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The elongation factor EF-Tu is an essential and ubiquitous component of prokaryotic mRNA
translation. It is directly responsible for the transport of aminoacyl-tRNA to the actively
translating ribosome. EF-Tu is a translational GTPase, classically thought to have two
conformational extremes induced by the binding of either GDP or GTP, the open and closed
conformations respectively. It is now hypothesised that, in solution, EF-Tu does not adopt
these binary conformations and instead samples a wide range of conformations, with the
average becoming more open or closed depending on the bound nucleotide. As an essential
prokaryotic protein, EF-Tu presents itself as a desirable antimicrobial target. The elfamycins
are a group of bacteriostatic antimicrobials specifically targeting EF-Tu, acting predominantly
in one of two ways. Kirromycin-like elfamycins lock EF-Tu in the closed confirmation
irrespective of GTP hydrolysis, preventing EF-Tu dissociating from the ribosome. Pulvomycin-

like elfamycins simply prevent the binding of tRNA to EF-Tu, acting as a competitive inhibitor.

In this thesis the behaviour of the clinically relevant Acinetobacter baumannii EF-Tu in
complex with two contrasting elfamycins, alongside a recently identified prolyl hydroxylase
found to target EF-Tu is described. In , the binding of GE2270A, a pulvomycin-like
elfamycin, to EF-Tu was explored using native mass spectrometry and carbene footprinting,
a covalent protein labelling technique. The binding site of GE2270A was identified, alongside
some tentative GE2270A-induced subtle conformational changes. In , the binding
of, and global conformational change induced by, the kirromycin-like elfamycin enacyloxin
ITa was examined using carbene footprinting. Alongside this, three enacyloxin IIa resistant
EF-Tu mutants were produced and characterised using carbene footprinting and native mass
spectrometry. In , the interactions between an EF-Tu-specific prolyl hydroxylase and
EF-Tu were mapped with carbene footprinting. Finally, demonstrated the use of
native mass spectrometry to investigate novel enacyloxin IIa analogues and their binding to
EF-Tu. Ion mobility spectrometry-mass spectrometry was used to characterise the stability of
Escherichia coli EF-Tu in the gas phase. Here, the tertiary structure of EF-Tu was found to be
stabilised by ligand binding through collisionally induced unfolding experiments. These
results were corroborated with molecular dynamics simulations exploring the thermal

stability of EF-Tu in apo and holo states.
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Imost the entirety of processes, across all forms of life, are governed by

biomacromolecular assemblies such as proteins and nucleic acids. In the
prokaryotic workhorse Escherichia coli, proteins constitute approximately 55% of the
cellular dry mass, which equates to a conservative estimate of 3 - 4 million proteins
per individual cell." The proteomic differences between organisms, or between
individual cell types in multicellular organisms, are largely responsible for their
observed phenotypic differences.” Protein interactions maintain cellular
homeostasis through gene expression, signalling, metabolic pathways, defence, and
many other processes, mostly through interactions with small molecules, or other
proteins.”* Proteins can have a defined three-dimensional structure, maintained by
intramolecular interactions between the amino acid building blocks, or instead lack
a defined structure and be categorised as intrinsically disordered. In reality, proteins
exist on a spectrum of order, with most containing disordered, or highly flexible,
regions and are highly dynamic. Often, disorder is a function of activity and may only
be present under certain conditions.”® As protein structure is closely tied to function,
elucidation of structure plays a vital role in understanding the roles these

macromolecules play.



117 Protein Structure

At the basic level, proteins are composed of linear sequences of amino acids,
covalently linked together through the peptide bond. Their structures can be
categorised into four groups. The primary structure refers to the sequence of
individual amino acids within the polypeptide chain. The overall sequence of the
polypeptide is encoded by its corresponding gene within the genome, with the
identity of the individual amino acid residues specified by the codons within the
gene. Intramolecular interactions between amino acids lead to the formation of
defined secondary structure features. The most common of these are the a-helix and
-sheet. The arrangement of these features in space corresponds to the tertiary
structure. Folding into the tertiary structure is largely governed by the burial of
hydrophobic residues which is then stabilised by non-covalent interactions, such as
hydrogen bonding, salt bridges, and covalent disulfide bonds. The tertiary structure
may include multiple domains, typically linked together with disordered loops, that
may have defined sub-structures including f-barrels and coiled-coils. If two or more

folded polypeptide chains assemble together, this forms the quaternary structure.

Figure 1.1 | The four levels of protein structure. Left to right; primary structure
polypeptide; secondary structure a-helix; tertiary structure folded protein (OmpF,

PDB 3POU); quaternary structure OmpF homo-tetramer, 3POU.
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The individual chains (subunits) may have the same peptide sequence, forming
homo-multimers or they may have difference sequences, forming hetero-multimers.
Assembly of quaternary structures largely occurs at highly hydrophobic regions,
whereby binding of subunits buries hydrophobic residues within the interface,
shielding them from the solvated cellular environment. An overview of protein
structures can be seen in . For the majority of proteins, folding is a
spontaneous process, and therefore must be thermodynamically favourable. A
minority of proteins require chaperones to aid folding, acting as either foldases to aid
folding in an ATP-dependent manner, or holdases to stabilise aggregation prone
intermediate structures. As the protein folds, its Gibbs free energy must become

more negative, until it reaches a stable state at a free energy minimum.’ This process

Decreasing AG
Tf‘
lapiosiqg buisealdu)

Graphical representation of protein folding navigating the Gibbs free
energy landscape. The disordered polypeptide becomes more folded in a discrete

manner, with each sequential folding bringing a further decrease in free energy.

can be imagined as a funnel-like free energy landscape ( ). The landscape is
rugged and filled with traps bordered by energy barriers, as a protein folds it travels
down the landscape, existing in potentially many meta-stable states prior to reaching
the stable minimum. Native protein structures may not be the lowest energy state of

the system and may exist in deep traps within the landscape.



