinsic magnetic moment, s.
Us = 8e H_;S (1)

where ge is the electron spin g-factor (a dimensionless quantity; 2.00232 for a free

electron)®*, S is its spin angular momentum (%2) and ug is the Bohr magneton.

This property allows the unpaired electron to interact with an externally applied
magnetic field to separate previously degenerate energy levels. When this energy
level separation is matched by that of incident electromagnetic radiation,
resonance occurs. This will be explored in greater depth in a later section

(‘Electronic Zeeman and the resonance condition’).
The spin Hamiltonian

In quantum mechanics, a ‘Hamiltonian’, H, refers to an operator which
encompasses the sum of both the kinetic and potential energies for all particles
that compose a particular system. When considering a complete Hamiltonian of a
molecular system, this is very complex as it expresses the spatial and spin terms
for all of the electrons and nuclei. However, in the context of an EPR experiment,
we can simplify the complete Hamiltonian and describe the system with the

effective spin Hamiltonian, He:
Heff = Hgz + Hyz + Hypr + Hegr + HNQI (2)

where each contributing Hamiltonian refers to the following interactions: electron
Zeeman interaction (EZI), nuclear Zeeman interaction (NZI), hyperfine interaction

(HF1), electron-electron interactions (EEI) , and nuclear quadrupolar interaction
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(NQI), respectively. Many of these interactions are explored in more detail in later

sections, but for now we can categorise them as follows:

EZI — involves the interaction of the unpaired electron spin and an applied
magnetic field

NZI — involves the interaction of the nuclear spins of any magnetic nuclei
and an applied magnetic field

HFI — involves the interaction of the unpaired electron spin and the nuclear
spins of any nearby magnetic nuclei

EEI — involves the interaction if the spins of multiple unpaired electrons with
one another; this encompasses multiple phenomena including those of
strongly coupled electrons in zero-field splitting (ZFS) and weakly coupled
electrons in dipole-dipole coupling and exchange interactions.

NQI — involves the interaction of the electric quadrupole moment (in
magnetic nuclei with / > %2) with the local electric field gradient at the

nucleus.

Electron Zeeman and the resonance condition

In the absence of an external magnetic field, the energy levels related to the

orientation of the electron’s spin are degenerate. Upon application of a magnetic

field and its interaction with the electron’s magnetic moment (u), an electron can

align either parallel or antiparallel to the field; this separates the orientations into a

higher energy +%2 (u antiparallel to the field) and lower energy —'2 (u parallel to the

field) state (fig. 2.1.1). The separation on these states in energy is directly

proportional to the strength of the applied magnetic field (see equation 3)%%-¢¢. This

phenomenon is known as the electronic Zeeman Effect.
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Fig. 2.1.1: representation of the separation of degenerate energy levels of the two
spin states of an electron upon application of a magnetic field as described by the
Zeeman effect.

This difference in energy levels creates a Boltzmann distribution between the two
alignment states of the electron. When energy, in the form of electromagnetic
radiation, is applied to the system the Boltzmann distribution is altered; as a
photon is absorbed an electron’s spin can be ‘flipped’ and promoted from the lower
to higher energy state. The energy level difference (AE) is related to radiation

frequency by Planck’s Law:
AE =hv (3)

Where h is Planck’s constant and v is the frequency of the electromagnetic
radiation (Hz). The contribution of the electron Zeeman interaction to the spin

Hamiltonian can be described as:

HEZI=z‘:’,e'HB'Bo'S (4)

Where ge is the g-value of a free electron (this is explained in the later section ‘g-
factor’), Bo is the applied magnetic field and S is the electron spin. This can then
be related to the resonance condition (eq. 5), which is fulfilled when the energy of
a photon equals the difference in energy between the +'2 and -4 states at a

particular magnetic field®’:
AE =hv =g, By up (5)

The resonance condition for electrons is fulfilled using microwave radiation (i.e.
electromagnetic radiation with frequencies in the GHz range). As the frequency of

the radiation used increases, so must the applied field.
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Much of the radiation in the microwave range is heavily absorbed by water
molecules in the atmosphere. However, there are ‘bands’ at which certain
frequencies of microwaves have minimal atmospheric absorption; it is at these
frequencies that EPR is performed®. The most commonly used frequency is ~9.5
GHz (referred to as X-band).

g-factor

The g-factor is a proportionality constant; it relates the magnetic moment of a
particular species to its angular momentum and is given in units of Bohr
magnetons. This value provides information about the electronic structure of a
molecule; an unpaired electron responds both to the externally applied magnetic
field and the local magnetic fields caused by surrounding atoms (with magnetic

nuclei) and other unpaired electrons.

The observed g-factor of a paramagnetic molecule differs from ge (i.e. is larger or
smaller than 2.00232)8” when the ratio between the magnetic moment and angular
momentum of the unpaired electron differs from that of a free electron. An
electron’s magnetic moment is constant; therefore it must be some loss or gain of
angular momentum through spin-orbit coupling (i.e. an electromagnetic interaction
between the spin of the unpaired electron and its orbit around the nucleus with
which it is associated) that causes the g-factor to differ. The magnitude of the
difference between the g-factor and ge is indicative of the electronic character of
the orbital containing the unpaired electron®. For example, the g-factors for
organic radicals are relatively similar to ge, ranging from about 1.99 to 2.01. The g-
factors associated with transition metals can commonly vary far more, from about
1.5 to 6°°.

g-value anisotropy

Thus far the g-values referred to have been those that would be observed in fluid
systems, where rapid isotropic motion would occur thereby negating the influence
of directionality. In reality the g-factor is not simply a single number, but a 2nd

order tensor shown in the 3x3 matrix below:

Ixy YGyy Yzy

Ixx  YGyx gzx]
Ixz YGyz Yzz
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The tensor can be diagonalised (i.e. certain equivalent components, e.g. gxy and
Oyx, cancel out), leaving the three components gxx, gyy and gz-. In a system
undergoing rapid isotropic motion these values are averaged, and a single g-value

will be obtained from its EPR spectrum.

1
Jiso = 3 ' (gxx + Iyy + gzz) (7)

When a system is no longer in such a state to move freely (i.e. when frozen or
otherwise immobilised) and unable to average out the effects of direction-
dependent (anisotropic) interactions of the paramagnetic species with the field and
microwave radiation, the g-value separates into the three components (fig. 2.1.2),
which can be related to the x, y and z Cartesian axes; conventionally the axis with
the highest symmetry is assigned as z’%"1. A system in which all symmetries are
equivalent (x=y=z) is described as isotropic and will show a single g-value in its

EPR spectrum.

For many molecules, the three principle axes are not equal. A system in which the
x and y axes are identical but different to the z axis (x=y#z) is described as being
‘axial’. For such a system, only two g-values are observed in its powder-type EPR

spectrum: the parallel, g|| (9z), and the perpendicular, gL (g« and gyy)"2.

In ‘rhombic’ systems, none of the axes are equivalent (x#y#z). The peak at the
lowest field, corresponding with gxx, is positive. The central peak, gyy, is first
positive, then negative (resembles a typical first derivative). The highest frequency

peak, gz, is negative’®.
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Fig. 2.1.2: characteristic frozen spectra (top) of systems with different symmetries
and depictions of such molecules on Cartesian axes (bottom), from left to right:
isotropic, axial and rhombic. The appropriate g-value labels are applied to their
respective spectrum, obtained by simulations of rigid-limit spectra at X-band.

In the context of real-world studies, including those of biological systems, the
molecules being investigated may be in a range of conformations in any given
sample. As a result, the structural surroundings of the paramagnetic species will
vary slightly, thereby yielding slight spreads in the g-values. This is reflected in

Gaussian (inhomogeneous) lineshapes of the spectra and is known as g-strain.
Hyperfine interactions

Thus far, the interactions between an unpaired electron and the atomic nucleus it
orbits have only been considered in the context of spin-orbit coupling and its
influence on the g-value®®. However, there are interactions between the electron’s
magnetic moment and any surrounding nuclei with non-zero nuclear spin values (I
# 0); these are termed nuclear hyperfine interactions (HFI). There are two

mechanisms by which these interactions occur.

One of these mechanisms is the dipolar interaction, or the anisotropic hyperfine
interaction (influenced by the orientation of the molecule in relation to the field);
this is an interaction between the magnetic moments of the unpaired electron and
the nucleus. It is dependent of the shape of the electron orbital and the average
distance between the electron and nucleus. The symbols Aaniso is often used to

represent the anisotropic hyperfine coupling constant88 73,

The other mechanism is the Fermi contact interaction, or isotropic hyperfine

interaction (the orientation of the molecule to the applied field does not matter).
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This only takes into account s-orbital electrons, since it has no nodes; the
mechanism depends on there being unpaired electron spin density at the nucleus
with which it is coupled. Hence, p-, d- and f-orbitals are not considered®. The
symbols Aiso’# is used to denote the isotropic hyperfine coupling constants. The
magnitude of the isotropic coupling constant is indicative of the probability that the
unpaired electron can be found at the nucleus. This gives information on the
electronic structure of the molecule. The contribution of the HFI to the spin

Hamiltonian of a system is given by:
HHFlzzl'A'S (8)

Where | is non-zero nuclear spin and A is the hyperfine interaction matrix (a

combination of the anisotropic and isotropic contributions to the HFI).

An unpaired electron can couple with multiple magnetic nuclei, giving rise to
complex patterns of both isotropic and anisotropic hyperfine splittings of EPR
spectra. The effects of the two types of interaction are easily separated by
recording the EPR spectra under different conditions, e.g. a room temperature

recording of a solution, in which the isotropic interactions are prevalent.

In many cases the isotropic hyperfine splitting pattern for a paramagnetic species
tumbling freely in solution can be predicted fairly easily. A radical containing n
equivalent nuclei with spin | will give rise to an EPR spectrum with the number of
lines 2nl+17°, For example, an unpaired electron coupled to a single proton (1H
has a nuclear spin of '2) will yield two lines: 2(1x%2)+1 = 2. In comparison an
unpaired electron coupled to a nitrogen nucleus (*N has | = 1) gives three lines:
2(1x1)+1 = 3.

This can be explained by re-examining the Zeeman Effect. When an unpaired
electron is coupled with a magnetic nucleus, the nuclear spin alters the number of
allowed transitions that the electron can undergo (fig. 2.1.3). Like the electron, a
nucleus (consisting of protons and neutrons, both of which have an associated
mass) with a non-zero spin value has a magnetic moment. This local field will
either have an additive effect on the external magnetic field or subtract from it. The
higher and lower energy states of the electron are therefore split into either integer
or half-integer levels, depending on the value of |, separated in steps of 1 (i.e. if | =
3/2, the m levels will be: -3/2, -1/2, +1/2 and +3/2); this is the nuclear Zeeman

Effect.
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Fig. 2.1.3: representation of the electronic Zeeman Effect, before and after the
influence of the nuclear Zeeman. The splitting caused by the isotropic hyperfine
interaction (A) with a magnetic nucleus of | = J%.

The relative intensities of the resonance peaks split by equivalent magnetic nuclei
observed on the EPR spectrum follow the pattern of Pascal’s Triangle (see fig.
2.1.4)". The situation is complicated when the various magnetic nuclei of
inequivalent electronic environment and differing nuclear spins are coupled to the
same unpaired electron. In these cases, the primary lines, caused by splitting by
nuclei with larger spin density (i.e. where the electron resides to a greater extent),

are split into secondary patterns, giving rise to more complex spectra.

n= =% 1=1

1 1:1 1:1:1

2 1:2:1 1:2:3:2:1

3 1:3:3:1 1:3:6:7:6:3:1

4 1:4:6:4:1 1:4:10:16:19:16:10:4:1

5 1:5:10:10:5:1 1:5:15:30:45:51:45:30:15:5:1

Fig. 2.1.4: the relative intensity ratios of peaks caused by hyperfine splitting of a
resonance by different numbers of equivalent magnetic nuclei, n, with nuclear spins
(I) of 2 and 1, as dictated by Pascal’s Triangle.

The isotropic hyperfine coupling constant, Aiso, can be measured on an EPR
spectrum as the difference in field strength between equivalent points on each of
the resonance transitions attributed to a single nucleus; typically, the
measurement is given in units of field (G, mT etc.) or frequency (MHz). Much like
the g-value, the coupling constant is a tensor, which can be related to the

Cartesian axes X, y and z and diagonalised as before. This gives the three
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components Axx, Ayy and Az, when the rotation of the paramagnetic centre is

impeded’.

Aiso

EPR Intensity (first derivative, a.u.)
\ 4

T T T T T T T T T 1
336 336.5 337 337.5 338 338.5 339 339.5 340 340.5 341
Magnetic Field (mT)

Fig. 2.1.5: simulated X-band spectrum with the unpaired electron coupled to a
magnetic nucleus with | = J5, in an isotropic system, with the hyperfine coupling
constant Aiso labelled.

Zero-field splitting

Zero field splitting (ZFS) describes the removal of spin state energy level
degeneracy for systems with S > % regardless of an applied magnetic field; this is
caused by the dipolar interactions and/or spin-orbit coupling between multiple
unpaired electrons. The former tends to dominate in organic radical species, whilst
the latter prevails in transition metal centres. For the purpose of the thesis, ZFS
will largely be discussed in the context of paramagnetic metal cofactors, and the
dipole-dipole interaction of two unpaired electrons (in the form of spin labels) will

be explored separately.
HZFS =S8,"D-Sg 9)

The dipolar tensor, D, is traceless and symmetric, diagonalisation of which yields

parameters D and E:

1
D. 0 0 ~ID+E 0 0
p=|0 D, 0= 0 ~iD—E 0 (10)
0 0 D 0 0 )

We can define D and E under the following conditions:

w
=
N

D (11)
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E= &) (12)

2

Then we can rewrite the ZFS Hamiltonian as follows:
flzes = D [S2 =SS + 1)| + E(S? - 53) (13)

These are dependent on both the average distance between the unpaired

electrons and the degree of departure of the system away from cubic symmetry.

According to the Kramers degeneracy theorem, a system with an odd number of
unpaired electrons (i.e. where there is half-integer spin) will have doubly
degenerate energy levels in the absence of a magnetic field. These pairs of
degenerate energy levels are referred to as Kramers doublets. The separation
between these doublets is dependent on parameters D and E, which in turn, as
previously mentioned, is dependent on symmetry. In systems with cubic symmetry
(D = E = 0) the sublevels remain degenerate. In axial (D # 0, E = 0) and rhombic
(D # 0, E # 0) symmetry, the sublevels are non-degenerate and transitions may be
observed (at zero field)’®"7. The level of rhombicity is given as a ratio of E/D and
lies between 0 and 1/3, in accordance with the definitions of E and D stated in
equations 11 and 12 (i.e. E < D/3).

We can consider divalent manganese, Mn?*, as an example, which has a partially
filled 3d orbital (3d®). In the high spin state there five unpaired electrons, and the
total spin, S, is 5/2. This results in six energy levels (2S+1): -5/2, -3/2, -1/2, +1/2,
+3/2 and +5/2. The ZFS lifts the degeneracy of these energy levels, resulting in

the separated Kramers doublets, ms = £5/2, £3/2 and £1/2.

ms
me +5/2
i52 X
ﬁi
ms )
4D
igg— 3 Rhombic
o AN _#3/2 | splittin
+1/2 NG S plitting
stz §2P

Fig. 2.1.6: representation of the loss of degeneracy in the spin state energy levels
of an S = 5/2 system in the absence of an applied magnetic field caused by zero
field splitting (ZFS). The effects of both the axial and rhombic symmetry are
demonstrated qualitatively by the extent of the separation of the Kramers doublets.
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When an external magnetic field is applied to the system, the degeneracy within
the Kramers doublets is lifted in accordance with the electron Zeeman effect. In
cases where the magnitude of D is exceeded by the energy of the microwaves
applied to the system (D << hv) both inter- and intra-manifold transitions occur.
Conversely, if D exceeds the energy of the applied radiation (D >> hv) only the

intra-manifold transitions are observed’®.

ms ms
+5/2 +5/2
ms
+5/2 I
+3/2
ms
+5/2 -5/2
+1/2 +3/2
+3/2
+1/2 £3/2 I
-1/2 -3/2
- +1/2
312 +1/2
-5/2
- 112
Magnetic Field " Magnetic Field "

Fig. 2.1.7: representation of separation of the Kramers doublets of a S = 5/2
system upon application of a magnetic field, in accordance with the electron
Zeeman Effect where: the magnitude of parameter D is less than the applied
microwave radiation (left), and the magnitude of parameter D is greater than the
applied microwave radiation (right). Examples of intra- and inter-manifold
transitions are demonstrated by green and red arrows, respectively.

Hyperfine coupling of the unpaired electrons and non-zero nuclear spin can further
split the energy levels in each manifold. In the case of Mn?* here, where | = 5/2,
this gives a sextet per ms (m; = +5/2, +3/2, +1/2, -1/2, -3/2 and -5/2); this means
there are a total of 36 ms,m; states. According to the selection rules: Ams = £1, Am;

=0, 30 of these transitions are formally allowed?®.
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Fig. 2.1.8: representation of separation of the Kramers doublets of a S = 5/2 system
upon application of a magnetic field (D < hv), in accordance with the electron
Zeeman Effect. The electron spin energy levels are then split by hyperfine
interactions with | = 5/2 nuclei. Examples of formally allowed transitions are
demonstrated by red arrows.

In our example here of divalent manganese, the characteristic sextet, centred
around g = 2, can be attributed to the intra-manifold ms = +1/2 transitions’®. ZFS
effects can cause mixing of the my levels, leading to formally forbidden (Ams = 1,
Am; = £1) transitions. These may be visible in experimental spectra as doublets

between the central transitions’”.

In the case of systems with an even number of unpaired electrons (i.e. where
there is integer spin; a ‘non-Kramers’ system), the energy levels are still arranged
into doublets but with the addition of a singlet. These doublets, however, are non-
degenerate even at zero field (if E # 0), and the separation of the energy levels is
usually greater than the incident microwave radiation. Thus, no transitions are
typically observable. Transitions between the doublets are formally forbidden as
the Ams > £1; if they are observed they will usually be very weak, though parallel-

mode EPR can enhance them.
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Dipole-dipole interactions

Dipole-dipole interactions occur as a result of two or more spins. Here, these
interactions will be discussed in reference to multiple weakly coupled electron
spins (these can also occur between an electron and a magnetic nucleus, though
the coupling is much weaker). The interactions inform on the distance and
orientation of the unpaired electrons. In the context of strongly coupled unpaired
electrons and ZFS, we could consider the collection of interacting spins as a
singular system. However, here it is better to consider the individual spins
separately and describe the interactions between them. The Hamiltonian
contribution of the dipolar coupling can be expressed similarly to the ZFS

interactions
Hyp =S, -D-Sp (14)

However, D here is the electron dipole-dipole coupling tensor, which can be

described as follows:

4Th TAB

,[-1 0 0 —Wqdq 0 0
D= ﬂ_gAggBﬂB 0 -1 0|= 0 —Wgq 0 (15)
0 0 2 0 0 2wy

Where r is the distance vector between coupled spins A and B and w4 is the
dipolar coupling frequency, which can be expressed:

_ 9a9BHBlo . 1 4 _ 3.2
Wag = =, - (1 —3cos%0) (16)

Where 6 is the angle between the distance vector r and the external magnetic field
Bo. The dipolar coupling is a through-space interaction, which is typically
measurable for distances up to approximately 80 A (but ongoing advances are

continually pushing this limit).
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2.2 Continuous-wave EPR
Spectrum acquisition

There are significant engineering difficulties in configuring a microwave source that
can stably provide a range of frequencies. In comparison, it is relatively simple to
use an electromagnet or superconducting magnet to sweep a range of applied
fields. Therefore, a cw-EPR spectrum is a plot of signal intensity against field, with
the frequency of the radiation remaining constant’®. EPR is a resonance
spectroscopy; transitions of electrons between the energy levels are measured
from the absorption of photons. This is detected by monitoring the disruption of a

standing wave leading to reflections of microwaves from the sample cavity.

An EPR spectrum is recorded as a first derivative; the procedure allows a small
signal to be distinguished from noise, thereby increasing the resolution of the
recorded spectrum. During spectrum acquisition, the magnetic field is modulated
at a certain frequency (in the order of kHz) across a specified amplitude or width
(in units of field, G). This field oscillation causes any signal detected to oscillate at
the same frequency. The greater the difference of the signal at the two ends of the
modulation window, the greater the observed intensity of the detected signal.
Increasing modulation amplitude will result in greater intensity of peaks on the
spectrum. However, if the amplitude of modulation is greater than the linewidth of
the peak, line broadening will occur, distorting the spectrum and giving unreliable
information. It is therefore important to be aware of this parameter when recording
spectra® 8, This means a balance must be struck between maximising the signal

to noise ratio, whilst avoiding line-broadening.
Saturation and relaxation

Upon application of the magnetic field, electrons can populate either the higher or
lower energy state; the distribution of the magnetic moments between the parallel
and antiparallel orientations in an S = V2 system is described by Boltzmann

statistics (eq. 17) when the system is in thermal equilibrium®”: 7"

Rupper _ o5 (17)
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Where nypper is the population of the excited state and niower is that of the ground
state, k represents the Boltzmann constant and T denotes the temperature of the

system (K).

When an EPR spectrum is recorded electrons from the lower energy level are
moved to the higher state. This forces the system away from equilibrium. If there
was no method by which the system could return to this equilibrium, there would
be a gradual loss of signal as the populations of the two states equalise; once the
population difference is zero there is no EPR signal detected. This is called

saturation’".

There are two relaxation processes by which a system is returned to equilibrium
following excitation. The first is spin-lattice (or longitudinal) relaxation, T+. This
method causes changes in the spin orientation by energy transfer from local field
fluctuations, either caused by lattice vibration in solids, or by molecular motions
and collisions in solutions®!. The second method is spin-spin (or transverse)
relaxation, T2, which does not involve energy transfer to the lattice. This can occur
through various different mechanisms, such as inhomogeneities in the field, or

direct but energy-conserving spin-spin interactions®'.

The parameter P, or power of half-saturation, is used to characterise power
saturation experiments. This value is the microwave power (mW) at which the

signal is half-saturated.

Non-saturating region

1.0

Saturating region

©
o

INP (normalised)

0.0

Log(\P) 112
Fig. 2.2.1: a representation of a saturation profile (plot of signal amplitude as a
function of the square root of microwave power), or power saturation curve, showing
the measurement of the Py, parameter.
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Transition metal centres tend to have higher P+, than radical species. This
highlights the differences in metal centre and radical spin-lattice relaxation times,
T4; it might be deduced that metal centres have longer 11 than radicals, but this is
not true’®. The very short relaxation times of metals lead to ‘lifetime broadening’
(which is a common issue in acquiring the EPR spectra of transition metals).
Increasing the power of the microwaves being applied to the system increases the
number of electron spin transitions per unit time, and therefore decreases the
lifetime. Applying Heisenberg’s uncertainty principle (relating the lifetime of an
excited state to its energy uncertainty) means a shorter lifetime increases the
energy uncertainty, thus resulting in broadened spectral lines, making it difficult to
detect a signal®?. Measuring the EPR spectra of transition metals at low

temperatures solves this problem as it slows the process of relaxation.

Lifetime broadening is not such an issue in radical species. Instead, linewidth is
affected by several other factors. The unpaired electron’s dipole may interact with
those of surrounding nuclei and other electrons. These dipole-dipole interactions
can cause slight fluctuations in the magnetic field. This results in small changes in
the energy levels, thereby mixing them and increasing the energy uncertainty; this
broadens the linewidth. Additionally, the flipping of one electron’s spin can induce
the transitions of others by affecting the local magnetic field. These processes

dominate the relaxation times of radical species®3.
Site-directed spin labelling

Thus far the molecules discussed have contained some endogenous
paramagnetic centre. However, many molecules of interest (i.e. proteins) do not
contain any inherent source of paramagnetic character. This problem is overcome
by a technique known as site-directed spin labelling (SDSL). This refers to the
attachment of an exogenous paramagnetic species to a protein at a specific
location. Most commonly this comes in the form of a stable organic radical with a

reactive group that will interact specifically with an amino acid sidechain.
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Many of the most commonly used spin labels used are nitroxide radicals; these
consist of a heterocyclic ring containing a nitrogen atom, with the unpaired
electron found on the —NO group protected by a number of neighbouring methyl
groups. The functional groups that allow site-specific attachment often react with
the thiol group of a reduced cysteine residue, via a methanethiosulfonate,
maleimide or iodoacetamide group. S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-
pyrrol3-yl)methyl methanesulfonothioate, or MTSL, is one of the most commonly

used spin labels.

ﬁ sS—C
S—ﬁ—CH3 S/
— o) .
HsC CH, + Protein-SH > HC — cHy
HsC 'Tl CHj N
o H,C CH,

Fig. 2.2.2: the reaction of spin label MTSL with the thiol group of a reduced cysteine
residue in a protein.

Cysteine residues may be removed from the native protein structure, and new

single or double cys-variants produced by site-directed mutagenesis®4-8°.
Correlation times

Spin labels and the analysis of their characteristic EPR spectra can provide
information about the protein being studied. For example, the spectral shape of a
singly-labelled variant is sensitive to motion; the rotational correlation time (1¢)
informs on the local environment. 1¢ is a product of a combination of factors;
nearby side chains and solvent molecules influence the rotational freedom. The
spin label’'s chemical structure (i.e. the length of the connecting alkyl chain and
bulkiness of the heteroatomic ring) and any hydrogen bonds it may form with

protein side chains will also contribute to this parameter®®.
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If the labelled site is solvent-exposed the rotational freedom of the radical side
chain is only slightly hindered. This gives rise to a spectrum that largely resembles
a nitrogen-coupled electron free in solution. That is, the hyperfine splitting is
relatively small and each peak is approximately equal in intensity (1:1:1) with a
narrow linewidth on the central peak (AHo)’°. This is consistent with rotational
correlation times of about 0.1 ns. In contrast, a labelled site that is buried within
the protein and interacting with neighbouring side chains will have much more
restricted mobility. This yields a spectrum with a noticeably larger hyperfine
splitting, broadened and more asymmetric peaks, and a wider linewidth on the

central peak®. This corresponds with T¢ values of about 2.5 to 5.0 ns.
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Fig. 2.2.3: the effect of increasing rotational correlation time, 1. (ns), has on the
broadening of the spectral lines of a typical spin label at X-band, measured at room
temperature; 0.1 ns represents free rotational diffusion, 1 to 5 ns is expected in a
spin-labelled protein, 100 ns demonstrates strong immobilisation as it begins to
resemble a the anisotropy of a powder spectrum. Spectra obtained by simulation.

Knowledge of the central peak linewidth allows general assignment of the label
site to a particular secondary structure®*. In addition, the polarity of the solvent has
an influence on the spin label spectrum, changing the values of the Az, and gxx
components of the hyperfine and g tensors, respectively; a polar environment
shifts the Az to higher values, while the g« moves to lower values. The former
change can be readily observed in X-band spectra, but shifts in the g-tensor
component require much the higher sensitivity and resolution afforded by higher

frequency spectrometers (i.e. W-band or higher; see ‘Multifrequency EPR’)34 86,

Labelling at two positions allows further information to be obtained from EPR
spectra; distances between the two spin labels can be measured. This can be

done with low temperature cw-EPR for distances between about 10 and 20 A8
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For larger distances, i.e. between about 20 and 70 A, a pulsed EPR method must
be employed: Pulse Electron Double Resonance (PELDOR), also known as

Double Electron-Electron Resonance (DEER)?’.
Multifrequency EPR

A typical X-band spectrum recorded at room temperature will yield very low
resolution of both the g- and A-tensors; only giso and Aiso can be distinguished.
Lowering temperature (achieved either by use of cryogenic liquids or a closed
cycle refrigerator/‘displex’) allows further resolution, but even then, only the A,
and g-; components can be evaluated. In order to achieve greater resolution,
higher fields and frequencies must be applied. At Q-band and above it becomes
possible to better resolve the x and y components of the g-tensor. In turn, this
makes it easier to distinguish hyperfine coupling constants due to decreased

overlap between the components of both the A- and g-tensors®+ 86,

Magnetic Field (mT)
332 333 334 335 336 337 338
1 1 1 1 1
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Magnetic Field (mT)

Fig. 2.2.4: illustration of the increased resolution of low temperature spectra with
field and frequency; at X-band (top) only the g.. and A, components are
distinguishable, but at W-band (bottom) it is possible to measure Axx, Ayy, gxx and
gyy too. Spectra obtained by simulation of powder spectra at X- and W-band.
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However, certain spectral features, such as line-broadening (g-strain) scale with
the applied magnetic field (Bo) and therefore resolution does not necessarily
improve with higher frequency EPR. Additionally, the positive effect of the
enhanced Boltzmann distribution is eventually offset by loss in the resonator

efficiency.
Dipolar broadenings

Low temperature cw-EPR spin-spin distance determination employs the concept of
dipolar interactions in order to determine short distances (i.e. < ~20 A). When ‘spin
A’ interacts with a parallel ‘spin B’, the resonance frequency is decreased; the
magnetic moment of a parallel electron spin decreases the effective field strength.
However, when the first ‘spin A’ interacts with an antiparallel ‘spin B’ the
resonance frequency is increased; an antiparallel electron magnetic moment adds
to the applied field. Both interactions cause equivalent shift in frequency but are

opposite in sign.

The dipolar frequency, wdd, is the difference between the original resonance
frequency of spin 1 and the shifted resonance frequencies caused by interaction
with the parallel and antiparallel orientations of the second spin. It is this
parameter (wdq) that is inversely proportional with the distance between the spins,
r. The spectra of doubly-labelled protein with different inter-spin distances can be
evaluated qualitatively too; the nearer the two spins in space, the broader the

powder spectrum peaks. This phenomenon is referred to as dipolar broadening®?.
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Fig. 2.2.5: the mechanism by which a resonance is broadened by dipolar
interactions; parallel spins cause a decrease in resonance frequency, while
antiparallel spins cause an increase in the frequency. Both interactions cause
equivalent shifts.
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2.3 Pulsed EPR concepts and theory
Reference frames, magnetisation and pulses

In order to discuss and describe the position and motions of an electron in the
context of pulsed EPR an axis system is needed. The Cartesian axes are a well-
known starting point; in EPR the laboratory frame refers to a static frame of
reference in which the applied magnetic field (Bo) sitting along the z-axis with the
microwave magnetic field (B1) on the x-axis. The y-axis is of course orthogonal to

both the x- and z-axes.

An electron, having angular momentum (as a result of its mass and spin), in a
magnetic field experiences a torque such that it precesses about the z-axis. The

frequency of this precession is known as the Larmor frequency, w. (eq. 18).
wy, = —YBy (18)

where y is the gyromagnetic ratio, a ratio of the electron’s magnetic dipole moment
to its angular momentum; a free electron has a y value of about 2.8 MHz/G. Net
magnetisation will be along the z-axis; the majority of spins will be precessing
about the z-axis, even though they will be randomly scattered in 2 dimensions (or

across the x- and y-axes).
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Fig. 2.3.1: diagram showing: the precession of a spin when parallel to the applied
magnetic field, left; the precession of a spin at an angle to the z-axis (as a result of
torque), centre; a simplified representation of the net magnetisation vector, M,

right.

It is more convenient to move away from a static laboratory frame when
considering magnetic resonance, where motions are happening in three

dimensions whilst also precessing or rotating. EPR experiments typically use
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resonators that produce linearly polarised microwaves, which create a magnetic
field, B4, perpendicular to the far stronger applied magnetic field, Bo. We can use a
rotating frame of reference wherein the laboratory frame rotates at the same rate

as the B1 components (i.e. at the Larmor frequency).
w; = Wy (19)

where wo is the microwave frequency (rotation of B1 components). This simplifies
the explanation of a moving coordinate system by making the precessing
magnetisation component/vector (Mo) appear stationary, hence Bo can be
disregarded. Mo now interacts with the B static field and precesses about it at

frequency w1.
w; = —yB; (20)

w1 is known as the Rabi frequency. If B1 is parallel to the x axis the magnetisation
vector will precess in the zy plane, about the +x axis (for as long as microwaves
are applied to the system). The tip angle, q, is the angle by which Mo is displaced

from the z-axis.
a = —y|B;lt, (21)

where t; is the pulse length (or duration for which B+ is applied). The notation used
to define pulses refers to the rotation of Mo that they cause (in terms of pi) and the
direction from which they originate (microwaves can be phase-shifted to be

parallel to the y-axis). Hence, a +x§ pulse denotes an application of field B1 along
the +x axis that tips the bulk magnetisation 90° into the —y axis; signal detection is
aligned with the y-axis. Mo orientation therefore depends on the length, magnitude

and direction of the B1 pulse.

Free induction decay

Once a pulse (+x =) has been applied, the net magnetisation lies along the —y axis
2

within the rotating frame. This means that in the laboratory frame it is rotating
through the xy plane at w.. As the vector rotates it creates a signal in the
resonator, which is maximised if the Mo is completely within the xy plane and is

called free induction decay (FID).
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Off resonances

Up to this point, it has been assumed that the system was on resonance; i.e.
microwave frequency was equal to the Larmor frequency. In reality there will be
many different frequencies which will not all be on resonance, so the effects of off

resonance signals must be considered.

Within the rotating frame (which turns at the frequency of the applied microwave

field, B1) a +x g pulse leaves the net magnetisation along the —y axis. If the

frequency of the microwave field does not equal that of the precessing
magnetisation vector, the Mo will rotate through the xy plane either faster or slower

than frequency of B4, w.
Aw = w — wq (22)

If the frequency difference, Aw, is zero both the microwave field rotation rate and
magnetisation vector appear stationary to one another; this is expected for on
resonance signals. If Aw>0 the magnetisation vector rotates faster than the
microwave field and will turn anticlockwise. If Aw<0 the magnetisation vector

rotation is slower than that of the microwave field and will turn clockwise.
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Fig. 2.3.2: representation of the magnetisation vector being tipped into the —y axis
(leff) and the subsequent ‘fanning out’ of the magnetisation vector caused by
differences in rotation frequency, Aw (right), which leads to loss in magnetisation.

Since the net magnetisation precesses at Aw when off resonance, the effects of
Bo do not disappear. This means the magnetisation tips out of the z-axis differently
by an effective magnetic field, Besr, the vector sum of Bs and Bo. The magnetisation

is then tipped around Besr at a different effective rate, wetr.

Werr =/ (W1)? + (dw)? (23)
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Beff does not lie in exactly the xy plane, meaning the magnetisation does not get
tipped entirely into the xy plane; instead, it takes on the motion of a cone about
Betr. As the precession frequency (Aw) increases, the efficiency with which
magnetisation is tipped into the xy plane decreases, with the FID signal
decreasing as a result. This is especially a problem in broad EPR spectra,
comprised of a wide range of frequencies (Aw>w1). It is therefore important to
maximise w1 to maximise the detectable FID signal. Minimising pulse length

achieves the same effect.
Relaxation and broadening

Thus far, when magnetisation has been tipped into the xy plane by a microwave
pulse it has been described under the assumption that it remains there. In reality
this is not the case; alignment of magnetisation away from the applied field Bo (into
the xy plane) is a higher energy state compared to orienting parallel with it (along
the z-axis). Since electrons are constantly interacting with their surroundings and
environment, the magnetisation in the xy plane will decay and relax back to the z-
axis. The process of relaxation, as previously described, can be split into two
components: spin-lattice (longitudinal) relaxation time, T+, and spin-spin

(transverse) relaxation time, To.

T4 describes the time needed for the magnetisation to return to Mo. This is driven
by the system relaxing back to thermal equilibrium after perturbation by the
microwave pulse and occurs through interactions with the surroundings (hence,
spin-lattice relaxation). This parameter is important as it dictates how quickly an
experiment can be repeated; magnetisation must be fully returned to the z-axis

before it can be tipped into the xy plane again.

T2 denotes the exponential decay and decoherence of magnetisation on the xy
plane (i.e. Mx and My decaying to 0) and is related to homogeneous and
inhomogeneous broadening. Inhomogeneous broadening is a result of different
spins across a sample experiencing a range of different local fields; different local
effective fields will cause some spins to slow down and others to speed up. This
means that as the magnetisation precesses, the manifold spreads out along the xy
plane, causing a decay in the signal (since many decoherent magnetisation
components will cancel each other out). The shape of this decay is not generally
exponential but reflects the shape of the EPR spectrum; the time constant of this

decay is called T2*.
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L =4 =_+4yAB, (24)

T, T2 Tiphom T2

where ABy is the difference in strength of the varying local field and Tinhom
represents the relaxation rate contribution attributable to inhomogeneous field. T>*

is always equal to or less than T».

The dephasing of the magnetisation vector is contributed to and sped up by the
effects of homogeneous broadening; this arises from spins that experience the

same magnetic field interacting and causing mutual flip-flopping of the spins.
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2.4 Pulsed EPR applications
Inversion recovery (T1)

As has been explained above electrons in a magnetic field will align parallel or
antiparallel, with most in the lower energy level (i.e. parallel to the field, Bo along
the z-axis) in a Boltzmann distribution. The net magnetisation is a vector sum of
the parallel and antiparallel orientations of spins. At equilibrium the majority of
electrons will be aligned with the field and so the net magnetic moment will be

parallel to the field.

A +x§ pulse causes the populations of the parallel and antiparallel states to

equalise, resulting in no net magnetisation along the z-axis. The transfer of
electrons from parallel to antiparallel (required to equalise populations) creates a

magnetic moment, and therefore net magnetisation, in the xy plane. The

magnetisation vector behaves as below after a g pulse:

t

M,(t) = M, - [1 _2.eT (25)

where M;(t) is the magnetisation along the z-axis at a given time, t. A +x  pulse
inverts the Boltzmann distribution, putting the majority of electrons in the
antiparallel orientation and net magnetisation lying along —z. The magnetisation

vector behaves as below after a m pulse:
_t
M,(t) = M, - [1 —e n] (26)

A typical echo detected EPR pulse sequence (g —T—m—T— echo)is usedin

conjunction with an inversion pulse (m); the two-pulse sequence is gradually

stepped through time following the inversion pulse.
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Fig. 2.4.1: schematic representation of the pulse sequence showing the timings and
lengths of the pulses used to obtain an inversion recovery profile.
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Fig. 2.4.2 a visualisation of how the echo intensity varies with time during an
inversion recovery experiment.

A fit of the decaying exponential or bi-exponential is used to measure T1 from the

data recorded.

Hahn echo decay (T2)

For T> the magnetisation vector behaves as below after a % pulse:

t

M_y(t) = e 72 (27)
where M.y(t) is the magnetisation along the —y direction at a given time, t.

A standing Hahn echo is created using the standard echo detected EPR pulse

sequence. In this, a = pulse tips magnetisation into the xy plane; due to factors
2

explained previously, the magnetisation undergoes decoherence. This is followed
by a t pulse after a time delay,t, which inverts the decaying signal. This causes

the magnetisation to refocus after a second time delay (equal to the
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aforementioned inter-pulse delay, t) before subsequently dephasing once more.
The echo that results is essentially a reversed FID followed immediately by a

regular FID.

To experimentally measure T2 a variation of the Hahn echo sequence is used; the
time delay after which the second pulse (i.e. the m pulse) is applied varies. As a
result, the echo intensity reduces with increased time delay due to lost
decoherence (from spin relaxation) which cannot be refocused. The fit of the

exponential decay of echo intensity is measured to extract To.

Fig. 2.4.3: schematic representation of the pulse sequence used to measure the

decay of a Hahn echo.
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Fig. 2.4.4: a visualisation of how the echo intensity varies with time during a Hahn
echo decay experiment.

Field swept echo detected EPR

Using the standard echo detected EPR pulse sequence whilst sweeping the
magnetic field yields a field dependent EPR spectrum made using echo detection
(field swept echo, FSE). The resulting spectrum resembles an absorbance
envelope much like what would be recorded using cw-EPR (if the first derivative

spectrum was integrated once).

43



Pulsed electron electron double resonance

Pulsed electron electron double resonance (PELDOR), also known as double
electron electron resonance (DEER), is a method used for measuring the dipole-
dipole interactions between two unpaired electron spins for distances around 20-
80 A.

The technique uses pulses at two different microwave frequencies to separately
excite the spins; the perturbation of the inhomogeneous EPR spectrum by the
‘pump’ frequency is monitored at the ‘observe’ frequency. For there to be a change
at the ‘observe’ frequency there must be a mechanism that relates the two regions
of the spectrum (i.e. dipole-dipole interaction). For distances greater than about 20
A this interaction is hidden in the inhomogeneous linewidth, but the PELDOR

technique can resolve it.

The interaction is dependent on both the spin-spin distance (r) and the angle (6)

between the inter-spin vector and the applied magnetic field, Bo.

V4d =%-%-(3c0562+1) (28)

where v,44 is the dipolar coupling, p, represents the vacuum permeability, and

g,and g, are the g-values associated with the two unpaired electron spins.

The most commonly used method for PELDOR in recent years employs a 4-pulse
sequence. This involves a standard echo detected EPR sequence (g -7, —Tm—

T, — echo) to generate a reporter echo followed by a second  pulse after a
different time delay (7,) to invert the magnetisation and refocus the echo; all of this
is performed (overall: % -1, —m—1, —echo —1, — T — 1T, — echo) at the ‘observe’
microwave frequency, vopserve. 1he second microwave frequency, vy ymp, is used
for a single m pulse. This is set to begin at a time slightly prior to the first Hahn
echo. The sequence is repeated with the ‘pump’ pulse displaced incrementally in
time such that it ‘sweeps through’ the first reporter echo; the modulation of the first
echo is reflected in oscillations of the monitored second echo’s intensity. All

timings for the pulses at v pserve are kept constant.
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Fig. 2.4.5: schematic representation of the 4-pulse PELDOR pulse sequence
showing the timings and lengths of the pulses at the different frequencies, and
generation of an oscillating echo.

The first pulse at v pserve (g) tips the magnetisation into the xy plane; this

frequency is chosen to target the observers spins A, which precess at frequency
w,. Inhomogeneous local fields and other factors dephase the magnetisation,

where one of the factors is the contribution of the dipole-dipole interaction. This
changes w, by i%wAB; the sign relates to the spin state of the coupled pump

spins B.

The second vgserve PUlse (m) after time t, inverts the dephasing magnetisation
and causes it to refocus such that the precession of the A spins is returned to w,

and an undetected Hahn echo occurs after t;.

While the spins begin to relax again, and the magnetisation starts to dephase once
more an inversion pulse (m) is applied at v, to the B spins. This changes the
resonant frequency of local A spins via the dipole-dipole interaction and causes

the +%(*)AB contributions to the precession frequency of A spins to shift to —%ooAB

and vice versa.

The change in the dipole-dipole interaction causes a phase lag in the spins,
altering the ability of the now-decoherent magnetisation to refocus when the final
Vobserve PUISE (1) is applied after time t,, thereby affecting the intensity of the
detected Hahn echo (which occurs after t,). The extent of the phase lag is
dependent on both the time of the pump pulse, t, and the dipolar frequency, v44;
by incrementally changing t the two factors can be separated. The PELDOR echo
intensity variation is a function of the cosine of the phase lag, and the oscillations

are proportional to v44.
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Unlike a standard FID, the refocused echo decay is controlled by more than just
To; instead, the time constant for echo decay is called phase memory time, Tw.
There are many contributors to Tw, of which transverse relaxation and spectral
diffusion are likely the largest. Nuclear spins flipping and Brownian motion of
molecules can cause spins to change their precession frequencies; this affects the

ability of magnetisation vectors to refocus and thereby influences echo intensity.

The data recorded for this experiment is provided in the time domain. As explained
above, the oscillations of the echo intensity occur at the dipolar interaction
frequency; since this frequency is inversely proportional to the cube of the inter-
spin distance, longer distances result in lower frequency oscillations and vice
versa. This data actually encodes both the intermolecular and intramolecular
interactions of spins in the sample. The intermolecular contribution is seen in the
exponential decay (the ‘background factor’), while the oscillations are a result of
the intramolecular interactions (the ‘form factor’). The background factor can be
fitted with an exponential function and subtracted in order to best deconvolute the
analysis of the form factor. Fourier transformation of this time-domain trace moves
the data to the frequency domain, yielding the characteristic Pake pattern. Inter-
spin distance can be extracted from this using the splitting of the peaks in the

pattern.