In neurodegenerative diseases induced by protein misfolding and aggregation, the
protein structure responsible for amyloid fibril aggregation is of lower free energy

than that of the correctly folded native state.”

11.2. Protein Interactions

As stated previously, proteins are dynamic structures containing regions differing in
flexibility. Functional domains are typically linked through disordered loop regions
which are often critical to their function. In an extreme example, disordered regions
in the well-known molecular motor kinesin are vital to impart the flexibility required
for the protein to “walk” along cellular microtubes, without which intracellular
transport would largely shut down.’ Protein dynamics are crucial for their ability to
bind small molecules and other proteins. Conformational changes may be small,
effecting only proximal residues or they may be large, resulting in entire domain
rearrangements.’” Small-molecule ligands binding to proteins are often either

cofactors required for protein activity or substrates for an enzymatic reaction.

o e o me
90 9-©-@

Lock and Key Induced Fit

v-9-0
— —

Conformation Selection

Figure 1.3 | Graphical representation of the three protein-ligand binding interactions.

Protein is represented in blue and ligand in orange.
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The specificity of a protein towards a ligand was originally proposed to occur through
the lock and key model by Emil Fischer, where the ligand and protein have rigid,
specific geometries that perfectly complement each other, explaining enzyme-
substrate specificity.'' Improvements to this hypothesis by Daniel Koshland led to the

induced fit model, incorporating structural flexibility of both protein and ligand.

Here, the binding site is flexible and allows for binding of less complimentary ligands
through ligand-dependent conformational changes, whilst still allowing for
conformational proofreading.””"” Finally, the conformational selection model
proposed by Monod, Wyman, and Changeux hypothesises that the protein binding
site undergoes ligand-independent conformational changes, and that the ligand can
then bind to the most suitable conformer.” An overview of these hypotheses can be

found in

GTPases are a broad family of hydrolytic enzymes, all of which bind to guanosine
nucleotides. Acting as molecular switches, GTPases are considered to be in their
active conformation when bound to guanosine triphosphate (GTP) and transition to
their inactive conformation by hydrolysing GTP to guanosine diphosphate (GDP)."”
Magnesium, present as the Mg* ion, is an essential cofactor. GTPase activity is
typically modulated by interaction with GTPase activator proteins (GAPs). Following
hydrolysis, the exchange of GDP to GTP is facilitated by guanine nucleotide exchange
factors (GEFs). Binding of which increases the rate of GDP dissociation from the
GTPase, allowing GTP to passively bind due to its higher cellular concentration."
GTPases have a wide range of cellular activities including signalling, translation and
membrane translocation.'” Although posing a broad range of activities, GTPases (or
GTPase domains within larger proteins) are structurally and sequentially conserved.

Five motifs (G1 - G5) are essential for their function. Gl contains the highly

conserved P-loop (Walker Motif, GxxxxGK[T/S]) and contacts the a- and 3-phosphates



of GDP/GTP.”* G2 and G3, or switch I and switch II, are semi-disordered regions that

adopt distinct conformations in the GTP or GDP bound state. They contact the y-

Figure 1.4 | Human Ras GTPase (PDB 121P). Bound GTP is shown in stick
representation, coloured by atom. The five key motifs are coloured; G1, orange; G2,
blue; G3, green; G4, purple; G5, yellow. Mg? is represented by a green sphere,
coordinating the B- and y-phosphates to Ser'” and Thr®® in G1 and G2 respectively.

Hydrogens and solvent water omitted for clarity.
phosphate of GTP, aid coordination of the Mg* cofactor, and are both bound by GAPs.

G3 also contains a basic residue, typically glutamine or histidine which coordinates
the water molecule used in nucleophilic attack on the y-phosphate during GTP
hydrolysis.”” G4 and G5 both contact the guanine nucleobase and impart guanine

specificity.” A representative GTPase (Human Ras) can be seen in figure 1.4.

71137 Transiational GTPases

Translational GTPases (tr-GTPase) are a subset of the GTPase family, all responsible
for the facilitation and stringent control of mRNA translation at the ribosome. All
stages of translation at the ribosome are controlled by tr-GTPases, demonstrating
their vital role. In prokaryotes, translational rates are under the control of four major
translational GTPases: initiation factor (IF) 2, elongation factor (EF) Tu, EF-G and

release factor (RF) 3. A unique elongation factor, SelB, is responsible solely for the
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transport of selenocysteine charged transfer RNA (Sec-tRNA%*) to the ribosome and
adopts a hybrid IF-2/EF-Tu-like structure.”’ All of these tr-GTPases bind the ribosome
in the GTPase-associated centre (GAC), found within the 23S ribosomal RNA (rRNA).
The GAC is associated to a stalk-like, typically pentameric protein complex (subunits
L10, 2x L12, 2x L7) that protrudes from the large (50S) ribosomal subunit, 111, and
binds directly to the 23S rRNA.” A unique feature of these tr-GTPases, is the use of
the ribosome itself as the GAP. Except for EF-Tu, tr-GTPases in general exhibit a
greater affinity towards GTP than GDP, rendering the need for a GEF null. EF-Tu,
however, requires binding of a GEF, EF-Ts, to facilitate GDP/GTP exchange.”
Eukaryotic homologues of EF-Tu, SelB, EF-G and RF-3 (eEF1A, EF-SEC, eEF2, and
eRF3) perform a similar role, whereas translation initiation is controlled by a
structurally unique tr-GTPase, eEIF2.” With the focus of this work being on the

prokaryotic EF-Tu, further discussion will focus on prokaryotic translation.

EF-Tu ( ) is a three-domain protein, consisting of domain I (residues 1 -
200), a canonical Ras-like GTPase domain that is mostly a-helical and domains II
(residues 209 - 292) and III (residues 300 - 393), which are B-barrel based, tRNA
binding domains.” Domains I and II are linked by a flexible 9-residue typically
unstructured, loop and domains II and III by a shorter, 7-residue linker. Similar to
other tr-GTPases, EF-Tu adopts a range of conformations, irrespective of the
nucleotide bound. This contrasts with the classical view of the distinct binary active
and inactive conformations adopted by GTPases, in complex with GTP and GDP

,26

respectively.””” In contrast to other tr-GTPases however, the conformational
extremes sampled by EF-Tu involve a dramatic rotation ( ), almost 90°, of

domains II and IIT with respect to domain I as opposed to more localised, domain



interface changes seen in SelB, and EF-G.”*"** To avoid confusion, for EF-Tu, these
extremes will be referred to as open and closed instead of active and inactive. Again,
similar to other tr-GTPases, the closed confirmation is reached only upon binding of
EF-Tu to the ribosome, free EF-Tu in solution appears to be sample a broad range of

open to closed conformations.””

Figure 1.5 | E. coli EF-Tu represented as cartoon structures. Domain | is coloured green,
domain Il, orange, and domain lll, blue. Structures were alighed by domain I. A | EF-Tu
in the open conformation, bound to GDP (stick representation), PDB 1EFC. B | EF-Tu in

the closed conformation, bound to GDNP (stick representation), PDB 1EFT.

1127 Domain/

Domain I (figure 1.6, A) exhibits a classical nucleotide-binding «/f structure,
consisting of a central 3-sheet core (five parallel 3-strands, a, d, ¢, f, g, and one
antiparallel $-strand, c,) surrounded by five a-helices, B, C, D, E and F.” The P-loop is
located directly after the C-terminus of S-strand a, and extends into N-terminus of a-
helix A. Importantly, alongside the nucleotide binding pocket, domain I contains the
highly flexible switch I and II regions. Referring to the GDP-bound crystal structure
obtained by Song et al., switch I forms a single a-helical turn, A”, followed by a short
loop which subsequently folds into a small anti-parallel S-sheet, b’ and b. The
connecting hairpin turn between them forms a hydrogen bonding network between

Arg® and Arg®®in domain III through a bridging water molecule.” Switch II is
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composed entirely of helix B (His* to Ile*?), with the catalytic histidine, His*, oriented
away from the nucleotide binding pocket. The Mg*" cofactor is coordinated by the
side-chain hydroxyl group of Thr*, three water molecules and a 3-phosphate oxygen

in GDP.

In the 5'-guanylyl imidodiphosphate (GDPNP)-bound crystal structure solved by
Nissen et al. ( ), switch I undergoes a subtle rearrangement, where the b’
B-strand folds into helix A” and rotates inwards, over the nucleotide binding pocket.”
Switch IT undergoes a more dramatic conformational shift, where helix B unwinds a
turn at the N-terminus and folds several new turns at the C-terminus (Ala® to GIn®).
Here, GDPNP acts as a non-hydrolysable GTP analogue where the bonding oxygen
between the [ and y-phosphates is replaced with a nitrogen, forming an
imidophosphate. The use of GDPNP allows for the study of GTP-bound EF-Tu, without
intrinsic GTP hydrolysis by EF-Tu. This, paired with an approximately 40° rotation
perpendicular to its axis, moves the catalytic histidine, and positions it facing closer
to the nucleotide binding site.” His* is still positioned in such a way that
autohydrolysis of GTP is exceedingly rare, a rate of about 5x10°s™.* The Mg*
cofactor loses a bound water molecule and instead coordinates a y-phosphate oxygen

of GTP.

Domain II consists of 10 anti-parallel S-stands (a2 - j2), coalesced into a -barrel
structure. Two looping regions connecting strands b2 - ¢2 and g2 - h2 protrude
outwards into the bulk solvent and produce part of the binding site for the cyclic
thiazolyl antibiotic, GE2270A.""* Domain III consists of 6 anti-parallel -stands (a3 -
f3) also forming a f-barrel structure. During the large conformational change of
domains II and III relative to I, the interactions between domains II and III remain
relatively stable.”” New interactions between domains I and III are formed

predominantly by helices B, C and D. Ala* in helix B and Glu"® in helix C form



hydrogen bonds with Arg®in strand f3 in domain III, the former through a bridging
water molecule. Tyr'® in helix D forms a new hydrogen bond with Glu*’ in domain

I1I.

A His®
Switch Il

Figure 1.6 | E. coli EF-Tu domain I, with key features highlighted, represented as
cartoon structures. Mg? represented as a green sphere, crystal water molecules as a
red sphere and nucleotides in stick representation A | EF-Tu in the open conformation,
bound to GDP, PDB 1EFC. B | EF-Tu in the closed conformation, bound to GDNP
overlain over the open configuration, PDB 1EFT. C | EF-TueGTPeaa-tRNA ternary
complex, Cys-tRNA®* shown in orange, PDB 1B23. D | Zoom of C showing domain Il

residues binding the 3’ adenosine alongside the ester conjugated cysteine.
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Domains IT and III are predominantly responsible for tRNA binding, however some
contacts are made with domain I. All residue numbering here is with respect to the
Thermus aquaticus EF-Tu. The acceptor stem of an aminoacyl-tRNA (aa-tRNA),
containing the 3’ terminal adenosine, covalently linked to an amino acid through an
ester bond, slots into the cleft between formed between domains I and III and places
the amino acid into the binding pocket formed by the loops connecting strands a2 -
b2 and d2 - e2. Depending on the amino acid bound, further contacts can be made to
Glu*, His*”?, Arg”* and Asn**.” The tRNA 5’ end protrudes into the pocket formed at
the interface of all three domains, interacting with Arg*® (domain II); Lys®, Asn® and
Tyr® (helix B, domain I); and Glu® (helix A”). Finally, the T-loop binds with domain