Fourier
0951 Transform
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Fig. 2.4.6: examples of the time-domain trace recorded from a PELDOR experiment,
and the characteristic Pake pattern that results from a Fourier transform of the data,
creating a trace in the frequency domain. The distance between the peaks on the
Pake pattern can be used to determine the dipolar frequency and therefore the inter-
spin distance.

In reality, the distance is not calculated from the Pake pattern anymore. Small
distortions in the time-domain trace are amplified in the process of Fourier
transformation, and can have a large effect on the distance distributions calculated

as a result. It is common practice nowadays to use software to apply mathematical

46



algorithms and regularisations to the data to reduce the impact of noise, anomalies

and artefacts.

In order to set up a PELDOR experiment, there are a few prior experiments that
must be done. First, an FSE is performed to locate the positions of the optimal
pump and observe pulse frequencies. For the sake of simplicity (and to best relate
to the majority of data presented in this thesis), the example of a nitroxide spin
label will be used throughout, though it is possible to use other paramagnetic
species such as metals. In general, pumping at the maximum in the EPR signal
intensity gives peak pumping efficiency and modulation depth. The observe
position can then be found at the low field edge of the nitroxide FSE, as it is the
next highest point of signal intensity (after the pump position) and it is usually far
enough from the pump position to avoid overlap problems. In order to calculate the
frequency difference, the difference in magnetic field between the positions is

taken from the FSE.
Pump

Observe

EPR Intensity (absorbance, a.u.)

T T T T T T T T
3380 3400 3420 3440 3460 3480 3500 3520
Magnetic Field (G)

Fig. 2.4.7: example of a FSE experiment with the optimal pump and observe
positions for PELDOR (and their difference in field) labelled.

AB = Bypserve — Bpump (29)

Av = AB - 2.83 M;’Z (30)

This allows for the pump frequency to be determined from the observe frequency.

Vpump = Vobserve T Av (31)
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Typically for the pulse lengths used, the two frequencies must differ by more than
50 MHz to avoid overlap; the maximum and low field edge of a nitroxide FSE are

usually around 65-70 MHz apart.

Additionally, relaxation parameters must be known to define the minimal time
between repetitions of the pulse sequences, or Shot Repetition Time (SRT), which
is limited by the spin-lattice relaxation time (T1). Lower temperatures prolong T+
but are necessary to produce a sufficiently long Twu; temperatures of around 50 K
provide a good compromise between short T1and long Tu. At these temperatures
spin-spin relaxation is driven by interactions with weakly coupled protons in the
surrounding environment. Reducing the proton content of a sample (e.g. through

exchange with deuterated solvent) can improve signal resolution.

Usually, if the power and lengths of the standard echo detected EPR sequence
pulses have been optimised to produce maximum echo intensity, the ™ pump
pulse set at 0 dB attenuation will achieve good modulation depth. If the separation
between the pump and observe frequencies is greater than the bandwidth of

resonator, the pump pulse power or length may need to be optimised.

It is important to note that the timing of the pump pulse must be carefully selected
to avoid collision with the second and third observe frequency pulses as
simultaneous or overlapping pulses will cause artefacts in the PELDOR data. A
variable delay is used to time the start of the pump pulse and must be set at a
greater value than the length of the second pulse in vypserve- TO avoid collision with
the third v,pserve PUlSE during the pump pulse sweep, the number of points must

be limited.

no.points < MTZA# (32)

where 1, is the delay between the first two v pserve (g and ) pulses, T, is the delay
between the vy, and third vo,serve PUlSES, T35 is the delay between the start of
the second vgpserve PUISE and beginning of the vy, pulse, p represents the
length of the v,,m, pulse, and At defines the increments of time by which the start

of the vpump pulse is stepped (see Fig. 2.4.5 for 4-pulse PELDOR sequence).
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2.5 Complementary methods

The phenomenon of dipolar interactions has been exploited by various forms of
spectroscopy. The distance dependence of these interactions makes them a
useful factor to study in order to extract structural information. This has already
been explored in the context of the technique employed during the course of this
thesis (PELDOR/DEER). In the following section, complementary and related
techniques that also study dipole-dipole couplings (both magnetic and electronic)
are researched, explaining their benefits, pitfalls and their experimental

considerations.
Electron-electron dipolar methods
52+1 ]

This is a single-frequency precursor of the modern PELDOR/DEER method, i.e.
spins are pumped and probed at the same frequency®®. The result, in theory, is an
echo that oscillates at a frequency inversely proportional to the distance between
the spins. Whilst the technique is relatively simple to perform, on a machine setup
requiring only a single frequency, the oscillating echo is often obscured by
hyperfine modulation and hindered by interference of the pump and probe spins.
Hence, more recently the 4-pusle PELDOR method has typically been employed

instead.
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Fig. 2.5.1: schematic representation of the 2+1’ pulse sequence showing the
timings and lengths of the pulses and generation of an oscillating echo.

RIDME

A recently developed technique, Relaxation Induced Dipolar Modulation
Enhancement (RIDME) uses the principles of DEER and applies them at a single
microwave frequency®. During this pulse sequence, a standard Hahn echo is first
set up (g — 1, — T — 17, — echo); the second spin is then inverted by longitudinal

relaxation (T1) before the final set of pulses. The resulting echo oscillates much

like in a DEER experiment. This can, however, be obscured by hyperfine
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modulation and transversal relaxation; operating at higher magnetic

field/microwave frequency can reduce this (Q-band)®’.
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Fig. 2.5.2: schematic representation of the RIDME pulse sequence showing the
timings and lengths of the pulses and generation of an oscillating echo.

DQC

Double Quantum Coherence (DQC) is a single-frequency pulsed technique that
uses a set of pulses and phase cycling to suppress unwanted coherence
pathways®?-?3. The method excites the entire spin system and should, in theory,
have larger signal intensity and greater modulation depth relative to PELDOR (it
also benefits from having no orientation selective effects) whilst measuring
comparable distances. However, the technique is not routinely employed (the
Freed group are the only consistent producers of this data, on a home-built K-band
setup). The method is made difficult by the spectral width of nitroxide spin labels (it

is hard to get the bandwidth to excite all spins).
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Fig. 2.5.3: schematic representation of the DQC pulse sequence showing the
timings and lengths of the pulses and generation of an oscillating echo.

Electron-nuclear dipolar methods
cw-ENDOR

Continuous wave Electron-Nuclear Double Resonance (cw-ENDOR) uses
microwave radiation to saturate the EPR transitions, then radio frequencies to

desaturate. Hyperfine structure is observed as changes in EPR intensity as a
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function or radio frequency. As such, these are small distances (<~1nm) being
measured (dipolar coupling of nuclear moments around the moment of the
unpaired electron) but can inform on the environment of an unpaired electron,

often in the form of an intrinsic paramagnetic centre/cofactor®*.
Pulsed ENDOR

This technique, like other pulsed methods, holds the magnetic field constant,
selected for where the EPR transition occurs. The microwave frequency of the
EPR transition is also static, and the radio frequencies are swept through as in an
NMR experiment. There are two main variants of the pulsed ENDOR method:
Davies, and Mims. The Davies experiment essentially creates a ‘hole’ in the EPR
spectrum using a MW pulse. RF radiation, corresponding with the NMR
resonance, is then applied to fill that hole. Finally, more MW pulses are applied,
resulting in an inverted echo, which reports on the EPR signal that is restored
during the RF mixing period. Mims ENDOR is based on the 3-pulse ESEEM
experiment in the MW frequency, with an RF mixing period between the second
and third MW pulses (the timing between these pulses is constant, unlike the
ESEEM experiment). The resulting echo intensity is measured as a function of the
applied RF. The methods are fairly complementary in that they are implemented to
study HFCs of differing magnitudes; Mims ENDOR is best suited for weak
couplings (i.e. ~2 to 0.1 MHz), whilst Davies ENDOR is more appropriate for
assigning stronger couplings. This complementarity simplifies the differentiation
between strongly and weakly coupled nuclei and performing both experiments can
inform on the type of nuclei around the unpaired electron, the distances between
the nuclei and unpaired electron, the spin density distribution (i.e. the hyperfine
structure) and on the electric field gradient at the nuclei (nuclear quadrupole;
electric interaction between nonspherical nucleus and inhomogeneous electric

field, only for nuclei where | >14)79. 9495,
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Fig. 2.5.4: schematic representation of the Davies ENDOR pulse sequence showing
the timings and lengths of the pulses and generation of an echo.
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Fig. 2.5.5: schematic representation of the Mims ENDOR pulse sequence showing
the timings and lengths of the pulses and generation of an echo.

ESEEM

Electron Spin Echo Envelope Modulation (ESEEM) uses a number of microwave
pulses (typically 2 or 3) to create a spin echo; the time between two of the pulses
is varied and the echo usually decays exponentially and depends on the spin-
lattice and/or the spin-spin relaxation. Sometimes the decaying echo is modulated
due to weak interactions with magnetic nuclei in the environment around the

paramagnetic centre®.

Electron Spin Echo Envelope Modulation (ESEEM) is typically done with two or
three MW pulses, creating an electron spin echo. When the delay between two of
the pulses is increased, the echo intensity typically decays exponentially as a
result of spin-lattice and spin-spin relaxation (T1 and T2 respectively); in some
cases, the decay is modulated as a result of weak HFCs. The decay of the echo in
2-pulse ESEEM is dominated by T2 (usually in the microsecond time scale), which
is often too short to be useful. In 3-pulse ESEEM (time is varied between the 2"
and 3" pulse), the decay is governed by the T4, which is usually much longer than
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T2. A Fourier transformation of the decaying echo’s modulation allows the
extraction of the frequencies of the HFCs. The modulation depth of these traces is
related to the HFC and the nuclear quadrupole interactions (where there are nuclei
with | >1%)%7.
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Fig. 2.5.6: schematic representation of the ESEEM pulse sequence showing the
timings and lengths of the pulses and generation of an echo.
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HYSCORE

HYperfine Sublevel CORrElation (HYSCORE/HYSCOR) is a 4-pulse ESEEM
experiment done in two dimensions; on one axis the timing between the 2nd and
3rd pulse is varied (i.e. t1), and along another axis the timing between the 3rd and
4th is varied (t2). The resulting modulated decays are Fourier transformed in both
dimensions, giving a 2D spectrum in the frequency domain. This appears as four
quadrants but can be simplified to two as the upper right/lower left are equivalent,
and the upper left/lower right are equivalent. Nuclei with HFC > Larmor frequency
appear as cross-peaks in one quadrant whilst those with HFC < Larmor frequency
appear in the other. HYSCORE spectra can be complicated when nuclei with | >7%
are involved, due to peaks arising from the additional nuclear Zeeman levels and
the influence of nuclear quadrupolar interactions. Despite this, the resulting
complex spectra of systems with multiple nuclei are still manageable, where they

would be potentially impossible to deconvolute from standard ESEEM data®-%,
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Fig. 2.5.7: schematic representation of the HYSCORE pulse sequence showing the
timings and lengths of the pulses and generation of an echo. This is a two-
dimensional experiment; t; is varied whilst t; is held constant in one dimension, and
t1 is held constant whilst t; is varied in the other dimension.
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EDNMR

ELDOR-Detected NMR (EDNMR) uses selective microwave pulses to pump
formally forbidden transitions (where both electron and nuclear spins change their
direction; AMs= 11, AM|= %1, £2, etc). It has higher sensitivity compared to the
more conventional ENDOR methods. Additionally, it is less affected by fast T+
relaxation. However, the EDNMR experiment typically resolves broader spectral
lines than the ENDOR experiment. This method has been hindered by the ‘central
blind spot’, where spin-forbidden transitions close in frequency (~5-10 MHz) to the
allowed EPR transition are obscured due to the pumping of the allowed transition.
Instrumentation restrictions such as limited resonator bandwidth cause the
forbidden transitions to be suppressed when they widely off-resonance with the
allowed EPR transition. However, operating at higher magnetic field has helped to
mitigate these problems. The pulse sequence uses two microwave frequencies,
one of which is a strong, long pulse to excite the nuclear transitions of the spin
manifold (unlike conventional ENDOR methods which use radio frequency for
this), known as the ‘high-turning-angle’ (HTA) pulse. A Hanh echo sequence is

then used at the other microwave frequency for detection.
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Fig. 2.5.8: schematic representation of the EDNMR pulse sequence showing the
timings and lengths of the pulses at the different frequencies and generation of an
echo.

PRE

Paramagnetic Relaxation Enhancement (PRE) is an NMR technique that uses the
electron-nuclear dipolar coupling to obtain structural distance information®" that
can complement Nuclear Overhauser Effect (NOE) restraints (explained in section
‘NOE’). The method can measure distances in the range of 15-24 A for the lone
spin of a nitroxide radical. The distances between the spin label and NMR active
nuclei can be determined from the effect of the paramagnetic species on the
relaxation rates of the magnetic nuclei'®. This technique can be also be used to
screen for the binding of small molecules as PRE will be transferred onto small
molecules that bind macromolecules in the intermediate exchange regime (like
STD-NMR, see section ‘STD-NMR’).

Nuclear-nuclear dipolar methods

The interaction of two nuclear spins can also occur through nuclear-nuclear dipolar

coupling.
NOE

The Nuclear Overhauser Effect (NOE) can be used to obtain distance restraints
and is used in structure determination. The phenomenon is defined as the transfer
of nuclear spin polarisation from one population of spin-active nuclei to another
via cross-relaxation. Radio frequency (RF) radiation is used to saturate or perturb
one population and the change in resonance intensity of the other nucleus

population is measured as a consequence of the proximity between the two'0" 103,
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STD-NMR

Saturation Transfer Difference (STD) NMR similarly uses saturating RF pulses.
The method allows the detection of transiently binding ligands to macromolecules.
The saturation is targeted at the resonance regions of the protons of the protein or
macromolecule in question (it is essential that this resonance position does not
overlap with that of the ligand being investigated). Any ligand that binds to the
macromolecule (with an expected Kq in the low mM to high nM range) will receive
saturation via NOE and the signal of the ligand will change. A difference spectrum
of the non-saturated vs saturated conditions will yield only the signals of the
binding ligand(s). Often it is possible to elucidate which parts of the ligand are in
contact with the macromolecule (i.e. epitope mapping) as they will exhibit the
largest difference between the two conditions. Additionally, it is possible to study
the Kq of a ligand with this method by measuring the STD effect as ligand is
titrated in, though certain experimental parameters must be closely controlled to

obtain accurate results!04-106
RDC

Residual Dipolar Coupling (RDC) can provide relatively long-range distance
information (when compared with traditional NMR or NOE techniques). This
method requires alignment of the molecules being studied in order for the
averaging of the dipolar couplings to be incomplete. This technique can inform on
a range of things including the global fold of a protein or complex and the
dynamics of relatively slow (>107° s) motions in proteins. This method is not
affected by spin diffusion, which often makes NOE studies size limited (to around
25 kDa)'07-108,

Other dipolar methods

Another technique that utilises dipole-dipole interactions to measure inter-probe
distances, similarly to PELDOR, is Forster Resonance Energy Transfer (FRET,
sometimes referred to as Fluorescence Resonance Energy Transfer)
spectroscopy. Unlike EPR and NMR methodologies, this harnesses the
interactions of electric dipoles (rather than magnetic dipoles). These dipoles are
induced by the separation of opposite charges; magnetic dipoles, by contrast,

arise due to the movement of charges.
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The excitation of a molecule from the electronic ground state to an excited state is
induced by the absorption of photonic energy. The phenomenon of fluorescence
then arises due to the subsequent emission of energy (in the form of photons),

bringing the molecule back to its ground state.
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Figure 2.5.9: an adapted form of the Jablonski diagram, demonstrating the
excitation of a molecule from a ground singlet state, So, to an excited singlet state,
S1. T1 is the excited triplet state that arises from intersystem crossing, represented
by a grey arrow, due to formally forbidden spin-exchange. Absorbance of excitation-
wavelength light is shown by blue arrows, emission of light via fluorescence is
shown by green arrows, vibrational relaxation is represented by orange arrows and
emission of light via phosphorescence is shown by red arrows.

The probes or labels used in this methodology are light-sensitive fluorophores (or
fluorochromes) with specifically reactive linkers that allow targeted labelling of the
system in question, much like spin labels in SDSL. Here, two different probes are

used in order for the non-radiative energy transfer to occur; the donor fluorophore
is excited by a certain wavelength of incident light and transfers the excitation to a
nearby acceptor fluorophore through electronic dipolar coupling, which then emits
light at a different wavelength via fluorescence in order to relax back to the ground
state. Typically, the labels used for studying conformational dynamics with FRET

are small organic molecules (<1 nm).
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Figure 2.5.10: a simplified electronic diagram of the FRET phenomenon. The

FRET donor is excited from its ground to excited state by a photon of energy (blue
arrow). The donor can then either relax back to its ground state by emission of a
photon of lower energy (fluorescence, green arrow), or by donating its energy to a
nearby acceptor through FRET (gradient green-red arrow). The now-excited
acceptor can then relax back to its ground state by emission of a photon of energy
(fluorescence, red arrow).

The efficiency, E, of this energy transfer is indicative of the distance between the
donor and acceptor fluorophores, r, and is analogous to the dipolar frequency in
PELDOR.

1
Where R is the Forster radius. This is the distance between the donor and
acceptor fluorophores at which energy transfer efficiency is 50%. This depends on
the overlap integral of the donor emission and acceptor excitation spectra, J,

(demonstrated in fig. 2.5.12) and their orientation.

_ 6/91n(10) x*QpJ
Ry = \[1281'[5-NA n4 (34)
Where Na is Avogadro’s number, k? is dipolar coupling orientation factor, Qp is

fluorescence quantum yield of the donor in the absence of the acceptor

fluorophore and n is the refractive index of the nearby medium.
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Figure 2.5.11: representation of the distance dependence of FRET; the FRET
efficiency, E, is a steep function of distance when that distance nears the value of
the Forster radius, Ro.

There are three important factors for FRET experiments: the donor emission
spectrum should significantly overlap with the acceptor excitation spectrum; the
donor-acceptor distance should be between 1-15 nm; and there should be
favourable orientation of the donor and acceptor (such that transition dipole

moments are properly aligned with respect to one another)'%.

Donor Acceptor

Absorbance/Fluorescence

Wavelength

Figure 2.5.12: representation of favourable spectral overlap for donor/acceptor pairs
for FRET spectroscopy, showing how donor (green) emission and acceptor (red)
excitation spectra should overlap (grey) significantly. The excitation spectra are
shown in solid lines and the emission spectra in dashed lines.
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3 EPR on Membrane Transporters

The following is an updated adaptation of a previously published review of
research using EPR spectroscopy to study membrane transporters, specifically
those belonging to the classes being explored in this thesis (previously published
paper Mullen et al., 2016"19).

3.1 Context

Membrane transporter proteins comprise a wide variety of proteins which underpin
a diverse range of functions - from the import of vital solutes to the efflux of a
multitude of drugs — making this class of proteins a clear target for a plethora of
therapeutic treatments in the bid to tackle a myriad of medical challenges.
Resolving their three-dimensional structures at a molecular level is an integral part
of understanding their functional mechanisms. However, the issues that arise
when attempting to solve the structures of such dynamic proteins often render the
more typical methods unsuccessful. Such challenges include the fact that it can be
difficult to solubilise and stabilise membrane-associated proteins for crystallisation,
and that X-ray crystallography relies on the arrangement of protein into the regular
assembly of a crystal lattice, influenced by the crystal liquor around it (i.e. high salt
concentration, heavy metals, stabilising agents). This often means that only single,
static conformations can be sampled, leaving much of the dynamic cycle of these
proteins unobserved and continually debated''. The issues surrounding
crystallography of membrane-associated proteins and complexes is reflected in
the numbers deposited in the Protein Data Bank?® (PDB; www.rcsb.org); of the
~140,000 protein structures (the majority of these , ~127,000, are X-ray crystal
structures) only around 2,700 are membrane proteins?, the first of which was only

resolved in 198512,

Additionally, membrane transporters may consist of large proteins, or can exist as
multidomain complexes making them difficult to measure for size-limited methods
such as nuclear magnetic resonance (NMR) spectroscopy (though these
boundaries are being pushed)''3, which emerged as a method of resolving
solution-based structures of proteins, particularly for those that are intrinsically
disordered, and therefore not determinable by X-ray crystallography. Beyond the
size-limitation, it requires isotopically labelled protein, which is expensive, and
each measurement requires the residue sidechains of each amino acid to be

assigned manually, which is both labour intensive and time-consuming. There are
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numerous examples in the literature and in the PDB which demonstrate that
membrane proteins are also especially susceptible to conformational changes due
to environmental changes e.g. when being extracted from their native

membrane’4,

Cryo-electron microscopy (cryo-EM) has received much attention of late as an
alternative to X-ray crystallography and NMR; the 2017 Nobel Prize in chemistry
was awarded for the use of this technique in determining high-resolution structures
of biomolecules in solution'®. Recent technological advances have developed this
technique to near-atomic resolution and has been embraced as a method for
studying proteins for which it is difficult to grow crystals. Since the wavelength of
an electron is shorter than that of X-ray radiation (Compton wavelength of an
electron is in the picometre scale, whilst the X-ray radiation used in crystallography
is in the nanometre scale), better resolution may eventually be possible with cryo-

EM compared to X-ray crystallography.

In this method, an electron beam is fired at a frozen protein solution and scattered
electrons create a magnified image. Transmission electron microscopy (TEM) is
typically performed on samples under vacuum, which would dehydrate an
aqueous sample, with powerful electron beams which would heat and destroy the
biomolecules. However, the method has been developed to use ‘vitreous’
samples, wherein liquid nitrogen-cooled ethane can freeze an aqueous protein
sample rapidly to give a disordered glass. The water molecules are frozen so
quickly they cannot form an ordered ice lattice; thus, the protein remains in its
native state. The cryo-EM method also uses ‘gentler’ electron beams to prevent
sample destruction. Multiple angles are used to study the samples, and
computational methods can then collate this array of images of randomly oriented
proteins into a three-dimensional structure of the biomolecule''®. Currently, the
lower size limit for proteins that can be imaged with cryo-EM is about 50 kDa to
about 3 A resolution'"”. Larger structures have been measured to higher (i.e. >2

A) resolution',

Despite these limitations, cryo-EM is an attractive choice for elucidating structural
data, particularly for membrane proteins and complexes, as they can be

solubilised in detergent or reconstituted into lipid environments. Though this limits
the resolution due to poor signal to noise, it also provides a unique insight into the

native topology and arrangement of these systems.
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However, there are few biophysical methods which can provide both structural and
dynamic information on the molecular architectures, routinely offering reliable and
precise distance determination over a wide range (up to ~10 nm). Electron
Paramagnetic Resonance (EPR) spectroscopy is one such technique, another
being the fluorescence-based technique Forster Resonance Energy Transfer (or
FRET) spectroscopy. For the structural biologist, these techniques often yield
similar results, and are complementary in their requirements for labelable variants
of the native protein being studied (both typically use cysteine sidechain thiol
chemistry for the attachment of their respective probes). As with all biophysical
techniques, both have their pros and cons. EPR labels are much smaller than the
fluorescent probes used in FRET, with respect to both the smaller chains
connecting the labelled residue and the ‘active’ part of the probe. This allows EPR
to study smaller distance changes and is a more accurate measure of the local
dynamics being investigated. Additionally, FRET requires at least two chemically
different probes to act as donor and acceptor. Conversely, EPR uses only one
type of spin label, making studying oligomers less complex and the labelling
process less involved. Under optimised conditions, PELDOR can measure
distances up to 160 A (an upper limit that is being pushed by ongoing research)''°.
FRET, however, works in a liquid environment (i.e. more native-like than the
frozen solutions required for pulsed EPR measurements) and is more sensitive,
making it more accessible for time-resolved measurement and single-molecule
experiments; its use in studying ABC transporters was covered well in a review a

few years ago'?°.

Both are now being more widely used, especially in combination with molecular
dynamics (MD) approaches as complementary structural biology techniques,
being called upon to overcome such obstacles mentioned above. EPR can be
harnessed in many ways to provide structural constraints that aid visualisation of
the structure and dynamics of a protein in a range of states throughout its
mechanistic cycle. Importantly, the method can also be applied to instances where
the protein is situated within a membrane environment (either in vivo or
reconstituted into proteoliposomes or even styrene maleic acid lipid particles,
SMALPs'21), allowing it to be used to obtain information about the protein in or as
close to its native crowded environment as possible. The studies reviewed here

aim to demonstrate the application of EPR to investigate the structural elements
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and mechanistic dynamics of a range of primary (ABC-type transporters) and

secondary active membrane transporters.

Initially, EPR spectroscopy was developed as a physical magnetic resonance
technique following its discovery in the USSR in 1944, though it soon developed
into a key biophysical method for studying biological systems containing intrinsic
paramagnetic species, especially those involved in bioenergetic electron transfer
and metalloproteins. The development of this method over the past seven
decades has resulted in the emergence of a broad range of techniques that can be
employed to study paramagnetic species and their surrounding environments'??-
124 These methods have been reviewed in several excellent monographs and
review articles over the past 10-20 years and the reader is referred to the following

review articles and references therein8’ 125-127,

Arguably one of the major turning points in the development of EPR methodology
from being a rather niche technique into a key structural biology technique was the
introduction of site-directed spin labelling (SDSL). As described previously, this is
a technique that allows attachment of a stable paramagnetic probe to a specific
site (often made possible using site-directed mutagenesis) within proteins or
nucleic acids without any intrinsic paramagnetic centres, thus making previously
EPR-inactive diamagnetic proteins now accessible to this technique. One of the
leading figures in this development is Prof. Wayne Hubbell (UCLA, USA) who has
reviewed recent developments in the field'?8-13°, Much of these recent advances
have resulted from essential improvements in instrumentation, especially in
sensitivity'3'-132, Compared with NMR or X-ray studies the SDSL methodology
does not yet '3'-133 provide global structural models but rather contributes sparse
structural constraints which require essential supporting analysis packages'34-135.
Clearly questions can be asked with regards to the site-directed modification of
proteins: does a labelled protein still function correctly; how physiologically
relevant is measuring a distance (or distances) at cryogenic temperatures; are
purified, detergent-solubilised membrane proteins true reflections of a functional
protein in a membrane. However, with that in mind here we aim to focus on the
key information that has been extracted from the application of EPR spectroscopy
to the study of a range of primary (ABC-type transporters) and secondary active
membrane transporters, especially determination of longer distances'3¢, distance
editing’®’, resolving not only distances but also relative orientations'38149,
measuring distances under physiological conditions®s or in native environments

63



(whole cells or oocytes)'*'-42, To summarise, EPR — especially in combination
with SDSL — is able to provide a wealth of detailed information both for the
mechanistic structural biologist and the computational chemist to contribute to

advancing our understanding of membrane transporters (fig. 3.1.1).
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Fig. 3.1.1: a schematic view of how EPR can be used to study membrane
transporters using in silico attachment of spin label rotamer libraries to the crystal
structures of P-glycoprotein (Mus musculus, PDB 3G5U, left) and MsbA
(Salmonella enterica, PDB 3B60, right). Clusters in red demonstrate the use of cw-
EPR mobility studies to investigate local structure and topology; pink shows the
use of accessibility studies and paramagnetic quenchers (blue spheres are
membrane-impermeable Ni(ll)-EDDA, and red are membrane-permeable O:) to
elucidate local environment; blue presents the use of pulsed EPR for distance
measurements to study conformational dynamics.

The aim here is not to cover all the published EPR data on the large family of
membrane transporters since this is a vast area. Instead it is to focus on recent
developments on a few key areas including primary active transport and ATP-
binding cassettes (ABC) as well as facilitated diffusion/secondary active transport
systems. Figure 3.1.2 shows some examples of the families of structures of the

various transporters for which spectroscopic data is being reported here.
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Substrate Substrate Substrate 1 Substrate 2 Substrate 1

Substrate 2

Fig. 3.1.2: a comparison of different types of transmembrane transporter: (a) The
multidrug transporter P-glycoprotein (Caenorhabditis elegans, PDB 4F4C), an ATP-
powered pump; (b) the uniporter cyclodextrin glycosyltransferase (Bacillus
circulans, PDB 1XQE); (c) fucose/proton symporter FucP (E. coli, PDB 307P) and
(d) glutamate/GABA antiporter GadC (E. coli, PDB 4DJK).

3.2 Primary Active Transport

Substrate Binding Proteins

Substrate-binding proteins (SBPs) are a class of proteins that form complexes with
membrane proteins. Commonly used for transport or signal transduction, SBPs
can be found to be associated with ATP-binding cassette (ABC) transporters® and

more recently in other membrane protein complexes'43-144,

Despite the wealth of structural data that exists for this subclass of proteins on the
PDB, EPR studies of SBPs have been mainly limited to the maltose transporter
MalEFGK2. The maltose-binding protein (MBP, or MalE) is associated with the
ATP-binding MalFGK_>. Hall et al. used both room temperature (RT) and low
temperature (LT) continuous wave (cw)-EPR techniques to demonstrate that there
are two modes of ligand binding in the MBP; one being active and the other
inactive, depending on the ligand orientation'>. They argue that the inactive mode
hinders the closure of MalE, which prevents the complex from interacting with the
inner membrane domain. They found that ligand binding did not affect the mobility
of the spin labels attached to the protein and deduced that the spectral broadening
which occurred upon the addition of maltose was a result of an increase in spin—
spin interaction in the double spin-labelled proteins. Using low temperature EPR
techniques they found that upon maltose binding the spin distance between the
two domains changed from 16.5 to 10.5 A (1 A = 0.1nm).
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Further to this, Austermuhle et al. studied the interaction of MBP with the
transmembrane domain of the transporter'8. ATP hydrolysis during the closure of
the MalK dimer interface coincides with the opening of MBP. They deduced this
from the spin—spin interaction between two spin labels: one on MBP and the other
on the transmembrane domain. In a vanadate-trapped transition state
intermediate, all free MBP became tightly bound to MalFGK2 and spin labels in
both lobes were completely immobilised. In addition, spin—spin interactions were

lost, suggesting that MBP was in an open conformation.

Building on previous work, Orelle et al. discovered that both MBP and ATP are
required for the closure of the nucleotide binding domain (NBD) MalK'4”; SDSL
and cw-EPR were used to study the opening and closing of the NBD. They found
that after ATP hydrolysis the NBD is in a semi-open configuration, which is
distinctly different from the open state. They propose that the release of inorganic
phosphate (Pi) happens concurrently with the reorientation of the transmembrane

domain to an inward-facing conformation.

Grote et al. used doubly spin-labelled mutants of the maltose transporter
MalFGKz-E to further investigate the mechanism of the transport cycle mediated
by transmembrane signalling’8. The EPR data revealed that MBP is bound
throughout the transport cycle. The reciprocal communication across the
membrane gives information on the effect that MalE has on ATPase activity, as
they regard it to be an important mechanistic feature of receptor-coupled ABC-
transporters. They suggested that further characterisation of the inter-domain
relationships during substrate transport is needed to elucidate details of the
conformational changes brought about by the SBP. They posited that studies of
spin-labelled MalE variants should be undertaken to investigate distances between
positions within both the SBP and the transporter. It was noted that although their
model is specific to the maltose transporter, similarities may be found in the

BtuCD-F complex.

More recently, double quantum coherence (DQC) EPR — an alternative pulsed
EPR method for determining inter-label distances — was used to examine ligand
binding in both the native/folded and intermediate molten-globule (MG) states of
MalE. The studies showed that both the open and closed states existed in the
absence of ligand maltose, in both the native/folded and MG states; the MG state

is achieved here using an environment at pH 3.2. Additionally, despite the loss of
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tertiary structure (as verified by methods such as circular dichroism spectroscopy),

the MG state exhibits nativelike structure, particularly around the binding pocket'4°.

Although it is often used as a model for type 1 ABC transporters, MalFGK> has
some distinct differences from the vast majority of other transporters of this kind.
As such, other transporters have been studied using EPR. One such system is the
histidine transporter, HisQMP2. Sippach et al. used DEER (or PELDOR)
spectroscopy to study the conformational changes of HisQMP2'%°. The system
works with an SBP similar to MalE, HisJ, that has a high affinity for histidine. The
results showed that the distances measured resemble those of the maltose
transporter throughout the cycle. In the presence of HisJ, the closed conformation
of the NBDs is found. These observed conformational changes led to the proposal
that there are three different conformations of NBD; open, semi-open and closed

and that these conformations are regulated by SBP binding.

Pneumococcal surface adhesin A (PsaA) plays a vital role in the virulence and
colonisation of the Streptococcus pneumoniae pathogen'®' and is a vital
component of the Mn?*-specific ABC-type transporter, PsaBCA'®2. The Mn?* ion
serves to negate the effects of oxidative stress on the bacteria by neutralising
reactive oxygen species (ROS) due to its role in superoxide dismutase’®3. A
combination of SDSL and EPR approaches have been taken to investigate the
protein environment. In order to determine the conformational flexibility of the
PsaA protein, five variants (L56C, S58C, S266C, 1125C and 1236C) were labelled
with the nitroxide spin label MTSL and characterised using cw-EPR. The
combination of MD simulations and cw-EPR spectra allowed for elucidation of the
flexibility of the PsaA protein lobes, hypothesising various interactions with other
proteins comprising the PsaBCA complex'*. Since the intrinsic metal (Mn?*) is
also paramagnetic, these single variants can be used for distance determination
using multi- or rather high frequency (34 and 94 GHz) cw-EPR as has previous

been demonstrated’®®.
ABC-type Import

The MolIBC type Il importer transports molybdate ions in bacteria, vital for carbon
and nitrogen cycling%®. cw-EPR spectroscopy was applied to MolBC reconstituted
into proteoliposomes to elucidate the transport mechanism; MTSL was used to
label the S180C and D173C residues on gates of MolB, which are responsible for

the transfer of molybdate ions through the transporter. It was deduced that in the
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presence of ATP the conformation of the periplasmic gate converts to an open
position allowing passage of the substrate. This was seen through an increase in
mobility at the D173C label position. Once ATP was hydrolysed a shift back to the
original conformation was noted. The MolBC-S180C in complex with substrate-
free MolA was seen to decrease spin label mobility; however, on addition of ATP,

the S180C label demonstrated increased mobility'®”.

PELDOR and cw-EPR have been applied to the rest of the maltose ABC
transporter MalEFGK:'%8. MalF-P2 domain double mutants were spin labelled,
along with a triple mutant with sites present in the MalK and P2 domains. For the
MalF-P2 double mutant, inter-spin distances were determined using both cw-EPR
and pulsed EPR methods, allowing for determination of rearrangements of the
protein during ion transport. Furthermore, the labelled MalK domain showed
communication between protein domains, and analysis of the changes of
conformation in the cytoplasmic and periplasmic domains of the ABC-transporter
highlighted the importance of communication between these two domains for
transport. Shifts in spectra were evident on binding, showing the dependence of

ATP and MalE for conformational change of the protein'48.

The conformations undertaken by the BtuCD-F ABC-transporter have also been
elucidated through EPR analysis of spin-labelled mutants reconstituted in
proteoliposomes. This complex is responsible for the translocation of vitamin B12
in Escherichia coli'®®159, Resulting spectra of BtuCD compared with BtuCD-F
highlighted the differences in conformation adopted. After the addition of BtuF-
B12, coupling between spin labels at residues 141 and 168 within BtuC was seen,

suggesting that the distance between the two labels had decreased’®°.
ABC-type Efflux

The multidrug exporter MsbA shares sequence similarity with a class of ABC
transporters, which are linked to multidrug resistance and cancer development'":
61, PELDOR studies have revealed large-scale movement in opposite directions
in the periplasmic and cytoplasmic parts of the transporter upon ATP hydrolysis. A
33 A change in distance was measured upon formation of the trapped post-ATP
hydrolysis intermediate, and inhibited structural changes caused by
lipopolysaccharide (LPS) binding. Results also indicate that ATP hydrolysis
powers transport of LPS into an open cytoplasmic chamber before its translocation

by alternating access, involving conformational changes of 10-20 A'62,
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A recent study utilising a plethora of complementary biophysical techniques
(complex solid-state NMR, pulsed EPR and MD simulations) identified a novel
nucleotide binding site in the MsbA NBDs, at a conserved area called the Q-loop,
wherein a reverse adenylate kinase (rAK)-like reaction takes place under low-ATP
conditions. This is a phosphorylation reaction which converts 2 ADP molecules
(populating the NBD after the ATP-hydrolysis step) to one molecule of ATP and
one of AMP. Additionally, the Mg?* was replaced by Mn?* for pulsed EPR studies,
measuring Mn?*- Mn?* dipolar couplings, which showed the metal cofactor binding
site (necessary for catalysing ATP hydrolysis) was not disrupted by this novel
nucleotide binding site. This investigation gives some evidence of how the ATP-
hydrolysis and rAK cycles of MsbA may work in a coupled manner to afford the

cell continued survival under stress conditions 63,

A range of intricate EPR techniques were applied to directly characterise the
coordination of Mn?* in the NBDs of MsbA, including W-band ENDOR and
EDNMR (these methods have been briefly explained in an earlier section of this
thesis) in addition to PELDOR. This also allowed the detection of bound nucleotide
throughout the hydrolysis cycle and calculation of some kinetic parameters. The
resulting data from these experiments supports the two-state model of NBD

dimerisation and dissociation in MsbA64,

LmrA is a multidrug ABC transporter isolated from Lactococcus lactis that extrudes
hydrophobic drugs from the membrane'®. Initial EPR studies involved labelling the
TMDs in order to analyse the relationship of drug recognition, transport and
coupling with the hydrolysis cycle'®®. PELDOR later showed that LmrA samples far
fewer conformational states upon nucleotide binding when compared with its apo
state; ATP binding alone, rather than hydrolysis, is sufficient to trigger this change.
It is only when the protein cycles back to its apo state that this relatively fixed
conformation is lost. Results strongly suggest that alternating between two states,
with distinct differences in dynamics and structure, is necessary for substrate

translocation%’,

Another ABC-type efflux pump of interest is ABCB1 (also referred to as P-
glycoprotein, or P-gp), which confers anticancer therapy resistance. In one study
mechanistic details were elucidated from changes in the mobility and accessibility
of spin-labelled transport substrate verapamil with ABCB1 reconstituted into

liposomes'%8. Following this, a study used spin-labelled ATP to specifically
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investigate the structure and dynamics of the NBDs'®; results of this support a
two-state model of a resting open conformation with readily accessible NBDs and
an ATP-trapped transition- like state where the nucleotide is buried in the protein.
Doubly labelled variants of P-gp in proteoliposomes were used with PELDOR to
obtain distance constraints'’?. Measurements revealed disagreement with crystal
structure data'’"; this, combined with the broad distance distributions indicated
high protein mobility. Shorter NBD interdomain distances were measured following
ATP addition. cw-EPR accessibility experiments were performed on a range of
spin-labelled variants in the resting, nucleotide-bound and post-hydrolytic
states’”?. Results were rationalised using MD simulations and supported models of

the protein with a central cavity involved in an alternating access mechanism.

TM287/288 of Thermotoga maritima is a heterodimeric ABC exporter analogous to
systems such as ABCB1 (P-gp) and MsbA and is a homologue of the eukaryotic
CFTR (the malfunction of which is responsible for cystic fibrosis). Initial PELDOR
studies of this system investigated the separation of the NBDs throughout the
transport cycle and the role of a non-hydrolytic ATP binding site. It was found that
nucleotide binding at the non-catalytic site prevented full disengagement of the
NBDs from one another; this is unlike what is exhibited by homodimeric ABC efflux

pumps'”3.

Further work focussed on the large-scale conformational changes of the system,
from inward- to outward facing, using MD simulations and validated by Q-band
PELDOR distance constraints (performed on both detergent-solubilised protein
and when reconstituted into proteoliposomes). The mechanism is described as a
closing and twisting of the NBDs in the inward-facing state; a sharp distance
distribution upon dimerising suggest a tight locking of the NBDs. Meanwhile, the
cytoplasmic gate of the TMDs close to give an occluded intermediate (~38 to ~25
A). This is followed by the periplasmic gates opening to yield the outward-facing
state; the distance distributions here go from relatively narrow and short to
multimodal and broad'’4. It is important to note that these investigations were

performed in the absence of substrate.

The CusCFBA efflux system within E. coli is a copper-regulating system which
helps maintain cellular concentrations'”®-'76, Combinations of cw-EPR and
PELDOR have revealed the importance of residues M36 and M38 of CusB in both

Cu(l) coordination to the CusBNT (N-terminal) domain, and interaction with CusF.
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Additionally, it was found that K32 is essential for interaction with CusF — mutation
removed the exchange interaction, suggesting differences in protein folding and
separation of CusBNT monomers. It is thought that mutations of lysine residues
might affect the conformational structure of CusBNT, thereby interfering with Cu(l)
coordination'’’. Later work investigated the conformational changes CusB
undergoes upon binding Cu(l). It was shown in this study that CusB forms a dimer
in solution, and the orientation of the monomers relative to one another changes
drastically upon Cu(l)-binding, creating a more compact dimer. This was posited to
alter the CusB-CusC channel pore and possibly aid in the transition of the metal

ions from one subunit to the other'’8.
3.3 Secondary Active Transport

Secondary active transport describes the movement of substrates using the
electropotential difference of a concentration gradient across the membrane; the
movement of ions along their concentration gradient (i.e. facilitated diffusion)
allows the second solute to be transported against its own electrochemical
gradient (i.e. active transport). The simultaneous transport of the ion and its
coupled substrate can occur either together in the same direction (symport) or in
opposite directions (antiport). Multidrug and toxic compound extrusion or multidrug
antimicrobial extrusion (MATE) proteins, small multidrug resistance (SMR)
proteins and the major facilitator superfamily (MFS) represent three of the five
major classes of bacterial multidrug efflux transporters'”®-8%; specifically, these
proteins are responsible for the efflux of harmful or toxic compounds via coupled

proton or sodium cation antiport.
Symport

One of the best-known groups of cotransporters is the ubiquitous sodium-solute
symport superfamily (SSS, comprises 11 subfamilies), which utilise the energy
harnessed from sodium motive force to drive the transport of the second solute

against its concentration gradient®’,

One of these, PutP (Na*/proline symporter) has been studied using a range of
different EPR techniques. The earliest study exclusively used RT cw-EPR on a
range of spin-labelled variants to probe label mobility and accessibility'®. This
study supported the then-recently proposed 13-helix model'® and focused on

several transmembrane domains and loops; spin labels predicted to be buried in
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the TMs were more restricted and less accessible than those attached to residues
proposed to sit exposed on the surface with the least restricted and most
accessible labels located towards the middle of the loop regions. Only 2 of the 17
variants indicated any spectral change upon substrate binding, pointing towards
the possibility that the associated areas (TM Il and loop 2) undergo binding-

induced conformational change.

A later study used a combination of cw-EPR and PELDOR to measure interspin
distances and how they change upon substrate binding'8*. None of the double Cys
variants demonstrated the dipolar interactions associated with interspin distances
<1.8 nm; PELDOR was required to measure distances of ~2—-8 nm. However, the
data obtained for one pair were contradictory to the cw-EPR data, due to loop
regions being flexible; the broad nature of the associated distance distributions
supports this explanation. The L4/L7 distance was measured to be 4.8 nm; this
agrees with the previous model, indicating that these loops are on opposite sides
of the membrane. Subsequent addition of sodium and proline caused minimal

changes.

Another study focused on the structure of the backbone of TM IX, using PELDOR
to measure 16 double Cys variants'®. This TM domain had recently been
suggested to be involved in the translocation pathway'8. The results of the
measurements determined that this transmembrane domain was kinked; the bend
was suggested to act as a hinge, sealing the inward-facing cavity upon substrate

binding and opening for substrate release into the cell.