III exclusively through residues Arg®*, His**', Gln**, Thr*°, Lys*’® and Gly** (
)‘34

In prokaryotes, DNA transcription to mRNA, and then translation to a polypeptide
chain, are physically coupled. The 30S ribosomal subunit interacts directly with
actively transcribing RNA-polymerase, and the emerging mRNA fed directly into the
ribosome to be translated.” Mature ribosomal formation is a highly complex process
and will only be touched upon through the lens of the tr-GTPase IF-2. The 30S pre-
initiation complex is formed of the 30S ribosomal subunit, bound to IF-1, IF-2:GTP,
IF-3 and N-formylmethionine-tRNA™¢ (positioned in the ribosomal A site).
Recruitment of mRNA, followed by start codon (AUG) recognition by FMet-tRNAf™
forms the 308 initiation complex.” Upon binding of the 50S large ribosomal subunit
and dissociation of IF-3, the 70S pre-initiation complex is formed. An IF-2
conformational change induces GTP hydrolysis, releasing inorganic phosphate (PO,*

, P) and shifts FMet-tRNA™¢ to the ribosomal P site. This sequentially leads to

11



dissociation of IF-1 and IF-2GDP, forming the complete 70S initiation complex. ¥’ The

ribosome is now primed to receive coding tRNA and begin elongation.

Polypeptide elongation consists of repeating cycles of decoding, peptide bond
formation and ribosomal translocation ( )- Elongation initiates as soon as the
ribosomal A site is free and continues until a stop codon is reached. During the
decoding stage, the current mRNA codon in the A site is translated. This is achieved
by the delivery of aa-tRNA to the ribosome by EF-Tu, as the ternary complex EF-
TusGTP-aa-tRNA. The ternary complex initially interacts with ribosomal stalk, which
shuttles the complex towards the GAC and A site.” Codon:anticodon recognition is a
vital process in translation, incorrect pairing leads to incorporation of the wrong
amino acid into the growing polypeptide. If there are successful codon:anticodon
interactions, conformational movements in 16S rRNA cause closure of the 30S
domain, which in turn, pulls the EF-Tu complex down towards the sarcin-ricin loop
(SRL) of 23S rRNA.* Interaction with the SRL, which acts as EF-Tu’s GTPase activator,
induces GTP hydrolysis. In brief, interaction with the RNA backbone raises the local
pK. of the imidazole histidine side chain, rendering it protonated at native pH. What
likely follows is a proton abstraction of the catalytic water molecule, bound to His*,
by the y-phosphate in GTP. The resulting nucleophilic hydroxide ion, stabilised by
the basic histidine, attacks the y-phosphate resulting in hydrolysis.”* This
interaction with the SRL and the resulting electrostatic environment is responsible

for increasing EF-Tu’s rate of hydrolysis by five orders of magnitude.”

Following hydrolysis, liberated P; remains bound to EF-Tu, held in place by the
conformation of switch I and II. To be released, local conformational changes must
take place to facilitate dissociation.""** Delayed release of P; is seen in EF-G and IF-2
and is linked to their function on the ribosome.** Current understanding has not

linked delayed P;release to a biological function of EF-Tu.
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tRNA - EFTueGDP

Polypeptide
50S Subunit
Ternary |
Complex 30S Subunit

EF-GeGTP

Figure 1.7 | A graphical overview of the major steps in elongation. 50S ribosomal
subunit, green; 30S subunit, orange; polypeptide, blue line; mMRNA, grey line. | | EF-Tu
GTP hydrolysis, release, and release of empty tRNA from the E site. || | Peptidyltransfer
to the new aa-tRNA (pink) in the A site from old peptidyl-tRNA (cyan) in the P site. IIl |
EF-G binding with tRNA in a hybrid state between sites. |/ | EF-G hydrolysis, ribosomal
translocation, new peptidyl-tRNA fully occupying the P site and the old tRNA now in
the E site. V | EF-G release. VI | EF-Tu ternary complex free to bind to the vacant A site.
Figure adapted from Voorhees & Ramakrishnan. Ribosome*tRNAeEF-Tu, PDB 4V5G;
EF-G, PDB 7SSL.”"®
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It is known to not be related to proofreading, as cognate and near-cognate
codon:anticodon complexes demonstrate the same delay. It is likely due to the tight
association between EF-Tu and the ribosome (Kp < 1 nM) preventing efficient
conformational shifts in the switch I and II region, and keeping the binding pocket
closed.””* Once P; has been released EF-Tu rapidly rearranges into the open
conformation, this switch is hypothesised to force the aa-tRNA fully into the
ribosomal A site whilst dissociating EF-Tu from the ribosome.** Total accommodation
into the A site is further dependent on the aa-tRNA adopting a specific conformation.
The rate of accommodation is reduced for near-cognate aa-tRNA, which provides a
further layer of proofreading, where near- or non-cognate aa-tRNA can dissociate

from the ribosome before fully entering the A site.””**

The mechanisms involved in formation of the peptide bond between adjacent aa-
tRNAs and the subsequent translocation of the ribosome along the mRNA chain will
be briefly explored. The peptide bond is formed between the new aa-tRNA in the A
site and the current peptidyl-tRNA occupying the P site. The ribosome, specifically
rRNA, acts as an entropic ribozymal catalyst for the bond formation.”*’ It does not
provide catalytic functional groups but instead places the tRNA reactants, along with
catalytic water molecules, into their ideal orientations for reaction.”’ The ribozymal
activity accelerates this reaction by a factor of 10’ when compared to a non-catalysed
solution-based reaction.” The reaction proceeds with a nucleophilic attack by the
amino group of aa-tRNA on the ester carbonyl carbon of peptidyl-tRNA. Two separate
pathways are hypothesized, but both involve a catalytic water and the movement of

three protons, resulting in covalent linking of the peptide chain to the aa-tRNA.*""
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Following bond formation, the ribosome moves along the mRNA chain by one codon.
This is a multi-step process requiring several dramatic conformational changes.
Focussing on the role of EF-G*GTP, ribosomal binding of which induces the forward
movement of the 30S subunit.”” GTP hydrolysis by EF-G allows the tRNA
codon:anticodon complexes to dissociate from the 30S subunit, and through a series
of further steps, movement of tRNA to the E site and the peptidyl-tRNA to the P
site.””” Dissociation of EF-G*GDP and E site tRNA restore the ribosome to a position
to accept new EF-Tu ternary complexes into the A site, completing the elongation

cycle.”

As mentioned previously EF-Tu, unlike the other tr-GTPases, exhibits greater affinity
towards GDP than GTP, approximately 60-fold higher.” This results in much slower
rates of passive nucleotide exchange, and the requirement of a GEP, EF-Ts, to
facilitate this exchange. EF-Ts interacts with EF-Tu*GDP domain I, through contacting
helix D, the P-loop, and switch II whilst securing itself to domain III ( )¢
Binding causes domain I to separate slightly from domains I and III, allowing switch
II to be pushed away from the bound Mg* by domain N of EF-Ts. This pulls away the
stabilising Asp® and allows for Mg** to dissociate from EF-Tu.”® Helix D becomes

138

slightly withdrawn, pulling the guanine-binding Asp'® away from the base and
allowing it to leave the binding pocket. Alongside this, the P-loop Lys* rotates
outwards, following the translocated Asp®, freeing the -phosphate from the P-loop.
Finally, disruption of the P-loop Asp* liberates the a-phosphate, allowing total
dissociation of the nucleotide ( ).”* The approximate 10-fold higher
concentration of cellular GTP over GDP allows probabilistic binding of GTP to EF-
Tu+EF-Ts."*” Binding of GTP effectively follows these steps in reverse, by first
accommodating the a-phosphate, then sequentially the guanine ring, B- and y-

56

phosphates, and finally the Mg** cofactor.
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A RNA Binding
Domain

Figure 1.8 | A cartoon representation of the EF-TueGDPeEF-Ts (PDB 4PC2) complex
and selectinduced conformational changes leading to GDP release. A | EF-Tu, grey;
EF-Ts, orange; putative RNA binding domain, red; helix D, purple; P-loop, green;

switch Il, blue. B | Zoom of key regions showing deviation from the standard EF-

138

TueGDP, white; |, backwards movement of helix D, pulling Asp'® away from the

guanine; Il movement of switch Il away from the binding site, allowing release of
Mg?*; lll, movement of the P-loop backwards from the binding site, importantly

pulling Asp?' away from the a-phosphate.

Classically, cofactor binding was thought to then trigger the conformation of EF-Tu
to adopt the closed conformation, in the process dissociating from EF-Ts. Instead,
Thirup et al., postulate that EF-Ts binding is partially disrupted by the structural
changes in domain I (namely switch I and II) upon GTP binding, and not due to the
global conformational change. In fact, EF-Ts was shown to remain bound to EF-Tu
whilst the latter was in the closed conformation.*® Thirup et al. also captured EF-
TusGDPNP-EF-Ts in the open conformation, corroborating Kavaliauskas and
colleagues’ demonstration of GTP/GDPNP bound EF-Tu existing in the open
conformation.”” The current accepted theory is that EF-Ts aids the binding of tRNA
to EF-Tu through an aminoacyl transferase-like domain (figure 1.8, A), and a
quaternary EF-TuGTP-EF-Ts*tRNA complex is formed, although the structure has yet
to be elucidated.” ** Binding of an aa-tRNA causes a steric clash between the aa-tRNA

T-loop and EF-Ts, leading to EF-Ts dissociation, and formation of the ternary
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complex. If non-aa-tRNA is sequestered in this way, there is no steric interference
due to the different conformation of uncharged tRNA.”” Uncharged tRNA does not
make the sufficient bonding network to domain II of EF-Tu, and as a result is released
from the quaternary complex without disrupting EF-Ts binding. This interaction
allows for efficient rates of translation by reducing the likelihood of uncharged tRNA
being transported to the ribosome. The overall EF-Tu/EF-Ts cycle is summarised in

figure 1.9.

Quaternary

Complex
Closed

EF-TusGTP

Ternary
Complex

!