A more recent study specifically targeted extracellular loop 4 (EL4), proposed to
act as a gate to ligand binding sites'®’; the study used cw-EPR to investigate
mobility, polarity and accessibility profiles, and PELDOR to measure interspin
distances of PutP reconstituted into liposomes. The results of these studies show
that EL4 consists of two a- helices connected by a loop region (similar to LeuT and
vSGLT). One of the residues within EL4 is demonstrated to have hydrophobic
contact with the cTM1 (ten of the TMs of the 13-helix model are ‘core’, or cTMs),
sealing the extracellular gate upon substrate binding. This was further

consolidated in later work88,

Another member of the SSS is Mhp1, a Na*/benzyl-hydantoin symporter, believed
to operate via the alternating access model'8-19_ A single EPR study on this

system has been published, using PELDOR to determine interspin distances to
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investigate the movement of transmembrane domains under different ligand
conditions™. The results of the study indicate that sodium binding does not induce
a conformational change; instead it is the second substrate (in the presence of
sodium) that shifts the conformational equilibrium. This is contrary to previously
published crystal structures and suggests that LeuT-fold proteins may have at

least two different coupling mechanisms.

The small hydrophobic amino acid transporter LeuT is a bacterial homologue of
the neurotransmitter/sodium symporter (NSS) family, one of the subgroups that
make up the SSS. It is responsible for the cotransport of leucine and sodium
cations and is a homodimer''* although this is disputed. Only a single EPR group
has studied this protein, using mobility and accessibility experiments alongside
measurements of distance constraints'®?. These studies reported results that
suggested that the crystal structures at the time represented inhibited

conformations.

BetP, a Na*/glycine betaine symporter, is one of the most studied osmo-regulated
uptake systems; it is another member of the LeuT-fold group of proteins,
physiologically existing as an asymmetric homotrimer'93-1%4 An EPR study using
cw- and pulsed EPR methods'® resulted in determination that the C-terminal
domain weakly interacts either with corresponding domains in adjacent BetP
monomers, or with the lipid bilayer (the latter agreeing with a proposed functional
model)'®. It was also suggested that the packing within the trimer determined from
experimental distance constraints differs significantly from that seen in the crystal

structures.

The galactose permease GalP system is involved in monosaccharide transport
using chemiosmosis. It is a member of the MFS; it has a 12 transmembrane a-
helix fold with both the N-terminus and C-terminus located in the cytoplasm'%’.
Crystallography of the protein reconstituted into liposomes shows that it exists
functionally in trimers'®®. Conventional cw-EPR (i.e. label mobility studies) and
saturation transfer EPR techniques showed that the labelling site was oriented into
a densely packed interhelical region and that the packing of the helices is less tight
than the proposed models'®. Prior to the publication of any crystal data, EPR was
used to investigate the stoichiometry and selectivity of the lipids around the protein

in a membrane environment2°0,
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Another member of the MFS is LacY, a H*/B-galactoside cotransporter; the crystal
structure was first solved in 20032%', with various structures published since; it is
purported to function via the alternating access model?%?. Distance measurements
performed using PELDOR appear to support this assertion, with ligand-induced
conformational changes resulting in opposite movements of the cytoplasmic and

periplasmic ends of the transmembrane bundles?%3.

Glten is found within chemical synapses and couples aspartate transport to the
symport of three sodium ions within synapses. PELDOR measurements on two
trimerisation-domain mutants taken for both the apoprotein, and the protein in the
presence of coupling ions and substrate indicated that the trimerisation-domain
forms the stable core. Measurements performed on mutants of transporting
domains showed sampling of multiple conformations in all states to similar extents;
this is consistent with large- scale movement during the transport cycle.
Conformations favoured in the membrane environment are different from those
favoured in detergent micelles?%*. A simultaneous study by Georgieva et al.
demonstrated that the domain motions involved in the outward-to-inward transition
occur both in detergent and in membranes, and energies of the outward-facing
and inward-facing states were similar both in the presence and absence of

substrate?0%,
Antiport

Among the most studied and best characterised antiport systems is NhaA of E.
coli, a Na*/H* cotransporter thought to regulate pH and use proton motive force to
expel sodium?2°6-207 cw- and pulsed EPR techniques were used to confirm the
assertion that this protein can exist as a dimer?%-299, Further experiments
suggested that the dimerisation equilibrium is moderately pH-dependent. Building
on this, NhaA was reconstituted into liposomes in conjunction with PELDOR to
determine the physiological dimer structure?®®. Two points of contact within the
homodimer were found, contradicting preceding high-resolution crystal and cryo-
EM data (though it is stated that further investigation with varying pH is required to
confirm or refute these claims). NHE1, or Na*/H* exchanger isoform 1, is one of
nine mammalian isoforms similar in structure and function to the bacterial NhaA
protein; studies of this protein have been based on the structural model of NhaA,
with EPR being used to map and measure distance constraints to support this?'.

OxIT, a member of the MFS, is responsible for the exchange of oxalate for formate
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in Oxalobacter formigenes?’’. Much of the work done on this system has been
modelled on other members of the MFS, many of which are mentioned in this
review (e.g. LacY, GalP etc.). PELDOR was used to measure long-range
distances and it was found that OxIT adopts the inward-open and outward-open
states in the presence of substrate?'?; this is contradictory to previous homology-
modelled predictions, which suggested the conformation in which the cytoplasmic

side is sealed and periplasmic side is open would not be significantly populated.

Pho84 is an MFS phosphate/H* antiporter of Saccharomyces cerevisiae. The
crystal structure of the protein has not been solved but has been modelled on
other MFS members; a cw-EPR label mobility study has been used to investigate
the accuracy of a homology-modelled structure using GItPh?'3. Results were
promising, suggesting the model was accurate, though further studies would be

required to confirm this as not many sites on the protein were sampled.

LmrP is an MFS multidrug transporter from L. lactis which couples proton
translocation to the extrusion of cytotoxic molecules?'4. Initial EPR studies
undertaken gave evidence of distinct structural changes upon ligand binding or
protonation of specific residues; — most profound was the rearrangement of helix
XIII upon substrate binding, strongly indicating that the C- and N-terminal interface
plays an important role in controlled drug access?'>. Subsequent cw-EPR and
PELDOR studies suggest alternation between outward-open and outward-closed
conformations, caused by protonation of specific residues, allowing a
transmembrane protonation relay. A model was proposed involving the initiation of
transport via substrate binding and opening of the extracellular side, after which
specific residue protonation causes substrate release on the extracellular side.
This also causes a number of conformational changes leading to proton transfer

and release to the intracellular side?'®.

NorM of Vibrio parahaemolyticus was the first multidrug and toxic compound
extrusion (MATE) protein to be classified and is one of the best-studied so far;
several conserved acidic residues in membrane-embedded regions have been
identified that take part in Na*-coupled transport?'” but the mechanism of substrate

binding could not be elucidated from crystal structures.

MATE proteins were first categorised for bacteria but have also been found in
mammalian and plant cells and are believed to be universally present in all living

organisms'’® 2%8 |t has been demonstrated that MATE proteins play an important
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role in antimicrobial resistance of bacteria, making them an attractive potential
target for novel antimicrobial and anticancer drugs?'®, whereas in plants they
contribute to homoeostasis by secretion of waste products and detoxification of
metals, and in mammalian cells it is likely that they mediate final excretion of toxic

organic cations?'8,

Many MATE proteins are known to be Na*/drug antiporters although some
transporters have been discovered that use protons instead of sodium cations, like
PmpM of Pseudomonas aeruginosa or hMATE1 in human liver, kidney and
skeletal muscle cells'”®. MATE proteins show a wide range of substrate specificity
among which fluoroquinolones like norfloxacin are substrates for almost all of the
transporters. Each transporter can pump out several of a growing list of identified
compounds with very different chemical structures, from cationic dyes and
intercalators (e.g. ethidium bromide or doxorubicin) to aminoglycosides (e.g.

kanamycin and streptomycin) or B-lactam antibiotics (e.g. ampicillin)'".

The structure of MATE family proteins shows 12-13 a-helical transmembrane
segments (TMS)?2°. Steed et al. published an EPR study on Vc-NorM, using the
spin-labelled substrate homologue Ruboxyl as a paramagnetic probe to gather
information on location and mechanism of substrate binding and expected
translocation of substrate in Na* presence. Quantitative results for substrate
binding (both in the presence and absence of competitors) and Na*-dependence
were gained from cw-EPR lineshape experiments. Multiple modes of substrate
binding were detected from the data, with one high affinity binding site and non-

specific binding in case of substrate excess.

DEER experiments were used to locate the high-affinity binding site. Vc-NorM was
spin-labelled at six periplasmic sites and one cytoplasmic site in order to identify
the substrate position in crystal structure scaffolds of Vc-NorM?2' and Ng-NorM?22,
Results point to one membrane-embedded high-affinity substrate-binding site at
TMS 7, close to the loop at TMS 7/8 that probably shifts upon substrate/ion
binding. cw-EPR lineshapes also showed that addition of known substrates as
competitors for Ruboxyl binding led to reduction in Ruboxyl binding to the high-
affinity binding site to approximately 50%. Highly interesting was the discovery that
Na* concentration, varied from 0 to 100 mM, did not have any effect on substrate
binding nor did it trigger substrate translocation. The lack of Na*-dependence for

Ruboxyl binding supports the theory that MATE transporters (or at least NorM) do
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not operate according to the classical mechanism of antiport but via a transport
cycle comprising multiple equilibrium states that depend on a Na* gradient rather

than Na* concentration.

More recent work was done on Vc-NorM, exploring ligand-dependent
conformational changes using PELDOR. On the periplasmic side of the complex,
distances between spin labels suggested unique intermediate conformations as a
result of Na*, H" or doxorubicin binding. In particular, the arrangement of TM1 was
found to deviate from the prediction (from the crystal structures). The effect of H*
vs Na* concentration on a range of singly labelled variants along a small section of
TM1 was studied. It was found that the lineshapes of certain variants were
distinctly different in the presence of protons relative to sodium ions suggesting
differing structural arrangements of TM1 in these conditions; it may be that TM1
has a role in ion sensing. Additionally, the doxorubicin-bound form of Vc-NorM was
found to be stable in the presence of Na* but not in the presence of H*, suggesting
protons may play a role in drug dissociation. A series of residues were also
identified that are posited to be important for modulating conformational dynamics
in the NTD ion binding site??3.

SMR proteins are specific for a vast variety of substrates, including quaternary
ammonium compounds (QAC), other lipophilic cations and a multitude of

detergents, antiseptics, cationic dyes and antibiotics?24-226.

The main substrates of EmrE are tertiary and quaternary bulky aromatic cations
and other positively charged hydrophobic compounds. Substrates bind at Glu-14
embedded in TMS 1 and the extrusion mechanism using the proton motive force is
well characterised, although it is not yet fully understood on a structural basis.
EPR and SDSL were used to further elucidate the structure and its conformations

involved in the transport cycle.

The oligomerisation state was investigated using cw-EPR and SDSL, concluding
in agreement with other studies that it forms a homodimer??/-22¢, The question of
topology of the dimers is still discussed as arguments for both parallel and
antiparallel topology can be found?2%-23', Both cw-EPR??” and pulsed EPR?3? of
spin-labelled EmrE pointed towards a parallel topology which would also be the
conformation with least bias within the membrane. More recent cw-EPR results
though?33 support antiparallel topology. In this study, spin labels were introduced

along the axes of the TM helices to gain more insight in topology and
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conformational changes upon substrate binding. Accessibility assays with O» and
NiEDDA (Ni(Il)-ethylenediamine-N,N'-diacetic acid) with and without TPP* as
substrate were performed. Both NIEDDA and O: function as paramagnetic
relaxants and their collision frequency with spin label, resulting in characteristic
changes in EPR spectra, allows conclusions on the environment of the particular
spin label. NiIEDDA is only soluble in agueous phases whereas O enters only the
membranes and thus, membrane boundaries and lipid- facing or water-exposed
residues can be identified. EPR results showed, that a putative symmetric
interchange from apo to substrate-bound intermediate could not be verified by the
data. Instead, a permeation pathway of the substrate through the asymmetric
dimer was suggested. Both for further elucidation of substrate transport by EmrE
and for the still unresolved question of topology, Amadi et al. suggest long range

distance measurements.

PELDOR was later used to probe the previously unstudied conformational state of
EmrE subsequent to protonation. Protonation of residue E14 was found to give
rise to rotation and tilting of TMs 1-3, which form the proton/substrate binding site.
It is presumed that the reorientation of side chains that result from this movement
affects substrate affinity, and also alters access to the binding cavity. It is
suggested that the transporter rests in a novel protonated-occluded state. The
substrate binding releases the protons and prompts the alternating access
conformational changes between the inward- and outward-facing states, allowing

antiport without disrupting the proton gradient34.

EmrD is a member of the MFS. MFS transporters are ubiquitous; in bacteria they
are mainly used for nutrition uptake and extrusion of harmful compounds. They
consist of 12 TM helices, have two pseudosymmetrical halves and likely transport

substrates via alternating accessibility of a central cavity.

EmrD from E. coli is the only structurally characterised multidrug/H* antiporter
(DHA) of the MFS so far''" 235236 The crystal structure revealed a doubly
occluded conformation with unexpected features and an EPR study?®® followed to
assess the structure in a more native-like environment in unilamellar liposomes. In
this study, 76 EmrD mutants with spin labels introduced along their TM helical
axes were investigated using cw-EPR. Information gathered from EPR lineshape

and from accessibility assays with O> and NIEDDA were mostly consistent with the
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crystal structure, although major deviations were found for the orientation of TMS
5 and the topology of TMS 10 and 11.

Furthermore, EPR results showed pH-dependent conformational changes that led
to opening of a cytoplasmic cleft at TMS 2—4 in the N-terminal half of EmrD, a
region containing the MFS signature GxxxD(R/K)xG and conserved amino acid
residues Asp-68 and Asp-123 that could play a crucial role in H* transport, and
alongside mediated movement of TMS 6 that reduced accessibility at the
periplasmic side. Thus, Steed et al. could confirm a pH- dependent conformational
switch in EmrD as expected for a multidrug/H*-antiporter. Structural data on
substrate binding and transport by EmrD in vitro and in cell-based assays could
not be gained because their studies could not reproduce multidrug resistance
leaving the authors questioning the suitability of EmrD as a model for other MFS

DAH transporters.
Conclusions

Knowledge of protein structures at atomic resolution is essential to understand
function. Although crystallography remains the mainstream method to obtain
structural information, crystal structures of dynamic membrane transport proteins
are difficult to derive, and often crystallography only provide static snapshots.
Indeed, very few membrane proteins have been crystallized in more than one
conformation. Knowledge of such structural and conformational changes is a key
to understand how membrane transporters translocate substrates across the
membrane EPR spectroscopy can, in principle, provide such complex dynamic
information over a large range of distances, allowing for measurement of
distances, environment and protein dynamics. Taken together with the structural
information of protein snapshots from crystals, EPR has the power to enhance our
understanding of the complex functional dynamics at play in important

macromolecular protein complexes such as membrane transporters.
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Results & Discussion

During the course of this thesis, various different systems were investigated using
the methods and techniques outlined in the introductory sections. Here, these
systems are broken down and categorised into ABC-type transporter SBDs (MalE,
GInPQ SBDs 1 & 2, and PsaA) and secondary active transporters (VcINDY).
Though the underlying biological and mechanistic principles of these systems has
been broadly explained in the preceding sections, the specifics will be explored in

more detail here.
ABC-type Transporter SBDs

4 Maltose Binding Protein
4.1 Background

The ABC-type transporter responsible for importing malto-oligosaccharides and
maltodextrins in Escherichia coli, MalEFGK3, is one of the most widely studied
ABC system to date’ and is often used as a model complex for this class of
transporter. The SBD subunit of this system, MalE, is sometimes referred to as
maltose binding protein (MBP). As a member of the cluster B subgroup of SBPs
the general architecture of the protein is two globular lobes connected by a hinge
region of three interconnecting strands?. Crystal structures exist of this SBD in
both the open, ligand-free (PDB 10MP3; fig. 4.1.1 and fig. 4.1.2, green) and
closed, ligand-bound forms (1ANF with maltose; fig. 4.1.1 and fig. 4.1.2, blue.
Also, 3MBP and 4MBP- bound substrates maltotriose and maltotetraose

respectively*).
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Fig. 4.1.1: overlaid crystal structures of MalE in both the apoprotein and maltose-
bound states from different aspects showing significant conformational differences:
green is apoprotein and blue is maltose-bound (PDB 1OMP and 1ANF respectively).
Maltose is shown in magenta.

Fig. 4.1.2: crystal structures of MalE in both the apoprotein and maltose-bound
states with the hinge regions highlighted: green is apoprotein (hinge highlighted in
red) and blue is maltose-bound (hinge highlighted in orange; PDB 10OMP and 1ANF
respectively). Maltose is shown in magenta.

The crystal structures of the apo and maltose-bound forms of MBP clearly shows
the conformational changes of the lobes opening and closing around the substrate
binding cleft, about the hinge region as a classic example of the posited ‘Venus
flytrap’ mechanism. However, there is still some dispute over the overall

mechanism of maltose import as it relates to the entire complex of MalEFGKo.

In one theorised model the maltose-bound (demonstrated below, fig. 4.1.3), the
closed form of MalE binds to the TMDs, MalF and MalG, in the inward-facing
conformation; substrate binding to free MalE has a dissociation constant (Ky) of ~2
MM, and the binding of the substrate-bound MalE to the rest of the complex has a
Ky greater than ~45 uM?. This then switches to the outward-facing state as ATP
binds at the NBDs (MalK); the separation of the TMDs facilitates the opening of
the MalE to deposit the substrate into the cavity for translocation. ATP hydrolysis

then occurs, ADP and P; are released, and the TMDs rearrange to the inward-
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facing state, allowing the release of substrate into the cytoplasm®-’. A structure of
the complex in a stabilised intermediate of the mechanism has been reported, in
which the ATP-bound NBDs are locked in their dimerised state and the TMDs in
the outward-facing conformation. In this, the MalE sits atop the TMDs in the open
state and electron density for maltose was found in the bottom of the TMD cleft
(when maltose was modelled in to match the electron density, this fit well with the

interactions of surrounding resides)®.
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Fig. 4.1.3: representation of one of the proposed transport mechanisms of
MalEFGK2, in which the loaded SBD, MalE, docks onto the TMDs in the inward-
facing conformation, before ATP hydrolysis causes conformational change to
facilitate the deposition of substrate from translocation.

An opposing model theorises that the ligand-free, open state of MalE interacts with
the TMDs in the outward-facing conformation (Ky ~ 50-80 nM), which can then
allow substrate to bind (Ks ~120 uM)? (this is shown in fig. 4.1.4). Hydrolysis of
ATP drives the conformational change of the TMDs to the inward-facing state,
thereby releasing the substrate into the cytoplasm. This model states that MalE
and maltose are responsible for the return of the system to the inward-facing state,
but if ATP hydrolysis does not occur immediately upon substrate binding, the
ligand-bound, closed MalE will dissociate from the complex. This may also occur

as an autoregulatory mechanism in the presence of excess maltose® &.
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Fig. 4.1.4: representation of one of the opposing proposed transport mechanisms of
MalEFGK>, in which the unloaded SBD, MalE, is docked onto the TMDs in the
inward-facing conformation. ATP binding causes the conformational change that
allows substrate binding and deposition. Hydrolysis then drives the conformational
change back to the inward-facing state, or if this is not immediate, the loaded MalE
dissociates from the complex.

The functional dynamics of the overall transporter have been well studied using
EPR spectroscopic techniques®, but the focus on the SBP itself is relatively
lacking. However, some FRET investigations have previously been undertaken to
elucidate some mechanistic detail of the binding of MalE to various malto-
oligosaccharides and maltodextrins'®'!. This provides an opportunity to compare
FRET and EPR methods for distance measurements in relation to conformational
change; here, this thesis takes MalE as a well-studied, prototypical model in

studying SBD functional dynamics as a result of substrate binding.
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4.2 Results and Discussion
in silico spin labelling

The cysteine-containing variant of MalE, T36C/S352C, was originally designed to
investigate the binding of the substrate using sm-FRET. This method is very
complementary with EPR spectroscopy, and so the same construct can be used.
The cysteine mutation can be performed computationally, and the spin label
attached to it in silico using the crystal structure. A library of rotamers of the spin
label, based on the space around the site of attachment and its rotational freedom,
can be produced. Here, where we have two spin labels being computationally
attached, the predicted distance between them is calculated, and the distance
distribution (i.e. weighted probabilities of distances populated between the spin
label rotamers) can be predicted. The rotamer libraries were calculated for both of
the labelling positions in MalE (figure 4.2.1 and table 4.2.1) under both the apo
and maltose-bound from the crystal structures; these were calculated at ambient
temperature (298 K) using Multiscale Modelling of Macromolecular Systems
(MMM) software package that runs via MATLAB'2.

Fig. 4.2.1: the crystal structures of the apo (left) and maltose-bound (right) forms of
MalE (PDB 10MP and 1ANF respectively) with MMM-generated rotamer libraries
highlighted, at the residue positions where cysteines will be introduced; the
colouring indicates the sequence of the protein from N- to C-terminus, blue to red,
with maltose highlighted in pink. The distances to be measured are indicated by
dashed lines connecting the pairs of rotamer libraries.
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Table 4.2.1: rotamer libraries of the MalE variant cysteine sites in the apo and
maltose-bound forms, calculated from the crystal structures at 298 K using spin label
MTSL.

Calculated Rotamer Library (298 K)

Variant

Apo + Maltose
T36C 72 59
S352C 47 34

The rotamer libraries calculated here show relatively small differences between
the apoprotein and maltose-bound states for the individual mutation. This may
indicate that the area surrounding the mutation site won’t change dramatically
between the different binding states and so it is unlikely that any noticeable
differences will be observed in the lineshapes of the room temperature X-band cw-

EPR spectra.

The predicted distances and distance distributions for the double label pairs were
then calculated (table 4.2.2, below).

Table 4.2.2: the predicted distances between the pair of spin labels in the double-
labelled variant of MalE as extracted from the predicted distance distributions,
calculated at 298 K using spin label MTSL.

Predicted inter-label distance (A) (MMM @ 298 K)

Variant
Apo + Maltose

T36C/S352C 52.5 40.0
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cw-EPR & simulations
Room temperature X-band

The aforementioned variant of MalE was spin labelled with MTSL (details in
section 13.1 ‘Site directed spin labelling’). Labelling efficiencies of approximately
30-50% were routinely observed; these were calculated using a calibration curve
of spin label at known concentrations (double integration of the first derivative
signal yields area under the curve, which is related to the concentration of the
radical species in the sample), the spin label signal of the labelled protein and then
comparing with the measured concentration of protein, accounting for the
presence of two labelable cysteines per protein. The room temperature cw-EPR

spectrum of the double-labelled variant of MalE was recorded at X-band.

EPR Intensity (first derivative, a.u.)
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Figure 4.2.2: the room temperature cw-EPR spectrum of the apoprotein, MTSL-
labelled T36C/S352C variant of MalE at X-band.

Initially, this spectrum of the apoprotein form of MalE shows that the attached spin
labels have a fairly high degree of motional freedom, though not to the extent of
spin label tumbling freely in solution; the spectrum exhibits relatively sharp and
symmetric peaks, though the relative intensity ratio of these indicates that the label
is indeed attached to a larger molecule. Looking more carefully at the spectral

features indicates there may be a more restrictive environment surrounding the
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spin label; this can be observed in the asymmetric features around the higher- and
lower-field peaks, and in the broadness of the central peak. This may arise due to
a number of different reasons, or a combination thereof. For example, through
distinct conformations being sampled, different orientations of attached spin labels,
or a difference in the environment around each of the cysteine mutation sites (this

will be discussed further below).

Simulation was performed using the EasySpin package'? for MATLAB. Two
separate spin label species were defined to account for the spectral features
described above: one with shorter 1c to describe the more rotationally-free
environment, and the other with longer 1¢ to define the more restricted environment
(see table 4.2.3). The relative weightings of these species were varied. The
simulation was iteratively fitted to the experimental data in order to extract values
for certain parameters that could then be quantitatively assessed. Approximate
ranges of values of the g- and A-tensors for MTSL and MTSL-labelled proteins are
well-documented'#'® and have been used to input starting values for the

simulations and fittings performed here.

EPR Intensity (first derivative, a.u.)
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Figure 4.2.3: the fitted simulations of the room temperature cw-EPR spectra of the
apoprotein, MTSL-labelled T36C/S352C variant of MalE at X-band; experimental
data is shown as a solid line, fitted simulation is shown as a dotted line.
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The simulation required two separate spin label species with different 1c values in
order to achieve sufficiently low RMSD (a measure of the difference between the
fitted simulation and experimental input data), indicating that there are indeed spin
labels in very different environments present in the sample. As previously
mentioned, this probably arises due to the chemical and physical environmental
differences between the two labelling sites, T36C and S352C, where one site has

more rotational freedom around it than the other.

Free label in aqueous solution would typically have a 1¢ value of about 0.1 ns (see
section 2.2 ‘Correlation times’); the 1¢ value result of the more ‘mobile’ population
(2.7 ns) does not meet this criterion and is therefore not attributable to unbound
MTSL. However, the possibility of free label cannot be completely disregarded as
there may be some contribution to the sharpest features which were difficult to fit
(i.e. a very small population of a third spin label ‘species’), obscuring the broader
features of the less mobile species. This is observed most prominently the high

and low field peaks, where the simulation fits the experimental data the least.

The presence of these sharp peaks may have distorted the relative populations of
the two simulated spin label species. As can be deduced from the broadness and
asymmetry of the spectral lines underlying the sharper features, it would be
expected that the 1¢ values for the spin label species/environments would range
from about 1 to 5 ns (see section 2.2 ‘Correlation times’). However, a weighted
average of the fitted simulation results yields a 1c of 11.9 ns, approximately one

order of magnitude slower than would be visually estimated.
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Low temperature X-band

The X-band cw-EPR spectrum of the T36C/S352C variant of MalE was also

recorded at low temperature (50 K).

EPR Intensity (first derivative, a.u.)
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Figure 4.2.4: the low temperature cw-EPR spectra of the apoprotein, MTSL-labelled
T36C/S352C variant of MalE at X-band, recorded at 50 K.

The spectrum does not appear to exhibit any broadening as a result of dipolar
coupling of two spin labels at a distance of less than about 20 A; i.e. the areas of
baseline between each of the peaks do not deviate significantly from that on either
side of the spectral envelope, and the central peak does not appear to be
particularly broad. This supports the prediction made in the in silico labelling
experiment, which calculated an inter-label distance of 52.5 A in the apoprotein
form. This spectrum was then simulated and fitted to the experimental data using

the EasySpin package’'? for MATLAB.
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EPR Intensity (first derivative, a.u.)
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Figure 4.2.5: the fitted simulations of the low temperature cw-EPR spectrum of the
apoprotein, MTSL-labelled T36C/S352C variant of MalE at X-band, recorded at 50
K; experimental data are shown as solid lines, fitted simulations are shown as dotted
lines. All spectra have been normalised to same scale.

The simulation was performed by taking the results of the best fit of the simulation
of the room temperature X-band cw-EPR spectrum as a starting point. The
simulation obtained better visual convergence when two separate spin species

were accounted for, much like the room temperature data.
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In general, there is good agreement between the values of the x, y and z
components of the g-tensors of both spin label ‘species’ extracted from the fitted
simulations of both the room and low temperature spectra. However, this is most
likely a product of the limited user-allowed variation of the fitting algorithm around
sensible estimates that are well-known from literature studies’-'%. Indeed, at X-
band the values of the x and y components for both the g- and A-tensors cannot
be considered reliable. As explained previously (section 2.2 ‘Multifrequency EPR’),
the relatively small g-value anisotropy of organic radicals such as MTSL causes
the individual x, y and z contributions to overlap'®'’. As A, is significantly larger
than Axx or Ayy for nitroxide radicals, this dominates the spectrum and masks the
features attributed to the remaining g- and A-tensor components. As g-values
scale with the applied magnetic field, and A-values do not, W-band EPR (~95
GHz, ~3.5 T applied field for spin label spectra) or higher would provide sufficient

resolution to extract experimental values of gxx, Qyy, Axx and Ayy.

Simulation of a room temperature spectrum in the ‘intermediate’ regime (i.e. for
species not freely tumbling in solution with Brownian motion) requires the input of
separate X, y and z components for the g- and A-tensors. However, the sample is
actually still under largely isotropic conditions, so the g-; and A, values extracted
here should not be considered accurate; instead, averaging of the g- and A-
tensors can be used to report giso and Aiso. Furthermore, the 1 value (which is also
computed through its x, y and z components, and averaged for reporting
purposes) is often the main parameter being elucidated in these simulation fittings.
The room and low temperature spectra, and by extension the values extracted by
fitting of simulated spectra, are not directly comparable and are used largely
independently to characterise the same systems in different ways. Nevertheless, it
can be helpful to take best-fit values from one set of data to begin the simulation
fitting of the other.
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Pulsed EPR

The MTSL-labelled T36C/S352C variant of MalE was studied using PELDOR
spectroscopy in both the apoprotein and maltose-bound forms. The raw time
traces were processed using the DeerAnalysis package'® which runs on MATLAB.
This involves fitting the background factor to account for the exponential decay of
the signal. An automated Tikhonov regularisation (which gives accurate
approximate solutions to ill-posed problems, such as that posed by extracting
distance from PELDOR data) is then applied to find a compromise between
suppressing artefacts (introduced by noise) and the resolution of the distance
distribution. The resulting distance distributions are yielded with colour-coded

confidence bands (primarily a result of the measured dipolar evolution time).
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Fig. 4.2.6: the 4P-PELDOR data and resulting distance distributions of MTSL-
labelled T36C/S352C MalE: a) raw’ data (trace of the echo decay and oscillation
in the time domain) of apoprotein form, black, and maltose-bound form, red, b)
background factor subtracted time trace (apoprotein in black, maltose-bound in
red), c) apoprotein distance distribution output, d) maltose-bound distance
distribution output, e) scale-normalised overlay of the distance distributions
(apoprotein in black, maltose-bound in red), f) scale-normalised overlay of the
distance distributions (apoprotein in black solid line, maltose-bound in red solid
line) with fitted simulations (from MMM, apoprotein in black dotted line, maltose-
bound in red doftted line).

The distance distribution of the apoprotein form MalE exhibits a single mode
peaking at 52.9 A, in good agreement with the prediction of 52.5 A. The
confidence in the value is fair, but the accuracy of the distribution (i.e. how sharp
or broad the population is) is low. This can be related back to the raw time trace
and background correction; though the dipolar evolution time is reasonably long
(~4 us) the oscillation appears shallow, enhancing the obscuring effects of noise

on the subsequent data analysis process. For this reason, it is likely we can also
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disregard the features in the distribution at short distances. This is reinforced by
the low temperature cw-EPR results (see fig. 4.2.4 and fig. 4.2.5), which would
demonstrate some broadened spectral features if any inter-label distances less

than about 20 A are present.

Such short distances (i.e. <20 A) would also likely manifest in the time trace as a
notably sharp peak and steep drop-off in signal in the first 0.5-1 ps. This is
potentially the case in the time trace data for the maltose-bound form, which is the
probable cause for the presence of distances <20 A in the distribution. Measuring
the samples at low temperature (20-80 K) with X-band cw-EPR would be
necessary to conclude whether this is the case. The majority of the inter-label
distances were measured at around 40.5 A, however. This feature is broad,
indicating either that there is a fairly wide range of conformations being sampled,
or is a by-product of the processing method. The former argument is supported by
the raw and background-fitted time domain data, which shows a shallow and
broad oscillation, and the confidence bands suggest that the accuracy of the
distribution is good. The distance also corresponds well with the in silico labelling

experiment prediction of 40.0 A.
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Comparison with sm-FRET

The variant of MalE studied here was originally designed for sm-FRET studies,
and this data was recently published'! (see table 4.2.5 for a summary of relevant

results).

Table 4.2.5: comparison of the distance-based data, both predicted and measured,
with the reported FRET efficiencies? of the fluorescent-labelled MalE T36C/S352C
in both the absence and presence of maltose. The distance measurements consist
of: the distance between the C, atoms of the mutation positions as calculated from
the crystal structures, the distances between the spin labels in the double-labelled
as predicted from the simulated distance distributions calculated at 298 K using spin
label MTSL, and the measured distances between the spin labels in the double-
labelled variants as extracted from the distance distributions obtained from the
PELDOR experiments.

@ — data reported in publication by de Boer et al., 20197

Conditions Distance (A) FRET Efficiency, E*
(ALEX sm-FRET)?

Cu-Cq MMM PELDOR

MalE Apo 51.0 52.5 52.9 0.646 + 0.003

MalE + Maltose 40.8 40.0 40.5 0.824 + 0.002

The distance measurements obtained using PELDOR spectroscopy agree very
well with the data obtained from the crystal structures. The T36-S352 Cy-Cq
distance showed a change from 51.0 to 40.8 A upon maltose binding (A=10.2 A),
and the MMM-predicted distance distribution of the MTSL-labelled T36C/S352C
variant projected a ~12 A change (52.5 to 40.0 A upon substrate-binding). This
value was confirmed by the PELDOR results (52.9 to 40.5 A; A=12.4 A),

demonstrating how powerful a tool the prediction software can be.

A very similar variant, with cysteine mutations introduced at the lobes (two
residues away either side of the variant used here; K34C/R354C) has been
studied previously using sm-FRET'?, and again in the more recent publication.
However, the binding of the K34C/R354C variant in the latest publication was not

studied with maltose".
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Table 4.2.6: comparison of the predicted distance-based data, with both the
reported sm-FRET distances” and FRET efficiencies® of the fluorescent-labelled
MalE K34C/R354C in both the absence and presence of maltose. The predicted
distance measurements consist of: the distance between the C, atoms of the
mutation positions as calculated from the crystal structures, and the distances
between the spin labels in the double-labelled as predicted from the simulated
distance distributions calculated at 298 K using spin label MTSL. Dashes indicate
where there is no published data.

b — data reported in publication by Kim et al., 2013°
¢ — data reported in publication by de Boer et al., 2019’

Conditions Distance (A) FRET Efficiency, E*
(ALEX sm-FRET)°

Cu-Caq MMM sm-

FRET®
MalE Apo 59.2 65.0 58.3 0.524 +0.010
MalE + Maltose 50.3 51.4 49.0 -

Here, the distance measurements obtained using sm-FRET are shown to agree
with the measurements made using the crystal structures. The K34-R354 C4-Cq
measurements showed a change from 59.2 to 50.3 A (A=8.9 A) upon maltose
binding, and the distance distribution of the corresponding MTSL-labelled
K34C/R354C variant predicted in silico yielded a change from 65.0 to 51.4 A
(A=13.6 A). The former agrees well with the reported sm-FRET distance change of
9.3 A (58.3 to 49.0 A)'°.

It is difficult to quantitatively compare all of these results with the data reported
from FRET studies. Whilst FRET efficiency related to the distance between the
fluorescent labels (higher FRET efficiency occurs when the labels are closer
together), it cannot be converted into a distance measurement without knowledge
of certain experimental details'®. However, qualitative assessment shows the
FRET efficiencies correspond with a longer inter-label distance in the apoprotein
state, and a shorter inter-label distance in the maltose-bound state, and the source
publication of the FRET data shown here states a 10 A closure of fluorescent dye-
labelled T36C/S352C MalE upon maltose binding'". In comparison, the PELDOR

distance distributions of the same variant (spin-labelled) report a difference of 12.4

A
117



When both variants and their respective datasets are considered together, the
values describe a consistent trend, especially bearing in mind that the two double
variants (T36C/S352C and K34C/R354C) are labelled in very similar positions,
only offset by two residues either side of one another. The similarities between the
results for these variants across both measurement methods highlights the
complementarity of the two techniques. These also align with the predictions taken
from the crystal structures, validating the measurements using a relatively simple
and well-known protein. When applied to more complex systems they may provide
insight into conformations that are not so easily accessed through crystallography

(or other more typical methods).
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Comparison with models

The distance constraint data recorded here are not extensive enough to inform
much on the overall transport model of the MalEFGK> system. Nevertheless, the
remarkable agreement in the data obtained through all three of these methods
(crystallography, EPR and FRET) provide a unified picture of the conformations
that MalE exists in, in both the absence and presence of maltose. This view of the
two ‘extremes’ of binding (i.e. fully unbound and fully bound) which demonstrates
relatively large conformational change between the two lobes fits well with the

prevalent Venus flytrap model of SBP binding?%-22.

However, to verify that there are only two conformations accessible by MalE a
more extensive investigation should be performed, in which substrate is
progressively titrated to access the conformational dynamics exhibited in sub-
stoichiometric situations. Should the hypothesis hold true PELDOR would allow a
discernible change to be followed in the relative populations of each in the
distance distributions. Conversely, alternative or intermediate conformations would

result in populations at different distances being observed.

One of the potential weaknesses of FRET is that if the binding-induced changes in
conformational dynamics are faster than the millisecond timescale the histograms
will not show discrete populations, and the distributions will be unimodal (as an
average of the populations present in the sample). In contrast, PELDOR uses
frozen solutions which can provide a snapshot of the ensemble of protein
molecules in their various stages of binding (though multiple similar conformations

may cause broadened distributions).

In the recent FRET study different conformations of MalE were found using
different malto-oligosaccharides and maltodextrins as substrates''. The findings
demonstrated that the inter-lobe closure of MalE differs depending on the size of
the substrate. Smaller substrates (maltose, maltotriose and maltotetraose) caused
~10 A closure (i.e. difference between open and closed conformations.
Meanwhile, mid-sized malto-oligosaccharides (maltopentaose and maltohexaose)
gave a ~7 A closure, and the large substrate maltoheptaose yielded a closure of
~5 A. Non-cognate ligands also bound to MalE, but they did not close the protein
to the same extent as the cognate ligands: maltooctaose and maltodecaose
caused a ~5 A closure; B-cyclodextrin, maltotriitol and maltotetraitol closed the

protein <5 A.
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5 Amino Acid Transporter GInPQ

5.1 Background

The amino acid transporter GInPQ from Lactococcus lactis is a slightly unusual
ABC-type transporter in that it uses multiple SBPs per complex. This consists of
two separate pairs of SBP, tethered to the rest of the complex in tandem, for a
total of four SBPs??; on each tandem pair there is SBD1, which binds asparagine

and glutamine, and SBD2, which binds glutamine.

SBD1

Fig. 5.1.1: representation of the overall architecture of the GInPQ complex,
highlighting the unusual arrangement of multiple SBDs tethered in tandem to the
rest of the transporter complex.

At present, there are four published crystal structures of the SBDs of this system:
two of SBD1 (in the apoprotein state, PDB 4LA9%4, and in the asparagine-bound
form, PDB 6FXG?°) and two of SBD2 (in the apoprotein form, PDB 4KR524, and in
the glutamine-bound state, PDB 4KQP?4). Though their overall sequence identity

is very low (<50%), the fold of these two different proteins is very similar?®.
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Fig. 5.1.2: overlaid crystal structures of the GInPQ SBDs in their apoprotein states
from different aspects showing the similarity of their folds: green is SBD1 and orange
is SBD2 (PDB 4LA9 and 4KR5 respectively).

From these crystal structures, it can be observed that the proteins fit the
conventional arrangement expected of SBPs; two globular lobes, connected by a
hinge region. In this case, since they belong to the cluster F-1V group of SBPs, that

hinge region consists of two peptide stretches of about 8-10 amino acids each?.

Fig. 5.1.3: crystal structures of the GInPQ SBDs in their apoprotein states with the
hinge regions highlighted: green is SBD1 (hinge highlighted in red) and orange is
SBD?2 (hinge highlighted in cyan;, PDB 4LA9 and 4KR5 respectively).

The aforementioned deviation in sequence identity between these two proteins is
likely related to the marked difference in their substrate specificities and
dissociation constants. SBD1 is known to bind both glutamine and asparagine,
with Ky values of 92 yM and 0.2 uM respectively. Meanwhile, SBD2 binds
glutamine with high affinity (K4 0.9 uM)?5; it is also known to bind glutamate,
though no binding affinity data has yet been obtained. It is thought that these
proteins bind their respective substrates via an induced fit mechanism'"- 26, which
would fit with the conformational dynamics of the Venus flytrap model. Recent
studies using FRET showed that the GInPQ SBDs sample several different

conformations depending on the substrate that is being bound and, in some cases,
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the SBDs will bind non-cognate and non-transported ligands, which interfere with

the uptake of cognate ligands, but do not trigger protein closure’’.

Here, the majority of the studies have been directed towards SBD1 and its binding
of glutamine and asparagine and considering how the results obtained using
various EPR techniques compare with the Ky information and FRET data. SBD2
studies have also been undertaken to provide insight into the binding of glutamine

and glutamate.
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5.2 Results and Discussion

in silico spin labelling

The cysteine-containing variants of the GInPQ SBDs were designed for studies
using sm-FRET, which is complementary with EPR spectroscopy (both use the
thiol sidechain chemistry of cysteines to specifically label positions within a
protein). The cysteine mutations (Q87C/T159C for SBD1, and T369C/S451C for
SBD2) and spin label attachments can be simulated in silico from the crystal
structures, with rotamer libraries of the spin label produced based on the sampling
of space around the site of mutation. Here, where we have two spin labels per
protein being modelled, the distances between each spin label pair can be
calculated, and their distance distributions predicted (i.e. weighted probabilities of

distances populated between the spin label rotamers).

The rotamer libraries were calculated for the labelling positions in both SBD1 and
SBD2, in the apo and substrate-bound forms for each, from the published crystal

structures; these were calculated at ambient temperature (298 K) using Multiscale

Modelling of Macromolecular Systems (MMM) software package that runs via
MATLAB'.

Fig. 5.2.1: the crystal structures of the apo (left) and asparagine-bound (right) forms
of GInPQ SBD1 (PDB 4LA9 and 6FXG respectively) with MMM-generated rotamer
libraries highlighted, at the residue positions where cysteines will be introduced; the
colouring indicates the sequence of the protein from N- to C-terminus, blue to red,
with asparagine highlighted in pink. The distances to be measured are indicated by
dashed lines connecting the pairs of rotamer libraries.
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Fig. 5.2.2 the crystal structures of the apo (left) and glutamine-bound (right) forms
of GInPQ SBD2 (PDB 4KR5 and 4KQP respectively) with MMM-generated rotamer
libraries highlighted, at the residue positions where cysteines will be introduced; the
colouring indicates the sequence of the protein from N- to C-terminus, blue to red,
with glutamine highlighted in pink. The distances to be measured are indicated by
dashed lines connecting the pairs of rotamer libraries.

Table 5.2.1: rotamer libraries of the GInPQ SBD variants in the apo, GIn-bound and
Asn-bound forms, calculated from the crystal structures at 298 K. Dashes indicate
where there is no published crystal structure.

Calculated Rotamer Library (298 K)

Variant

Apo + GIn + Glu + Asn
SBD1 Q87C 85 - - 86
SBD1 T159C 115 - - 118
SBD2 T369C 69 56 - -
SBD2 S451 47 33 - -

These calculated rotamer libraries mostly indicate only small differences between
the different substrate-binding states for the individual mutation sites in each
protein. This can be interpreted as a prediction that the space around the site of
mutation won’t change much between the different conformations (i.e. apoprotein,
or substrate-bound), and so it is unlikely that any noticeable differences will be

observed in the lineshapes of the room temperature X-band cw-EPR spectra.
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The predicted distances and distance distributions for the double label pairs were

then calculated.

Table 5.2.2: the predicted distances between the pairs of spin labels in the double-
labelled variants of the GInPQ SBDs as extracted from the predicted distance
distributions, calculated at 298 K. In cases where there are multiple modes in the
distance distributions, the predominant value is shown in bold. Dashes indicate
where there is no published crystal structure.