To Elongation

Figure 1.9 | A graphical overview of the major steps of the EF-TU/EF-Ts recharging
cycle, starting from EF-TueGDP (purple). Highlighting the two alternate ways EF-
TueGTPeEF-Ts can progress, either through dissociation, or formation of the
quaternary complex prior to the ternary. PDB files used; EF-TueGDP, 1EFC; EF-
TueGDP/GTPeEF-Ts, 4PC2; Quaternary Complex, 4PC2 with tRNA from 1TTT; closed
EF-TueGTP. 2BVN: ternarv complex. 1TTT.
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EF-Tu, due to its ubiquitous nature and essential role in protein biosynthesis, makes
for a desirable antibiotic target. Antibiotics that target protein synthesis as a whole
have been in clinical use for several decades, but these tend to focus on direct
ribosome binding and inhibition.”” Antibiotics including tetracycline and
streptomycin target the A site, whereas kasagumycin and dityromycin target the P/E

60-62

sites and EF-G binding respectively.”** There are myriad compounds that exhibit
anti-ribosomal activity that bind across the ribosome, composed of polyketides,
macrolides and antimicrobial-peptides to name a few.”” The elfamycins are a group
of structurally diverse natural products, all specifically targeting EF-Tu.” One
common factor amongst members of the group, aside from their shared low aqueous
solubility, is their poor pharmacokinetic profiles. To date only two semi-synthetic
elfamycins, NAI0O03 and LFF571, are currently in clinical trials, with LFF571 having
completed phase II.°* Currently, elfamycins see substantial laboratory use due to
the ability of some to trap EF-Tu on the ribosome, allowing crystal structures to be
collected of that normally transient complex.®’ The elfamycins can be subcategorised

into two groups based on their major mode of action; kirromycin-like and

pulvomycin-like, named after the prototypical compounds, summarised in

Kirromycin (KIR), the first discovered elfamycin, binds to the interface between
domains I and III of EF-Tu, trapping it on the ribosome through inhibition of the
conformational change induced by GTP hydrolysis, stalling elongation by both EF-Tu
and ribosomal inhibition ( ).°¢’ Kirromycin also has a destabilising effect
on switch I and II, causing disordering of helix A”, and a rotation of His* closer to
the nucleotide phosphoryl groups. As a consequence of this, GTP autohydrolysis rates
are increased four-fold, but still lag greatly behind that of the ribosomal-bound

complex.’** Globally, kirromycin binding induces a greater compaction of the closed
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EF-Tu structure, forcing domains II and III closer to domain I by acting as a wedge to

widen the interface between I and III.*”
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Figure 1.10 | Representative overview of the elfamycins. A | Select members of the
two elfamycin groups, showing extensive structural diversity. RiPPS - Ribosomally
synthesized and post-translationally modified peptides. B | EF-Tu, (domain I, green;
domain lll, orange; domain lll, blue), bound to kirromycin (KIR) showing widening of
the domain I/l interface. PDB 10B2. C | EF-Tu bound to pulvomycin (PUL) showing
extensive widening of the domain I/ll interface. PDB 2C78. Structures were aligned

by domain I, both bound to GDPNP.
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In contrast, pulvomycin binds in the junction of all three closed EF-Tu domains,
whilst importantly extending down into the aa-tRNA anchoring site in domain II
( )-% Mainly, pulvomycin acts as a competitive inhibitor of aa-tRNA
binding, preventing formation of the ternary complex and therefore stalling the
delivery of aa-tRNA to the ribosome.*’’ Similar to kirromycin, pulvomycin induces a
modest 5-fold increase in GTP autohydrolysis. However, this is due to movement of
Ile®, a residue shielding the y-phosphate from His*, instead of a direct induced
movement of His*.””’" In contrast to kirromycin, however, pulvomycin induces a
more expanded EF-Tu conformation, through forcing the domain I-II interface apart,
as measured through crystallography and by native sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE).*” Modification of the resulting holo-
EF-Tu structure, compared to the apo-, through both kirromycin and pulvomycin
binding indicates their accommodation via the induced fit mechanism.” The
elfamycins used in this work, enacyloxin Ila and GE2270A (kirromycin-like and
pulvomycin-like respectively) will be discussed in detail within their relevant

chapters.

As alluded to previously, the diversity of protein function is intimately tied to their
structure, determination of one may give clues to the other. Elucidation of protein
structure is therefore a key prerequisite of the complete understanding of protein
interactions at a molecular level. Since the first protein structure of myoglobin was
solved in 1958 by John Kendrew and colleagues (leading to his joint Nobel prize
shared with Max Perutz, for solving of the haemagglutinin structure) by X-ray
crystallography, huge developments have been made in accuracy and resolution of
structural elucidation. In the decades following, the number of solved structures
increased exponentially ( ).’ In recent years, the application of machine

learning and artificial intelligence for ab initio structure prediction has skyrocketed,
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with DeepMind’s AlphaFold and its derivatives contributing 214 million individual
predicted structures, compared to the initial deposition of over 360,000 structures in
2022.7°7 Despite this, predicted structures are just that - a prediction, and

experimental verification will always be required.
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Structure deposition data collected from the RCSB PDB. All
deposited structures since the PDB formation in 1976. Proportion of

deposited structures solved by the three major methods to date in 2024.

Since its initial introduction, X-ray crystallography has produced a treasure trove of
protein structures, representing approximately 85% of structures deposited in the
Protein Data Bank (PDB, ). At its heart, protein X-ray crystallography relies
on the ability of a crystal to act as a diffraction grating for X-ray electromagnetic
waves. To grow a protein crystal for diffraction, a large concentration of highly pure
protein (typically obtained through heterologous expression, and purification) is
required. A general process for production of protein crystals is as followed; first the
highly pure, concentrated protein solution is slowly reduced in solubility to promote
supersaturation, this may be achieved by modifying solvent conditions (pH,
temperature etc) or by the addition of additives (ions or polymers).” Protein crystal

nucleation is a spontaneous phenomenon in solution but may be induced by seeding,
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the introduction of artificial nucleation sites. However, care must be taken to not
induce the growth of too many individual smaller crystals, as a single larger one is
preferred. Ideally, solvent conditions should disfavour nucleation, but favour crystal
growth. Through screening of multiple crystallisation conditions, a resulting high-

grade regular crystal is hopefully obtained.

Crystals are then mounted and typically flash-frozen to reduce radiation damage, this
process and the use of cryoprotectants may also require multiple trial-and-error
modifications to produce a suitable crystal.”” The crystal is then exposed to
synchrotron-generated, monochromatic X-rays and the resulting diffraction pattern
recorded. Each pattern represents only a slice of the total structure, and the crystal
must be rotated, typically through 180°, and the diffraction patterns recorded in an
incremental process.”” Reconstruction of the protein structure from diffraction
patterns is computationally difficult, using fast Fourier transformations (FFT) to
generate 3D electron density maps, to which individual atoms can be modelled.
Iterative refinement of the density with the model is continued until the model best

matches the original diffraction data.

Despite its high accuracy, X-ray crystallography does come with drawbacks. Not all
proteins are amenable to the crystallisation process, membrane proteins specifically
pose specific problems.” The process requires large amounts of protein sample, and
potentially multiple rounds of screening for ideal crystallisation conditions. Most
importantly, the protein structure obtained is that of a low-energy, crystal-packed
protein, and likely misrepresents the solution phase fluidity of the protein. Highly

flexible regions tend to be poorly resolved in X-ray structures, if at all.”
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Cryogenic electron microscopy (most commonly, cryogenic transmission electron
microscopy (cryo-TEM) is a relatively recent advancement of classical electron
microscopy, where a high-energy beam of electrons is fired at an ultra-thin specimen
section towards a detector (charge-coupled or direct electron detectors). The
interactions of the electrons with the specimen generates an image, with resolution
down to the atomic level possible due to the much smaller de Broglie wavelength of
electrons compared to visible light microscopes. Exposure of the sample to cryogenic
temperatures offers several benefits over traditional TEM, imparting a protective
effect against the incoming electrons and the high-vacuum environment of the TEM
stage. Importantly, plunge freezing of thin, aqueous biological samples generates
macromolecules encased in a vitrified (amorphous, non-crystalline) ice, better
preserving their solution-phase structures.” The technique proved successful, with
the publishing of cryo-TEM micrographs of adenovirus and T4 bacteriophages,
amongst others viral capsids in 1984 by Adrian et al.”’ In recent times, cryo-TEM has
greatly increased in resolution with both technical and software improvements,
culminating in an atomic, 1.15 A resolution structure of human apoferritin by Yip et

al. in 2020 and a yet unpublished 1.09 A mouse apoferritin by Nazarov et al.”’

To produce a structural map of a protein, a pure protein sample is vitrified and
imaged with low electron doses to minimise structural damage. Due to this, the
images typically have a poor signal to noise ratio and consequently, multiple image
sets must be averaged to boost signal quality, through a process called single particle
analysis. Proteins adopt random orientations in vitrified ice, and therefore must be
segregated into orientation classes where they can be averaged, with minimal loss of
resolution. For 1.25 A apoferritin this was approximately 430,000 individual particle
images.” This, paired with physical rotation of the specimen sample stage to acquire
multiple angle images, allows for the reconstruction of a 3D electron density volume,

to which an atomistic structure can be fit. Similar to X-ray crystallography, the
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volumes and atom models go through iterative refinement processes, to generate an

optimal reconstruction.”

Although cryo-TEM offers advantages over X-ray crystallography, namely reduced
protein concentrations/volumes and near-native conformations, it too comes with
drawbacks. Highly flexible proteins prove troublesome to average, resulting in low
resolution maps with high error; small proteins (<50 kDa) are difficult to image and
require exogenous additives to resolve; resolution still lags behind cutting-edge X-ray
crystallography, where sub-Angstrém level resolutions are routinely possible; and

prohibitive cost of equipment.®

Nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical technique
exploiting the propensity of magnetically active atomic nuclei to respond to changing
radio frequency fields.””* Sub-atomic particles exhibit an intrinsic angular
momentum, which is typically represented as a dimensionless value, spin, obtained
by the division of their angular momentum by the reduced Planck constant, %.*
Baryons (protons, neutrons etc), and all other fermions, have a half odd-integer spin

13 . .oy . e . . .
( >3 etc). Atomic nuclei, being fermionic in nature, have a net spin, I, and in nuclei

with an even mass number I is 0. In nuclei with odd mass numbers, their net spin is
a half odd-integer. This property leads them to be magnetically active, and therefore
detectable by NMR.” In an NMR measurement, sample nuclei are held in a
stationary magnetic field, B,, application of a radiofrequency (RF) field, specifically
its magnetic component B;, causes active nucleic to flip their spin state. Removal of
B; allows these nuclei to relax via emission of their own RF waves. Detection of the
released energy as a function of time produces Free Induction Decays (FID), which
can undergo a Fourier transformation into the frequency domain.”” A collected NMR
spectrum contains a series of peaks at specific frequencies (chemical shift, §),

corresponding to individual nuclei and their surrounding chemical space. As the
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hydrogen atom is NMR active, acquisition of spectra from an aqueous sample would
lead to masking of a samples innate 'H response due to the hydrogen in water
molecules. To combat this, samples are prepared in deuterated solvent (D,O, CCl:D
etc), typically deuterated NMR solvents contain an internal control, 3-trimethylsilyl-
deuterosodium propionate, to provide a known deuterium chemical shift, which can

be used to calibrate other observed frequences.”’

NMR excels at analyses of small compounds, where modest numbers of nuclei are
present. Proteins contain very high numbers of active nuclei in a multitude of
chemical environments, and therefore generate highly complex spectra. Typically,
multiple NMR measurements are taken of a multiply radioisotope labelled protein
generating chemical shifts for 'H, '*C and N, which allows specifically for analysis
of the peptide backbone.” Additional techniques, including the Nuclear Overhauser
effect (NOE) can aid the 3D geometric positioning of nuclei by imparting distance

constraints between coupled nuclei.”