Predicted inter-label distance (A) (MMM @ 298 K)

Variant

Apo + GIn + Glu + Asn
SBD1 Q87C/T159C 50.2 - - 37.5
SBD2 T369C/S451 57.6 47 1 - -

From these predictions it can be seen that reasonably large changes in the modes
of the distance distributions, of 10 A or more, can be expected upon substrate

binding.
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cw-EPR & simulations of SBD1
Room temperature X-band

The Q87C/T159C variant of SBD1 was spin labelled with MTSL (13.1 ‘Site
directed spin labelling’); the best labelling efficiency of ~94% was achieved (issues
with other protein batches will be discussed later). As before, this was calculated
using the measured signals of a calibration curve of spin label at known
concentrations and that of the labelled protein sample, comparing with the
measured concentration of the protein after the labelling process. The room
temperature cw-EPR spectra of the double-labelled SBD1 were recorded at X-
band in three states: apoprotein, GIn-bound and Asn-bound (details of substrate

binding in section 13.1 ‘Substrate additions’).
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Fig. 5.2.3: the room temperature cw-EPR spectra of the MTSL-labelled
Q87C/T159C variant of SBD1 at X-band in various binding states: apoprotein in
black, Gin-bound in blue and Asn-bound in red. All spectra have been normalised
to same scale.

In all three cases the spectra indicate that the attached MTSL has a high degree of
motional freedom, as would be expected from the rotamer library predictions from
the in silico label attachment calculations (85 and 115 for Q87C and T159C
respectively in the apoprotein form), though those predictions should always be
considered with a degree of scepticism due to the assumption that the crystal
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structure accurately reflects a physiologically-relevant state and is taken as a rigid
body. A qualitative assessment of the differences between the three spectra above
indicates small variations mainly seen in the outer peaks; in the substrate-bound
forms a slightly sharper feature on the high-field peak can be observed, as well as

a somewhat more defined shoulder on the low-field peak.

As stated above, a labelling efficiency of ~94% was achieved. This result is taken
from early labelling experiments of SBD1. Various problems were encountered
with later samples, both in those that were produced and purified in-house and
those provided by collaborators. These difficulties included lower yields, loss of
protein during the labelling process, lower labelling efficiency (from ~30% to
~50%), and inactive protein (i.e. samples that would not bind any substrate). The
reasons for this are as yet unknown and have hindered efforts in performing more

complex experiments (which are outlined later for potential future work).

In order to extract accurate values for various parameters, to then be able to
quantitatively assess and compare them, these spectra must be simulated and
fitted. This was performed using the EasySpin package'? for MATLAB. As
previously mentioned, approximate starting values for the g- and A-tensors of

MTSL'-15 are used as input for the simulations and fittings performed here.
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Fig. 5.2.4: the fitted simulations of the room temperature cw-EPR spectra of the
MTSL-labelled Q87C/T159C variant of SBD1 at X-band in various binding states:
apoprotein in black, GIn-bound in blue and Asn-bound in red; experimental data are
shown as solid lines, fitted simulations are shown as dotted lines. All spectra have
been normalised to same scale.

For each of the simulations it was found that two spin label species were needed
to achieve sufficiently low fitting RMSDs. These account for one species with
shorter 1. and the other with longer 1¢; the distinction between these environments
is minimal in all parameters other than 1¢, where there was a difference of 1 order

of magnitude (table 5.2.3) within each fitted simulation result.

However, as previously discussed at greater length (section 4.2. ‘cw-EPR &
simulations’), the limitations of room temperature X-band cw-EPR means that the
the g- and A-tensors should only be considered estimates (though, provided the
input values and allowed variation parameters are sensible based on well-reported
literature values, they should be ‘good’ approximations). Instead it is perhaps more
appropriate to report averages of the tensors (i.e. giso and Aiso) if comparisons or
differences are being drawn between the three binding states. Here, the extracted
Tc values are the main output being studied (the g- and A-tensors are more

accurately reported by the fitted simulations of the low temperature data below).
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There is little difference between the three binding states; they all consist of two
different components of differing 1c, wherein the shorter 1c (1.8 to 2.7 ns)
dominates the relative weightings. Across the three fittings, the relative weightings
of the separate species within each are reasonably consistent at 0.67:0.33 +0.06,
which may represent the relative ratio of labelling at the individual cysteine sites.
From the MMM in silico labelling experiments, the apoprotein and Asn-bound
forms of SBD1 both have very similar rotamer library populations of 85/115 (43:57)
and 86/118 (42:58) at the Q87C/T159C sites respectively. Whilst it is important to
remember that these predictions are not necessarily indicative of behaviour of
protein in aqueous environment, there is correlation between the dominance of
one species with a shorter 1¢ in the experimental data and a more ‘accessible’

labelling site as predicted from computational calculations.

The weighted averages of the 1¢ of all three species are slightly different: 6.3 ns for
the apoprotein, 8.1 ns in the GIn-bound state and 7.8 ns in the Asn-bound state.
As there is no crystal structure data for the GIn-bound form, it is difficult to draw
any conclusions from this. However, an initial comparison of the apoprotein and
Asn-bound states contradicts the expectation based on the MMM predictions; a
longer T1¢ is extracted from the form with the higher number of rotamers at both of

the cysteine sites.

Though the differences between the spectra of SBD1 in its various binding states
are minimal, the discussion of the other extracted parameters (i.e. g- and A-
tensors, particularly those of the apoprotein form) will be continued in more detail

as comparison to those of SBD2 (section 5.2 ‘cw-EPR & simulations of SBD2’).
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Low temperature X-band

The X-band cw-EPR spectra of the Q87C/T159C variant of SBD1 were also
recorded at low temperature (20 K) for all three binding states: apoprotein, Gin-

bound and Asn-bound.

EPR Intensity (first derivative, a.u.)
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Fig. 5.2.5: the low temperature (20K) cw-EPR spectra of the MTSL-labelled
Q87C/T159C variant of SBD1 at X-band in various binding states: apoprotein in
black, Gin-bound in blue and Asn-bound in red. All spectra have been normalised
to same scale.

The spectral characteristics of the three binding states at low temperature do not
appear to differ much; when overlaid (see fig. 5.2.6), it is clear that there is no
observable dipolar broadening in either of the substrate-bound states when
compared with the apoprotein spectrum, meaning there is unlikely to be any
changes in inter-label distances to less than 20 A. This agrees with the results of
the in silico labelling models, which calculated an inter-label distance of 37.5 A in
the asparagine-bound form of SBD1 Q87C/T159C. As this binding state is posited
to demonstrate the greatest lobe closure (based on FRET studies' 2%), it can be
inferred that the glutamine-bound form, by virtue of its spectral similarities to that
of the Asn-bound SBD1, also does not experience inter-label distances of below
20 A.
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Fig. 5.2.6: the overlaid low temperature (20K) cw-EPR spectra of the MTSL-
labelled Q87C/T159C variant of SBD1 at X-band in various binding states
(apoprotein in black, Gin-bound in blue and Asn-bound in red) highlighting the
minimal differences between them. All spectra have been normalised to same
scale and centred upon one another by minor frequency adjustments.

These spectra were then simulated and fitted to the experimental data using the
EasySpin package'® for MATLAB. The best-fit results of the fitted simulations of
the room temperature cw-EPR spectra were taken as starting parameters for this

analysis. Two spin label species were used per simulation.
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Fig. 5.2.7: the fitted simulations of the low temperature cw-EPR spectra of the
MTSL-labelled Q87C/T159C variant of SBD1 at X-band in various binding states:
apoprotein in black, GIn-bound in blue and Asn-bound in red; experimental data are
shown as solid lines, fitted simulations are shown as doftted lines. All spectra have
been normalised to same scale.

The results of the fitted simulations confirm that the three binding states do not
yield noticeably different low temperature cw-EPR spectra. There is clear
agreement in all parameters extracted from each of the fittings (see table 5.2.4).
However, one should bear in mind the limited capability of low temperature X-band
cw-EPR to resolve individual components of the g- and A-tensors. The similarities
between the parameters extracted from these fitted simulations across the three
different states are not necessarily accurate; it may be the case that there are
variances across the binding states that are not distinguishable at this resolution. If
the experiments were repeated at higher frequency (i.e. W-band or above), the
potential subtle differences between the chemical and physical environments of
the spin labels across the binding states may be observable'®'”. These results will
be discussed in greater detail, and compared with the equivalent data for SBD2, in

a later section (5.2 ‘cw-EPR & simulations of SBD2’).
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Power saturation

The room temperature cw-EPR spectra of the Q87C/T159C variant of SBD1 at X-
band were also measured as a function of applied microwave powers of for all
three binding states: apoprotein, GIn-bound and Asn-bound. The attenuation of the
microwave power was increased in 3 dB steps (on this attenuation scale a 3 dB
increase halves the applied microwave power in mW). Intensity was taken as the
first derivative peak-to-trough height of the central resonance line (m; = 0) of the

nitroxide spin label and is related to P12 as shown in equation 35?7.

Ye _ ¢

I=AVP ll yEemyr Pl (3%)
Py,

Where | is signal intensity (a.u.), A is a scaling factor related to the slope of the

increase in | with VP in the non-saturating regime, P is the applied microwave

power (mW) and € is a measure of the homogeneity of the saturation of the

resonance line (where the homogeneous limit is 3 and inhomogeneous limit is
1)%7.

The data were processed initially for an estimate of the P12 value as shown below
(fig. 5.2.8 = 5.2.10).
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Fig. 5.2.8: the processed room temperature cw-EPR power saturation data of the
MTSL-labelled Q87C/T159C variant of SBD1 at X-band in the apoprotein binding
state. Two sets of data points were selected to fit linear trendlines (these lines are
shown in red and blue, with their respective equations).
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Fig. 5.2.9: the processed room temperature cw-EPR power saturation data of the
MTSL-labelled Q87C/T159C variant of SBD1 at X-band in the GIn-bound state. Two

sets of data points were selected to fit linear trendlines (these lines are shown in red

and blue, with their respective equations).

y = -0.010639 * x + 0.701044

1/VP (normalised)
&
L

y = -0.495355 * x + 0.978949

T T T
0 1 2

-1
Log(vP)

Fig. 5.2.10: the processed room temperature cw-EPR power saturation data of the
MTSL-labelled Q87C/T159C variant of SBD1 at X-band in the Asn-bound state. Two
sets of data points were selected to fit linear trendlines (these lines are shown in red
and blue, with their respective equations).
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The equations of the trendlines can be used to find the x value at which they

cross, and then solved to give an estimate for the P12 value in mW.

Table 5.2.5: the estimated P12 values (mW) for the MTSL-labelled Q87C/T159C
variant of SBD1 under various binding conditions, as calculated from the processed
room temperature cw-EPR power saturation data. Two trendlines were applied to
distinct sections of each of the plots and solved for the x-value at which they
intercepted.

Condition Estimated P12 (mW)

SBD1 Apo 0.42
SBD1 + GIn 0.62

SBD1 + Asn 0.47

The estimate P12 value across the binding states does not differ significantly.
There is a slight increase when substrate is bound (particularly in the Gln-bound
state), but this is probably within the level of error of this method. The trendlines,
particularly that of the ‘flat’ section of the plot, are heavily influenced by the signal
to noise level of the data from which the intensity is extracted. This is why at lower
powers some of the data points may not be used for the trendline fitting; this is
especially noticeable in the data presented for the Asn-bound state (fig. 5.2.10).
The accuracy here may be improved by increasing the number of scans at each
step. This, however, could significantly increase the time of the experiment and
should thus be considered in balance with the potential to decrease noise in the

spectra.

As can be seen in from the processed data plots, the ‘sloped’ trendline is applied
to only a handful of data points. In order to increase the accuracy the increments
of attenuated microwave power at which spectra are recorded could be decreased
(i.e. every 1 dB rather than every 3 dB). Since this regime gives greater signal

intensity, the experimental run-time will not increase excessively.

For a more accurate value for P12 equation 35 was fit to the data itself (figure
5.2.11).
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Fig. 5.2.11: the room temperature cw-EPR power saturation data of the MTSL-
labelled Q87C/T159C variant of SBD1 at X-band in various binding states:
apoprotein (black), GIn-bound (blue) and Asn-bound state (red). These data were
each fit with equation 35, varying parameters A, P and €. The data points are
marked by circles and the fits are shown by the lines in the respective colours of the
binding state.

Table 5.2.6: the calculated P+, values (mW) for the MTSL-labelled Q87C/T159C
variant of SBD1 under various binding conditions, as determined from the fitting of
the room temperature cw-EPR power saturation data with equation 35. The scaling
factor, A, and saturation homogeneity measure, € are also stated. R? values of the
fits are given.

Condition P2 (mW) A € R?

SBD1 Apo  0.5003 0.8575 1.964 0.9384
SBD1 + GIn  0.5004 0.9336 1.966 0.9612

SBD1 + Asn 0.5008 0.7803 1.964 0.8642
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This method demonstrates that there is a good fit of the equation to the
experimental data (the R? values provide a measure of the match to the data, i.e.
the closer to 1 the better the fit), though the fit is poorer for the Asn-bound state
data. As previously stated, this is likely due to the poor signal to noise of the data
collected at lower powers. The P42 values calculated from this fitting method
generally agree with those estimated by fitting two straight trendlines, though there
is no real variation between the values for each of the binding states. Furthermore,
it should be noted that in order to obtain ‘sensible’ P12 values, the equation had to
be fitted iteratively. Firstly, the resulting best-fit value for the A factor was taken
from the fit that allowed A, € and P4, to vary. This value was then placed into the
equation without allowing it to vary, and only € and P12 were then fit. The resulting
best-fit value for € was then taken and placed into the equation and only P12 was

then allowed to vary for the final fitting.

The data would likely be best measured again, perhaps using smaller attenuation
increments at high power and certainly more scans per slice at low powers to
account for the signal to noise (as the value of A is heavily influenced by the data
obtained at lower powers). Additionally, integrating each spectrum twice (to find
the area under the curve) may yield more accurate signal intensity, though this
also poses a problem in the data processing in correcting any baseline

abnormalities in a consistent manner.
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cw-EPR of SBD2
Room temperature X-band

The T369C/S451C variant of SBD2 was spin labelled with MTSL (details in section
13.1 ‘Site directed spin labelling’), attaining a best labelling efficiency of ~94%.
This was calculated as previously detailed with a calibration curve of known
concentrations of spin label in solution. The room temperature cw-EPR spectrum
of the apoprotein MTSL-labelled SBD2 was recorded at X-band. As with SBD1,
the best labelling efficiencies were achieved with the earlier preparations of
protein; later batches either did not produce similar yields or labelled less well
(from ~10% to ~55%) or significant losses were suffered during the labelling

process.

EPR Intensity (first derivative, a.u.)

1 1 1 ] 1 1 1 1 ] 1
3430 3440 3450 3460 3470 3480 3490 3500 3510 3520 3530
Magnetic Field (G)

Fig. 5.2.12: the room temperature cw-EPR spectrum of the apoprotein, MTSL-
labelled T369C/S451C variant of SBD2 at X-band.

Here the spectrum suggests that the MTSL is fairly mobile whilst attached to
SBD2. This agrees well with the in silico label attachment calculation’s rotamer
library prediction (69 and 47 for T369C and S451C respectively). As discussed
previously these projections should be viewed with a degree of doubt considering
the crystal structure is assumed to be a rigid body and does not account for the

actual physiological conditions of the protein in solution.
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EPR Intensity (first derivative, a.u.)
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Fig. 5.2.13: the room temperature cw-EPR spectra of the apoprotein, MTSL-labelled
Q87C/T159C variant of SBD1 (black) and T369C/S451C variant of SBD2 (red) at
X-band. The spectra have been normalised to the same scale and centred over one
another.

An initial, qualitative assessment of the spectral features compared with those of
the equivalent spectrum of SBD1 (apoprotein form) would predict a slightly longer
rotational correlation time, 1¢, for apo-SBD2; all of the peaks exhibit greater
broadness and the high-field peak is much more asymmetric in the spectrum of
SBD2. These differences in characteristic features may support the idea that the

spectrum of the SBD1 sample has significant influence from unbound label in the

solution.

This correlates well with the comparison of rotamer library numbers for each
cysteine mutation site in each of the proteins as calculated from the in silico
labelling experiments. SBD1 sites Q87C and T159C have libraries of 85 and 115
rotamers respectively, whilst SBD2 sites T369C and S451C have 69 and 47
respectively. Lower populated rotamer libraries imply less rotational space around

the proposed mutation site and therefore a slower rotational correlation time.

As before, the spectrum was simulated and fitted against the experimental data in

order to extract accurate values for quantitative analysis.
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EPR Intensity (first derivative, a.u.)
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Fig. 5.2.14: the fitted simulation of the room temperature cw-EPR spectrum of the
apoprotein, MTSL-labelled T369C/S451C variant of SBD2 at X-band; experimental
data is shown as a solid line, fitted simulation is shown as a doftted line.
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The fitting of the simulated spectrum converged well with the experimental
spectrum of SBD2 in the apoprotein state with two spin label species defined,
yielding a 1¢ of 9.8 ns for one component and 5.0 ns for the other (0.41:0.59
relative weighting, respectively). As previously discussed, the other parameters
(i.e. the individual x, y and z components of the g- and A-tensors) should be

considered good estimates at best.

Whilst the rotational correlation time, Tc, is arguably the most ‘important’ output of
the simulation and fitting of the room temperature X-band cw-EPR spectrum, there
are other characterising parameters of the isotropic system: giso and Aiso. As
previously discussed, the limitations of room temperature cw-EPR at this
frequency/applied field range means the individual x, y and z components of these

tensors are averaged.

Discrepancies between the giso values of the two SBDs (2.00553 and 2.00523
weighted average of SBD1 and SBD2 respectively) likely arise from
equipment/setup differences over time affecting things like the homogeneity of the
applied magnetic field at the sample cavity. Meanwhile, the differences in Aiso

between the two apoprotein SBDs are negligible (within 1 MHz of each other).

By comparison of the extracted 1c values of the apoprotein forms of both SBD1
and SBD2, there is good agreement with what would be predicted from the
rotamer library outputs of the in silico labelling experiments. The fitted simulation
of the apoprotein SBD1 is dominated by the short 1¢c (2.7 ns) species, with a
weighted average of 6.3 ns between the two simulated label species. In contrast,
the equivalent fitting for apoprotein SBD2 gives a relatively even weighting of
species with 1¢ values of 5.0 ns and 9.8 ns. However, this yields a weighted
average of 7.0 ns, which is not too different to the corresponding SBD1 value. The
SBD1 Q87C/T159C variant was predicted to have 85 and 115 rotamers at each
respective labelling site, whilst SBD2 T369C/S451C was predicted to have 69 and

47 respectively.

It therefore fits that the doubly labelled SBD2 variant would have a longer T,
though the weighted averages of the extracted values are not very dissimilar
between the two SBDs. However, qualitative assessment of the spectral
characteristics shows the apoprotein SBD2 to be significantly broader and more
asymmetric than SBD1. This may be because of the intrinsic difficulties in

simulating and fitting experimental data recorded under a single set of parameters;
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the breadth of the spectrum (i.e. how the high and low field nitroxide peaks are
separated from the central peak) can be influenced by both 1. and the A-tensor,

and finding a best fit of both simultaneously could lead to errors.
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Low temperature X-band

The low temperature (50 K) cw-EPR spectrum of the apoprotein MTSL-labelled
SBD2 was recorded at X-band.

EPR Intensity (first derivative, a.u.)
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Fig. 5.2.15: the low temperature (50K) cw-EPR spectra of the MTSL-labelled
T369C/S451C variant of SBD2 at X-band in the apoprotein binding state.

From initial assessment of this spectrum it appears there is no apparent
broadening as a result of dipolar coupling of two spin labels closer than about 20
A. This would agree with the in silico prediction of an inter-label distance of 57.6 A

for the apoprotein form of SBD2.

A simulated spectrum was then fitted to the experimental data (figure 5.2.16) using
the EasySpin package'3 for MATLAB. The best-fit results of the fitted simulation of
the room temperature cw-EPR spectrum was used to provide starting parameters

for this analysis.
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EPR Intensity (first derivative, a.u.)
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Magnetic Field (G)

Fig. 5.2.16: the fitted simulations of the low temperature cw-EPR spectra of the
MTSL-labelled T369C/S451C variant of SBD2 at X-band in the apoprotein binding
state; experimental data are shown as solid lines, fitted simulations are shown as

dotted lines.

As with the fitting of the simulated room temperature X-band data, two spin label
species were used to achieve a low RMSD. These two different components are

very similar across the parameters except for the linewidth and Az, values.
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Generally, the values for the different parameters extracted here align with those
of apoprotein SBD1 under the same conditions. However, the A,; values of each
of the two spin label species and the ratio of these species in each SBD differ
significantly. Whilst in both SBD1 and SBD2 there is one low Az, (<100 MHz) and
one high Az (>100 MHz) species, in SBD1 the low A.; has the higher relative
weighting (99.7 MHz and 107.2 MHz at 0.69:0.31 respectively). Meanwhile, the
opposite is true of the fitted data for the SBD2 spectrum (106.2 MHz and 93.2 MHz
at 0.83:0.17 respectively). However, taking a weighted average of the values
yields similar results: 102.03 MHz for SBD1 and 103.99 MHz for SBD2.

It is important to bear in mind the limitations of spectroscopy at this frequency; it is
not capable of resolving all of the individual components of the g- and A-tensors.
For maximal reasonable accuracy the spectra should be recorded at several
frequencies (X-, Q- and W-band) under low temperature conditions (to maximise
anisotropy of the g- and A-tensors) and the data simultaneously fitted to gather

consistent extracted parameters.
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Pulsed EPR

The MTSL-labelled Q87C/T159C variant of SBD1 was studied using PELDOR
spectroscopy across its binding states: apoprotein, GIn-bound and Asn-bound.
The resulting time traces were processed using the DeerAnalysis package'® for
MATLAB. The background factor is fitted to account for the exponential decay of
the signal and an automated Tikhonov regularisation is then applied the ill-posed
problem of extracting a distance from the dipolar coupling of two electron spins.
The resulting distance distributions are yielded with colour-coded confidence
bands (fig. 5.2.17).

150



Apo
——Ghn
Asn

M/
| -
0.4 VM A o
W T d)
s
T T T T T
0 05 1 15 2 25 3 35 4 45
Time (us) T
1
Apo 2
= GIn
= Asn 14
0.95 4
T T T T T T T T T T T
2 25 3 35 H 45 H 55 H 65 7
0.9 r (nm)
0.85 o
g
23 08 ol e)
> i (NTES %‘
A
0.75 4 TT T =
T
07
0.65
06 T (om)
0 0.5 1 15 2 25 3 35 4 45
Time (us)
14
09 —¢
08+ f)

P(r)

P (r) (normalised)
o o o

0.005

45 5 55 6 65 7 2 25 3 35 4 45
r (nm) r (nm)

Fig. 5.2.17: the 4P-PELDOR data and resulting distance distributions of MTSL-
labelled Q87C/T159C variant of SBD1, a) ‘raw’ data (trace of the echo decay and
oscillation in the time domain) of apoprotein form, black, Gln-bound, blue, and Asn-
bound, red, b) background factor subtracted time trace (apoprotein in black, Gin-
bound in blue, Asn-bound in red), c) apoprotein distance distribution output, d) Gin-
bound distance distribution output, e) Asn-bound distance distribution output, f)
scale-normalised overlay of the distance distributions (apoprotein in black, Gin-
bound in blue and Asn-bound in red), f) scale-normalised overlay of the distance
distributions (apoprotein in black solid line, Asn-bound in red solid line) with fitted
simulations (from MMM; apoprotein in black dotted line, Asn-bound in red dotted
line).
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The distance distributions shown here are all unimodal and show a clear change in
inter-label distance between the three binding states of SBD1. In the apoprotein
form the population peaks at 52.3 A. Upon glutamine binding, the distance
decreases to 43.5 A, whilst asparagine binding further shortens the distance to
39.9 A. In all cases, the distribution peaks are within the higher confidence bands.
However, the oscillation in the unprocessed time trace of the GIn-bound SBD1
appears to be incomplete; i.e. remeasuring this PELDOR experiment with a longer
dipolar evolution time (in order to observe a full oscillation) would likely be
beneficial to the accuracy of this data. This, and the level of noise in the trace, is

probably the reason for the broad distribution exhibited above.

As mentioned above (section 5.2 ‘cw-EPR & simulations of SBD1’), issues with
later preparations of the SBD1 protein were experienced. The apoprotein data
displayed previously (fig. 5.2.17) is a result of one such sample. Initially, the
apoprotein PELDOR trace yielded a bimodal distance distribution (shown below,
fig. 5.2.18).
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Fig. 5.2.18: the 4P-PELDOR data and resulting distance distribution of MTSL-
labelled ‘apoprotein’ Q87C/T159C variant of SBD1, a) ‘raw’ data (trace of the echo
decay and oscillation in the time domain), b) background factor subtracted time
trace, c) apoprotein distance distribution output.
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The modes populated here indicate two conformations of the protein, one of which
was suspected to be a result of contamination (i.e. substrate-bound). This was
presumed due to the prediction that the protein would not occupy a ‘closed’ state
unless substrate was present, based on the FRET measurements previously
acquired?®. The longer distance in this data matches well with that seen in the
unimodal distribution of the apoprotein data displayed above (fig. 5.2.17). This
would indicate that the issue of contamination had indeed been solved with the
more recent purifications. However, these samples failed to show any indication of
substrate binding in the PELDOR traces, even upon incubation with large excess

amounts of glutamine (see below, fig. 5.2.19).

V(!)Nim
°

25
Time (is)

VoV
°

0.01 < f
C) o] T)

P(r)
o

5 H : H
r (nm) r (nm)

Fig. 5.2.19: the 4P-PELDOR data and resulting distance distribution of MTSL-
labelled Q87C/T159C variant of SBD1, a) ‘raw’ data (trace of the echo decay and
oscillation in the time domain) of apoprotein form, b) background factor subtracted
time trace of apoprotein form, c) apoprotein distance distribution output, d) ‘raw’ data
(trace of the echo decay and oscillation in the time domain) of excess GIn form, e)
background factor subtracted time trace of excess GIn form, f) excess GiIn distance
distribution output.
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This suggests that the data presented above for the apoprotein form of this SBD1

variant may be inaccurate, as the protein appears to be inactive. However, the

agreement of the longer distance extracted from the ‘old’ apoprotein data (fig.

5.2.18) and the distance of the single population seen in the ‘new’ data (fig. 5.2.17
and fig. 5.2.19) is notable.

The initial PELDOR results for two of the binding states of SBD2 (below, fig.

5.2.20) were measured using glutamate as the substrate. Both states exhibit

bimodal distance distributions, with peaks at very similar distances. However, the

relative populations of these modes differ between the two states.
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Fig. 5.2.20: the 4P-PELDOR data and resulting distance distributions of MTSL-
labelled T369C/S451C variant of SBD2, a) ‘raw’ data (trace of the echo decay and
oscillation in the time domain) of apoprotein form, black, and Glu-bound, green, b)
background factor subtracted time trace (apoprotein in black and Glu-bound in
green), c) apoprotein distance distribution output, d) Glu-bound distance distribution
output, e) scale-normalised overlay of the distance distributions (apoprotein in black
and Glu-bound in green).
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In the apoprotein form, the longer distance mode at 56.3 A is greater in population
than the shorter distance (44.3 A). In the glutamate-bound state, the opposite is
true; the longer distance (54.6 A) is less populated than the shorter distance (44.2
A). In both cases, the longer distance population is within a lower confidence
band, as a result of experimental constraints, i.e. the echo did not persist long
enough to measure across a greater dipolar evolution time. As such the data
should therefore be remeasured across a longer dipolar evolution time for better
accuracy; this may be achieved with greater protein concentration, higher labelling
efficiency and/or more extensive deuteration (of the buffer, or higher v/v

percentage ds-glycerol).

Much like the ‘old’ data of apoprotein SBD1 (see above, fig. 5.2.18), the bimodal
distribution of the apoprotein SBD2 here may be interpreted as being a result of
contamination with substrate. In contrast, the bimodal distribution of the glutamate-
bound form may be a result of being incubated with too little substrate to force full
closure of the SBD, or that the SBD does indeed undergo some detectable open-

closed conformational changes.

As previously mentioned, the difficulties in producing newer samples of the SBDs
meant further experiments were hindered. The bimodal distribution seen in the
above experiments was replicated in further preparations of the apoprotein SBD2
(see fig. 5.2.21). The population distribution between the modes is different here
(with the shorter distance having a higher population) but the distances they occur
at match fairly well with the previous data at 44.3 A and 55.4 A. However, the raw
time trace data does not show pronounced oscillations above the noise level and
the relative ratio of the two distances may be an artefact of the fitting of the

background function.
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Figure 5.2.21: the 4P- PELDOR data and resulting distance distributions of MTSL-
labelled T369C/S451C variant of SBD2, a) ‘raw’ data (trace of the echo decay and
oscillation in the time domain) of apoprotein form, black, and excess Gin, green, b)
background factor subtracted time trace (apoprotein in black and excess Gin in
green), c) apoprotein distance distribution output, d) excess Gin distance distribution
output, e) scale-normalised overlay of the distance distributions (apoprotein in black
and excess GIn in green).

Addition of excess glutamine shift the distance distribution to a broad feature at a
shorter distance of 43.0 A. Though there are shoulders to this feature it is difficult
to assess their accuracy, considering the dipolar evolution time was only
measured to 3 ys. As can be seen in the raw time trace data (figure 5.2.21a) the
echo decayed significantly by this time. Attempts to measure a longer dipolar
evolution time were made difficult by very low signal to noise and the further-

decayed echo prevented processing by normal means.

156



Comparison with sm-FRET

These GInPQ SBD variants (SBD1 Q87C/T159C and SBD2 T369C/S451C) were

initially designed for FRET studies' 26. The complementarity of this technique and

the equivalent EPR experiments allowed the same variants to be used here and

permits an almost direct comparison of the results of the respective methods.

Table 5.2.9: comparison of the distance-based data, both predicted and measured,
with the reported FRET efficiencies of the fluorescent-labelled GInPQ SBDs in a
range of conditions. The distance measurements consist of: the distance between
the Cq atoms of the mutation positions as calculated from the crystal structures, the
distances between the spin labels in the double-labelled as predicted from the
simulated distance distributions calculated at 298 K using spin label MTSL, and the
measured distances between the spin labels in the double-labelled variants as
extracted from the distance distributions obtained from the PELDOR experiments.
In cases where there are multiple modes in the distance distributions, the
predominant value is shown in bold. Dashes indicate where there are missing data

points.

@ — data reported in publication by de Boer et al., 20197

Distance (A)

FRET Efficiency, E*

Conditions
Co-Ca MMM PELDOR  (ALEXsm-FRET)?

SBD1Apo  44.3 50.2 52.3 0.612 + 0.003
SBD1+GIn - ; 435 0.710 + 0.003
SBD1+Asn 336 37.5 39.9 0.805 + 0.002
SBD2 Apo  48.6 57.6 44.3,56.3  0.492 +0.003
SBD2+Glu - - 442,546  0.633 £ 0.004
SBD2+GIn  39.3 471 43.0 0.677 + 0.002

The lack of a complete crystal dataset (i.e. crystal structures of both SBDs in all

binding states) makes it difficult to draw a comparison between distance

measurements taken from theoretical methods with those obtained through

experimental means. However, it can be seen that the SBD1 apoprotein and
asparagine-bound distance changes (A=10.7 A, 9.4 A, 12.7 A and 12.4 A for the
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crystal Cq-Cq, FRET inter-dye'', MMM-predicted and PELDOR-measured inter-
label measurements respectively) all agree well. When the differences between
the Cq position, fluorescent dye linkers and spin label linkers and their relative

orientations are considered, this likely explains the discrepancies seen in these

values.

Whilst there is good agreement between the trends in the PELDOR distances and
FRET efficiencies, it is difficult to compare the results quantitatively; calculation of
inter-dye distance requires knowledge of certain experimental details?®]. However,
the reported FRET efficiency values can be used for a semi-quantitative
assessment of SBD closure. Consider SBD1, where the apoprotein state has a
reported FRET efficiency of 0.612 and inter-label distance of 52.3 A as measured
by PELDOR. Upon glutamine binding the FRET efficiency improves to 0.710
(reported distance change of 4.6 A'") and the distance between spin labels is
shorter, at 43.5 A (A=8.8 A). Upon asparagine binding the FRET efficiency is even
higher (0.805, A=9.4 A'") and the inter-label distance even shorter (39.9 A, A=12.4
A vs apo). This pattern also corresponds with the Kq values; the shorter PELDOR
distance, higher FRET efficiency and greater inter-dye distance change is seen for
the ‘tighter binding’ substrate, asparagine, which has a reported Ky of 0.2 uM. In
contrast, glutamine has a hundredfold higher Ky of 92 uM, and exhibits a longer

inter-spin distance, smaller inter-dye difference and lower FRET efficiency.

The equivalent data for SBD2, however, is not complete; there is no Ky yet
reported for glutamate binding. The comparison of the PELDOR results with the
other data is complicated in that the apoprotein and glutamate-bound samples
show bimodal distributions. However, the dominant population of 56.3 A in the
apoprotein is consistent with the predicted distance yielded by MMM (57.6 A). The
predominant distance of 44.2 A in the glutamate-bound also agrees fairly well with
the prediction for glutamine-bound SBD2 (47.1 A). The distance distribution
obtained for GIn-bound SBD2 was very broad and the time trace data was only
recorded to 3 ps but had a peak at 43.0 A°

These data show some tentative agreement with the reported FRET data, wherein
the apoprotein to Glu-bound distance change is reported as 7.2 A. The equivalent
PELDOR data showed a change of 12.1 A when looking at the change in
dominant populations of the distance distributions. Meanwhile, for the apoprotein

to GIn-bound conformational change, a larger distance change of 9.4 A is reported
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from the FRET experiments. Though the PELDOR data has some uncertainties
associated with it, the preliminary results also show a greater lobe closure of 13.3
A. These measurements show agreement that glutamine binding likely causes
greater SBD2 closure and indicates that the Ky of glutamate is probably higher
than that of glutamine (Kqs 0.9 uM), in the same way that the closure of SBD1 by
asparagine (Kq 0.2 uM) is demonstrated to be greater than that of glutamine (Ky 92
MM) through both FRET and PELDOR distance measurements.
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6 Pneumococcal Surface Adhesin A

6.1 Background

Streptococcus pneumoniae, or pneumococcus, is the most common cause of
bacterial pneumonia in children (approximately 5 million children under 5 years old
die each year from pneumonia worldwide) and is also involved in several other
invasive diseases (e.g. bacterial meningitis)?-3°. The treatment for such diseases

is complicated by the ever-growing resistance to existing antibiotics.

Pneumococcal Surface Adhesin A (PsaA) is the metal ion-binding subunit of the
manganese-specific ABC-type transporter in S. pneumoniae, PsaBCA. The
complex is known to be important for the survival and virulence of this bacterium,
as manganese is involved in several essential metabolic processes, such as the
regulation of oxidative stress3'. However, the mechanism of metal ion binding and
transport are not yet well understood. It should be noted that, despite its name,
there has been substantial debate as to whether PsaA is actually involved in
adhesion; it is doubtful that it would protrude through the cell wall if it is attached to
the rest of the protein complex of the cell membrane (described more fully below),
as would be expected in gram-positive ABC transporters3?-3*. However, a

significant reduction in cell adhesion is witnessed in PsaA mutants®.

Whilst the structures of many SBPs from gram-negative bacteria have been
resolved, only a few of these proteins from gram-positive organisms have been
successfully isolated and characterised?®. The SBPs of gram-negative bacteria
tend to adopt a two-domain fold where both domains are globular, connected by
one or more chains. It is between these domains that the substrate binds. It has
been found that these proteins generally contain a ‘hinge’ region about which
conformational change occurs upon substrate binding3¢. However, in the case of
PsaA — a cluster A-l type SBD — the ‘hinge’ consists of a single, rigid a-helix
linker?, but still must undergo some bending or twisting conformational change

upon substrate binding®’.
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Fig. 6.1.1: the overall structure of the apoprotein form of PsaA (PDB 3ZK7) with the
lobe domains and connecting helix highlighted (progression from N- to C-terminal
shown by the blue to red colouring).

The crystal structures of the apoprotein, manganese-bounds and zinc-bound
forms of PsaA have been resolved (PDB accession codes 3ZK73%, 3ZTT3® and
1PSZ*° respectively). The overall structure of the protein consists of two (B/a)4
sandwich domains, designated as the N- and C-terminal lobes®’. These domains
are connected by a novel inter-domain helix backbone (previously unseen in ABC
transporters)®; it is here that the protein is found to bend (residues 190-194)3".
The metal-binding site is located in a cleft between the lobes, which is rich in
negatively charged residue side chains. The specific coordinating residues are
His67, His139, Glu205 and Asp2803": %,
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Fig. 6.1.2: the overall structure of the Mn(ll)-bound form of PsaA (PDB 3ZTT) with
metal-coordinating ligands highlighted, left, and close-up view of Mn(ll) coordinated
by the ligands, right.
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Whilst divalent manganese is the natural substrate of PsaA, Zn?* is known to also
form a complex with the protein. It is believed that zinc is a competitive inhibitor of
manganese uptake in this system; manganese is known to be important for the
survival, proliferation and virulence of bacteria. In particular, Mn(ll) plays a central
role in the regulation of oxidative stress as a cofactor in the superoxide dismutase
(SOD) enzyme, where it catalyses the reaction of superoxide to yield oxygen and
hydrogen peroxide*®-4'. Zinc-mediated Mn?*-starvation would leave the bacteria
susceptible to oxidative damage??. Interestingly, there is also evidence that the
host immune response involves an increase in Zn?* concentration at the site of

pathogen infection3”: 39-40,

The crystal structure of the Mn(ll)-bound form of PsaA shows four ligands
coordinating the metal ion in a tetrahedral arrangement. This is unusual in
manganese-binding but would be expected in zinc-coordination®”: 3%, Reported
comparisons of the Mn(ll)- and Zn(ll)-bound crystal structures have shown only
very small differences®” 4°; it is therefore not readily apparent as to how PsaA is
manganese-specific. The first explanation for Mn(ll)-specificity lies in the preferred
ligands for each of these metal ions; Zn?*-binding is favoured by three N ligands
(i.e. three histidines), whilst Mn?*-binding is favoured by the combination of two N
and two O ligands (as found here in the form of two imidazole rings and two
carboxylates)®. In addition, the derived affinity constant (or equilibrium
dissociation constant, Ky) of PsaA for Mn(ll) has been reported as 3.3+1.0 nM,
whilst for Zn(ll) it is two orders of magnitude higher at 231+1.9 nM (for 1:1 metal
ion to protein ratio)*'. Moreover, the entropic contributions of zinc-coordination are
highly unfavourable in comparison to those of manganese-binding®”: 3.
Conflictingly, according to the Irving-Williams series, which predicts the stability of

metal ion complexes, zinc would be the preferred substrate.

The unusual and unfavourable tetrahedral binding geometry of Mn(ll) (which
prefers a six-coordinate octahedral geometry) has been theorised to allow the
metal ion to bind reversibly; the transient binding facilitates the transfer of Mn(ll)
from PsaA to the rest of complex for relocation across the membrane to the
cytoplasm. Furthermore, since tetrahedral coordination is the preferred
arrangement for Zn(ll), this may bind more stably to PsaA thus disrupting the
manganese-uptake system?’. However, this is at odds with the Ky values reported
above; a lower Ky indicates a ‘tighter’ binding. As a result of this contradictory
information several related questions can be raised:
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How is Mn?* binding transient, despite the high affinity binding?
How is Zn?* binding irreversible, despite the lower affinity binding?
Why is Mn?* binding competitively inhibited by a substrate with lower

affinity?
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6.2 Proposed crystallographic model

A ‘Venus flytrap’ mechanism has been suggested for various other substrate
binding domains (SBDs), wherein the substrate molecule is caught between the
SBD’s lobes which rotate about a flexible hinge region*?. The degree of rotation
between the lobes and hinge has been shown to vary greatly for different SBDs,
with extreme examples being the amino acid-binding Livd, which models show
rotating up to 60° 43, and Zn(ll)-binding TroA, which exhibits more restricted
rotation of only 4° 44, Due to the lack of high-resolution structural data available in

relation to SBD conformations and the disparity in lobe-hinge rotational freedom, it

is difficult to determine how ubiquitous the ‘Venus Flytrap’ mechanism is.

Fig. 6.1.3: overlaid crystal structures of PsaA in its different states from different
aspects: pale blue is the apoprotein, purple is manganese-bound, and grey is zinc-
bound (PDB 3ZK7, 3ZTT and 1PSZ respectively). Metal ions have been left out for
Clarity.

Based on the various crystal structures which have been resolved for PsaA (in the
apo, Mn(ll)-bound and Zn(ll)-bound forms; PDB 3ZK7, 3ZTT and 1PSZ
respectively), an alternative or adapted version of this model for the binding
mechanisms has been built. This proposes that, as the substrate interacts with the
coordinating side chains in the binding pocket the two lobes move towards one

another (largest differences between apo and metal-bound form crystal structures,
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see above, fig. 6.1.3); it is posited that the N-terminal lobe remains relatively fixed
and the C-terminal lobe rotates, clasping the metal in place. It is then suggested
that a section of the helical backbone, and the hydrogen bonds that cause it to
adopt this fold, acts as a spring. In the case of Mn?*-binding, which is transient in
nature, the ‘spring’ bends and partially uncoils; some of the hydrogen bonds are
broken in the process. These are thought to reform to aid metal release. However,
upon Zn?*-binding, the ‘spring’ is thought to bend further and unwind at the end of
the helix, beyond the point where the hydrogen bonds can reform. This stretching
of the spring is thought to be at least one of the factors that prevents the substrate

release and causes zinc to be a competitive inhibitor of PsaA.
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Fig. 6.2.1: scheme of the proposed mechanism of PsaA metal binding; a) apo PsaA;
b) open Mn(ll)-bound (metal coordinated, lobes moving together); c) closed, Mn(ll)-
bound (spring stretched, lobes closed); d) closed, Zn(ll)-bound (spring unwound,
lobes closed).
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6.3 Results and Discussion
in silico spin labelling

Five single-cysteine (L56C, S58C, 1125C, 1236C, S266C) and five double-cysteine
(L56C/1236C, L56C/S266C, S58C/S266C, S58C/1125C, 1125C/S266C) containing
variants of PsaA were designed to investigate the proposed mechanism using
EPR spectroscopy. These cysteine mutations can be created in silico and a spin
label computationally attached to it using the crystal structure. The degree of
motional freedom the attached spin label has is then calculated and a library of
rotamers produced. In the case of computational attachment of two or more spin
labels, the distances between the labels are calculated, and the distance
distributions (i.e. weighted probabilities of distances populated between the spin

label rotamers) can be predicted.

The rotamer libraries were calculated for each of the labelling positions in PsaA
under each condition (apo, Mn?*-bound and Zn?*-bound) from the crystal
structures; these were calculated at ambient temperature (298 K) using Multiscale
Modelling of Macromolecular Systems (MMM) software package that runs via
MATLAB'.

Table 6.3.1: rotamer libraries of the five labelling positions of PsaA in the apo, Mn?*-
bound and Zn?*-bound forms, calculated from the crystal structures (PDB 3ZK?7,
3ZTT and 1PSZ, respectively) at 298 K.

Calculated Rotamer Library (298 K)

Variant

Mn?2*-
Apo Zn%*-bound

bound

L56C 2 11 12

S58C 1 12 23

1125C 21 23 24

1236C 15 34 31

S266C 16 33 27
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Though this method is generally a good indicator of the motional freedom a spin
label will have at a particular site, results must be assessed remembering that the
program takes the crystal structure input as a rigid body. This means the software
does not take into account the movements of biological molecules in solution, such
as motion of the protein backbone; it is possible, therefore, that a spin label
attached to a protein in solution may actually have more space to sample (i.e.
more accessible rotamer conformations) than predicted. The predicted distances

and distance distributions for the double label pairs were then calculated.

Table 6.3.2: the predicted distances between the pairs of spin labels in the double-
labelled variants of PsaA as extracted from the predicted distance distributions,
calculated at 298 K. In cases where there are multiple modes in the predicted
distance distributions, the predominant value is shown in bold.

Predicted inter-label distance (A) (MMM @ 298 K)

Variant

Apo Mn?*-bound Zn%*-bound
L56C/1236C 50.0 45.5 39.5, 44.5
L56C/S266C 42.0 37.0, 40.0, 43.5 37.0, 40.0
S58C/1125C 35.5 34.0, 37.0 33.5, 36.0
S58C/S266C  34.0 31.5 31.0
1125C/1236C 31.0, 36.0 27.5, 32.0, 36.0 31.5 (v broad), 38.0
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Fig. 6.3.1: the crystal structure of the apo form of PsaA (PDB 3ZK7) with MMM-
generated rotamer libraries highlighted, at the residue positions where cysteines will
be introduced. The double-cysteine containing variants are indicated by dashed
lines connecting the respective component rotamer libraries.

Distances between the spin labels and bound substrate could then also be
predicted by taking measurements from the modified crystal structure (now

containing the rotamer libraries for the labelling sites).

Fig. 6.3.2: the crystal structure of the Mn2+-bound form of PsaA (PDB 3ZTT) with
MMM-generated rotamer libraries highlighted, at the residue positions where
cysteines will be introduced, with the measurements between those rotamer
libraries and the bound Mn?* ion represented by dashed lines.

168



Table 6.3.3: the predicted distances between the spin labels and the Mn?* ion in the
variants of PsaA as extracted from the crystal structure (PDB 37TT) containing the
MMM-generated rotamer libraries, as calculated at 298 K.

Predicted spin label

Variant to Mn?* ion distance
(A)

L56C 26.5

S58C 20.0

[125C 20.2

1236C 24.9

S266C 26.3

As discussed above, it is important to remember that the crystal structure is
considered a rigid body by the software, and so real data may vary from the

predictions.
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cw-EPR at X-band

The single- and double-cysteine containing variants of PsaA were spin labelled
with MTSL (details in section 13.1 ‘Site directed spin labelling’, in accordance with
protocols outlined in previous literature*®). The labelling efficiency was calculated
using a calibration curve of spin label at known concentrations (double integration
of the first derivative signal gives area under the curve, which is related to the
concentration of ‘spin’, or radical species, in a sample), and was consistently
above 80% in both the single- and double-labelled variants. The room temperature
cw-EPR spectra of the single- (fig. 6.3.3) and double-labelled (fig. 6.3.4) variants

of PsaA were recorded at X-band.
‘_ﬁ\/\/* ,- L56C
‘___/\/\/\'/w - S58C

/\/\r\ 1125C

EPR Intensity (first derivative, normalised, a.u.)

S266C

1 ] L] 1 1 I 1 1 1 1
3430 3440 3450 3460 3470 3480 3490 3500 3510 3520 3530
Magnetic Field (G)

Figure 6.3.3: the room temperature cw-EPR spectra of the apoprotein, MTSL-
labelled single cysteine variants of PsaA at X-band; from top to bottom: L56C, S58C,
1125C, 1236C and S266C.

The spectra of the labelled single variants of PsaA generally show low degrees of
motional freedom for the attached label; the lineshapes are generally broad and
asymmetric. As a rough approximation based on the appearances of the spectra,
i.e. generally broad central peaks and asymmetric outer spectral features, the 1¢
values that would be expected in the 1-50 ns range (see section 2.2 ‘Correlation
times’). The S266C variant appears to be the most mobile labelling site, as the
spectrum exhibits relatively sharp and symmetric peaks, though the intensity ratio
of these (around 3:5:1) indicates that the label is indeed attached to a large
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molecule and is not free label in solution. The L56C and S58C variants, on the
other hand, have spectra that demonstrate much more restricted labelling sites, as
the characteristics of central peak width and spectral breadth begin to resemble
those of a frozen solution spectrum. The outer peaks also appear to demonstrate
a significant degree of anisotropy. These spectra will require simulation and fitting
of the experimental and simulated spectra in order to extract numerical
parameters, such as rotational correlation time, T1c, in order to fully analyse the

results in a quantitative manner (see below, section 6.3 ‘Simulations’).

L56C/1236C

/—J\/\ﬂ/ L56C/S266C

S58C/1125C

S58C/S266C

EPR Intensity (first derivative, normalised, a.u.)

1125C/1236C

1 1 | ] I | 1 1 1 1
3430 3440 3450 3460 3470 3480 3490 3500 3510 3520 3530
Magnetic Field (G)

Figure 6.3.4: the room temperature cw-EPR spectra of the apoprotein, MTSL-
labelled double cysteine variants of PsaA at X-band; from top to bottom:
L56C/1236C, L56C/S266C, S58C/1125C, S58C/S266C and 1125C/S266C.

The spectra of the labelled double-variants exhibit lineshape characteristics visible
in each of their component single-labelled variants’ spectra. For example, the
S58C/S266C variant spectrum displays a very broad central peak, and outer
peaks that resemble those of the S58C single-labelled variant; these features
appear to be overlain with some sharper signals, characteristic of the S266C

single-labelled variant’s spectrum.
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EPR Intensity (first derivative, a.u.)
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Fig. 6.3.5: the simulations of room temperature cw-EPR spectra of the apoprotein,
MTSL-labelled single cysteine variants S68C and S266C of PsaA at X-band, with
characteristic features circled (blue and red for S58C and S266C respectively).
The same features are visible in the room temperature cw-EPR spectrum of the
apoprotein, MTSL-labelled double cysteine variant S68C/S266C of PsaA at X-
band and are circled in the respective colours.

Theoretically, the simulations of the single-labelled variants may be combined and
fitted with the double-labelled variant experimental data, with the relative

weightings varied; this will be explored in more detail in a later section (see below,

section 6.3 ‘Simulations’).
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The X-band cw-EPR spectra of the single-labelled variants of PsaA were also

recorded at low temperature (20 K).

L56C

S58C

1125C

1236C

S266C

EPR Intensity (first derivative, normalised, a.u.)

3280 3300 3320 3340 3360 3380 3400 3420
Magnetic Field (G)

Fig. 6.3.6: the low temperature cw-EPR spectra of the apoprotein, MTSL-labelled
single cysteine variants of PsaA at X-band; from top to bottom: L56C, S58C, 1125C,
1236C and S266C.

Obtaining the low temperature cw-EPR spectra of the double-labelled variants at
X-band would identify any distances between spin labels below about 20 A. Any
evidence of short-range dipolar interaction between the two labels would be
detected through broadening of the spectra. However, the predicted inter-label
distances calculated from the in silico labelling experiments are all outside of that
short distance range, in all three binding states (i.e. apoprotein, Mn?*-bound and

Zn?*-bound; see below for distance data, section 6.3 ‘Pulsed EPR’).
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cw-EPR at Q-band

Low temperature (20 K) cw-EPR spectra of the single-labelled variants of PsaA

were also recorded at Q-band.
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Fig. 6.3.7: the low temperature cw-EPR spectra of the apoprotein, MTSL-labelled
single cysteine variants of PsaA at Q-band; from top to bottom: L66C, S58C, 1125C,
1236C and S266C.

The increased spectral resolution (most notably in the g-tensor) granted by
measurement at higher microwave frequencies has previously been explained
(see section 2.2 ‘Multifrequency EPR’). These spectra were recorded to further
characterise the PsaA variants and to aid in the fitting of simulated data to

experimental data, as further discussed below.

A second set of low temperature cw-EPR spectra for some of the single- and
double-labelled variants of PsaA were recorded (as well as that of the wild-type
PsaA, containing no spin label), following incubation with Mn(ll), with parameters
selected to pick out the six resonance lines characteristic of this metal (formally
forbidden transitions are suppressed by the higher field — all spectra shown in fig.
6.3.9). Relatively high microwave power was used, saturating the spin label
contribution to the spectra (though this has not been fully suppressed and still
dominates the spectrum). Certain characteristics of the manganese signals were
assessed: the width of the first peak (i.e. the difference in magnetic field between

174



the peak and trough of the left-most first derivative signal), and the overall spectral

width (i.e. the difference in magnetic field between the left-most and right-most first

derivative signals), as shown below (fig. 6.3.8).
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Fig. 6.3.8: an example of the low temperature cw-EPR spectrum of an Mn?*-
incubated, MTSL-labelled single cysteine containing variant of PsaA at Q-band,
highlighting measurements of the spectral width in black and the first peak width in

red.
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Fig. 6.3.9: the low temperature (20 K) cw-EPR spectra of Mn?*-incubated variants
of PsaA (from top to bottom): WT PsaA, MTSL-labelled single cysteine containing
variants S58C, 1125C and S266C, and MTSL-labelled double cysteine containing
variant L56C/I1236C at Q-band. The intensity of each spectrum has been adjusted
to make the manganese-characteristic peaks roughly equal and the field position of
the L56C/1236C variant has been adjusted for better overlap. The MTSL-
characteristic features have been covered with a partially transparent box for clarity.
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Table 6.3.4: the first peak width and overall spectral breadth measured from the low
temperature (20 K) cw-EPR spectra of a selection of Mn?*-incubated, MTSL-labelled
single and double cysteine containing variants of PsaA at Q-band, compared to the
predicted distances between the spin labels and the Mn?* jon as extracted from the
crystal structure (PDB 37TT) containing the MMM-generated rotamer libraries, as
calculated at 298 K.

Distance between Mn(ll)
15t line width Spectral width

Variant ion and modelled spin
(G) (G)
label (A)
WT 9.78 482.90 -
S58C 18.57 477.03 20.0
1125C 16.62 474.09 20.2
S266C 15.64 478.01 26.3
L56C/1236C  17.60 479.96 26.5/24.9

There are interesting differences in these manganese spectral characteristics for
the wild-type and labelled variants; the measured width of the first resonance line
is significantly broader in the spin-labelled PsaA spectra while the overall spectral
width is narrower. The width of the individual spectral line of the WT here matches

well with that of another protein with coordinated Mn(ll) (around 10 G)“.

Though the data is limited by the number of variants used, it could be proposed
that the extent of broadening of the individual first derivative peaks is correlated
with the distance between the paramagnetic species, indicating it is dipolar
coupling that causes this phenomenon. The distances given above are predicted
measurements using the in silico calculated spin label rotamer libraries modelled
into the crystal structure. In general, these predictions work well with the theory
that the extent of dipolar interaction is related to the broadening of the individual
resonance lines. The one exception to this is the double cysteine containing
variant, L56C/I236C. Both of these labels are predicted to be further from the Mn?*
ion than that of the single cysteine containing variant 1125C, however, the first

spectral peak is more significantly broadened. This may be a result of it being a
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more complex case, as there are three paramagnetic species present and

therefore three dipolar couplings.

The reason for the overall narrowing of the characteristic manganese sextet in the
spin labelled variants, however, is less intuitive. All of the values here do agree
with the well documented hyperfine coupling constants of hexacoordinate Mn?*
(around 95 G)*¢-48_ The coordination geometry at the binding site is generally
accepted to be tetrahedral, as presumed from the crystal structure data. However,
a recent publication highlighted that the interatomic distances could not rule out
the possibility of a hexacoordinate binding sphere®® if the glutamate and aspartate

ligands were to be bidentate.
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Simulations

All simulations and fittings were performed using the EasySpin package's for
MATLAB. The aim of fitting simulated data with experimental spectra is to extract
numerical descriptions of various parameters intrinsic to the species being
measured, such as the g- and A-tensors. The process here is especially iterative,
given that there are multiple spectra (across temperatures and frequencies) for a
single PsaA variant. One of the reasons for collecting this variety of data is to help
make these simulations more accurate; the goal is to use multiple inputs of
experimental spectra to converge on a consistent set of ‘best fit' simulated data
(table 6.3.5). Here, a set of g- and A-tensors has been fitted simultaneously to the
low temperature X- (fig. 6.3.10) and Q-band (fig. 6.3.11) data for the single-

labelled variants.

EPR Intensity (first derivative, a.u.)

3280 3300 3320 3340 3360 3380 3400 3420
Magnetic Field (G)

Fig. 6.3.10: the fitted simulations of the low temperature cw-EPR spectra of the
apoprotein, MTSL-labelled single cysteine variants of PsaA at X-band; from top to
bottom: L56C, S58C, 1125C, 1236C and S266C. Experimental data are shown as
solid lines, fitted simulations are shown as dotted lines.
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EPR Intensity (first derivative, a.u.)

1.204 1.206 1.208 1.21 1.212 1.214 1.216 1.218 1.22
Magnetic Field (G) x10*

Fig. 6.3.11: the fitted simulations of the low temperature cw-EPR spectra of the
apoprotein, MTSL-labelled single cysteine variants of PsaA at Q-band; from top to
bottom: L56C, S58C, 1125C, 1236C and S266C. Experimental data are shown as
solid lines, fitted simulations are shown as doftted lines.
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The individual components of the g- and A-tensors are more easily observed (and
therefore more easily calculated) at higher frequencies/fields; the g-values scale
with applied field, whilst their associated A-values do not. Ideally, this experiment
would be performed at W-band to resolve all components of the g- and A-tensors,
but this is considerably more difficult more the equivalent experiment performed at
Q-band, which in turn is more complex than it is at X-band. Spectroscopy is often
a matter of balance; whilst a more advanced method may provide enhanced
spectral resolution, this usually comes at the cost of requiring higher quality
samples (higher concentrations of labelled protein) and more experimental or
operational constraints. Often, the method of choice is simply that which is
‘sufficient’. Low temperature cw-EPR at X-band is generally sufficient for observing

gzz and Az, whilst the same experiment at Q-band begins to resolve gyy.

The RMSD values for most of the fits indicate fairly good compliance between the
simulations and the experimental spectra. The worst of these, 1236C, visibly fits
less well than the others. It is unclear why this might be as the data appears to be
of similar quality to the rest of the set, but the ‘best fit’ values are still within the

range expected for an aqueous-soluble protein labelled with MTSL'-15,

These values can then be taken as a fair starting point for simulating and fitting
against the room temperature X-band data in order to extract the rotational

correlation times for the single-labelled variants. (fig. 6.3.12 and table 6.3.6)
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EPR Intensity (first derivative, a.u.)
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Fig. 6.3.12: the fitted simulations of the room temperature cw-EPR spectra of the
apoprotein, MTSL-labelled single cysteine variants of PsaA at X-band; from top to
bottom: L56C, S58C, 1125C, 1236C and S266C. Experimental data are shown as
solid lines, fitted simulations are shown as doftted lines.
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The most notable difference between the results of these simulations/fittings and
those reported above for the multifrequency low temperature cw-EPR data is the
Az; values. The g- and A-values for room temperature solution EPR are usually
reported as giso and Aiso, i.€. an average of the three cartesian components of the
respective tensors. However, this fitting method, which allows for the 1. to be
defined, requires the input of anisotropic g- and A-tensors. However, the regime of
motion being measured here is not sufficiently slow to cause anisotropy to the
extent needed to resolve any individual components of these tensors, and
therefore the accuracy of these reported individual ‘best fit’ values should be
considered cautiously; indeed, the results for these values from the simultaneous

multifrequency simulation/fitting above are far more accurate.

The main goal of the simulation and fitting of the room temperature cw-EPR
spectra was to extract the values for 1. These vary quite dramatically from the

previously reported values*®.

Table 6.3.7: comparison of the reported rotational correlation time, 1, for the
apoprotein, MTSL-labelled single cysteine variants of PsaA as extracted from their
room temperature cw-EPR spectra at X-band. Some of these spectra contained two
separate ‘species’ of spin label; the 1. extracted for each of these is provided, with
their respective, relative weightings.

@ — data reported in publication by Deplazes et al., 2015

Literature? Simulation/fitting
Variant Component e (ns) Relative Relative
¢ weighting °© weighting
L56C 7.6 - 36.4 -
S58C 9.3 - 34.5 -
1 2.7 - 25.9 0.64
1125C
2 - - 2.3 0.36
1 7.2 0.87 35.6 0.88
1236C
2 1.2 0.13 3.3 0.12
1 0.97 - 2.8 0.65
S266C
2 - - 9.0 0.35
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Only approximate input values, and no output values other than 1. are provided for
the simulations/fittings reported in the publication (which were also performed

using EasySpin); it is therefore not possible to fully replicate these simulations and
attempt to fit them to the experimental data collected here. Additionally, as there is
no RMSD assessment of the fittings it is difficult to assess the accuracies of these

results in comparison with those detailed here.

Having obtained the best fitted simulations of the single variants, it was then
attempted to combine them into their respective pairs to allow the simulating and
fitting the double-labelled variant spectra. However, this approach encountered
multiple problems. Firstly, no way was found in the EasySpin simulation/fitting
routine to take two separate systems, that are themselves composed of various
different label species, and then independently fit them whilst keeping their
component parts consistent. Regardless of this problem, it is then computationally
difficult to simulate a system of 3 or more component parts and fit all of their
various parameters to the experimental data; even to calculate the g-tensors (3
input values each) would involve fitting 12-16 variables per spectrum. Considering
this, and the wealth of information extracted from the single cysteine variants
above, as well as the demonstrable contributions of these individually labelled
sites to the experimental spectra of their respective double cysteine variants, full
computational simulation and fitting in the same manner is not essential for the
aims of this investigation. Therefore, in order to generate adequate simulations for
the double cysteine variants, no fitting was performed. The fitted simulations of the
single variants were added together, assuming equal labelling of each cysteine

position, and normalised to the scale of the experimental data.
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Fig. 6.3.13: the fitted simulations of the room temperature cw-EPR spectra of the
apoprotein, MTSL-labelled double cysteine variants of PsaA at X-band; from top to
bottom: L56C/1236C, L56C/S266C, S58C/1125C, S58C/S266C and 1125C/1236C.
Experimental data are shown as solid lines, simulations are shown as dotted lines.

There is no RMSD assessment of the quality of the simulations; instead, the fit’
can only be visually appraised. For the most part, these simulations appear to be
good representations of the experimental data they are attempting to reproduce. In
the cases where the alignment of the experimental and simulated data is not as
good, it is likely that the experimental spectrum represents a sample in which the
two labelling sites are not equally labelled. Alternatively, where two very different
environments are being labelled (i.e. L56C/S266C; the labelled L56C variant has a
very broad/asymmetric spectrum and a 1¢ of 36 ns, whereas the labelled S266C
variant’s spectrum is relatively sharp/symmetric and a dominant 1 of 3 ns) there
may be an imbalance in the spectrum’s appearance; i.e. the component
represented by sharper, narrower peaks seems to dominate the spectrum visually,
though this is not necessarily an accurate representation of the real label

populations in the sample.

187



Pulsed EPR

The PELDOR data for four of the six double-labelled variants under all conditions
(apo, Mn?*-bound and Zn?*-bound) has been collected. These data have been
processed using the DeerAnalysis package'® that runs on MATLAB. The data was
largely collected prior to my involvement in the project by Dr Jessica van
Wonderen, UEA; any outstanding or incomplete datasets were completed, and all

datasets processed and analysed by me.

In order to simplify the range of distance distribution data presented herein, the
doubly-labelled variants can be divided into two categories based on the domain
movements they are being used to assess: lobe-lobe (i.e. the cysteine mutation
sites each sit on a separate lobe domain: L56C/1236C, L56C/S266C, and
S58C/S266C) and loop-lobe (i.e. one of the cysteine mutation sites sits on a lobe
domain and the other on the loop: S58C/1125C, and 1125C/1236C).

The movement of the two lobe domains toward and away from one another is the
typical conformational change observed in the Venus flytrap mechanism for SBPs.
In the context of the PELDOR spectroscopic measurements, this would be
expected to be relatively simple to demonstrate, with an open form of lower dipolar
frequency (where spin labels are separated by a greater distance), and a closed
form of higher dipolar frequency (where the spin labels are closer together). As

presented by the PsaA variants being studied here, it is not always so simple.

The first of the lobe-lobe variants, L56C/1236C, shows a multimodal distance
distribution in the apoprotein form (fig. 6.3.15). These modes, at 36.9, 44.7 and
52.7 A, have very different populations, with the peak at 36.9 A dominating the
profile; the bands of confidence would indicate that this distance is the most
accurately calculated from the time trace data and the longer distance peaks may
be inaccurate (fig. 6.3.14). However, in the Mn?*-bound form, there is a single
distance population at 32.9 A, with very small features at 42.4 and 53.0 A, which
are most likely artefacts as result of the noise (both are classified as low-
confidence calculations); the measured dipolar evolution time is not sufficient to
observe oscillations at frequencies that would result from such long inter-label
distances. The dominant distance of the Mn?*-bound state is replicated in the Zn?*-
bound form of L56C/1236C (at 33.1 A), but similar to the apoprotein form, there are
smaller modes at longer distances (40.4 and 48.2 A). The raw time traces of the

apoprotein and Zn?*-bound forms are relatively complex; there is a very long
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decay profile with shallow oscillations. This indicates that there is more than one
frequency of dipolar coupling present, i.e. the less populated modes observed in
their respective distance distributions are unlikely to be artefacts. These separate
populations may arise either from distinct conformational states, perhaps that the
protein is sampling in an infrequent, transient manner, or from different
orientations of the labels relative to one another whilst the protein conformation

remains ‘static’.
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Fig. 6.3.14: the 4P-PELDOR data and resulting distance distributions of MTSL-
labelled L56C/1236C variant of PsaA, a) raw’ data (trace of the echo decay and
oscillation in the time domain) of apoprotein form, blue, Mn?*-bound, green, and
Zn?*-bound, orange, b) background factor subtracted time trace (apoprotein, blue,
Mn?*-bound, green, and Zn?*-bound, orange), c) apoprotein distance distribution
output, d) Mn?*-bound distance distribution output, e) Zn?*-bound distance
distribution output.
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Fig. 6.3.15: scale-normalised overlay of the distance distributions resulting from 4P
PELDOR of the MTSL-labelled L56C/I236C variant of PsaA (apoprotein, blue, Mn?*-
bound, green, and Zn?*-bound, orange).

The next lobe-lobe variant, L56C/S266C, shows very little change in the inter-label
distance measurements between the different binding states (fig. 6.3.16). In the
apoprotein form, the distance distribution has a single mode, peaking at 35.5 A.
This feature, however, is broad, indicating that there may be a range of protein
conformations being represented here. The Mn?*-bound form has a much
narrower peak at 34.7 A. Though this is a small change when looking solely at the
distances, the difference in distributions suggests a more notable difference in the
conformations of these two states. The Zn?*-bound form yields a distance
distribution that resembles a hybrid of those of the apoprotein and Mn?*-bound
states; the peak is at 34.1 A and is broader than the feature in the Mn2*-bound

distribution, but narrower than that in the apoprotein distribution (fig. 6.3.17).

Looking at the raw time trace data, and then the background corrected time traces,
all three forms have relatively similar profiles (fig. 6.3.16). The main difference in
shape is their decays; the apoprotein time trace decays more slowly than the other
forms, and background correction results in a less obvious oscillation, which is
represented by the broadness of the modal feature in the distance distribution.
This is often observed (but not always) in cases of more mobile spin label

environments. It has already been shown by room temperature cw-EPR that the

190



S266C labelling position is fairly unrestricted (the majority of the label population
has a 1c of around 3 ns), and the room temperature cw-EPR spectrum of the
labelled, apoprotein L56C/S266C variant reflects this. Since there is no equivalent
data as yet for the metal-bound states of these PsaA variants, it is not possible to
say for certain that this is the reason for the broader distance distributions. Other
than this, the modulation depths are very different; this may be caused by

differences in sample concentration (as modulation depth is related to ‘spin’

rrrrr
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concentration).

Fig. 6.3.16: the 4P-PELDOR data and resulting distance distributions of MTSL-
labelled L56C/S266C variant of PsaA, a) ‘raw’ data (frace of the echo decay and
oscillation in the time domain) of apoprotein form, blue, Mn?*-bound, green, and
Zn?*-bound, orange, b) background factor subtracted time trace (apoprotein, blue,
Mn?*-bound, green, and Zn?*-bound, orange), c) apoprotein distance distribution
output, d) Mn?*-bound distance distribution output, e) Zn?*-bound distance
distribution output.
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Fig. 6.3.17: scale-normalised overlay of the distance distributions resulting from 4P
PELDOR of the MTSL-labelled L56C/S266C variant of PsaA (apoprotein, blue,
Mn?*-bound, green, and Zn?*-bound, orange).

The final lobe-lobe variant is S58C/S266C; again, there is little change in the
predominant distances measured (fig. 6.3.18), but more information can be
gathered from the relative populations and shapes of the distributions (fig. 6.3.19).
The apoprotein distribution shows a broad overlap of two populations: one large
feature peaking at 36.6 A and a smaller one at 46.5 A. Similar to the L56C/S266C
variant above, the Mn?*-bound state exhibits a single, narrower peak at 35.7 A.
The Zn?*-bound form also presents a dominant feature at 35.7 A, which is broader

in shape than that of the Mn2*-bound form, and also a small population at 23.2 A.

Referring to the raw data (fig. 6.3.18), as with the previous variant, L56C/S266C,
the apoprotein time trace has a long decay profile which, when background
corrected, gives shallow oscillations. Towards the end of the measured signal, the
noise increases, potentially masking another oscillation frequency, and causing
uncertainty in the processing routine. This may be the source of the smaller
feature observed in the apoprotein’s distance distribution, which falls within a low
confidence band. The similarity between the data collected for the apoprotein form
of the two variants L56C/S266C and S58C/S266C may lend some credence to the

posited relationship between label mobility and dipolar oscillation profiles. The
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background correction of the time trace data for the Zn?*-bound form enhances the

noise, and this is likely the source of the short distance seen in the distribution.
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Fig. 6.3.18: the 4P-PELDOR data and resulting distance distributions of MTSL-
labelled S58C/S266C variant of PsaA, a) ‘raw’ data (trace of the echo decay and
oscillation in the time domain) of apoprotein form, blue, Mn?*-bound, green, and
Zn?*-bound, orange, b) background factor subtracted time trace (apoprotein, blue,
Mn?*-bound, green, and Zn?*-bound, orange), c) apoprotein distance distribution
output, d) Mn?*-bound distance distribution output, e) Zn?*-bound distance
distribution output.
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Fig. 6.3.19: scale-normalised overlay of the distance distributions resulting from 4P
PELDOR of the MTSL-labelled S58C/S266C variant of PsaA (apoprotein, blue,
Mn?*-bound, green, and Zn?*-bound, orange).

The first loop-lobe variant is S58C/I125C. All of the different binding states of this
variant show a predominant feature at the same distance of around 33.3-34.0 A
(only a 0.7 A deviation; fig. 6.3.21). In the apoprotein form, this feature, at 34.0 A,
is the only population (there is a small, low confidence peak at 49.4 A which
should be disregarded). This is interesting considering how flexible loop regions
are expected to be, as it might be anticipated to observe more modes, or broader
features, in the distance distribution. In the Mn?*-bound state, there are more small
features at shorter distances: 21.3 and 28.4 A. There is also a small, shorter
distance feature in the distance distribution of the Zn?*-bound form, at 23.5 A. This
is smaller and broader than the features in the Mn?*-bound state, which may
indicate that while there are conformations here similar to those in the Mn?*-bound

state, they are less distinct and less frequently sampled.

The short distances in the Mn?*-bound form may be artefacts due to the noise of
the data (fig. 6.3.20), but they do appear within the high confidence bands.
However, the profile of the this data would suggest that the shortest distance is not
to be believed; such close proximity of two spin labels (21.3 A) would be evident in
a very sharp feature at the start of the trace, and would also probably yield very
noticeable oscillations across the measured dipolar evolution time. The influence
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of the noise in this time trace is heightened by the fact that the modulation depth is
so small. This may be caused by a difference in sample concentration or may be
the effect of the paramagnetic Mn?* ion enhancing the relaxation of the nitroxide
spins. In order for this to occur, the spin labels would have to be in relatively close
proximity to the Mn?* ion; in the case of S58C/I1125C here, both are predicted to be
about 20 A away (see fig. 6.3.2 and table 6.3.3), which agrees with this
hypothesis.

Similarly, background corrected time trace of the Zn?*-bound form is fairly noisy
(fig. 6.3.20), which may have led to the presence of a short distance population in
the distribution. If these populations are to be believed, they would suggest a
greater degree of flexibility or range of conformational positions of the loop in the
bound states, but they may be artefacts introduced by noise and processing
routine. This is probably the case, considering the similarity of the background

corrected time domain data of the Zn?*-bound and apoprotein forms.
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Fig. 6.3.20: the 4P-PELDOR data and resulting distance distributions of MTSL-
labelled S58C/1125C variant of PsaA, a) ‘raw’ data (trace of the echo decay and
oscillation in the time domain) of apoprotein form, blue, Mn?*-bound, green, and
Zn?*-bound, orange, b) background factor subtracted time trace (apoprotein, blue,
Mn?*-bound, green, and Zn?*-bound, orange), c) apoprotein distance distribution
output, d) Mn?*-bound distance distribution output, e) Zn?**-bound distance
distribution output.
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Fig. 6.3.21: scale-normalised overlay of the distance distributions resulting from 4P
PELDOR of the MTSL-labelled S58C/I125C variant of PsaA (apoprotein, blue, Mn?*-
bound, green, and Zn?*-bound, orange).

The other loop-lobe variant, 1125C/1236C, shows a range of distances in each of
the binding states, but a predominant mode peaking at around 29.2-29.8 A is
observed in all of them. In the apoprotein form, this feature (at 29.2 A) is fairly
even in population with a peak at 35.2 A, with smaller populations at 42.7 and 51.8
A, which can be disregarded; the former has a negligible population and the latter
is very low confidence. In the Mn2*-bound form, there is also a feature at 34.3 A,
but it is significantly smaller than the predominant peak at 29.4 A. This state also
has small populations at 23.2 and 43.5 A, and one below 20 A which would need
to be verified by low temperature cw-EPR. The Zn?*-bound state gives a
multimodal distance distribution, with the dominant feature at 29.8 A, and smaller,
fairly even peaks at 35.7 and 43.5 A; however, the longer distance peak falls into
the low confidence band, and measured dipolar evolution time would not be

sufficient to extract such a long distance.
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The modulation depth observed for the Mn?*-bound form is very low, similar to the
S58C/1125C variant discussed above. Again, this may have an effect on the data
processing by enhancing the influence of noise, giving artefacts in the short

distance areas of the distribution.

5
r (nm)

Fig. 6.3.22: the 4P-PELDOR data and resulting distance distributions of MTSL-
labelled 1125C/1236C variant of PsaA, a) ‘raw’ data (trace of the echo decay and
oscillation in the time domain) of apoprotein form, blue, Mn?*-bound, green, and
Zn?*-bound, orange, b) background factor subtracted time trace (apoprotein, blue,
Mn?*-bound, green, and Zn?*-bound, orange), c) apoprotein distance distribution
output, d) Mn?*-bound distance distribution output, e) Zn?*-bound distance
distribution output.
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Fig. 6.3.23: scale-normalised overlay of the distance distributions resulting from 4P
PELDOR of the MTSL-labelled 1125C/I1236C variant of PsaA (apoprotein, blue,
Mn?*-bound, green, and Zn?*-bound, orange).

Table 6.3.8: the measured distances between the pairs of spin labels in the double-
labelled variants of PsaA as extracted from the distance distributions obtained from
the PELDOR experiments. In cases where there are multiple modes in the
distance distributions, the predominant value is shown in bold.

Measured inter-label distance (A)

Variant

Apo Mn?*-bound Zn?**-bound
L56C/1236C 36.9, 44.7 32.9 33.1,404
L56C/S266C 35.5 (broad) 34.7 34.1 (broad)
S58C/S266C  36.6, 46.5 35.7 35.7
S58C/1125C 34.0 28.4, 33.3 33.3
1125C/1236C 29.2, 35.2 (even) 294,343 29.8, 35.7
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From this data (table 6.3.8), a model can be built of the conformational dynamics
of PsaA in its different binding states. In the apoprotein form, the distances
labelling positions on the lobes indicate that they rest open, with some degree of
flexibility that allows multiple or broad populations to occur in the distance
distributions; this flexibility is also suggested in the work that used room
temperature cw-EPR at X-band and MD simulations*®. This flexibility is suggested
to be asymmetric, i.e. one lobe moves more than the other. This is supported by
the loop-lobe distance data; the S58C/I125C apoprotein distribution is unimodal,
whilst that of the 1125C/I236C is bimodal, with fairly even distribution between the
two populations. Therefore, the loop and N-terminal lobe (containing positions L56
and S58) likely occupy a single conformation in this binding state, whilst the C-

terminal lobe (1236 and S266) has some range of conformations.

When Mn?* binds, the lobe-lobe distances all display unimodal distance
distributions, with shorter distances populated than in the apoprotein state.
However, the difference in distances between the apoprotein and Mn?*-bound are
not consistent: L56C/I236C changes by 4.0 A, L56C/S266C by 0.8 A and
S58C/S266C by 0.9 A. Both of the S266C-containing variants show smaller
distance change between apoprotein and Mn?*-bound forms than that containing
the 1236C mutation site. This can be interpreted as twisting or rotating of the lobes
during closure, leading to a greater distance change between N- and C-terminal

lobes on one side than the other.

In both loop-lobe cases the distance distributions have more population modes at
generally shorter distances in the Mn?*-bound form, though the dominant
distances exhibit only small changes. Since the lobe-lobe variants show single
distance populations, these differences seen in the loop-lobe variants are likely
caused by conformational change in the loop itself. If the short distances in the
distributions are to be believed, there may be multiple conformations sampled.
There is very little change in the dominant distance of the S58C/1125C (0.7 A),
which supports the idea that the N-terminal lobe shows little movement. If the
mode at 28.4 A is not an artefact, this would suggest the loop samples an ‘open’
and ‘closed’ position, with the latter significantly less populated, possibly due to the
transient nature of Mn?* binding. The two modes seen in the apoprotein
1125C/1236C distance distribution (29.2 and 35.2 A) are present in the Mn2*-bound
form (29.4 and 34.3 A) with the majority population now at the shorter distance
and with a change in the longer distance of 0.9 A. If the C-terminal lobe is not
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sampling conformations in a similar manner to the apoprotein, as suggested by the
unimodal distribution of the L566C/1236C variant, then the loop is. Interestingly, in
both variants the difference between the dominant and next-largest population is
4.9 A. The consistency of this value suggests that the loop is sampling two
discrete conformations, and that the distances between these conformations and

that of the C-terminal lobe in the apoprotein form are just coincidental.

The data for the Zn?*-bound form appears to indicate that is shares attributes of
both the apoprotein (flexibility) and Mn?*-bound (shorter distances) states. The
Zn?*-bound L56C/I236C shows a distribution very similar in shape/features to the
apoprotein, but the distances are much shorter; the dominant distance of 33.1 A is
much closer to the distance of the Mn2*-bound form (32.9 A) than the dominant
population of the apoprotein (36.9 A). Much like in the apoprotein form, the
multimodal distribution of L56C/1236C and broader populations of the L56C/S266C
and S58C/S266C variants suggest that the C-terminal lobe is asymmetrically
flexible. However, the shorter distances seen here compared to the apoprotein
(35.5 vs 34.1 A for L56C/S266C, and 36.6 vs 35.7 A for S58C/S266C for the
apoprotein vs Zn?*-bound forms, respectively) indicate the lobes are ‘closed’

around the substrate, much like the MnZ*-bound form.

The data presented for the loop-lobe variants echo this; S58C/1125C exhibits a
single conformation, like the apoprotein, but with the same distance of the
dominant feature in Mn2*-bound form (33.3 A; 0.7 A difference compared to the
apoprotein). The Zn?*-bound [125C/I236C variant has a bimodal distance
distribution, with a difference of 5.9 A between the two populations. This is more
similar to the apoprotein, where there is 6.0 A difference between the equal
populations, than to the Mn2*-bound form, which has a difference of 4.9 A between
the two dominant features. As the S58C/1125C variant indicates there is no
movement of the loop in the Zn?*-bound state, the bimodal distribution probably
arises from the movement of the C-terminal lobe, which aligns with the
interpretation of the lobe-lobe variant data. The 0.7 A change in loop position (as
extracted from the S58C/I1125C data) from the apoprotein to the Zn?*-bound state
likely accounts for difference in absolute distances measured between the spin
labels exhibited in the 1125C/1236C variant (29.2 & 35.2 A vs 29.8 & 35.7 A for

apoprotein and Zn2?*-bound form respectively; this is a difference of 0.6 and 0.5 A).
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A speculative interpretation of this model could be that the binding of Zn?* does
not result in the correct or complete closure of the protein, which may then prevent
it from reopening in the way that it does when Mn?* binds. This would explain how
this substrate binds irreversibly, despite the lower affinity of PsaA for Zn?*

compared to Mn?* and the less favourable coordination sphere.
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Comparison with model

The adapted ‘Venus flytrap’ model taken from the three different crystal structures
posited an asymmetric movement of the lobes toward each other in order to
occlude the central pocket upon substrate binding; the N-terminal lobe is proposed
to move very little, if at all, whilst it is suggest that the C-terminal lobe does the

majority of the ‘closing’ movement.

The PELDOR results for the lobe-lobe measurements (variants L56C/I1236C,
L56C/S266C and S58C/S266C) generally agree with the ‘Venus flytrap’ model of
SBD movement. When comparing the distance distributions given from
measurement of the apoprotein forms against those of the Mn?*-bound forms of
these variants, there is a general trend in which the distances between the pairs of

spin labels decrease.

The comparable results for the loop-lobe variants (S58C/1125C and 1125C/1236C)
reveal asymmetric inter-label distance changes, wherein the N-terminal lobe-loop
variant S58C/1125C demonstrates little change between the apoprotein and Mn?*-
bound states (A<1 A when considering the majority populations in the
distributions). In contrast, the C-terminal lobe-loop variant 1125C/1236C exhibits
more variation; an even, bimodal distribution of inter-label distance populations in
the apoprotein form becomes dominated by a single distance in the Mn?*-bound

form.

The extent of the distance changes between the two lobes and the shapes of the
distributions are very different across the three variants. Two of the variants
(L56C/S266C and S58C/S266C) exhibit relatively small inter-label distance
changes between the apoprotein and Mn2*-bound states of ~1 A. Meanwhile, the
other variant (L56C/I236C) demonstrates a much more prominent movement of ~4
A. Considering the proximity of the L56 and S58 sites on the N-terminal lobe, the
source of the uneven distance change is unlikely to be any large-scale motion of
this lobe. As such the C-terminal lobe, containing positions 1236 and S266, is
responsible for the majority of the distance changes, in agreement with the crystal

structure-based model.

The other important feature of this model is the role of the helical backbone, a
segment of which is posited to act as a spring. Upon Mn?*-binding the C-terminal-

lobe end of the helix is thought to bend and partially uncoil in a reversible manner.
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However, in the case of Zn?*-binding, the ‘spring’ is purported to be overstretched,
preventing it from recoiling and releasing the bound metal. The results presented
here are not able to report on this proposal, either in support or opposition. In
order to further investigate the validity of the proposed model, studies involving the

helix region would be required.

The model presented by the crystal structures does not specifically reference the
loop region, this is potentially because the intrinsically flexible nature of loops
makes it difficult to speculate. However, the data obtained from the in silico
labelling predicted changes in the conformation. The results of the PELDOR
distance measurements reinforced this and showed that the loop had varying
degrees of flexibility based on the binding state. It may be that the loop has some

involvement in transiently ‘locking in’ the cognate ligand prior to transport.
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FRET data

Recent studies involving FRET on PsaA' did not study the range of the variants
discussed here, though the E74C/K237C and V76C/K237C are not too dissimilar
to the L56C/1236C variant used for PELDOR studies above; the E74 and V76
positions sit on the N-terminal lobe. However, the results reported in the FRET
study contribute to the understanding of the function and dynamics of PsaA with its

cognate ligand and its dysfunction in the presence of Zn?*.
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Table 6.3.9: comparison of the measured and reported distances for PsaA variants
E74C/K237C, V76C/K237C and L56C/I236C in a range of conditions. This includes
reported FRET efficiencies (of the fluorescent-labelled PsaA variants E74C/K237C
and V76C/K237C and the distance measurements consisting of: the distance
between the C, atoms of the mutation positions as calculated from the crystal
structures, the distances between the spin labels in the double-labelled as predicted
from the simulated distance distributions calculated at 298 K using spin label MTSL,
and the measured distances between the spin labels in the double-labelled
L56C/1236C as extracted from the distance distributions obtained from the PELDOR
experiments. In cases where there are multiple modes in the distance distributions,
the predominant value is shown in bold. Dashes indicate where there are missing
data points.

@ — data reported in publication by de Boer et al., 20197

FRET-
FRET
determined
Efficiency,
Distance (A) Distance
. E* (ALEX
Variant Change (A,
sm-FRET)?
vs Apo)?
Cs-Ca MMM PELDOR
Apo 42 50 36.9,44.7 - -
L56C/1236C + Mn?* 39.1 455 329 - -
+Zn?* 393 445 331,404 - -
Apo 446 494 - 0.518 £ 0.003 -
E74C/K237C + Mn?* 411 455 - 0.567 £0.003 3.2+0.3
+Zn?* 411 482 - 0.570+£0.003 3.2+0.3
Apo 44 504 - 0.615+£0.003 -
V76C/K237C + Mn?* 402 416 - 0.681+0.004 4.0+04
+Zn?*  40.7 457 - 0.688+0.004 4.1+04
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FRET measurements for E74C/K237C exhibited distance changes of 3.2 A for
both Mn?*- and Zn?*-binding, and V76C/K237C was reported to change by 4.0 and
4.1 A upon binding of Mn2* and Zn?* respectively'!. Similarly, the distance change
measured for the L56C/I1236C variant using PELDOR was 4.0 A and 3.8 A with

Mn?*- and Zn?*-binding (for the majority population of the distance distributions).

However, the FRET histograms were reported to be unimodal, whereas the
PELDOR results reported more than one population of inter-label distance in both
the apoprotein and Zn?*-bound forms. Considering that 1236 and K237 are
neighbouring positions on the C-terminal lobe, which is proposed to undergo the
majority of the movement in the SBD closure process and is expected to be
somewhat flexible based on the PELDOR model described above, a multimodal
FRET histogram would be anticipated. This discrepancy, however, may be due to
the constraints of FRET; by using larger probes (vs spin labels in EPR), further
away from the local environment which they are being used to study (i.e. longer
linker chains) there may be some dampening of the effect on the sensitivity of the
measurements because of the motional freedom of the fluorescent label. Also, if
the conformational dynamics of these movements are faster than the millisecond
timescale the histograms may not show discrete populations, whereas PELDOR

uses a flash-frozen snapshot of the protein in ensemble.

Additionally, EDTA was found to scavenge metal from Mn?*-PsaA but not Zn?*-
PsaA through measurement of the lifetime of the closed conformations'. This
suggests that the irreversible binding of divalent zinc is explained by slow opening
kinetics of PsaA. A binding variant (mutation of the D280 position to asparagine),
which causes the SBD to release Zn?* like WT-PsaA releases Mn?*, was found to
allow zinc transport. Background efflux was prevented by knockout of the Zn?*-
efflux pump gene. In-cell Zn?* accumulation occurred in the bacterial strain
containing the D280N PsaA gene, but not in the strain with WT-PsaA. Therefore, it
is the PsaA subunit that confers metal transport specificity to the PsaBCA

complex.
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7 Summary & Conclusions

A range of different ABC-type transporter SBDs were studied here with a general
theme of using various EPR spectroscopy techniques to investigate how they bind
their substrates, both cognate and non-cognate, and the conformational dynamics

they undergo.

The SBD subunit of the maltose transporter MalEFGK>, MalE (also referred to as
MBP), was first taken as a well-documented example of this group of proteins. Site
directed spin labelling (SDSL) was performed on a variant in which two cysteine
sites were introduced, one on each lobe of the SBD (T36C/S352C). Room
temperature cw-EPR was used to verify it had been successfully labelled to about
50 % efficiency, and the data simulated and fitted to extract certain characterising
parameters. This revealed two different label species, which was taken to indicate
the two labelling sites were significantly different in terms of rotational freedom for
the attached label. Low temperature cw-EPR was also used on the apoprotein

form of MalE to further characterise the spin labelled variant.

PELDOR studies of the spin labelled variant, in both the absence and presence of
the substrate maltose, revealed distances (52.9 A and 40.5 A for apoprotein and
maltose-bound respectively) similar to those that were expected from the crystal
structures (51.0 A and 40.8 A) and in silico labelling experiments (52.5 A and 40.0
A). These results also agreed well with reported FRET results for the same (large
increase in FRET efficiency upon maltose binding'") and a very similar variant
(K34C/R354C; 58.3 A and 49.0 A'%) of MalE. This demonstrated the
complementarity of the PELDOR and FRET distance measurement techniques,

which was explored further using the next system.

Following on from the studies of the MalE protein, another system that had also
been investigated recently using FRET was the amino acid transporter GInPQ.
This has two SBDs, known as SBD1 and SBD2. As with the previous studies,
SDSL was performed on a two-cysteine containing variant of each protein
(Q87C/T159C for SBD1, and T369C/S451C for SBD2). These variants were spin

labelled to about 94 % best efficiency in both cases.

SBD1 binds glutamine and asparagine with very different Kq values; glutamine is
bound fairly ‘loosely’ with a Ky of 92 yM and asparagine is bound much more
‘tightly’ with a Ky of 0.9 uM. No significant differences between the room
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temperature or low temperature cw-EPR spectra of the three binding states
(apoprotein, GIn-bound and Asn-bound). The lack of discernible difference in the
room temperature spectra means that binding of either substrate does not
significantly alter the environments of the attached spin labels. In the case of the
low temperature cw-EPR, no dipolar broadening was exhibited, meaning none of

the binding states had inter-label distances of less than about 25 A.

The room temperature cw-EPR spectra of the three binding states were also
measured as a function of incident microwave power (i.e. a power saturation
experiment). The results of these were largely inconclusive, as no real difference
was found between the extracted P42 values of the binding states through the two-
trendline method. However, the more complex method fitting the data gave vastly
different results for both P42 and the measure of saturation homogeneity in the
apoprotein state compared with those of the substrate-bound states. It is unclear
as to why this is, but the introduction of errors into the original datasets were

discussed, which would therefore affect the fitting outputs.

The equivalent room and low temperature cw-EPR studies of SBD2 were only
performed on the apoprotein form of the spin labelled variant, though the protein
binds glutamine and glutamate. However, comparison of the room temperature
cw-EPR spectrum of this and that of the apoprotein SBD1 variant showed that the
SBD2 spin labels were slightly more rotationally restricted. This agreed well with
the projected rotamer library populations of the individual mutation sites in each
protein as calculated by the in silico labelling experiments. The SBD1
Q87C/T159C variant was predicted to have 85 and 115 rotamers at each
respective labelling site, whilst SBD2 T369C/S451C was predicted to have 69 and
47 respectively. This matched well with the 1¢ values extracted by best-fit
simulations of the experimental data, in which the SBD1 spectrum was dominated
by the species with a relatively short 1c of 2.7 ns. In contrast the SBD2 simulation
had fairly even weighting of two species, one with a 1c of 5.0 ns and the other at
9.8 ns.

PELDOR measurements of SBD1 in the absence of substrate (52.3 A), with
glutamine (43.5 A) and with asparagine (39.9 A) agreed well with the trend set out
by the FRET efficiencies'! and the aforementioned Ky values. In the case of
SBD2, the apoprotein form was found to have a bimodal distance distribution (44.3

and 56.3 A, with the longer distance more highly populated), which was not
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observed in the equivalent FRET data. Similar distances were measured in the
Glu-bound form (44.2 and 54.6 A), but the populations of the two distances were
inverted (dominated by the shorter distance). This was taken to suggest that the
apoprotein form was in some way contaminated by the presence of a binding
amino acid, and the Glu-bound form perhaps did not have sufficient substrate for
full closure. The GIn-bound form of SBD2 was found to have a single population in
its distance distribution (43.0 A). These data, too, agreed well with the FRET

efficiencies trend".

The SBD of the manganese importer system of S. pneumoniae (the PsaBCA
complex), PsaA, was the main focus and most in-depth of the studies presented in
this chapter. Five single-cysteine containing variants and five double-cysteine
containing variants were investigated here in a range of different EPR methods in
order to characterise the system and probe Mn?*- and Zn?*-binding and any

potential differences between the resulting conformational states.

First, the room temperature cw-EPR spectra of the spin labelled single cysteine
containing variants were recorded. Next, a full set of low temperature cw-EPR
spectra were recorded for the singly labelled variants were recorded both at X-
band and at Q-band. Attempts were made to simultaneously simulate and fit these
data for each variant in order to achieve a set of convergent g- and A-tensors to
characterise these systems. It was found that this was best done across the low
temperature cw-EPR datasets and fairly good convergence with the experimental
data was achieved (low RMSDs). The results of these best-fit simulations were
used as starting points for the equivalent spectra recorded at room temperature at
X-band.

These studies revealed a conflict with previously reported results*® for the
rotational correlation time, 1¢, for all of the variants. In the published literature, all
but one of the simulations were performed using one spin label ‘species’, and the
resulting 1c values were consistently smaller than those obtained by the
investigations shown here. Since the published simulations do not have any
RMSD associated with them, and only report the 1c values, it was difficult to draw
any conclusions from this. However, it could be argued that even through simple
qualitative assessment of the spectral lineshapes (in both cases) that the 1 values
would be significantly larger than those previously reported. Following on from this,

the best-fit simulations of the room temperature cw-EPR spectra of the single-
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labelled variants were combined in a 1:1 ratio for the respective double cysteine
containing variants. This was shown to qualitatively match the experimental room

temperature cw-EPR spectra of the double-labelled variants well.

The low temperature cw-EPR studies at Q-band also looked at the spectral
characteristics of the manganese substrate. Certain single- and double-labelled
variants were studied here, where the distances between the attached spin labels
and the metal ion are predicted to be < 30 A (from the in silico labelling
experiments), as well as unlabelled wild-type (WT) PsaA. Both the width of the first
resonance line and the overall spectral breadth were measured and were found to
be significantly different in the labelled variants compared to the WT. In general,
the extent of line broadening seemed to be related to the projected distance
between the spin label and the metal binding site; i.e. the closer the two
paramagnetic species, the greater the broadening. This makes sense given what
is known about the effects of dipolar coupling and resonance line broadening
between two spin labels. The overall width of the manganese | = 5/2 sextet was
narrower in the spin labelled variants than the WT protein. However, across the
dataset the corresponding hyperfine coupling values agreed well literature values
for 6-coordinate Mn(ll), which would oppose the general consensus from crystal
data that PsaA has a tetrahedral binding geometry. However, if the carboxylic acid
groups of the coordinating Glu and Asp residues were bidentate, the binding

sphere would indeed be hexacoordinate.

The extensive PELDOR data of the double-labelled variants were divided to
interpret the lobe-lobe (L56C/1236C, L56C/S266C and S58C/S266C) and loop-
lobe (S58C/1125C and 1125C/1236C) movements. A model for the conformational

dynamics of PsaA upon Mn?*- vs Zn?*-binding was built on these measurements.

Firstly, the apoprotein form showed some one-sided lobe flexibility, in agreement
with the conclusions of the literature based on room temperature cw-EPR at X-
band*. The C-terminal lobe (which carries the 1236 and S266 sites) was posited to
move more upon substrate binding that the N-terminal lobe (containing L56 and
S58). It was found that Mn?*-binding resulted in single populations in the distance
distributions, suggesting that a single conformation exists in terms of lobe-lobe
measurements. Additionally, two of the lobe-lobe variants showed greater distance
change than the remaining variant, potentially signifying a twisting of the lobes

relative to one another as they close. In contrast, Zn?*-binding had similar flexibility
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characteristics to the apoprotein form, but with the shorter distances (comparable

to those in the Mn?*-bound state) dominating the distance distributions.

The degree of loop flexibility also appeared to be dependent on the binding state.
When accounting for the flexibility of the C-terminal lobe, the loop appears to
occupy a single conformation in the apoprotein form. When Mn?* binds, the loop
populates several positions relative to the lobes, suggesting that it is flexible
between ‘open’ and ‘closed’ conformations. This is likely related to the transient
nature of the binding of the cognate ligand. However, Zn?*-binding causes the loop
to only occupy the ‘closed’ position (the same distance as seen in the Mn?*-bound
form); again, this was interpreted taking into account the C-terminal lobe’s

movements.

The data obtained during these studies were not directly comparable with the
results of FRET studies on PsaA'! due to the difference in the sites where
cysteines were introduced (E74C/K237C and V76C/K237C). However, the
positions of the cysteine sites in L56C/I236C are the closest for the sake of
comparison. The PELDOR data for this variant showed bimodal distributions in the
apoprotein and Zn?*-bound forms, which were not replicated in the corresponding
FRET histograms. Nonetheless, the distance changes that were reported match
well with the distance changes measured using PELDOR, when disregarding the
lesser populated distances. The discrepancies between these results may be due
to the differences in experimental/sample conditions for the two methods. In
addition, the E74 and V76 positions of the FRET variants are located in a more
surface-exposed part of the N-terminal lobe than L56, which may cause these
positions to be less sensitive to the lobe flexibility as any attached probes will

experience large degrees of rotational freedom.
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8 Outlook

There are many lines of investigation still open on all of the systems presented
here. Outlined below are many avenues yet to be explored, which may help to

complete the studies presented here.

In order to verify or refute the apparent short distance seen in the maltose-bound
MalE PELDOR, low temperature cw-EPR experiments should be performed. Sub-
saturating amounts of ligand could also be titrated in and the changes in
conformation monitored in order to investigate if there are two discrete populations
in the distance distributions, which would demonstrate whether the SBD samples
two conformations (i.e. open and closed) or not (a range of conformations between

fully-open and fully-closed).

In the FRET study discussed extensively here, many different conformations of
MalE were found using many different substrates’’, with the main finding being
that the extent of closure of MalE seems to depend on the size of the substrate.
Non-cognate ligands were also found to bind to MalE, but the protein did not close
around them to the same extent as the cognate ligands. For a more in-depth
comparison of EPR and FRET as tools for investigating conformational dynamics,
it would be interesting to perform these same binding experiments and measure
the closure of MalE using PELDOR.

In the case of the GInPQ SBDs, ligand titration experiments were hindered by the
difficulties in production and purification of fully active protein. In the case of SBD1,
where one substrate is known to bind more tightly, a displacement titration could
also be performed and the resultant changes in conformation monitored through
PELDOR. If the problem of contaminated ‘apoprotein’ samples were to persist with
new purifications, unlabelled SBD could be added to the samples in order to
scavenge the substrate. However, this would need to be done with a high
concentration of labelled SBD to start with as the dilution caused by adding
unlabelled protein would affect the signal intensity. In addition, completion of the
crystal structure and Ky datasets would help to confirm or disregard many of the
proposed details presented here, particularly in the case of SBD2 and glutamate

binding.

Further investigations into PsaA and metal binding could be done by recording the

low temperature cw-EPR spectra of the single-labelled variants incubated with
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Mn(ll) and Zn(Il). Since Mn(ll) is paramagnetic, any short-range distances
between the metal and a spin label would likely result in dipolar broadening.
Investigation of the relationship between the extent of spectral broadening of the
spin label characteristics and the distance between the metal and spin probe could
be done using these spectra. This could help elucidate the relative positions of
each of the labelling sites (i.e. the two lobes and loop) in relation to the central

binding cleft.

As with the GInPQ SBDs, sub-Kq amounts of Mn(Il) and Zn(ll) could be
sequentially titrated into labelled double-cysteine variants to track the changes

substrate displacement has on the conformation of PsaA.

In order to investigate the idea of the ‘spring-stretch’ from the proposed binding
model (taken from the crystal data), a variant involving the end of the helix linker
region should be designed. Simple room temperature cw-EPR spectroscopy at X-
band may be able to verify this, as manganese-binding should cause a slight
increase in label mobility, whilst zinc-binding should cause a more extensive
increase in rotational freedom. These same experiments on the existing single-
and double-cysteine variants would also be valuable. This may help to account for
the broadness of certain features seen in some of the PELDOR distance
distributions (i.e. more mobile label environments often result in broader

distributions).
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Secondary Active Transporters

9 Vibrio cholerae ‘I’'m Not Dead Yet’
9.1 Background

The ‘I'm Not Dead Yet’ (INDY) genes encode secondary active transporters of the
SLC13 family. The unique name is a result of the gene’s proposed influence on
lifespan and a reference to a scene in Monty Python and the Holy Grail, in which a

‘corpse’ being carried out for collection during the plague says “I’'m not dead yet!”.

Reduced expression of the gene was found to increase the longevity (i.e. not-
dead-ness) of model organisms (mice and Drosophila melanogaster) fed a high
calorie diet, in a manner similar to restricting the caloric intake of control groups'-?,
though these results are considered controversial®. The gene has been connected
to delaying the onset of diet- and age-related symptoms, such as hepatic insulin
resistance. As such, this gene and the transporter it encodes is of high medical

relevance in fighting ageing and diet-related diseases such as type 2 diabetes.

VCINDY (Vibrio cholerae ‘I'm Not Dead Yet’) symports sodium cations and
succinate, a metabolic intermediate of the Krebs Cycle, which is involved in a wide
range of metabolic processes, including the metabolism of carbohydrates, amino
acids, fatty acids, cholesterol, and haem*. The solutes are co-transported in a
stoichiometry of 3:1 respectively®. Whilst the cognate substrate of VcINDY is
known to be succinate, it has been found that the transporter will bind other 4- and
5-carbon dicarboxylates as competitive inhibitors; these include fumarate, malate

and citrate®®.

This is a bacterial homologue of the SLC13 family with between 26-33% sequence
identity with 3 human homologues and was the first of the SLC13/DASS family to
have its crystal structure resolved to high resolution®. It functions as a homodimer,

and each monomer is comprised of 11 TM helices (fig. 9.1.1).
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Fig. 9.1.1: the topology of the 11 TM helices and connecting loops of VcINDY in the
membrane (grey), displaying the inverted two-fold symmetry of the repeats, which
are shown in separate boxes with dashed outlines; repeat 1 consists of TMs 2-6 and
repeat 2 consists of TMs 7-11. The colours show the progression of the chain from
the N-terminal (blue) to C-terminal (red) ends.

These helices are arranged into two repeats with inverted twofold symmetry. The
first repeat, at the N-terminal end, is comprised of TMs 2-6, of which 4 and 5 are
segmented. At the C-terminal end, the second repeat is made up of TMs 7-11, and
9 and 10 are segmented. Helical hairpins (HPs) sit between these segmented
helices; HPin is connected to TM4a & b via H4c at one side and TM5a & b on the
other, whilst HPot is connected to TM9a & b via H9¢ on one side and TM10a & b
on the other’. These HP regions are believed to play a role in the functional

mechanism of the transporter and are associated with the cation binding sites®.

The crystal structure of VcINDY (PDB 4F35°) was assigned as ‘inward facing’ and
had a bound molecule of citrate and one Na* ion (fig. 9.1.2). The sodium binding
site (Na1) consists of residues S146 (side chain and peptide backbone), S150
(backbone), and N151 (side chain) in the HPi, region, and G199 (backbone) in
loop L5ab (see below, fig. 9.1.3). Mutation experiments that targeted these
residues revealed their importance in the rate of transport. It would be expected,
considering the symmetry of the transporter’s topology, that the second Na*
binding site would sit in the equivalent HPout region. Both HP regions are highly

conserved across INDY proteins, further supporting this theory.
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Fig. 9.1.2: crystal structure of homodimeric VCINDY in the inward-facing state;
different colours are used to distinguish the separate monomers (PDB 4F35).

The remaining Na* binding site is not revealed in this crystal structure, which was
resolved using both Na* and Li* ions; the electron density of a lithium ion bound at
a Na* binding site would likely be obscured at this resolution (3.2 A). The citrate
binding site was found to be in close proximity to the Na1 site, in a pocket between
HPin, HPout and TMs 5 and 10. The carboxyl group at one end of the citrate
molecule (5-carboxyl) is oriented towards the S150 and N151 residues of the Na1
site. The other carboxyl moiety (1-carboxyl group) interacts with S377, N378, T379
in the HPout region, and T421 in the loop L10ab® (see below, fig. 9.1.3).

Fig. 9.1.3: the coordination of the sodium ion at site Na1 (left) and of citrate (right)
in the crystal structure of inward-facing VcINDY (PDB 4F35). Hydrogen bonds are
shown as dashed lines, Na* is shown as a purple sphere and citrate is shown in
cyan.
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A more recent crystal structure was determined at slightly higher resolution (2.8
A), where two Na* binding sites were resolved and with the cognate substrate
succinate in the place of citrate (PDB 5UL78). The Na1 site found in the previous
structure was confirmed, and the second site sodium binding site (Na2) was found
to consist of residues T373 (backbone and side chain), A376 (backbone), and
N378 (backbone) in the HPoyt region, and A420 (backbone) in loop L10ab. With
succinate bound, there were interactions of the side chains of N151 and T152 to
one carboxylate (HPin/Na1 region), and S377 and N378 with the other(HPo./Na2

region)® (see below, fig. 9.1.4).

Fig. 9.1.4: the coordination of the sodium ions at sites Na1 and NaZ2 (left) and of
succinate (right) in the crystal structure of inward-facing VcINDY (PDB 5UL7).
Hydrogen bonds are shown as dashed lines, Na* is shown as a purple sphere and
succinate is shown in yellow.

Though the mechanism by which this transporter functions is as yet unconfirmed,
it is generally believed to operate though an elevator-type model of alternating
access (previously explained in 1.2 ‘Secondary Active Transport’). The topology of
the VCINDY monomers can be divided into two domains: the transport domain
containing binding sites and providing access across the membrane, and the
scaffold domain containing oligomerisation contacts and remaining relatively
motionless. In order to undergo the conformational change from inward- to
outward-facing, consistent with an elevator-type mechanism, the transport domain

is proposed to undergo 15 A translation and 43° rotation relative to the scaffold.
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Fig. 9.1.5: the topology of the 11 TM helices and connecting loops of VcINDY in the
membrane (grey), with each domain colour-coded: scaffold domain is shown in blue,
oligomerisation domain shown in green, and transport domain shown in orange.

Fig. 9.1.6: crystal structure of homodimeric VcINDY in the inward-facing state (PDB
4F35) from side-on (left) and top-down (right) views, with each domain colour-
coded: scaffold domain is shown in blue, oligomerisation domain shown in green,
and transport domain shown in orange; different shades are used to distinguish the
separate monomers.

The Na* ions binding at sites Na1 and Na2 are thought to aid binding of the
divalent anion substrate. Though there are no direct interactions between the ions
and substrate themselves, they share certain coordinating residues, e.g. N151,
N378. From the crystal structure (PDB 5UL7) it was posited that, due to the
respective accessibilities of the binding sites, the substrate is released before

dissociation of the sodium ions from sites Na1 and Na2°.

Work presented here is preliminary and ongoing, with huge scope to develop and

many ideas for future investigation (see section 11 ‘Outlook’).
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9.2 Results and Discussion
in silico spin labelling

A range of cysteine-containing variants of VCINDY were designed to study its
functional dynamics using EPR spectroscopy; since it functions as a homodimer,
the variants were designed such that a single cysteine would be inserted per
monomer. These cysteine mutations were generated in silico and a spin label
computationally attached to it using the crystal structure. The degree of rotational
freedom of the attached spin label can then be calculated and a library of rotamers
produced. The distances between the labels (one per monomer) are calculated,
and the distance distributions (i.e. weighted probabilities of distances populated

between the spin label rotamers) can be predicted.

The rotamer libraries were calculated for each of the labelling positions in VCINDY
from the crystal structure of the inward-facing form (4F358) and an MD simulation
of the protein with substrate (i.e. Na* and succinate, also referred to as ‘outward
facing’). These were calculated at ambient temperature (298 K) using Multiscale
Modelling of Macromolecular Systems (MMM) software package that runs via
MATLAB'.
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Table 9.2.1: rotamer libraries of the labelling positions on each monomer chain of
VCINDY in the inward- and outward-facing forms, calculated from the crystal
structure (PDB 4F35) and MD simulation respectively at 298 K.

Calculated Rotamer Library (298 K)

Variant Inward-facing Outward-facing
Chain A Chain B Chain A Chain B

E42C 142 136 68 68
F79C 71 55 67 70
W148C 5 8 99 99
T177C 5 102 9 9
A208C 2 1 108 108
G211C 136 137 1 1

E394C 48 42 90 90
S436C 61 142 50 50

This method can be a good general indicator of the motional freedom a spin label

may have at a particular site and is often used to assess the potential accessibility

of the site (i.e. whether a particular residue, if mutated to a cysteine, will label

well). However, it is important to bear in mind that the program considers the input

structure as a rigid body and therefore it does not allow for the movements of

biological molecules in solution. A spin label attached to a protein in solution may

therefore have a greater degree of flexibility than predicted. The predicted

distances and distance distributions for the spin label pairs were then calculated.
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Table 9.2.2: the predicted distances between the pairs of spin labels in the variants
of VCINDY as extracted from the predicted distance distributions, calculated at 298
K.

Predicted inter-label distance (A)
(MMM @ 298 K)

Variant
Inward-facing Outward-facing

E42C 55.5 54.0
F79C 44 1 46.7
W148C 49.8 67.1
T177C 64.9 52.1
A208C 23.8 50.4
G211C 26.9 78.5
E394C 354 64.2
S436C 73.0 49.4

Some of these variants were selected due to the large-scale changes they are
expected to exhibit, which will give rise to dramatic differences in their respective
PELDOR data. For example, the G211C variant in the apoprotein state (26.9 A
predicted distance) would be anticipated to have a PELDOR trace with relatively
high frequency oscillations that would be fairly quick to collect as it would only
need to be measured over a short dipolar evolution time. In contrast, the substrate
bound state (78.5 A predicted distance) would be expected to have either very low
frequency or unmeasurable oscillations. This is because such a long distance is
towards the upper limit of the sensitivity of PELDOR, particularly with membrane
proteins which are typically at low concentration already, unlikely to be labelled to
100% efficiency and would require further dilution with deuterated cryoprotectant
and buffer solution. Other variants were designed to monitor the ‘scaffold’ region of
the homodimer, where little conformational change is expected to occur. These
variants, E42C and F79C, are predicted to have only 1-3 A inter-label distance

change.
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Fig. 9.2.1: the crystal structure of the inward-facing form of VcINDY (PDB 4F35, Ieft)
and the MD simulated structure of the outward-facing form (not published, right),
with MMM-generated rotamer libraries highlighted, at the residue positions where
cysteines will be introduced, with the measurements between the equivalent
rotamer libraries on each monomer represented by dashed lines.
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Fig. 9.2.2: the topology of the 11 TM helices and connecting loops of VcINDY in the
membrane (grey), displaying the approximate residue positions where cysteines will
be introduced (marked with crosses). The colours show the progression of the chain
from the N-terminal (blue) to C-terminal (red) ends; thus, in order from left to right,
the residue sites are E42 (TM2), F79 (TM3), W148 (HP:), T177 (TM5a), A208
(TM5b), G211 (TM6), E394 (HPou) and S436 (TM11).
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cw-EPR & simulations
Room temperature X-band

Here, the results will be reported for four of the eight designed variants. Variants
A208C, G211C, E394C and S436C were spin labelled with MTSL (details in
section 13.1 ‘Site directed spin labelling’). The labelling efficiencies and protein

concentrations of these samples varied across the variants:

e A208C: 28 uM, 168%
e G211C: 50 uM, 241 %
e E394C: 6 uM, 68 %

e S436C: 40 uM, 219 %

Labelling efficiency was calculated using a calibration curve of spin label at known
concentrations (double integration of the first derivative signal gives the area under
the curve, which is related to the concentration of the radical species in the
sample). The room temperature cw-EPR spectra of these spin-labelled VcINDY

variants were recorded at X-band in the apoprotein state (fig. 9.2.3).

s

3430 3440 3450 3460 3470 3480 3490 3500 3510 3520
Magnetic Field (G)

EPR Intensity (first derivative, a.u.)

Fig. 9.2.3: the room temperature cw-EPR spectra of the apoprotein, MTSL-labelled
variants of VcINDY at X-band; from top to bottom: A208C, G211C, E394C and
S436C. All spectra have been normalised to same scale.
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Across these labelled variants, there is a wide range of spectral ‘shapes’, with
features characteristic of free label exhibited to varying extents. The variants in
which this is most obvious are A208C and E394C.

It is unclear exactly as to why this is but may be an effect of the accessibility of the
labelling sites in the apoprotein/inward-facing state, as this is the conformation the
protein will be in during the labelling process. The in silico labelling experiments
predict variants G211C and S436C to have large rotamer libraries in the inward-
facing form (136 for G211C and 61 & 142 for S436C). In contrast, the predictions
for A208C and E394C in the same form are much lower (1 for A208C and 42 & 48
for E394C). As a result, much of the label may not be able to access the cysteine
sites, and excess free label is then held in the hydrophobic detergent micelles. The
presence of excess free label is further confirmed by several of the labelling
efficiencies of >100 %; i.e. where there is more signal from spin label than there
are cysteine sites (as determined by protein concentration multiplied by the
number of cysteine sites per protein). Extra washing steps may reduce the amount

of free label, but certain methods may lead to loss of protein.

These spectra were then simulated and the simulations were fitted to the
experimental data using the EasySpin package'® for MATLAB (figure 9.2.4). At
least two species will need to be simulated here for each variant considering the
significant influence of potentially free label on the spectral characteristics as

discussed previously.
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Fig. 9.2.4: the fitted simulations of the room temperature cw-EPR spectra of the
apoprotein, MTSL-labelled variants of VCINDY at X-band; from top to bottom:
A208C, G211C, E394C and S436C. Experimental data are shown as solid lines,
fitted simulations are shown as dotted lines.
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The best fit results (table 9.2.3) across the different variants are all fairly different,
as would be expected from the range of spectral features observed. As previously
discussed, room temperature cw-EPR spectra do not allow for the resolving of
individual components of the g- and A-tensors, though the isotropic equivalents of
these (giso and Aiso) can be calculated from the values extracted in the fitted
simulations. However, the main focus of room temperature cw-EPR studies on

spin labelled protein is the extracted rotational correlation time, Tc.

All of the fittings were done with two spin label species simulated: one with a very
short 1¢ (in the range of < 1 ns, i.e. ‘free label’) and one with a much longer 1¢ (in
the range of tens of ns, i.e. ‘bound label’). The two variants that showed the
sharper features characteristic of free label more obviously, A208C and E394C,
had higher relative contributions of the short 1. compared to the two variants that
demonstrated broader and more asymmetric ‘bound’ label features (G211C and
S436C). Considering the amount of free label that appears to exist in most of
these samples, it is hard to compare the results and these spectra beyond this

semi-quantitative assessment.

VcINDY variant G211C was selected as the most viable to pursue for more in-
depth investigations, as it showed the most success in the labelling experiments.
In addition, this variant had a relatively short predicted inter-label distance to
measure in the inward-facing state, with a dramatic difference expected upon

conformational change.

To begin with, the room temperature cw-EPR spectra were recorded at X-band for
spin labelled G211C under different binding conditions: in the apoprotein state,

then with excess sodium, and finally with excess sodium and succinate (fig. 9.2.5).
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Fig. 9.2.5: the room temperature cw-EPR spectra of the MTSL-labelled G211C
variant of VcINDY at X-band under various conditions; apoprotein in black, with 50
mM sodium in blue, and with 50 mM sodium and 0.8 mM succinate in red. On the
left the spectra are stacked to show them individually, and on the right are overlain
to highlight the similarities across the binding states. All spectra have been
normalised to same scale.

Addition of excess sodium and substrate would be expected to drive
conformational change from the inward- to outward-facing arrangement. However,
if this is the case it did not cause any visible changes in the spectral features seen
here. There was no significant change to the overall shape, indicating there was
no change in the T, values of the attached spin labels for each of the three

different binding states.

Considering the in silico labelling experiments, the conformational change is
expected to significantly alter the number of rotamers at the 211 position. In the
inward-facing state there are 136 rotamers predicted, whereas the outward-facing
conformation is expected to have very restricted rotational freedom with only 1
rotamer predicted. This may not be exhibited in the spectra for a number of
reasons, either relating to the predictions and therefore structural data, or relating

to the experimental conditions (or both).

Issues with the predictions stem from the assumptions made in assessing
structural data. For example, the inward-facing conformation is based a crystal
structure and the outward-facing conformation is based on a molecular dynamics
(MD) simulation (which itself is based on the crystal structure of the inward-facing
form). These may or may not be accurate snapshots of the physiological
conformations VcINDY actually samples. The in silico experiments also take these
inputs to be rigid bodies and therefore may not generate libraries of rotamers that
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are reflective of the true movements of the attached spin labels in detergent-

solubilised protein.

The experimental conditions may also contribute to the results not reflecting the
predictions; detergent solubilised protein may not act in the same way as protein in
its native state. Additionally, the attachment of spin labels may in some way affect
the normal function of the protein and may hinder the dynamic processes it
undergoes. Though the concentration of the substrate used in this experiment was
expected to be enough to cause the protein to change conformation (as it was at
least 2 orders of magnitude in excess), it may not have been sufficient for the
outward-facing form to exist long enough, or in high enough proportion, to observe
with this method.
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Low temperature X-band

The spin labelled G211C variant was then studied using low temperature (50 K)
cw-EPR at X-band (fig. 9.2.6). Again, the influence of substrate was investigated
by comparing the spectrum of the apoprotein against that of the protein incubated
with excess sodium and succinate. Due to the lack of observable changes in the
room temperature cw-EPR spectra across the binding states, a greater excess (5
mM) of substrate was used here. This was an attempt to ‘force’ the conformational
change such that all VcINDY dimer units in the sample would be saturated with

substrate, and there would be observable differences in the spectra.

—— apoprotein (inward-facing)
= Na*/succinate-bound (outward-facing)

a.u.)
a.u.)

EPR Intensity (first derivative,
EPR Intensity (first derivative,
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Magnetic Field (G) Magnetic Field (G)

Fig. 9.2.6: the low temperature (50 K) cw-EPR spectra of the MTSL-labelled G211C
variant of VcINDY at X-band under various conditions; apoprotein in black, and with
5 mM sodium succinate in red. On the left the spectra are stacked to show them
individually, and on the right are overlain to highlight the relative broadness of the
spectra across the binding states. All spectra have been normalised to same scale.

The spectrum of the apoprotein (inward-facing) form appears to be significantly
broadened in comparison to that of the Na*/succinate-bound (outward-facing)

state. This is most likely due to the dipolar interaction of the two spin labels at a

distance of less than approximately 25 A.

The simulation and fitting of the data was therefore performed on the spectrum of
the Na*/succinate-bound (outward-facing) form of spin-labelled G211C, using the
EasySpin package'® for MATLAB as before (fig. 9.2.7 and table 9.2.4). The results
for the g- and A-tensors of the fitted simulations of the room temperature cw-EPR

spectra at X-band were taken as starting values here.
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EPR Intensity (first derivative, a.u.)
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Fig. 9.2.7: the fitted simulations of the low temperature (50 K) cw-EPR spectra of
the MTSL-labelled G211C variant of VCINDY at X-band in various binding states:
apoprotein in black, and with 5 mM sodium succinate in red; experimental data are
shown as solid lines, fitted simulations are shown as doftted lines. All spectra have
been normalised to same scale.
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A reasonably good fit (low RMSD) was achieved for the simulation and
experimental data of the Na*/succinate-bound form. The linewidths and the g- and
A-tensors were mostly unvaried when used to simulate and fit the experimental
data of the apoprotein state. However, the A,; components of the A-tensors and
the relative weightings of both spin label ‘species’ were allowed to vary to account

for the effect of the dipolar broadening.

The best fit values for the relative weightings (£0.02) and the general scale of the
Az; values remain relatively consistent between the two binding states. However,
the apoprotein Az, values for both components are shifted higher by about 1.6 to
1.7 MHz. This is likely an effect of the fitting routine attempting to match the
simulation to the broadened features of the experimental spectrum. It is also worth
noting the much higher RMSD value for the apoprotein fitting compared to that of
the Na*/succinate-bound form, as a good fit cannot be achieved without

accounting for the actual dipolar interactions of spin labels in close proximity.

The spectra were then fit using a different software package, pyDipfit'", which
allows for extraction of an estimated distance based on the dipolar coupling. This
method requires the fitting of the spectrum of a singly labelled species first. For
this, the spectrum of the outward-facing (Na*/succinate-bound) form was used, as

there is no dipolar broadening effect observed (fig. 9.2.8, table 9.2.5).

a.u)
a.u.)
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Fig. 9.2.8: left, the fitted simulation of the low temperature (50 K) cw-EPR spectrum
of the MTSL-labelled G211C variant of VcINDY with 5 mM sodium succinate (at X-
band). Right, the same simulation (red) of the 5§ mM sodium succinate-bound
sample overlain with the low temperature (60 K) cw-EPR spectrum of the MTSL-
labelled G211C variant of apoprotein VcINDY (at X-band, black). Experimental data
are shown as solid lines, fitted simulations are shown as dotted lines. All spectra
have been normalised to same scale.
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The results of this fitting are then mostly preserved for fitting the spectrum of the

doubly labelled species (fig. 9.2.9, table 9.2.5). In this case, this is the inward-

facing (apoprotein) form.
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Fig. 9.2.9: left, the fitted simulation of the low temperature (50 K) cw-EPR spectrum
of the MTSL-labelled G211C variant of apoprotein VcINDY (at X-band). Right, the
simulation (red) of the 5 mM sodium succinate-bound sample overlain with the
simulation of the apoprotein sample (black). Experimental data are shown as solid
lines, fitted simulations are shown as dotted lines. All spectra have been normalised

to same scale.
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Only certain parameters should be varied here, such as Az, in case the polarity of
the environment of the spin labels changes between the two binding states.
Different estimates of the distance between the spin labels are calculated based
on different approximations. The distance calculated with the strong-coupling
approximation was 10.5 A, and with the weak-coupling approximation was 9.2 A.
This is significantly different to the in silico labelling experiment prediction, which

gave an inter-label distance of 26.9 A in the inward-facing conformation.

It is important to point out that the estimates from pyDipfit were calculated based

on a few assumptions:

o the spectrum of the Na*/succinate-bound form was indeed unaffected by
any dipolar interactions of the two spin labels (i.e. there are no spin label
pairs interacting at distances less than around 25 A).

o all cysteine sites were labelled (i.e. 100% labelling efficiency), and all of
these labels were interacting in pairs at distances less than around 25 A in

the apoprotein form.

The latter is a large assumption to make. From the room temperature cw-EPR
experiments, it has already been calculated that the labelling efficiency is above
100% (241 %). However, considering that this efficiency inaccurate due to the
presence of excess free label in the sample, it is likely that there will be some units
of VCINDY dimer with two attached spin labels (which can interact), some with one
label, and some with none. This value was not varied for the fitting, as attempts to
fit gave a ‘fraction’ of > 1 (i.e. the fraction of interacting spins at < 25 A with respect

to all spins in the sample), which is not by definition viable.

Additionally, the room temperature cw-EPR spectrum of G211C showed some
evidence of free label. This is significant with respect to the first assumption; if
there is free label, potentially in the detergent micelles, that are close enough to
the units of VCINDY protein that are solubilised, they may interact with the labels
attached at the G211C site.
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Pulsed EPR

Three of the VCINDY variants (A208C, G211C and S436C) were investigated with
PELDOR under different binding conditions, with the majority of the work done so
far using variant G211C. All PELDOR data were processed using the
DeerAnalysis'? software package for MATLAB.

First, the experiment was performed using the samples investigated with low
temperature cw-EPR (i.e. with sodium buffer and 5 mM succinate) with added ds-

glycerol (fig. 9.2.10).
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Fig. 9.2.10: the 4P-PELDOR data and resulting distance distributions of MTSL-
labelled G211C VcINDY: a) ‘raw’ data (trace of the echo decay and oscillation in the
time domain) of apoprotein form, black, and Na*/succinate-bound form (6 mM), red,
b) background factor subtracted time trace (apoprotein in black, Na*/succinate-
bound in red), c) apoprotein distance distribution output, d) Na*/succinate-bound
distance distribution output, e) scale-normalised overlay of the distance distributions
(apoprotein in black Na*/succinate-bound in red).

Assessment of just the raw time trace data shows an initially steep drop-off in echo
intensity with no immediately observable oscillations over the recorded time. This
sharp feature at the zero-time often indicates a distance of less than about 20 A

between the two spin labels; this is demonstrated in the distance distributions.
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Background factor correction shows there may be a very shallow, long oscillation
towards the end of the measured time. However, with the level of signal-to-noise
achieved here and the short dipolar evolution time measured (2 ys), the level of
confidence in this analysis should be low. This is reiterated in the colour-coded
distance distributions, which place any populations above about 35 A in the low

confidence band.

The short distance indicated by the initial steep decay in echo intensity and sharp
feature at zero-time agrees with the low temperature cw-EPR analysis, where
there is a distance of <20 A (9.2 to 10.5 A as calculated using pyDipfit'", using the
weak- and strong-coupling approximations, respectively) in the inward-facing
(apoprotein) form. However, the persistence of this PELDOR feature in the
outward-facing (Na*/succinate-bound) form is unexpected, as it had been
assumed that there was no dipolar broadening in the equivalent low temperature

cw-EPR spectrum.

Additionally, the in silico labelling experiments had predicted G211C to go from
26.9 A to 78.5 A in the inward- and outward-facing forms, respectively. A distance
of close to 80 A should be close to the limits of detection for routine PELDOR
experiments at X-band. However, in both the raw and background-corrected time
traces both samples appear to decay in much the same way, with little difference
in the extracted distance distributions, except that the features are broader in the
outward-facing form (which cannot be trusted as accurate considering the signal-

to-noise and measurement time, as previously explained).

Next, this experiment was repeated but with higher substrate concentration in the
outward-facing sample (20 mM succinate). Also, the protonated buffer was
exchanged deuterated buffer (see section 13.1 ‘Buffer deuteration’) to attempt to

make the signal last longer and increase the measurement time (fig. 9.2.11).
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Fig. 9.2.11: the 4P-PELDOR data and resulting distance distributions of MTSL-
labelled G211C VcINDY in deuterated buffer: a) ‘raw’ data (trace of the echo decay
and oscillation in the time domain) of apoprotein form, black, and Na*/succinate-
bound form (20 mM), red, b) background factor subtracted time trace (apoprotein in
black, Na*/succinate-bound in red), c) apoprotein distance distribution output, d)
Na*/succinate-bound distance distribution output, e) scale-normalised overlay of the
distance distributions (apoprotein in black Na*/succinate-bound in red).

This appeared to make little difference; the time traces both show the steep
feature at zero-time with decays that demonstrate little-to-no observable
oscillation. The experiment for the outward-facing form was measured with a
slightly longer dipolar evolution time (2.5 ps) to check for a low frequency
oscillation, but this affected the achievable signal-to-noise over the same sort of
time frame as the inward-facing form (i.e. several days). Again, the two distance
distributions match one another and no discernible difference between the

conformations is seen.

It was noted that with the poor signal-to-noise and lack of obvious oscillations it
was very difficult to apply background correction without artificially introducing
shape to the time traces. In addition, the L-curves yielded by Tikhinov

regularisation did not exhibit their characteristic shape, making it hard to select a
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reasonable regularisation parameter. This results in either over-resolving or over-
smoothing of the distance distributions. This should be considered when
assessing the distance distributions and results presented here, where in general
they err on the side of over-smoothing (i.e. broad features across a range of

distances, rather than multiple sharp populations at distinct distances).

Equivalent experiments were performed on the S436C and A208C variants (fig.
9.2.12 and fig 9.2.13, respectively). In both of these cases, deuterated buffer was
not used, as in the former G211C experiment. This was decided based on the
balance of sample manipulation time and cost against the lack of significant
changes seen in the G211C PELDOR traces. The first of these variants to be
addressed is S436C; this is at the opposite face of the dimer unit to G211C, so the

opposite trend of distance changes upon conformational change is expected.

246



H
Time (us)

Time (us) T
r(nm)

Fig. 9.2.12: the 4P-PELDOR data and resulting distance distributions of MTSL-
labelled S436C VcINDY: a) ‘raw’ data (trace of the echo decay and oscillation in the
time domain) of apoprotein form, black, and Na*/succinate-bound form (20 mM),
red, b) background factor subtracted time trace (apoprotein in black, Na*/succinate-
bound in red), c) apoprotein distance distribution output, d) Na*/succinate-bound
distance distribution output, e) scale-normalised overlay of the distance distributions
(apoprotein in black Na*/succinate-bound in red).

Here, the raw time trace data show even greater noise levels than the equivalent
data recorded for the G211C variant; both samples were recorded for similar time
periods, but differences in protein and effective spin label concentration will affect
this. A similarly sharp feature at the start of the trace (which is further emphasised
upon background correction) is observed here, which results in a short distance (<
20 A) in the extracted distance distributions. The poor signal-to-noise here may
overexaggerate this feature and hide any oscillations across the measured time
(2.5 ps). It is therefore not possible to discern any real differences in the data

between the two binding states.

The in silico labelling experiments predicted a change from 73.0 A to 49.5 A for the
inward- to outward-facing forms, respectively. Here, the dipolar evolution time

measured (2.5 us) is not likely to be sufficient to observe oscillations at the
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corresponding frequencies. In order to achieve this, far higher concentration of
efficiently labelled protein will be necessary, along with deuterated buffer and

cryoprotectant.

Finally, initial PELDOR data for the A208C variant was measured (fig. 9.2.13) for
both binding states. The concentration of protein (approximately 28 uM prior to
addition of ds-glycerol) severely limited the echo intensity and signal lifetime such
that a dipolar evolution time of only 750 ns was achieved. As a result, the distance

distributions have a low level of confidence for populations beyond about 25 A.
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Fig. 9.2.13: the 4P-PELDOR data and resulting distance distributions of MTSL-
labelled A208C VcINDY: a) ‘raw’ data (trace of the echo decay and oscillation in the
time domain) of apoprotein form, black, and Na*/succinate-bound form (20 mM),
red, b) background factor subtracted time trace (apoprotein in black, Na*/succinate-
bound in red), c) apoprotein distance distribution output, d) Na*/succinate-bound
distance distribution output, e) scale-normalised overlay of the distance distributions
(apoprotein in black Na*/succinate-bound in red).

Much like both previous variants presented here, the A208C data show sharp
features at the start of the time traces, further exaggerated by the short
measurement time (750 ns). Here, however, it is expected for the inward-facing

(apoprotein) form considering the in silico labelling experiment prediction of 23.8
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A. This is predicted to change to 50.4 A upon conformational change to the
outward-facing (Na*/succinate-bound) form. This certainly would not be
observable at the over the dipolar evolution time measured here. The lack of data
points measured here, along with the difficulties in processing the data as
explained previously, also likely rationalises the sharp shapes observed in the

distance distribution for the inward-facing form here.

As described above for each variant, there is very little observable change in the
PELDOR results regardless of the concentration of incubated substrate. Also, the
persistence of the sharp and steep initial decay feature indicates a problem across
the variants. It may be the case that the ‘free’ label observed in the room
temperature cw-EPR experiments are causing issues with the dipolar coupling

measured here using PELDOR.

It is generally well known that membrane transporters can be difficult to work with,
in that they typically are produced to significantly lower yields (i.e. lower units of
protein per litre of growth medium) than their soluble protein counterparts.
Additionally, there are often other complications in the labelling process, such as
being solubilised in detergent. This can make the labelling process difficult as spin

labels can get ‘stuck’ in these artificial hydrophobic environments.

The steps that are often taken to increase PELDOR signal lifetime in other
systems are not necessarily viable here. Since liposomes and detergents are not
normally deuterated (the financial cost of this would probably be very high), there
is a lot of opportunity for surrounding protons in the local environment to influence
the relaxation of the system and echo modulation, despite deuterating the
aqueous buffer (which was shown to have limited impact for the G211C variant).
Achieving sufficient labelled protein concentration for PELDOR is already
complicated by the risk of the solubilised protein (either in detergent or liposomes)
precipitating out. Further dilution by addition of more deuterated glycerol (i.e. to a
higher v/v %) has to be considered in balance with the potential increase in signal

lifetime.
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10 Summary & Conclusions

The studies performed here for VCINDY are largely preliminary, with the most in
depth investigation being for the G211C variant. The room temperature cw-EPR
studies showed varying degrees of successful labelling of variants A208C, G211C,
E394C and S436C, with certain variants showing greater degrees of label
attachment (G211C and S436C) than the others (A208C and E394C). The G211C
variant was studied under various conditions: in non-binding K* salt buffer without
substrate, in binding Na* salt buffer without substrate, and in binding Na™ salt
buffer with substrate. No spectral changes were observed across these samples,
despite the in silico labelling experiment predictions that VcINDY changing
conformations to the outward-facing form (i.e. upon Na*/succinate binding) would

significantly alter the rotational freedom of the attached spin label.

Low temperature cw-EPR measurements, however, did exhibit observable
differences for G211C under different binding conditions. There was a significant
degree of dipolar broadening in the inward-facing (apoprotein) form of VcINDY.
This was vastly reduced upon conformational change (Na*/succinate binding) to
the outward-facing form, thereby supporting the in silico labelling experiment

predictions.

Further to this, PELDOR measurements were done using the same samples; the
time trace data showed no clear oscillations within the measurable dipolar
evolution time. Considering the previous results of the low temperature cw-EPR
studies, the presence of a short distance was expected from the inward-facing
form, and was observable as a sharp, steep initial decay in echo intensity.
However, this feature persisted in the presence of excess substrate. In an effort to
gain greater signal lifetime and force the conformational change to the outward-
facing form, deuterated buffer and further excess of substrate was used. This had
little effect on either the measured dipolar evolution time or yielded no difference in

the time trace data.

Beyond this, the other variants measured thus far using PELDOR spectroscopy,
S436C and A208C, also displayed this sharp initial feature. It is therefore unclear
what is causing this, and all of the PELOR results must be reassessed for further

experiments.
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11 Outlook

As previously described, the room temperature cw-EPR studies showed varying
degrees of success in terms of labelling efficiency, and sample quality (i.e. how
much of the free label removed during the washing process). This protocol should
be refined such that sufficient efficiency (roughly >70 %) is consistently achieved,
along with reliably removing excess free label and retaining as much protein as
possible. This may be achieved by labelling the protein during the purification
process (i.e. when it is bound to a purification column) to minimise protein losses

and incorporate the reduction, label incubation and washing steps.

Following this, the room temperature cw-EPR studies on G211C should be
repeated with the equivalent substrate balance as in the low temperature cw-EPR
studies, as conformational change appeared to be evident in the latter
experiments. The expectation, based on the in silico labelling experiment
predictions, would be that the rotational mobility would be severely reduced (and
therefore the 1¢ value, extracted by simulation and fitting, would increase
significantly). Further to this, the same experiments should be performed on the
other designed variants that are expected to significantly change in terms of label

environment upon conformational change, most prominently:

e A208C (~1 or 2, and 108 rotamers in the inward- and outward-facing forms
respectively)
e W148C (~ 5 to 8, and 99 rotamers in the inward- and outward-facing forms

respectively)

Similarly, upon improvement of the SDSL process for VcINDY, the low
temperature cw-EPR experiments should also be performed with the A208C
variant, for which the in silico labelling experiments yielded an inter-label distance
prediction of 23.8 A in the inward-facing conformation. Development of the
simulation and fitting routine may be possible to account for dipolar interactions for
distances below about 25 A with newer releases of the MATLAB package
EasySpin'®, in which case the G211C data should be reanalysed and the results

compared with the distances extracted using pyDipfit''.

Interpretation of the PELDOR results is difficult considering the poor signal-to-
noise and measurement of only short dipolar evolution times. It appears that
issues exist around these measurement, likely due to VcINDY being a solubilised

251



membrane protein. It is not clear whether the presence of free label and/or
detergent is interfering with the measurement, or if these measurements are made
difficult simply by virtue of the nature of membrane proteins, the limitations of
which have been explained previously (concentration, signal lifetime etc). Either
way, it is likely that the refinement of the SDSL process will also yield better results

here.

Further to this, reconstitution of the labelled protein into proteoliposomes would be
desirable as a more physiologically relevant medium for VcINDY to be studied in.
However, this may present new problems such as liposome homogeneity and
controlling the orientation of the functional dimer units. In addition, the process of
reconstitution often decreases the effective concentration of the protein, making

the PELDOR measurement even more challenging.

Continuation of the studies on this system based on the designed variants and
these preliminary results will be undertaken by another PhD candidate, with a view
to branch into NMR spectroscopy for STD studies. This may help to elucidate the
third Na* binding site, binding order, monomer cooperativity/independence and

provide a point of comparison for the reported Kq value.

In order to check the effect of spin labelling on the protein, transport assays of the
labelled variants could be performed. This may be done with proteoliposomes,
wherein the external media contains the cognate cation Na* whilst the internal
media contains non-cognate K* to cause unidirectional transport (and thereby
account for the orientation of the VcINDY units in the liposome membrane).
Radiolabelled (#C-containing, for example) ‘hot’ ligand could be used and the
accumulated concentration monitored and compared with unlabelled variant and
wild-type VCINDY. The same method of transport where a Na*/K* gradient is
created across the proteoliposomes membranes could be utilised for the PELDOR

measurements.
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Materials & Methods
12 Biological Material

The majority of the biological material used for the studies reported in this thesis

were supplied by various collaborators.
12.1 Received materials

The MalE and GInPQ variants were supplied by the research group of Prof
Thorben Cordes (originally at the Zernike Institute for Advanced Materials,
University of Groningen, The Netherlands and later at the Ludwig-Maximilians-
Universitat Minchen, Germany). These were produced using methods reported in

previous literature’-2.

For later studies, several attempts were made to produce and purify SBDs 1 and 2
of the GInPQ system in-house, using plasmid supplied by the group of Prof Bert
Poolman'’ at the University of Groningen, The Netherlands. This involved
extracting plasmid both from dry samples and from a storage strain (DH5a) of

Escherichia coli.

The PsaA variants were supplied by the group of Dr Chris McDevitt (at the
Research Centre for Infectious Diseases at the University of Adelaide, Australia,
now at Department of Microbiology and Immunology at the University of

Melbourne, Australia) using protocols outlined in published literature®.

Finally, the VCINDY variants were supplied as part of an ongoing collaboration with

Dr Chris Mulligan at the University of Kent, United Kingdom?®-'".,
12.2 LB growth media and LB-agar plates

Lysogeny broth (LB) prepared using 10:10:5 g/L of peptone, NaCl and yeast
extract in ddH20 was used throughout the following protocols as media for

bacterial culture. All LB was sterilised by autoclaving prior to use.

LB-agar plates were prepared using LB and 10 g/L agar. The mixture was
autoclaved and stored sealed for later use. Prior to pouring plates, the mixture was
heated in a microwave until the agar had melted. This was mixed by swirling to
distribute the contents evenly as it cooled to ‘hand-hot’ (50-60°C). Under sterile

conditions, 100 pg/mL ampicillin was then added, and the mixture poured into
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plastic plates (15-20 mL per plate). These were immediately covered and left to
cool. Once set, the plates were inverted to avoid contamination and stored in a

sealed bag.
12.3 Plasmid extraction

Dry plasmid samples were extracted from filter paper by soaking and mixing
thoroughly in 100 pL Milli-Q Ultrapure water. 10 yL of supernatant were added to
100 pyL TOP10 (E. coli) competent cells and mixed on ice for 30 mins. The cells
were transformed by thermal shock, heating at 42°C for 45 seconds and
immediately cooling on ice for 1 min. 500 pL of sterile LB (no antibiotic, pre-
warmed to 37°C) was added, and this was then incubated at 37°C for 1 hour with
shaking at 200 rpm. The culture was spread onto an LB-agar plate (with 100
pg/mL ampicillin), sealed and incubated at 37°C. After 15 mins the plate was
inverted for incubation overnight. A single colony was selected for further culture,

as described below (section 12.4 ‘Bacterial culture and protein overexpression’).

An alternative of storage strain ‘stabs’ were provided, consisting of DH5a E. coli in
small aliquots of LB-agar with 100 pg/mL ampicillin. Sterile LB-agar plates (100
pg/mL ampicillin) were streaked under sterile conditions (three individual streaks
with sterilisation of the streaking implement between each one; each streak
passed through the previous streak once) with bacteria from these cultures,

inverted immediately and incubated at 37°C overnight.

Plates were removed from the incubator and stored in at 4°C for 8 hours. Under
sterile conditions, a single colony was selected for each further culture in 5 mL
sterile LB with 100 ug/mL ampicillin. This was incubated overnight at 37°C with
shaking at 200 rpm. Cells were pelleted by centrifugation at 4 000 xg, 15 mins,
4°C. The supernatant was discarded, and the pellets stored at -20°C for 5 hours.
The plasmid in the cell pellets were then extracted and amplified using
commercially available kits (QlAprep Spin Miniprep Kit, QIAGEN) according to

manufacturer protocols, and the resulting purified plasmid stored at -20°C.

The plasmid was thawed and transformed into MC1061 E. coli (expression strain,
2% vlv ratio plasmid to cell) by thermal shock, heating at 42°C for 45 seconds and
immediately cooling on ice for 1 min. 500 pL of sterile LB (no antibiotic, pre-
warmed to 37°C) was added, and this was then incubated at 37°C for 1 hour with

shaking at 200 rpm. The culture was spread onto a LB-agar plate (with 100 pg/mL
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ampicillin), sealed and incubated at 37°C. After 15 mins the plate was inverted for
incubation overnight. A single colony was selected for a starter culture in 15 mL
sterile LB with 100 ug/mL ampicillin. This was incubated at 37°C for 7 hours with
shaking at 200 rpm. 400 uL aliquots of starter culture were taken and mixed with
glycerol (20% v/v). These were then flash frozen in liquid nitrogen and stored at -
80°C.

12.4 Bacterial culture and protein overexpression

Grow-ups from glycerol stocks required a starter culture of 100 mL sterile LB with
100 pg/mL ampicillin, incubated overnight at 37°C with shaking at 200 rpm.

Inoculation was performed under a sterile environment.

Growth cultures of 1 L of sterile LB with 100 ug/mL ampicillin were inoculated with
10 mL overnight culture. This was incubated at 37°C with shaking at 200 rpm
shaking and the optical density at 600 nm (ODeoo) monitored for culture growth. At
ODeoo = ~0.6 the cultures were induced with L-arabinose (0.0002% or 0.002 %
w/v) and incubated for a further 2 hours at 30°C with shaking at 200 rpm. Cells
were harvested by centrifugation at 6 000 xg, 20 mins, 4°C. The pellets were

collected, flash frozen in liquid nitrogen and stored at -80°C.
12.5 Protein purification

Cell pellets that were previously stored at -80°C were thawed on ice. Lysis buffer
(50 mM KP;, pH 7.5) was prepared with 1 mM phenylmethylsulfonyl fluoride
(PMSF; a serine protease inhibitor) and 0.1 mg/mL DNase. This was added to
each cell pellet, thoroughly mixed and left on ice for 30 mins. The mixtures were
prepared for sonication with the addition of 20% v/v glycerol. Two cycles of
sonication, of 8 minutes each at 50% power, were undertaken keeping the sample
cooled in ice (the suspensions were rotated to prevent overheating). The lysates

were centrifuged at 45 000 xg for 45 mins at 4°C to remove the cell debris.

His-tag purification resin (TALON cobalt ion immobilised metal affinity
chromatography (IMAC) resin; Takara Bio/Clontech) was prepared and incubated
with the lysis buffer (50 mM KP;, pH 7.5) with 10 mM imidazole, pH 8.0. This was
mixed thoroughly and allowed to settle, and the supernatant removed. The lysates
were applied to the resin, with 10 mM imidazole (pH 8.0) added, and mixed for 1
hour, 4°C. The resin mixtures were run into columns, and the flow collected. 40

bed volumes of wash 1 buffer (50 mM KP;, pH 8.0, 200 mM KCI, 10 mM imidazole)
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was added, followed by 5 bed volumes of wash 2 buffer (50 mM KP;, pH 8.0, 200
mM KCI, 20 mM imidazole). The flows of these were collected separately. 5 bed
volumes of elution buffer (50 mM KP;, pH 8.0, 200 mM KCI, 500 mM imidazole)
was used to remove the protein, and the flow collected together for further use.
The column was washed with 10 bed volumes elution buffer, and the flow

collected.

5 L of dialysis buffer (60 mM Tris-HCI, pH 8.0, 0.5 mM EDTA) was prepared and 1
mM DTT added. Dialysis membranes were soaked (SnakeSkin Dialysis Tubing,
7K MWCO, 22 mm dry diameter, Thermo Scientific) in Milli-Q Ultrapure water and
then suspended in the dialysis medium with one end sealed. The protein fractions
of column eluant were added to the membrane bags with TEV protease (100:1 v/v
ratio of protein to cleavage protease). The dialysis bags were sealed and

suspended in the dialysis media overnight with gentle stirring at 4°C.

Spin concentrators (10 K MWCO, 2 mL, Vivaspin from Sartorius or Amicon from
Merck) were prepared with buffer (50 mM KP;, pH 8.0, 200 mM KCI) as per the
manufacturer’s instructions (4 000 xg, 5 mins, 4°C) and the flow discarded. The
tag-cleaved protein samples were added in aliquots and concentrated (4 000 xg,
10 mins at a time, 4°C; repeated until all ~10 mL of dialysed protein were
transferred). The concentrated protein was washed with 1 mL buffer (4 000 xg, 10
mins 4°C) twice. All flows of the protein concentration and washing processes
were collected separately. The final protein samples were collected by inverting
the concentrators (as per manufacturer protocols) and centrifuged at 1 000 xg, 2

mins, 4°C.

TALON resin was prepared with buffer (50 mM KP;, pH 8.0, 200 mM KCI) and 10
mM imidazole (pH 8.0) as before, and the supernatant removed. The tag-cleaved
protein was mixed with the resin and buffer (50 mM KP;, pH 8.0, 200 mM KCI) with
10 mM imidazole (pH 8.0) for 30 mins, 4°C. This was run through a column and
the flow collected. The protein concentration was checked using UV/VIS
spectrophotometry. The protein was then mixed with 20 % v/v glycerol, flash

frozen with liquid nitrogen and stored at -80°C until use.
12.6 SDS-PAGE

Sodium dodecyl sulphate — polyacrylamide gel electrophoresis (SDS-PAGE) uses

two different gels. The resolving gel (for separating contents of a sample by
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molecular weight) was composed of 2.5 mL 1.5 M Tris-HCI buffer, pH 8.0, 4 mL of
30%-0.8% acrylamide-bisacrylamide, 0.1 mL of 10% SDS, 0.1 mL of 10%
ammonium persulphate (APS) and 3.29 mL Milli-Q Ultrapure water. 10 pL of
N,N,N’,N’-tetramethylene diamine (TEMED) was added to begin polymerising the
gel, and the solution run between two BioRad glass plates to set. The stacking gel
(for loading samples in separate lanes) was made from 1.25 mL 0.5 M Tris-HCI,
pH 6.8, 0.84 mL 30%-0.8% acrylamide-bisacrylamide, 50 uL of 10 % SDS, 50 uL
of 10 % APS and 2.81 mL Milli-Q Ultrapure water. 5 yL of TEMED was added to
begin polymerisation. The solution was then poured on top of the set resolving gel
and a BioRad Teflon comb used to create running lanes. Once set, the gels were
loaded into a BioRad running tank, and the tank filled with running buffer (25 mM
Tris-HCI, pH 8.3, 192 mM glycine, 0.1 mM EDTA, 0.5% SDS).

For the post-purification gels, samples collected throughout the purification
protocol (15 uL) were mixed with loading dye (5 uL of 4x concentration dye; 1M
Tris-HCI, pH 6.8, 8% w/v SDS, 40% v/v glycerol, 4% v/v 3-mercaptoethanol, 0.5 M
EDTA, 0.08% w/v bromophenol blue) The comb was then removed, and 15 yL of

each sample with stain loaded into their respective lanes.

For the expression gel (see Appendix A)1 mL aliquots of cell culture were taken
throughout the culture and overexpression and stored at -80°C overnight. Cells
were pelleted by centrifugation (14 000rpm, 10 mins, room temperature) in a
benchtop microcentrifuge. The supernatant was removed, and the cells
resuspended in 60 pyL Milli-Q Ultrapure water and 20 yL loading dye (4x
concentration, as above). The samples were placed on a heating plate at 100-

120°C until loading (at least 10 mins; larger cell pellet samples were loaded last).

For the denaturing/reducing experiment gel the boiled samples were left on a
heating plate set to 100°C for 10 mins before loading (15 L protein, 5 uL 4x
concentration loading dye). The following denaturant/reductant stocks were made
in MilliQ Ultrapure water: 8M urea, 6M Gdn.HCI, 1M L-arginine, 250 mM DTT and
250 mM TCEP. For the samples containing urea, Gdn.HCI, L-arginine and TCEP,
the following amounts were used: 10 pL protein sample, 5 pL stock and 5 pL 4x
concentration loading dye. For the samples containing DTT, the following amounts

were used: 15 yL protein sample, 0.4 uL stock, 5 yL 4x concentration loading dye.

See Appendix A for gel details.
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12.7 Buffer formulations

The following buffers were used for any biochemical manipulations of the protein

systems where the compositions are not otherwise described:

e MalE: 50 mM KP;, pH 7.0-8.0, 150-200 mM KCI, or 50 mM Tris-HCI, pH 7.4,
50 mM KCI

e SBD1 and SBD2: 50 mM KP;, pH 7.0-8.0, 150-200 mM KCI, or 50 mM Tris-
HCI, pH 7.4, 50 mM KCI

e PsaA: 20 mM MOPS, pH 7.2, 100 mM NaCl
e VcINDY: 20 mM TRIS-HCI pH 8.0, 100 mM NaCl or KCI, 0.05 % DDM

Buffers were prepared using Milli-Q Ultrapure water, with concentrated (1 M or 5
M) HCI, and NaOH or NH4OH to adjust for pH. Later they were autoclaved for
sterility.
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13 Spectroscopic Analysis

13.1 Sample Preparation
Site directed spin labelling

Aliquots of protein (usually 350 - 700 L, 5-500 yM) were reduced with 1 mM final
concentration dithiothreitol (DTT, from 250 mM stock in deionised water) for four
hours at 4°C with gentle mixing. The excess DTT was removed using a Zeba Spin
Desalting Column (7K MWCO, 2 mL from Thermo Scientific), prepared following
manufacturer instructions; the protein fraction elutes at 1000 x g, 4°C, 2 mins. The
protein was then incubated with a 10:1 (spin label:cysteine residues) molar excess
of S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro- 1H-pyrrol-3-yl)methyl
methanesulfonothioate (MTSL, from Toronto Research Chemicals, Ontario,
Canada; from 50-250 mM stocks in dimethyl sulfoxide or isopropanol) overnight, in
the dark, at 4°C with gentle shaking. The excess MTSL was removed using Zeba
Spin column; elutes at 1 000 xg, 4°C, 2 mins. The protein concentration was then
compared to the spin label concentration to determine labelling efficiency. This
was determined using its double integration value compared to those of standards
of MTSL.

Spin concentration

Aliquots of the proteins (~ 1.75 pM, MW 108415 Da) were concentrated using
Vivaspin or Amicon spin concentrators (10 K, 30 K or 100 K MWCO as appropriate
for their respective molecular weights; Vivaspin from Sartorius or Amicon from

Merck) according to manufacturer instructions.

This method was also used for buffer exchange (i.e. protonated to deuterated
buffer). The samples were concentrated, the volume made back up with the new

buffer and repeated for a total of 3 washes to ensure sufficient exchange.

Buffer deuteration

Pre-prepared buffer was deuterated by lyophilising (freeze-drying) it until
completely dry, and re-dissolving in d20. This was repeated for a total of three

lyophilisation cycles.
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Substrate additions

Large excesses of maltose for MalE and asparagine, glutamine or glutamate for
the GInPQ SBDs were used. For the metal incubations of PsaA, a 1:1
stoichiometry of metal to protein was used. For VcINDY, different buffers were
used to introduce Na* into the system (i.e. using KCI or NaCl salt), and a large
excess of succinate was used. In all cases, the substrates were mixed in
thoroughly and incubated with the protein for sufficiently long to allow binding (at

least 1 hour at 4°C, or on ice).
13.2 Room temperature cw-EPR X-band
Instrumentation/set-up

The room temperature set-up for X-band cw-EPR was comprised of a Bruker E500
Elexsys spectrometer fitted with the ER 4123D (dielectric RT cw-EPR, Bruker)
resonator. 5-10 uL aliquots of the aqueous samples were loaded into quartz
capillaries (0.8 mm o.d., CMScientific, sealed at one end). These were then
sheathed in larger quartz capillaries (1.5 mm o.d., CMScientific, sealed at one

end). Long capillary tubes were purchased and then cut and sealed in-house.

General Parameters

For spin labelled protein samples, the following parameters are usually sufficient
across all experiments: modulation frequency 100 kHz, modulation amplitude 1 G,
time constant and conversion time both 20.48 or 40.96 ms. The centre of the
spectrum depends on the g-factor of the system and the microwave frequency
used; here 3480 G is typical of a system around g = 2 using microwaves of around
9.7 GHz, with a sweep width of 100-150 G. The power of the incident microwave
radiation is usually selected to be such that it achieves maximal signal but is non-
saturating (i.e. just below P1/2; around 0.2-1.0 mW but optimised on a sample by
sample basis). The number of scans is generally dependent on the signal to noise;

lower signal quality necessitates a greater number of averaged scans.

For power saturation experiments, all parameters were kept the same except the
incident microwave power. The attenuation was varied between 6-54 dB (50 mW
to 0.8 yW) in 6 dB increments. Typically, fewer averaged scans per slice of this

experiment are used (around 4 scans).
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13.3 Low temperature cw-EPR X-band
Instrumentation/set-up

Low temperatures are achieved using a liquid helium transfer set-up with a
turbomolecular vacuum pump (PT-80 Dry Divac, Oerlikon Leybold), a proportional-
integral-derivative (PID) type temperature controller (Intelligent Temperature
Controller 503, Oxford Instruments) and a gas flow controller (VC41, Oxford
Instruments). The transfer equipment consists of a 4122SHQE (super-high Q)
resonator (Bruker) with the ESR900 low cryostat (Oxford Instruments), in a Bruker
E500 Elexsys spectrometer. This set up involves a quartz Dewar and sample
holder in which a sample is held in a continuous flow of temperature-controlled
helium gas. The helium transfer line into the cryostat is a gas-shielded transfer
tube; cold helium from the large Dewar is shielded by the gas that passes back
from the cryostat. Helium flow is in part controlled manually by a needle valve on

the transfer line and by the gas flow controller.

Aliquots of around 70 L of the aqueous samples were loaded into quartz tubes (4
mm o.d., 250 mm length, Wilmad, Sigma-Aldrich) and flash frozen with liquid
nitrogen. Some samples (those to be measured with pulsed EPR methods, or
those that had already been measured with pulsed EPR methods) contained 30-

50% v/v ds-glycerol prior to freezing.

General Parameters

For spin labelled protein samples, the following parameters are usually sufficient
across all experiments: modulation frequency 100 kHz, modulation amplitude 1-2
G, time constant and conversion time both 20.48 or 40.96 ms. To measure spin
label species (g = ~2) 3350 G is typical using microwaves of around 9.3 GHz, with
a sweep width of 150-200 G. The incident microwave power depends on the

system and the temperature, but <0.05 mW is typical at 20 K.

To measure metal species often the spectrum is far broader (up to 1500-2000 G
width) and longer time constants and conversion times as a result (40.96 or 81.92
ms), with higher incident microwave powers up to around 4 mW (at 20 K). As the
linewidths of metal species are typically large, modulation amplitudes of up to 10 G

are reasonable.
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The number of averaged scans is optimised for each sample dependent on signal

quality.
13.4 Low temperature cw-EPR Q-band
Instrumentation/set-up

Low temperature Q-band cw-EPR spectra were obtained using a home-built
closed cycle refrigeration ‘displex’ and a Bruker E560 Elexsys spectrometer with a
Bruker ER 5106 QTW resonator. The displex set-up was comprised of an ARS-
2HW compressor (Advanced Research Systems), vacuum-shrouded cryostat,
TurbolLab 80 pump (Oerlikon Leybold) and a gaseous helium flow system, with a

LakeShore 332 temperature controller (LakeShore Cryonics, Inc.).

Aliquots of around 30 L of the aqueous samples were loaded into quartz tubes (3
mm o.d., 159 mm length, Wilmad, Sigma-Aldrich) and flash frozen with liquid

nitrogen.

General parameters

For spin labelled protein samples, the following parameters are usually sufficient
across all experiments: modulation frequency 10 kHz, modulation amplitude 1-5 G,
time constant and conversion time both 40.96 ms. For measuring spin label
species (g = ~2) 12100 G is typical using microwaves of around 34.0 GHz, with a
sweep width of around 200 G. The incident microwave power depends on the

system and the temperature, but <0.01 mW is typical at 20 K.

To measure metal species often the spectrum is far broader (up to 1500-2000 G
width) and longer time constants and conversion times as a result (40.96 or 81.92
ms), with higher incident microwave powers up to around 0.05 mW (at 20 K). As
the linewidths of metal species are typically large, modulation amplitudes of up to

10 G are reasonable.

The number of averaged scans is optimised for each sample dependent on signal

quality.
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13.5 Pulsed EPR X-band
Instrumentation/set-up

The low temperatures for pulsed X-band EPR (using ER 4118 flexline resonator,
Bruker) are achieved using a closed cycle refrigeration ‘displex’. This set-up is
comprised of a compressor (Advanced Research Systems ARS-4HW), vacuum-
shrouded cryostat, turbomolecular pump (TurboLab 80, Oerlikon Leybold), a
gaseous helium flow and LakeShore 331 temperature controller (LakeShore

Cryonics, Inc.).

Aliquots of around 50-70 uL of the aqueous samples, with 30-50% v/v ds-glycerol
were loaded into quartz tubes 4 mm o.d., 250 mm length, Wilmad, Sigma-Aldrich)

and flash frozen with liquid nitrogen.

General Parameters

FSEs of the spin labelled protein samples were recorded at 50 K with microwaves
at around 9.7 GHz. 150 G sweep width was centred about g = 2 (field position of
around 3440 G), 1-5 dB attenuation, 42-66 dB video gain, 50 shots per point, 400
points, 1-3 ms shot repetition time, 4 scans. These settings were optimised for
each sample/experiment (particularly for the attenuation and video gain) and are

the basis for the T2 experiment below.

The T2 experiment takes the field point at which there is greatest echo intensity
(typically around 3440 G). As above, this experiment was performed at 50 K with
microwaves around 9.7 GHz. 1-5 dB attenuation, 42-66 dB video gain, 50 shots

per point, 600 points, time increment 8 ns, 1-3 ms shot repetition time, 4 scans.

4P-PELDOR experiments were also conducted at 50 K with microwaves around
9.7 GHz, with the observer field position optimised for maximum signal (as found
through the FSE experiment; typically around 3440 G). The attenuation and video
gain were typically 1-5 dB and 42-66 dB respectively, 50 shots per point, number
of points was optimised for each experiment, time increment 8 ns, 1-3 ms shot
repetition time, number of scans was optimised for each experiment. The ELDOR
pump position was set around 25 G down-field (~70 MHz frequency difference vs
the observe frequency). The power of the pulses in the ELDOR channel were

optimised to give maximum echo inversion, typically 0-5 dB.
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The parameters were set using a custom 4 pulse ELDOR program in PulseSPEL,
which also employs phase cycling of the pulse sequence and nuclear modulation

suppression.
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Appendix A — Supplementary Data

A.1 GInPQ SBDs SDS-PAGE

To test the amount of L-arabinose needed for inducing protein overexpression, two
concentrations were selected: 0.002 and 0.0002% w/v. Expression gels were
performed using samples taken at various stages throughout the bacterial culture
and protein overexpression of the XXX variant of SBD1, grown in E. coli, using

0.002% (flask 1) or 0.0002% (flask 2) w/v L-arabinose to induce overexpression.

w1 fd 2 L3 |4 L 56 |7 8 |9 |]10
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Figure A1.1: SDS-PAGE of the various stages throughout the bacterial culture and
protein overexpression of the Q87C/T159C variant of SBD1 grown in E. coli,
induced with 0.002% (flask 1) or 0.0002% (flask 2) w/v L-arabinose. Lane contents:
1) molecular weight marker ladder; 2) flask 1 (pre-inducing, ODeoo = 0.176); 3) flask
2 (pre-inducing, ODesoo = 0.152); 4) flask 1 (pre-inducing, ODeoo = 0.566); 5) flask 2
(pre-inducing, ODeoo = 0.502); 6) flask 1 (1hr after inducing); 7) flask 2 (1hr after
inducing); 8) flask 1 (2hr after inducing, pre-harvest); 9) flask 2 (2hr after inducing,
pre-harvest); 10) empty.
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To investigate further, the SDS-PAGE gels containing samples taken throughout

the purification protocol were run.
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Figure A1.2: SDS-PAGE of the purification steps of the Q87C/T159C variant of
SBD1 grown in E. coli, induced with 0.002% w/v L-arabinose. Lane contents: 1)
molecular weight marker ladder; 2) post-purification SBD1; 3) post-dialysis spin
concentrator flow-through; 4) post-dialysis spin concentrator membrane wash, 5)
post-dialysis column elution wash; 6) dialysis bag contents; 7) empty; 8) post-elution
column wash; 9) column wash 2 flow-through; 10) column was 1 flow-through; 11)
cell lysate. A line marks the empty lane for clarity.

269



=

e d
~72kDa | e
Aad

~55 kDa

~43 kDa

~34 kDa

~26 kDa

Figure A1.3: SDS-PAGE of the purification steps of the Q87C/T159C variant of
SBD1 grown in E. coli, induced with 0.0002% w/v L-arabinose. Lane contents: 1)
molecular weight marker ladder; 2) post-purification SBD1; 3) post-dialysis spin
concentrator flow-through; 4) post-dialysis spin concentrator membrane wash, 5)
post-dialysis column elution wash; 6) dialysis bag contents; 7) empty; 8) post-elution
column wash; 9) column wash 2 flow-through; 10) column was 1 flow-through; 11)
cell lysate. A line marks the empty lane for clarity.

The 0.002% w/v L-arabinose induced sample clearly yields more product, but in
both cases, the purified SBD1 protein is showing at between around 43 and 55
kDa. SBD1 is known to have a molecular weight of 27.6 kDa (as calculated from
its primary sequence). It was thought that perhaps aggregation was being seen, in
which two SBD1 proteins were in some way stuck together (even with SDS
denaturant). Therefore, samples of each purified SBD1 sample (from the two
purifications above) were exposed to various further denaturing or reducing

conditions.
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Figure A1.4: SDS-PAGE of the denaturing experiments of the Q87C/T159C variant
of SBD1 grown in E. coli, induced with 0.002% (lanes 2-8) or 0.0002% (lanes 9-15)
w/v L-arabinose. Lane contents: 1) molecular weight marker ladder; 2) & 9) purified
SBD1; 3) & 10) boiled (100°C, 10 mins); 4) & 11) + 2 M urea; 5) & 12) + 1.5 M
Gdn.HCI; 6) & 13) + 2560 mM L-arginine; 7) & 14) + 5 mM DTT; 8) & 15) + 50 mM
TCEP. A line bisects the gel between the 0.002% and 0.0002% w/v L-arabinose
induced samples for clarity.

No difference between the ‘purified’ SBD1 samples and those exposed to the
various denaturing or reducing conditions is observed. It is therefore still unclear

as to why the molecular weight of the purified protein does not match that which is

calculated from the primary sequence.

Further to this, the SDS-PAGE gel containing samples taken throughout the
purification protocol of overexpressed XXX variant of SBD2 was run. The protocol

for the overexpression used 0.0002% w/v L-arabinose to induce.
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Figure A1.5: SDS-PAGE of the purification steps of the T369C/S451 variant of SBD2
grown in E. coli, induced with 0.0002% w/v L-arabinose. Lanes are largely
indistinguishable except for that containing the molecular weight marker ladder and
those.

It appears that there is little-to-no protein in the loaded gel sample, even at the ‘cell
lysate’ stage. It is unclear as to why, as the bacterial cultures were monitored and

induced at the correct ‘log phase’ of growth (indicated by ODegoo = ~0.6).
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A.2 4P-PELDOR set-up experiments

The experiments usually recorded to accurately set up a 4P-PELDOR experiment

(i.e. FSE and T2 measurements) are shown below where acquired.

MalE

Echo Intensity (a.u.)
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Figure A2.1: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled
T36C/S352C variant of MalE in the apoprotein (black) and maltose-bound (red)
forms, measured using a standard Hanh echo recorded across a range of magnetic
fields. Right, the Hanh echo decay (T2) spectra of the MTSL-labelled T36C/S352C
variant of MalE in the apoprotein (black) and maltose-bound (red) forms, measured
using a standard Hanh echo with the separation, 1, between the 11/2- and 1T-pulses
increased between each point. Both measured at X-band, at 60 K.
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GInPQ SBDs
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Figure A2.2: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled
Q87C/T159C variant of SBD1 (later ‘non-binding’ prep, provided by collaborators at
Ludwig-Maximilians-Universitdt Miinchen) in the apoprotein form (black) and with
excess Gin (blue), measured using a standard Hanh echo recorded across a range
of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-labelled
Q87C/T159C variant of SBD1 (later ‘non-binding’ prep, provided by collaborators at
Ludwig-Maximilians-Universitdt Miinchen) in the apoprotein form (black) and with
excess GIn (blue), measured using a standard Hanh echo with the separation, T,
between the 11/2- and 1-pulses increased between each point. Both measured at X-
band, at 50 K.
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Figure A2.3: the Field Swept Echo (FSE) spectrum of the MTSL-labelled
T369C/S451 variant of SBD2 (earlier ‘contaminated prep’, provided by collaborators
at Zernike Institute for Advanced Materials, University of Groningen) in the
apoprotein form, measured using a standard Hanh echo recorded across a range
of magnetic fields. Measured at X-band, at 50 K.
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Figure A2.4: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled
T369C/S451 variant of SBD?2 (later ‘non-binding’ prep, provided by collaborators at
Ludwig-Maximilians-Universitdt Miinchen) in the apoprotein form (black) and with
excess Gin (green), measured using a standard Hanh echo recorded across a range
of magnetic fields. Right, the Hanh echo decay (Tz) spectra of the MTSL-labelled
T369C/S451 variant of SBD2 (later ‘non-binding’ prep, provided by collaborators at
Ludwig-Maximilians-Universitdt Miinchen) in the apoprotein form (black) and with
excess GIn (green), measured using a standard Hanh echo with the separation, T,
between the 11/2- and 1-pulses increased between each point. Both measured at X-
band, at 50 K.
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Figure A2.5: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled
L56C/I1236C variant of PsaA in the apoprotein (blue), Mn?*-bound (green) and Zn?*-
bound (orange) forms, measured using a standard Hanh echo recorded across a
range of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-
labelled L56C/I236C variant of PsaA in the apoprotein (blue), Mn?*-bound (green)
and Zn?*-bound (orange) forms, measured using a standard Hanh echo with the
separation, 1, between the 1/2- and m-pulses increased between each point. Both
measured at X-band, at 50 K.
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Figure A2.6: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled
L56C/S266C variant of PsaA in the apoprotein (blue), Mn?*-bound (green) and Zn?*-
bound (orange) forms, measured using a standard Hanh echo recorded across a
range of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-
labelled L56C/S266C variant of PsaA in the apoprotein (blue), Mn?*-bound (green)
and Zn?*-bound (orange) forms, measured using a standard Hanh echo with the
separation, 1, between the 1/2- and m-pulses increased between each point. Both
measured at X-band, at 50 K.
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Figure A2.7: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled
S58C/S266C variant of PsaA in the apoprotein (blue), Mn?*-bound (green) and Zn?*-
bound (orange) forms, measured using a standard Hanh echo recorded across a
range of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-
labelled S58C/S266C variant of PsaA in the apoprotein (blue), Mn?*-bound (green)
and Zn?*-bound (orange) forms, measured using a standard Hanh echo with the
separation, 1, between the 1/2- and m-pulses increased between each point. Both
measured at X-band, at 50 K.
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Figure A2.8: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled
S58C/1125C variant of PsaA in the apoprotein (blue), Mn?*-bound (green) and Zn?*-
bound (orange) forms, measured using a standard Hanh echo recorded across a
range of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-
labelled S58C/I125C variant of PsaA in the apoprotein (blue), Mn?*-bound (green)
and Zn?*-bound (orange) forms, measured using a standard Hanh echo with the
separation, 1, between the 1/2- and m-pulses increased between each point. Both
measured at X-band, at 50 K.
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Figure A2.9: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled
1125C/1236C variant of PsaA in the apoprotein (blue), Mn?*-bound (green) and Zn?*-
bound (orange) forms, measured using a standard Hanh echo recorded across a
range of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-
labelled 1125C/1236C variant of PsaA in the apoprotein (blue), Mn?*-bound (green)
and Zn?*-bound (orange) forms, measured using a standard Hanh echo with the
separation, 1, between the 11/2- and m-pulses increased between each point. Both
measured at X-band, at 50 K.
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Figure A2.10: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled G211C
variant of VcINDY in the apoprotein (black) and Na*/succinate-bound (6 mM, red)
forms, measured using a standard Hanh echo recorded across a range of magnetic
fields. Right, the Hanh echo decay (T2) spectra of the MTSL-labelled G211C variant
of VcINDY in the apoprotein (black) and Na*/succinate-bound (5 mM, red) forms,
measured using a standard Hanh echo with the separation, 1, between the 11/2- and
m-pulses increased between each point. Both measured at X-band, at 50 K.
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Figure A2.11: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled G211C
variant of VcINDY in deuterated buffer, in the apoprotein (black) and Na*/succinate-
bound (20 mM, red) forms, measured using a standard Hanh echo recorded across
a range of magnetic fields. Right, the Hanh echo decay (T,) spectra of the MTSL-
labelled G211C variant of VcINDY in deuterated buffer, in the apoprotein (black)
and Na*/succinate-bound (20 mM, red) forms, measured using a standard Hanh
echo with the separation, 1, between the 11/2- and r-pulses increased between each
point. Both measured at X-band, at 50 K.
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Figure A2.12: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled S436C
variant of VcINDY in deuterated buffer, in the apoprotein (black) and Na*/succinate-
bound (20 mM, red) forms, measured using a standard Hanh echo recorded across
a range of magnetic fields. Right, the Hanh echo decay (T,) spectra of the MTSL-
labelled S436C variant of VcINDY in deuterated buffer, in the apoprotein (black)
and Na*/succinate-bound (20 mM, red) forms, measured using a standard Hanh
echo with the separation, 1, between the 11/2- and T-pulses increased between each
point. Both measured at X-band, at 50 K.
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Figure A2.13: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled A208C
variant of VcINDY in deuterated buffer, in the apoprotein (black) and Na*/succinate-
bound (20 mM, red) forms, measured using a standard Hanh echo recorded across
a range of magnetic fields. Right, the Hanh echo decay (T,) spectra of the MTSL-
labelled S208C variant of VcINDY in deuterated buffer, in the apoprotein (black)
and Na*/succinate-bound (20 mM, red) forms, measured using a standard Hanh
echo with the separation, 1, between the 11/2- and T-pulses increased between each
point. Both measured at X-band, at 50 K.
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Paper contributions

Over the course of my PhD studies, | had the opportunity to utilise my skills in EPR
spectroscopy in order to contribute to various collaborative projects outside the
scope of the research primarily presented within this thesis. In the remaining
appended sections, the relevant portions of the peer-reviewed outputs of these

collaborations are presented.

Within the published literature presented here are a range of studies involving
multifrequency cw-EPR at both room and low temperature. These have been
performed on a range of systems: a naturally derived protein, an ab initio designed
‘synthetic’ protein, and an abiotic catalyst. Specialist knowledge was required not
only to measure but to interpret the data, and to disseminate to the non-

spectroscopist collaborative partners the key findings.
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Appendix B — De novo Enzyme

The following is a summary of the research published in the paper by Watkins et
al., 2017" (see original publication for Supplementary Information). Contributions

included acquisition and analysis of the EPR spectra.

Being able to produce custom protein catalysts that mimic the natural functions of
enzymes may be crucial in the development of novel, cost-effective, more
environmentally-friendly options for industrial biocatalysis?#. Though there have
been some prominent accomplishments in producing de novo enzymes from
natural protein scaffolds®”, it has been shown that arguably simpler manmade
proteins can also replicate certain functions of natural metalloenzymes?®'1].
Maquettes (4-a-helix bundles?*) use relatively simple yet hardy blueprints that are
particularly amenable to the incorporation of catalytic elements, as previously
demonstrated by the successes involving complex functions such as oxygen
binding'? and intermolecular electron transfer. Despite these achievements, no
enzymatic activity has yet been integrated into a maquette. Here, the maquette
approach is used to construct a highly efficient, promiscuous, thermostable and
chemically resistant artificial enzyme. This catalyses an array of oxidations
coupled to the reduction of H202, with kinetics similar to, and even exceeding,
those of certain natural peroxidases. The maquette retains its activity in organic
solvents and allows the probing of catalytic intermediates common to natural

haem-containing enzymes.

It was recently demonstrated that the post-translational cytochrome ¢ maturation
machinery, found in the periplasmic space of E. coli, can be harnessed to process
magquettes in order to implant haem into the helix bundle'-'4. The resulting c-type
cytochrome maquettes (CTMs) retain the aforementioned functionalities of the
maquettes (e.g. oxygen binding), but also allow for further engineering. As these
CTMs are completely produced in vivo there is an opportunity to study de novo
protein function within living cells. Additionally, the use of directed evolution may
be employed to improve incipient function. The strategy used here is based on a
simple, two-step conversion of a non-catalytic CTM to produce a catalytically

active holoprotein from E. coli.

The coupled substrate oxidation/H20- reduction (peroxidase) functionality was

selected for inclusion into a CTM. Natural peroxidase enzymes typically contain
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haem B or C axially coordinated by a single histidine side chain'®; it was therefore
hypothesised that replicating this with a monohistidine-ligated CTM would achieve
catalytic turnover of hydrogen peroxide within a maquette scaffold. In order to
construct this, a CTM with haem covalently appended to helix 4 (C4) was selected
for its high thermal stability’. Next, to increase the conformational rigidity and
improve hydrophobic core packing both histidines of the second, non-covalent
tetrapyrrole-binding site were replaced with phenylalanine (C46) (Fig. B.1a). This
removed the ability to bind a second tetrapyrrole and increased the melting
transition temperature (Tm) by 31 to 84°C. The distal histidine on helix 2 was
subsequently replaced with phenylalanine, yielding the monohistidine-ligated CTM
C45. The resulting maquette is a predominantly helical protein that retains the
hyperthermophilic characteristics of its precursor (Tm(C45) = 86 °C) and reversibly

refolds following thermal denaturation (Fig. B.1b, c).
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Fig. B.1: Design and characterisation of an artificial peroxidase. a) The design
process begins with C4, a CTM containing a bis-histidine haem C-binding site with
the consensus motif for covalent haem incorporation on helix 4 with the distal
histidine haem ligand on helix 2, and a second non-covalent tetrapyrrole-binding
site (occluded by helix 2) consisting of a bis-histidine pair on helices 1 and 3.
Mutation of both histidines of the non-covalent-binding site to phenylalanine
produces the CTM, C46. Subsequent mutation of the distal haem C-ligating histidine
ligand results in the mono-histidine ligated C45. b) Far-UV circular dichroism spectra
of C45 with varying temperature collected in 100 mM KCI, 20 mM CHES, pH 8.58.
c) Temperature dependence of the CD signal monitored at 222 nm during
denaturation (solid line) and refolding (dashed line). d) & e) UV/visible spectra of
ferric (d) and ferrous (e) C45 (purple) and C46 (red). The spectrum of ferrous C45
with added exogenous imidazole is displayed in blue. Scale bars represent optical
densities of 0.1 (taken from Watkins et al., 20177).

The UV/visible spectra of the C45 construct indicates the presence of both ferric
and ferrous iron species (Fig. B.1d, e), similar to those exhibited by the
monohistidine-ligated cytochrome ¢’ '® and horse heart cytochrome ¢ distal
methionine mutants'’. This suggests either some mixture of both low- and high-
spin states exists at the haem iron® or a titratable water molecule occupies the
‘vacant’ axial coordination site'%-20, The ferric C45 spectrum is pH dependent; a
pKa of 8.11 is observed for the transition between spectra at neutral and alkaline
pH (pH 6.5-11), similar to the acid-alkaline transition pKa of horse heart myoglobin
(pKa = 8.9)'°. This suggests the presence of a haem C-bound water molecule
occupying the available axial site. C45 displays a distinct pH-dependence in its
haem redox potential, increasing from —208 mV at pH 10 to =174 mV at pH 8.6. At
pH 7.5 two redox potentials are observed, likely reflecting the aforementioned
mixture of spin states and the water/hydroxide equilibrium at the distal
coordination site. C45 also retains the diatomic ligand-binding functionality of its

CTM precursors'-1# (both carbon monoxide and oxygen are readily bound by C45
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in the ferrous form, and cyanide in its ferric form). The oxygen-binding capability
suggests that C45 has retained the relatively ‘dry’ and conformationally stable

oxygen-binding site on the distal haem face from previous designs'?3.

When rapidly mixed with hydrogen peroxide, the monohistidine-ligated ferric C45
reacts with the classical peroxidase substrate ABTS (2,2'-azino-bis(3-
ethylbenzothiazo- line-6-sulfonic acid))'® to form the green ABTS radical cation
(Fig. B.2a). At the optimum pH of 8.58 the reaction follows the ping-pong steady-
state kinetics typical of natural peroxidases?' (Fig. B.2b), with exceptional catalytic
efficiency for the electron transfer between peroxide-activated C45 and ABTS.
This catalytic efficiency is among the highest observed in a de novo enzyme and
matches well that of horseradish peroxidase (HRP) operating at its optimal pH?2.
Despite the high efficiency of the electron transfer step, the activation of peroxide
by C45 is less catalytically efficient than in HRP?3, and is likely due to the lack of
peroxide-activating amino acid side chains in the vicinity of the haem. Compared
to other de novo haem-containing proteins that exhibit peroxidase activity, C45 is
markedly more catalytically efficient and does not require helix-stabilising additives
such as trifluoroethanol for catalytic activity?4-26. C45 is remarkably resilient to both
elevated temperature (Fig. B.2c) and the presence of organic solvents and retains

impressive catalytic efficiency close to its denaturation temperature.
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Fig. B.2: Steady-state kinetics of ABTS and hydrogen peroxide turnover by C45. a)
Transformation of ABTS to a green radical cation as catalysed by natural
peroxidases and C45. b) Steady-state kinetics plot for ABTS turnover by C45 at
varying [ABTS] and [H20;]. Data are fit to a ping-pong steady-state kinetics model.
c) The thermal stability of C45 enables classical Michaelis—Menten kinetics to be
determined up to 70 °C. All data were recorded in triplicate and error bars represent
the standard deviation. Kinetic data were collected in 20 mM CHES, 100 mM KCI,
pH 8.58 with 0.1 uM C45 (taken from Watkins et al., 2017').

Previous work has illustrated that haem maquettes can undergo rapid interprotein
electron transfer with natural proteins such as cytochrome c, facilitated by
complementary surface electrostatic interactions?’. Since C45 presents similar
electrostatic surfaces to these maquettes, it could be reasoned that ferrous
cytochrome ¢ would act as an electron donor in the peroxidase reaction with C45,
reproducing the activity of the natural cytochrome ¢ peroxidases’®. C45 was
indeed found to be capable of functioning as an impressively efficient artificial
cytochrome c¢ peroxidase at limiting H202 concentration, compared to the natural
yeast cytochrome c¢ peroxidase?®. This demonstrates the ability of C45 to couple
interprotein electron transfer to a chemical transformation at a protein-bound

haem, an intrinsic feature of respiratory enzymes such as cytochrome oxidase?®.

Much like the natural haem-containing peroxidases'®, C45 exhibits significant
substrate promiscuity: it catalyses the oxidation of peroxidase substrates including
guaiacol, p-anisidine, o-phenylenediamine, 5-aminosalicylic acid, luminol, reactive
blue 4, reactive black 5, and the anti-tuberculosis prodrug, isoniazid. This catalytic
promiscuity also extends to the oxidative dehalogenation of halogenated phenols
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such as 2,4,6-trichlorophenol (TCP), its bromo- and fluoro-analogues, and 4-
bromophenol. As before, at a limiting hydrogen peroxide concentration, C45 was
found to have far greater catalytic efficiency compared to the natural
dehaloperoxidase (from Amphitrite ornate3®). Furthermore, kinetics at non-limiting
H202 concentrations are also predicted to be significantly higher than for the

natural enzyme.

To further probe the artificial peroxidase mechanism, ferric C45 was rapidly mixed
with hydrogen peroxide or organic peracids in a stopped flow spectrophotometer.
Approximately 5s later, a spectroscopic intermediate (Fig. B.3a, b) was observed
resembling cytochrome ¢ peroxidase compound 128, This was subsequently
examined using electron paramagnetic resonance (EPR) spectroscopy and a new
narrow EPR signal centred around g=2.0032 was observed with a line width of 1.1
mT (peak to peak). Microwave power saturation experiments at X-band and Q-
band (34 GHz) suggest that this is an isolated species indicative of an amino acid-
based radical. The lack of any discernible g-anisotropy at 34 GHz indicates a
tryptophan side chain as the origin of this radical species (most likely W43 which is
closest to the haem), analogous to the characteristics of cytochrome ¢ peroxidase

compound 13132,
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Fig. B.3: Isolation of high-valent oxo-iron species in a CTM. a) & b) UV/visible
spectra of ferric C45 (red) and peracetic acid-treated C45 (blue) obtained by rapid
mixing experiments in a stopped-flow spectrophotometer. Ferrous (black), ferric
(red), and oxyferrous C45 (magenta) spectra are displayed for comparison. The
putative C45 compound | species were generated by mixing 2 mM peracetic acid
with 20 uM ferric C45 in 100 mM KCI, 20 mM CHES, pH 8.58. Scale bars represent
optical densities of 0.05 (a) and 0.02 (b). ¢) X-band cw-EPR spectrum of C45 mixed
with peracetic acid (red) indicates the formation of a radical species with g = 2.0032.
Simulated data of a tryptophan radical species within C45 are presented in blue.
Spectra were obtained by mixing 1 mM peracetic acid with C45 (700 uM) in 100 mM
KCI, 20 mM CHES, pH 8.58. Experimental conditions: EPR microwave frequency =
9.3933 GHz, microwave power = 1 mW, modulation amplitude = 0.3 mT,
temperature = 12 K. d) Q-band cw-EPR spectrum of C45 mixed with peracetic acid
(red, conditions as for the X-band EPR data) and simulated data of a tryptophan
radical species in C45 (blue). The lack of observable g-anisotropy of the radical
signal indicates the presence of an amino acid side chain-based radical species.
Experimental conditions: EPR microwave frequency = 34.027 GHz, microwave
power = 3 uW, modulation amplitude = 0.3 mT, temperature = 50 K (taken from
Watkins et al., 20177).
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The study goes on to further probe the system using nuclear magnetic resonance
(NMR) spectroscopy. The NMR data indicate that ferric C45 exists in a
conformationally heterogeneous and dynamic state. However, during O2-binding,
C45 forms a discrete, monomeric, and thermally stable structure with scant
evidence of conformational heterogeneity. These structural characteristics and
rather unusual 'H-"°N spectra are observed in many haem-containing maquettes*
13 and de novo proteins33, and evidently do not inhibit efficient peroxidase activity
in C45. Indeed, there are notable examples of natural and engineered enzymes
that exhibit analogous flexibility either globally or locally at the active site34-3¢. In
these cases, the substrate is thought to confer structural rigidity through the

induced-fit mechanism.

To further investigate the structure and substrate interactions of C45, a
computational model of C45 was created using Chimera3” and molecular
dynamics (MD) simulations run using GROMACS?38 with the CHARMM27
forcefield®®. ABTS and TCP binding was probed using BUDE (Bristol University
Docking Engine)*.

The models indicate that ABTS may bind in up to 10 sites on the surface of the
protein with similar binding energies. However, there are relatively few hotspots for
TCP binding despite the variation in amino acid side chain conformation in the
starting C45 poses, and the highest calculated binding energy for TCP is for a cleft
close to the haem (<10 A), which is ideal for the rapid electron tunnelling
necessary to support the observed catalytic rate*'. This binding mode is stable in
MD simulations. The two computational methods concur in identifying the binding
site for TCP, suggestive of binding with good affinity and the indications are that
this substrate-binding site is relevant for catalytic activity, offering potential for
enhancing specify through designed modification. Despite the differences between
the ABTS and TCP-binding interactions with C45, the substrate binding hotspots
are all found at the protein surface. It can therefore be surmised that C45 behaves
in a similar manner to lignin peroxidase*? and other natural peroxidases,
presenting an interaction surface for substrate to dock prior to rapid electron

transfer to the reactive haem intermediates.

The simple, systematic construction of a functional de novo enzyme demonstrated
here highlights the power and utility of the maquette approach to functional

oxidoreductase design. Similar to the construction of the original oxygen-binding
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maquette'?, the engineering steps required to attain the desired catalytic function
in this simple protein scaffold are few in number, reflecting the relative ease with
which evolutionarily naive proteins can be rationally engineered in a tractable,
iterative process. In this case, the concomitant restriction of conformational
flexibility and removal of a haem ligand were sufficient to attain efficient, multistep
catalysis within a heat-resistant and solvent-resistant maquette chassis,
representing just three amino acid substitutions from the oxygen-binding

progenitor.

Despite the relatively low-catalytic efficiency of hydrogen peroxide turnover (104
M-1 s7"), the enzymatic rate constant k.a(ABTS) is among the highest yet
observed in a de novo enzyme, and kca/Km(ABTS) is greater than the catalytic
efficiencies of the best reported de novo enzymes® °. Given the lack of a highly
specific substrate-binding site, it is perhaps unsurprising that C45 exhibits broad
substrate promiscuity. However, this catalytic promiscuity may be a general
feature of primitive, nascent enzymes*3. Since C45 is fully assembled in vivo,
there is now a tantalising opportunity to employ both rational protein design and
directed evolution methodologies to optimise the catalytic chassis toward a
selected substrate or chemical mechanism. As such the descendants of this de
novo designed enzyme may act as cheap, green, and catalytically proficient
catalysts for industrial biotechnology and versatile bioblocks for synthetic biology,
while providing insight into the rules underpinning the engineering of natural and

designed enzymes.
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The EPR samples were prepared using hydrogen peroxide or peracetic acid (1
mM), added to C45 (700 uM in 100 mM KCI, 20 mM CHES, pH 8.58) in suprasil
quartz sample tubes and flash frozen in liquid nitrogen. X-band cw-EPR spectra
were recorded on a Bruker eleXsys E500 spectrometer using a standard
rectangular Bruker EPR cavity (ER4102T) equipped with an Oxford helium
cryostat (ESR900). Experimental parameters: microwave power, 1 mW; field
modulation amplitude, 3 G; field modulation frequency, 100 kHz; measuring time
160 s; temperature 12 K. Q-band cw-EPR spectra were performed on a Bruker
eleXsys E-560 spectrometer using a ER 5106QT-W1 resonator equipped with a
home-built ARS cryogen-free cryostat. The measured spectra were corrected for
an offset against a known g standard [1,1-diphenyl-2-picrylhydrazyl, DPPH, g =
2.00351 + 0.00002]. Spectral simulations were performed using the Matlab-based

Easyspin package*.
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Appendix C — Monoamine Oxidase B

The following is an excerpt of a peer-reviewed publication reproduced in part with
permission from Jones et al., 2019 (see the original publication for the full study
and Supporting Information). Contributions here include acquisition and analysis of
EPR spectra, fig. C.2 and a portion of the text describing and explaining the EPR

data.

Human monoamine oxidase B (MAO-B) catalyses the oxidative deamination of
amines, by electron transfer, via its flavin adenine dinucleotide (FAD) cofactor
(Scheme C.1)? . Inhibition of this enzyme is used for the treatment of both
Parkinson’s disease and depression®#. It is located in the outer mitochondrial

membrane®, as a dimer, with bipartite substrate binding and active site cavities?.

397Cys 397Cys

MAO B
NH

)<NH2 >:NH2
H” >ph

Scheme C.1: General reaction catalysed by MAQO-B (figure taken from Jones et al,
20197)

Though this enzyme is of undeniable medical importance, its catalytic mechanism
remains unclear, and novel means of targeting this process could prove
invaluable. Throughout literature there is evidence of a radical in either the
transition state or the resting state of MAO-B, which is suggested to be either a
flavin semiquinone or a tyrosyl radical, or both. Presented here is evidence of a
resting state flavin semiquinone, which was determined via absorption redox

studies and electron paramagnetic resonance (EPR) spectroscopy.

The reduction of the FAD has been shown to proceed by a tunnelling mechanism
via primary (1°) and secondary (2°) kinetic isotope effect (KIE) studies®; these
studies have suggested that MAO-B catalysis is not linked to fast
(pico/nanosecond) dynamics®’. MAO-B catalysis has been investigated via
experimental and computational studies, with at least seven different proposed

mechanisms, including polar nucleophilic®, radical®, direct hydride transfer'®-'? and
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two-step hydride transfer'3. The original direct single electron transfer (SET)
radical mechanism was previously discounted, both experimentally' and by
quantum mechanics/molecular mechanics (QM/MM)'. A separate radical
mechanism was then proposed by Murray et a'®, which used a model small
molecule reaction that mimics MAO-B to provide evidence for a neutral
semiquinone flavin that can be formed aerobically. It was suggested that a neutral
semiquinone flavin is the reactive species for the oxidation of benzylamine
(BZA)'®. This led to the hypothesis of a radical mechanism whereby MAO-B forms
a neutral semiquinone flavin via a proximal tyrosine radical (Y398). The presence
of a stable anionic semiquinone flavin and tyrosyl radical intermediate is also
reported in MAO-A and MAO-N'7-18,

Previous observation of a stable anionic semiquinone FAD in MAO-B'%?0 |ed to a
proposition of half-site reactivity, which posits that one monomer of the MAO-B
dimer is inaccessible to oxygen and the substrate, resulting in the formation of the
stable semiquinone species, while the other contains oxidised FAD. Electrons are
then shuttled to the semiquinone species, allowing for the oxidation of the reduced
FAD upon turnover?. It is suggested that this might arise from electron shuttling
between specific amino acids. Potentially, such a mechanism might require
significant conformational change associated with turnover in each monomer.
Indeed, conformational changes have been found to be associated with MAO-B
turnover, with a MD study demonstrating the potential for the membrane to
regulate access to the active site entrance via two gating loops (residues 85-119
and 155-165)?'. Other MD studies have been carried out on MAO-B, both with
and without a membrane environment, with the focus on identifying or improving

inhibitors for MAO-B?2-2¢ or ascertaining how MAO-B binds to the membrane?’.

Here, MAO-B was expressed and purified in Pichia pastoris®®. Previous studies in
which MAO-B was purified from bovine liver had attributed observations of
oxidised/semiquinone MAO-B FAD to reactive oxygen species (ROS) that form
upon the disruption of the mitochondrial membrane, which were not observed
upon purification from P. pastoris?®. The presence of purified MAO-B was
established by SDS-PAGE and via electrospray ionization quadrupole time-of-
flight (ESI-Q TOF) mass spectrometry in combination with the MASCOT server?®.

The absorption spectrum of the purified MAO-B is shown in Figure 1A. The

spectra share the characteristics feature at ~415 nm3° of an anionic semiquinone
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FAD (FAD--). Multiple preparations of MAO-B were completed using production
and purification protocols of MAO-B were replicated from those used by Newton-
Vinson et al”8, with this ~415 nm spectral feature consistently present. The effect
of anaerobic incubation with BZA on the MAO-B feature at ~415 nm was
monitored temporally (Figure C.1A, inset). From Figure 1A, inset, there is a clear
decrease in absorption at 415 nm with respect to time upon incubation with BZA,
suggesting the ~415 nm spectral feature is redox-sensitive with a natural MAO-B

substrate.
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Figure C.1. (A) The absorbance spectra of MAO-B recorded at various time points
after treatment with BZA. (Inset) The effect on the 415 nm peak over time. (B)
Fluorescence excitation/emission matrix resolves oxidised and semiquinone flavin
states (highlighted in solid black boxes). Scale bar is the relative intensity (figure
taken from Jones et al, 2019'). Conditions: 50 mM HEPES 0.5% w/v Triton X-100,
20 °C; (for absorption experiments) 40 mM BZA and anaerobic conditions as shown
in Materials and Methods.

The absorption spectrum shown in Figure C.1A lacks a defined feature around
~450 nm where one would expect oxidised flavin, as well as spectral features at
~475 nm that would also characterise a putative anionic semiquinone. There is no
clear explanation for the lack of these features and the complexity of the
absorption spectrum given that the protein is well purified and identified as MAO-B
by mass spectrometry and is shown to be active with the natural substrates
(Figure C.1A, inset).

The electronic environment around both flavins is highly complex, with three
proximal Tyr residues (Y60, 398, and 435 positioned 3.1, 3.3, and 3.5 A from the
alloxan moiety, respectively). This may result in a composite absorption spectrum
arising from different electronic environments for a subset of active site
conformational states; this relies on MAO-B to be able to explore different

conformational states, which is considered in more detail below. Given the
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complexity of the absorption spectrum, fluorescence and electron paramagnetic
resonance (EPR) spectroscopy were used to provide more specific evidence for
the oxidation state(s) of the MAO-B flavin.

The ~415 nm feature may be attributable to a tyrosyl radical, which has a
characteristic absorbance peak at 410 nm?3’, or a mixture of both an FAD
semiquinone and tyrosyl radical, as seen as intermediates in MAO-A'"-"8_ It was
postulated that the reactive semiquinone FAD was formed by a proximal tyrosyl
radical (Y398), but the UV/vis absorption spectrum of Y398F MAO-B also exhibits
the feature at ~415 nm, indicating that this suggestion is likely incorrect. The
Y398F variant also shows a slight increase in Kn, similar in magnitude to those

previously reported®?.

Previous steady-state fluorescence spectroscopy of MAO-B revealed two distinct
chromophores in the resting-state3. It was concluded that these two species were
consistent with separate oxidised and semiquinone flavins. To establish if this was
the case here, the fluorescence excitation—emission matrix was monitored (Figure
1B). Similar to the previous study, at least two different emission peaks were
resolved, suggesting the presence of two oxidation states of the flavin with
Aex~400-420 and ~460 nm. Notably, the excitation/emission profile at Aex~460

and Aem~540 nm (Figure 1B) suggests the presence of oxidised flavin.

The low temperature X-band cw-EPR spectrum of the wild-type MAO-B (WtMAO-
B) clearly indicates that the signal arises from a semiquinone radical (Figure C.2),
in agreement with the UV/vis and fluorescence spectroscopy (Figure C.1). This is
identifiable in the measured spectra, as they lack the defining features that would
characterise the signal as arising from a tyrosyl radical: the typical “wings” or
“shoulders” around the central signal at around g = 21734 at X-band (Figure C.2)
and an increased g-value anisotropy at a higher frequency (and therefore resonant
field), i.e., Q-band (shown in Figure C.2B and C.2C). Furthermore, the signal
persists in the Y398F variant, confirming that it is not caused by this proximal
tyrosine. Computational simulation and fitting of the experimental X-band data of
the WT and Y398F MAO-B (Table 1) suggest that the semiquinone radical species
is anionic; the hyperfine environment of a neutral semiquinone radical would
contain an additional contribution from a hydrogen atom?? 35, which is not the case

for the signals seen in the X-band spectra.

299



Experimental
—— Simulation
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Figure C.2: (A) low temperature X-band cw-EPR spectra of WT (top, black) and
Y398F (bottom, black) MAO-B, with their respective fitted simulations (red). EPR
microwave frequency = 9.3916 GHz (WT) and 9.3926 GHz (Y398F), microwave
power = 0.2 mW, modulation amplitude = 0.5 mT, temperature = 16 K (taken from
Jones et al, 2019). (B) low temperature Q-band cw-EPR spectrum of WT MAO-B
(C) ) low temperature Q-band cw-EPR spectrum of Y398F MAO-B. ). EPR
microwave frequency = 33.94365 GHz (WT) and 34.021907 GHz (Y398F),
microwave power = 0.05 mW and modulation amplitude = 0.2 mT (WT) and 0.7 mT
(Y398F), temperature = 20 K.
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Previous studies showed that the membrane environment is important for
facilitating the normal enzymatic activity of MAO-B?'. Spectroscopic studies were
conducted to determine whether this putative semiquinoid species was also stably
present in an artificial membrane environment (using I-a-phosphatidylcholine
styrene maleic acid copolymer, or SMA, nanodiscs?®). The absorption feature at
~415 nm was present in both reduced Triton X-100 and nanodisc environments,
implying that the alleged anionic semiquinone is not an artefact of the buffer
system used and that its presence is not affected by the specific membrane
environment used. It is clear from these data (Figures 1 and 2) that the FAD of
resting-state MAO-B is able to stably occupy oxidation states other than fully
oxidised FAD. Evidence for this is recurring in the literature, demonstrated by
Raman’?, fluorescence3? and EPR?% 28 spectroscopy. These different observations
may be rationalised by an equilibrium of energetically similar conformational

states, which allow differently stable oxidation states.

The study goes on to explore the influence of the membrane environment on
MAO-B turnover using enzyme kinetic investigations, enzyme variant experiments,
and MD simulations. The MD simulations reveal a previously undocumented
entrance for substrate binding, membrane modulated substrate access, and
indications for half-site reactivity, wherein only one active site is accessible to
binding at a time. This study combines both experimental and computational
evidence to illustrate the subtle interplay between enzyme activity and protein
dynamics and the immediate membrane environment. Understanding key
biomedical enzymes to this level of detail may prove crucial to inform strategies

(and binding sites) for rational drug design for these targets.

It was found that MAO-B in SMA nanodiscs has a significantly different heat
capacity of catalysis (ACp*) compared to that in reduced Triton X-100. This reflects
differences in the distribution and frequency of vibrational modes between the
ground (reactant) and transition states and implies that the membrane
environment is affecting the global protein dynamics of MAO-B and that these
dynamics influence the thermodynamics of enzyme turnover. Indeed, kcat is ~5
times faster in the nanodisc environment versus reduced Triton X-100, further
hinting at the role of the specific lipid composition and fine structure of the
membrane to tune MAO-B turnover efficiency. These findings are corroborated by
studying enzyme variants that are predicted to alter the network of flexible motion
in the enzyme but do not affect the overall structure. These variants, which are
302



distal to the active site, all lead to an inactive enzyme, indicating the critical role of

“optimised” global protein dynamics of MAO-B.

Through atomistic MD simulations with and without a substrate bound, two
substrate entrance/product exit channels were found that are mediated by
membrane interaction, one of which was not previously described. The simulations
further indicate an asymmetry in substrate access in the MAO-B dimer.
Specifically, either one or the other monomer may allow substrate access at any
one time, with active site occupation in one monomer preferentially allowing
substrate access to the other. Moreover, the gating loop dynamics appear to be
highly sensitive to the global enzyme dynamics, potentially reflecting long-range

networks of enzyme motion.

Taken together, the study suggests that the global protein dynamics of MAO-B are
“tuned” by the specific immediate membrane environment. These protein
dynamics have a major effect on MAO-B function, through tuning fluctuations
linked to enzyme turnover, including controlling the opening and closing of
substrate/product channels. The finding that two different channels mediated by
the membrane environment are present in MAO-B illustrates the potential to
exploit novel small molecule binding sites with a rational drug design. Therefore,
when searching for novel small molecule binding sites, not only the static structure
of the system in isolation should be considered but also time-dependent changes
in the population of conformational substrates and in the “native” environment37-38,
The finding that there may be long-range networks of motions that can, in
particular, affect the gating loop also indicates the potential for allosteric inhibitors.
Further, as MAO-B resides in the outer mitochondrial membrane of cells, the
finding of a solvent- accessible entrance is important for rational drug design
efforts. That is, inhibitors that target MAO-B may not need to enter the

mitochondrial membrane in order to access the active site of MAO-B.

EPR measurements were performed using WT and Y398F variant MAO-B
(provided by the group of Dr Pudney, University of Bath, UK) using the protocols
described in the original publication’) in 50 mM HEPES 0.5% Triton, pH 7.5, flash-
frozen in liquid nitrogen in Suprasil quartz sample tubes. X-band cw-EPR spectra
were recorded on a Bruker eleXsys E500 spectrometer using a standard
rectangular Bruker EPR cavity (ER4102T) equipped with an Oxford helium

cryostat (ESR900). The following experimental parameters were used: microwave
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power, 0.2 mW; field modulation amplitude, 5 G; field modulation frequency, 100
kHz; measuring time, 10s; temperature, 16 K. Q-band cw-EPR spectra were
performed on a Bruker eleXsys E-560 spectrometer using a ER 5106QT-W1
resonator equipped with a home-built ARS cryogen-free cryostat. The following
experimental parameters were used: microwave power, 0.05 mW; field modulation
amplitude, 2 G (WT) and 7 G (Y398F); field modulation frequency, 100 kHz;
measuring time, 41 s; temperature, 20 K. Spectral simulations were performed

using the Matlab-based Easyspin package®.
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Appendix D — Borane Catalyst

The following is a summary of the research published in the paper by Bennett et
al., 2019" (see original publication for Supporting Information). Contributions here
included acquisition and analysis of the EPR spectra, and composition of a portion

of the text describing and explaining these data.

The reactivity of Lewis acidic boranes with Hz is now almost exclusively explored
via the chemistry of frustrated Lewis pairs (FLPs)?®, which was introduced in
2006. Although certain mechanistic details are still disputed®®, H. cleavage by
FLPs is generally reliant on the action of the two sterically hindered (or,
‘frustrated’) reactive centres within the Lewis acid—base pair. The Lewis acid,
which provides the vacant acceptor orbital is typically an organoborane, whilst the
Lewis base, providing the donor orbital with which to cleave the strong H-H bond'®-
12 is usually a phosphine or amine. This bond cleavage by borane-based FLPs is
generally accepted to be heterolytic and is likely controlled by the relative
strengths of the Lewis acidic/basic components and the degree of steric
encumbrance between them3%: 13, In contrast, in the transition metal-based
complexes and biological systems that have typically dominated hydrogenation
catalysis'*'°, where the metal centre provides both the donor and acceptor
orbitals and the reactivity is largely dictated by the redox chemistry of the metal

centre, homolytic H2 bond cleavage is common.

The heterolytic mechanism of activation of H. by FLPs agrees well with the
general trends in reactivity and is supported by a number of computational
studies'%-'2, but experimental support remains to be seen. It is interesting to
consider that observed patterns of FLP reactivity could be consistent with
alternative H» activation pathways; that these trends may be consistent with
radical mechanisms, wherein single-electron transfer (SET) from the Lewis base to
the Lewis acid would generate highly reactive radical pairs capable of activating
Ha2. Whilst the thermodynamic and kinetic ability of an FLP to activate Hz is well
known to correlate with the hydride-ion affinity of the Lewis acid (consistent with
heterolytic bond cleavage), these parameters also correlate well with the one-
electron reduction potential of the Lewis acid (consistent with SET). Moreover,

recent studies have implied that for some families of borane Lewis acids, reduction
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potentials may even be a better indicator of reactivity towards H> than hydride-ion

affinities6-22,

A growing body of evidence shows the occurrence of radical mechanisms when
small molecules, such as NO, Ph3SnH, and peroxides, are employed in FLP
reactions?>2°. However, thus far these frustrated radical pair (FRP) mechanisms
have not been observed with Hz (nor has any FLP been shown to cleave H> via a
radical mechanism). Previous work studying the electrochemistry of FLP
components and the recent evidence for radical pathways in FLPs and FRPs
raises an obvious question: can boranes react with H2 outside of an FLP chemical
framework, if they can operate via a hitherto unknown redox controlled, radical

reaction pathway instead?

Herein it is explored whether tris(aryl)borane Lewis acids are capable of cleaving
H> outside of the usual Lewis acid/base chemistry described by the concept of
frustrated Lewis pairs (FLPs). Instead of a Lewis base a chemical reductant is
used to generate stable radical anions of two highly hindered boranes. NMR
spectroscopic characterisation reveals that the corresponding borane radical
anions activate dihydrogen, whilst EPR spectroscopic characterisation, supported
by computational analysis, reveals the intermediates along the hydrogen activation
pathway. This radical-based, redox pathway involves the homolytic cleavage of
H2, in contrast to conventional models of FLP chemistry, which invoke a heterolytic
cleavage pathway. This represents a new mode of chemical reactivity for

hydrogen activation by borane Lewis acids.

Two boranes models were selected: tris(3,5-dinitromesityl)borane 1, and
tris(mesityl)borane 2 (Scheme D.1). Both have essentially identical steric shielding
of the central boron atom by the six ortho methyl groups on the mesityl rings,
leading to the formation of long-lived borane radical anions upon reduction30-36.
Neither is currently known to be active for H, activation within an FLP. The
addition of six electron-withdrawing nitro groups in 1 shifts the reduction potential
in a positive direction to -1.57V vs. Cp2Fe®*, making 1 as electrophilic and
comparably facile to reduce as the archetypal electron-deficient borane B(CeFs)3
used in FLP chemistry (-1.52 V vs. Cp2Fe®*)'"-20-22 and much easier to reduce
than 2 (approximately -2.8 V vs. Cp2Fe®*)%”. The NO2 groups in 1 also provide
useful electron paramagnetic resonance spectroscopic ‘markers’ for the

characterisation of reaction intermediates.
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R B R R B R R H- R
reductant 1/2 Hy
- . 2,
R R R R R R
1: R=NO, with Cp*,Co [Cp*,Co][1-H]
2:R=H with Na [Na][2-H]

Scheme D.1: Reduction of tris(3,5-dinitromesityl)borane 1, and tris-(mesityl)borane
2, and subsequent reaction with H- (taken from Bennett et al, 20197)

To examine whether the radical anions of Lewis acidic boranes are capable of
cleaving hydrogen, a solution of 1 in either CD2Cl> or [Dg]THF was chemically
reduced using decamethylcobaltocene (Cp*2.Co, E%= -1.94V vs. CpaFe?*)38,
heated in the presence of Hz, and the reaction periodically monitored using
multinuclear NMR spectroscopy (figure D.1(a) shows the resulting "B NMR
spectra). The formation of the borohydride product [Cp*2Co][1-H] is clearly evident
by the observation of a characteristic doublet at & = -13.6 ppm ('Jsx = 82 Hz) in
the "B NMR spectrum.

In these reactions, the cleavage of H2/D2 must be homolytic as there is no
apparent plausible mechanism to allow for the formation of H* (no counter anion).
Whilst very strong acids are known to protonate Cp*2C03%%4%, there is no
observable evidence for the formation of this in these reactions. To examine the
proposed radical homolytic dihydrogen cleavage mechanism, 1 was again reduced
with Cp*2Co under H: but this time in the presence of 1 equivalent of the radical
spin-trap TEMPO ((2,2,6,6- tetramethylpiperidin-1-yl)oxyl). No H> cleavage was
then observed, consistent with inhibition of a radical reaction by the TEMPO spin-
trap. Additional control experiments confirm that Cp*2Co alone does not activate
H> under these conditions and that THF/1 mixtures do not result in the observable
formation of [1-H] via a solvent-FLP mechanism*'-43 in the absence of a reducing
agent. Crucially, no evidence of reduction at the nitro groups is observed by NMR,

EPR, nor IR spectroscopic characterisation of the reaction products.
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Figure D.1: Overlaid "B NMR spectra expanded over the B-H bond region of
interest, showing the progression of H» cleavage by chemical reduction of 1 in
CD:Cl (a) and 2 in THF (b). Inset: The corresponding ''"B NMR spectra recorded at
the start and end of the experiments showing the conversion of the parent borane
starting material to the borohydride product upon reduction and exposure to H>
(taken from Bennett et al, 2019).
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The very negative redox potential of 2 necessitates the use of a stronger reducing
agent. When a solution of 2 in [Dg]THF is reduced over sodium metal and heated
in the presence of Hz the appearance of a doublet in the "B NMR spectrum at & =
-14.5 ppm ('Js 1 = 78 Hz), and a corresponding 1:1:1:1 quartet in the '"H NMR
spectrum at d = 3.75 ppm ('JHB = 77 Hz) is observed, characteristic of the
formation of [Na]-[2-H] (Figure D.1 b). These experiments indicate that the borane
radical anions 1+ and 2+ can cleave H: in the absence of any exogenous Lewis
base. However, they are slow in comparison to typical FLP H2 activation reactions.
In the case of the 1, this is advantageous, since it enables the reaction to be
monitored in real time and reaction intermediates along the H> cleavage pathway

to be observed using EPR spectroscopy.

Solutions of 1 dissolved in either CD2Cl. or [Dg] THF were chemically reduced
using Cp*2Co and the EPR spectra resulting from exposure to H> were recorded
(Figure D.2a—d). Simulation of the spectra yields the isotropic hyperfine coupling
constants for the various 'H, “N, and "B nuclei, given in Table 1. These data,
supported by DFT calculations (performed for the identifiable intermediates of both
1 and 2), enable the structures of the intermediates to be characterised and gain
valuable insights into the reaction mechanism (given schematically in Figure D.3)
and the corresponding energetic profile by which organoborane radicals cleave Hz

homolytically (Figure D.4).
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Figure D.2: the room temperature X-band cw-EPR spectra of 1+~ formed via
chemical reduction of 1, recorded under an atmosphere of N2 (a), upon first
exposure to H» but prior to heating (b), after heating under H> for 10 minutes (c),
and after heating under H> for 48 hours (d). The structures of the paramagnetic
species are shown with ring substituents removed for clarity; experimental data are
shown in black with their respective fitted simulations in red (taken from Bennett et

al, 20197).
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Ar
Propagation [ArzB(H)—Ar(H)]'_
Step (13): [ArzB]’ +H, — [ArgB-H]~ +H® T
Step (16): [ArsB]" +Hy — [ArB(H}-Ar(H)]"~ Mes
r

Step (23): Ar,B+H® — [ArB-Ar(H)] [ArB—Ar(H)]

Step (2b): [ArzB(H)—Ar(H)]'_+ ArsB —> [Ar;B-H]™ + [Ar3B—H]°
Termination
Step (3a): [ARB(H)-Ar(H)] + [ArsB]  —— 2[ArsB-H]~

Termination—-Propagation

Step (36): [ArB-Ar(H)] + [ArB] '~ — [ArsB-H]~ + ArsB

Overall reaction

ArsB + reductant + 1/, H, — [reductant] [Ar;B-H]

Figure D.3: The proposed radical chain-propagation mechanism for the homolytic
cleavage of H> upon reduction of organoborane Lewis acids. Inset: the chemical
structures corresponding to the [Ar.B(H)-Ar(H)]s- and [Ar2B-Ar(H)] intermediates
(substituents on the aryl rings have been omitted for clarity) (taken from Bennett et
al, 2019’).
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Figure D.4: Postulated reaction profile showing the relevant reaction intermediates
involved in each step (ring substituents removed for clarity, steps labelled as in
Figure D.3) together with the associated change in energy values along each
reaction step obtained from DFT calculations (taken from Bennett et al, 20197).
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Upon reduction of 1 under N, the EPR spectrum shown in Figure D.2a is
observed, which is characteristic of 1+~ with hyperfine coupling of the unpaired
electron spin density to the boron nucleus as well as the methyl and nitro
substituents on the aromatic rings (Table 1)*-46. The initiation step is calculated to
be exothermic for both compounds (-56.7 and -11.7 kcal mol* for 1 and 2,
respectively) and reflects the relative LUMO energy and reduction potential of

each borane.

Figure D.2b shows the resulting spectrum recorded upon first exposing the
reaction to H2 and before heating. An immediate change is evident with the
appearance of a sharp 1:1:1 three-line signal superimposed on the original signal
of the 1+~ parent. After heating the reaction for a further 10 minutes this three-line
signal dominates the EPR spectral response (Figure D.2c) for the next 48 hours.
The only change to the system is the addition of H2 and computational modelling
of the possible interactions between 1+~ and Hz reveal two propagation pathways.
Propagation 1a produces the diamagnetic borohydride product and is endothermic
(+30.8 and +28.1 kcal mol! for 1 and 2), albeit to a lesser extent than homolytic Ha
splitting itself (+107.1 kcal mol™' at this level of theory). The alternative pathway,
Propagation 1b avoids the release of free H-atom radicals and is slightly
exothermic (-6.1 and -1.4 kcal mol' for 1 and 2). This reaction produces a radical
species consistent with that observed in Figures D.2b and D.2c. Computation
reveals the structure of this intermediate to be [(Ar2B(H)-Ar(H)]*" with hydride
attached at a four-coordinate boron centre, and He carried on one of the aromatic
rings (denoted as [1-{H2}]*" with specific reference to borane 1). DFT models
indicate that there is little energetic discrimination for the He to be attached to one
or other carbon positions around the aromatic ring. Spin-density calculations
confirm, however, that the isomer with the He predominantly located at a meta
carbon on the ring, ipso to one of the nitro groups, is consistent with the observed
EPR spectra (Figures D.2b,c). Here the unpaired electron is coupled only to one of
the nitrogen nuclei in the nitro groups of the aryl ring system and is not coupled to

the boron nucleus at all (Table D.1).

After 48 hours of heating, the EPR spectrum changes once again (Figure D.2d) to
reveal a 1:2:2:2:1 five-line hyperfine coupling pattern of a new persistent
paramagnetic species. This does not fit the expected coupling pattern from two
nitro groups which would give rise to a 1:2:3:2:1 splitting pattern. Instead, it arises
from near coincident hyperfine coupling with both an additional single hydrogen
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atom and the boron nucleus (similar to DFT calculations of a hydrogen—boron
adduct)*’. This is a neutral [1-H]+ intermediate resulting from cleavage of the H>

molecule.

Once again there are two possible pathways that result in the formation of the [1-
H]e intermediate: Propagations 2a and 2b. Propagation 2a is exothermic by -37.1
kcal mol! and -30.8 kcal mol" for 1 and 2, respectively. Interestingly, computation
suggests that if [1-H]* is formed with the hydrogen atom at boron, as one might
expect, the hydrogen atom immediately hops from the boron atom onto the
aromatic ring system, until it arrives at the para carbon atom which is the most
stable isomer in the case of 1 (whereas the meta position is most stable in 2).This
is supported by what is observed experimentally during the EPR spectroscopic
monitoring of hydrogen splitting by 1 where the magnitude of the resulting He atom
hyperfine coupling fits well with coupling to spin density on the ring system in the

para position located between the two nitro groups (Figure D.2d).

If the parent borane is present in excess of the radical anion (Propagation 2b), the
hydrogen atom produced in step 1a (considered as [Ar2B(H)-Ar(H)]*") may be
transferred, and the borohydride product and the neutral [ArsB-H]- radical
intermediate formed. Using the values calculated for propagation steps 1a and 2a,
step 2b is energetically neutral. In the system reported herein, it is unlikely that the
parent borane is present in excess of the radical anion initially, but as the reaction
proceeds through step 3b and the consumption of the [Ar2B(H)-Ar(H)]*
progresses, this stabilisation may become more relevant towards the end of the
reaction. This situation may also have relevance to potential radical-FLP hydrogen
cleavage mechanisms, where the parent borane is most likely present in excess of

any potential radical anion intermediates throughout.

The final step in the reaction, which cannot be observed by EPR spectroscopy, is
the formation of the diamagnetic [1-H] product, which is detected by ''B and 'H
NMR spectroscopic analysis of the reaction mixture at the end of the experiment.
Aside from the obvious recombination of 2H- to form Ha (the reverse of step 1),
there are two termination pathways: Termination 3a (-39.5 and -49.6 kcal mol" for
1 and 2, respectively), and Termination-Propagation 3b (-39.3 and -48.2 kcal mol’
for 1 and 2, respectively). Step 3a may also be written [Ar3B]s"+ He — [Ar3B-H] for
consistency with the rest of the Scheme, or as a termolecular reaction: 2 [Ar3B]+ +
H> — 2[Ar3B-H]". Step 3b yields both the terminal borohydride product and
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regenerates the parent neutral borane for further reaction in propagation step 2a.
Note that whilst it would appear from Figures D.2c and D.2d that the EPR spectra
are dominated by the [1-{H2}]*- and [1-H]* species, respectively, simulation of the
spectral data reveals that these spectra are each superimposed over the parent
1+ radical anion species. As the reaction proceeds with heating the weighting
between the systems changes (1+ : [1- {H2}]e = 98.5:1.5in Figure D.2 b; 73.0
:27.0 in Figure D.2c, and 1+ : [1-H]* = 63.0 :37.0 in Figure D.2d. The rate of
consumption of 1+~ as measured by EPR (Figures D.2a—d) correlates with the rate

of conversion to borohydride as measured by NMR spectroscopy (Figure D.1a).

In summary, using two model boranes, which produce stable radical anions upon
one-electron reduction, this study has successfully demonstrated homolytic
dihydrogen cleavage in the absence of a Lewis base. This represents a new mode
of chemical reactivity by Lewis acidic boranes towards H> that opens up new
borane, and potentially other main group chemistries, beyond the framework of
conventional FLPs. The reaction between the model borane radical anions and Hz
is slow, and the intermediates are sufficiently stabilised so that several distinct
intermediates along the homolytic dihydrogen cleavage pathway can be observed
using EPR spectroscopy and the energetics of the reaction pathway can be
modelled computationally. The application of boryl radical H> activation is currently
being explored as a convenient route to more active borane hydride species,

which may have applications in catalysis and energy materials.

EPR spectra were collected on a Bruker eleXsys E500 spectrometer using a
standard rectangular Bruker EPR cavity (4102ST). Samples were measured in
standard 4mm quartz EPR tubes (Wilmad) fitted with J Young valves to maintain
the desired atmospheres. Experimental parameters: microwave power, 20 mW
(figures D.2a, D.2b, D.2d) and 0.8 mW (figure D.2c); field modulation frequency,
100 kHz; field modulation amplitude, 0.1 mT (figures D.2a-c) and 0.2 mT (figure
D.2d); all performed at ambient room temperature. All spectral simulations were
performed using the MATLAB-based EasySpin package“®. Inside the glovebox a 5
MM solution of 1 in either CD2Cl> or THF—ds was reduced by adding an excess (3
molar equivalents) of Cp*2Co in a glass vial. The reaction mixture was briefly
stirred before the solution was filtered (by pipetting through a glass wool plug to
remove any residual reducing agent/solid) into a 4mm quartz EPR tube fitted with
a J Young valve. EPR spectra were recorded for each sample before H> was
admitted via a sequence of three freeze—pump—-thaw cycles. The EPR spectra
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were recorded again after addition of Hz to the reaction mixture, and then the
reaction mixtures were heated in the dark at 50°C (CD2Cl2) or 65°C (THF—dsg) with

periodic monitoring by EPR spectroscopy.
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