NMR analyses of proteins was historically limited to modest (<35 kDa) protein sizes.
However, through improvements in high-field magnets, simultaneous multi-
dimensional acquisition processes and cryogenic probes have pushed this limit to
>180 kDa.” ”* NMR is highly penetrating and non-disruptive, allowing for so-called in
cellulo analyses of over-expressed protein structures and importantly, reports
solution-phase structures allowing for true conformational dynamics to be
observed.” "’ However, measurements are hampered by difficult data analysis,
proportional to protein size, and high concentrations of radioisotopically labelled

protein.”
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Mass spectrometry (MS) is an invaluable analytical technique in chemistry, biology,
and their interwoven fields of study. Developed by Joseph Thompson alongside
Francis Aston in the early 20" century, mass spectrometry employs the separation of
gas-phase ions according to their mass-to-charge ratio (m/z), through interactions
with electric and magnetic fields.”*” In the following century, mass spectrometry has
progressed through analysis of elemental isotopes, amino acids, individual proteins,
to megadalton protein complexes.'”'” In its most basic form, a mass spectrometer
is composed of an ionisation source to produce charged, gas-phase ions, a mass
analyser to perform m/z separation, and a detector to quantify the ions. Mass
spectrometry has proven invaluable to the study of protein interactions, probing
ligand binding sites, conformational changes and stoichiometries.'”" ' It is highly
sensitive, requiring low concentrations and volumes of sample, and when coupled
with chromatography (liquid, LC, or gas, GC) allows for highly accurate analyses of

complex protein digests."”

Ionisation sources generate gas-phase ions from the analyte sample, which may be
solid, liquid or itself gaseous. Electrospray ionisation (ESI), and atmospheric
pressure ionisation (chemical ionisation, APCI, photoionisation, APPI) are reserved
for liquid samples. Here the analyte solution is nebulised at atmospheric pressure
and then introduced into the mass spectrometer. Matrix-assisted laser desorption
ionisation (MALDI), desorption electrospray ionization (DESI) and secondary ion
mass spectrometry (SIMS) are used to ionise solid-state samples, however DESI can
also be applied to liquid surface samples. Electron ionisation (EI) and chemical
ionisation (CI) are typically used to ionise gas-phase samples. Ionisation sources can

be broadly classified into hard or soft techniques, based on how much energy they
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impart into the sample to generate ions. Hard ionisation typically results in analyte
ion fragmentation, which may be beneficial to some applications, whereas soft
ionisation imparts much lower energy into the analyte, resulting in minimal
fragmentation.'” Both mass spectrometers used here were equipped with

electrospray ionisation sources, which is the focus herein.

Electrospray ionisation, as a soft ionisation source, is an excellent technique for
producing ions from biological samples. Soft ionisation can preserve fragile, non-
covalent interactions that may otherwise be lost via hard ionisation, which facilitates
the study of protein-protein/ligand complexes in the gas-phase.'”* Fundamental ESI
was demonstrated in the early 20" century where solvent held in capillary tubes was

199 Observation

subject to a strong electric potential of up to 10 kV by John Zeleny.
showed droplet emission occurred from the tip of cone, formed by a distortion of the
liquid meniscus. This was further characterised in the mid-century by Geoffrey
Taylor, leading to the widely accepted Taylor cone nomenclature ( ). For
ionisation by ESI, a non-volatile analyte is dissolved into a volatile solvent
(ammonium acetate, water, acetonitrile etc) and passed through an emitter capillary.
Here, a high electric potential is applied (1 - 4 kV) which causes accumulation of
positively charged ions towards the meniscus of the emerging droplet. Eventually,
the coulombic repulsion between the accumulated charges overcome the droplet
surface tension and form the Taylor cone. Continuous extension of the cone tip
results in the expulsion of positively charged droplets, which are accelerated by the
electric potential, towards the mass spectrometer inlet. As the droplets are released,
they begin to desolvate, often aided by a stream of dry gas and/or gentle heating.
During desolvation, the charge density of the droplets increases causing a rise in
coulombic repulsion. Once this repulsion reaches the Rayleigh limit, the surface

tension of the droplet cannot contain the charge, and the droplets explode into

several smaller daughter droplets ( ).
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Graphical representation of the principles behind ESI droplet
formation in positive ion mode. A | Taylor cone formation, droplet formation, and

coulombic explosion. B | Representation of analyte ion ejection mechanisms.

Typically, each daughter droplet has approximately a 7-fold greater charge density
compared to the mother droplet, which aids rapid further coulombic fission.""” This
is governed by , where zz is the total number of charges, e is the
elementary charge (1.60 x 107" C), & is the relative permittivity, y is the surface

tension and D the diameter of the droplet.

Zge = m4/8eyyD3 (1.1)
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The process of droplet desolvation and fission continue, producing smaller and
smaller droplets, eventually containing a single charged analyte ion, until the ion is
ejected. This ejection takes place through one of three hypothesized methods: ion
evaporation model (IEM), charge residue model (CRM) or chain ejection model
(CEM) ( ).' IEM postulates that the analyte ion is ejected from the
droplet prior to complete evaporation due to coulombic repulsion. This method
favours low molecular weight ions that eject carrying a low number of charges. In
contrast, higher molecular weight ions, such as natively structured proteins, are
more favoured to eject via CRM. Here, the droplet undergoes complete evaporation
and deposits all of its carried charges onto the analyte ion, resulting in multiply
charged analyte ions.'" These ions have total charges similar to that of the Rayleigh
limit of an equivalently sized water droplet."*"° CEM explains how a denatured
protein, or similar large polymeric compound, ejects from a droplet in a higher
charged state than the equivalent native (compact) structure. A denatured protein is
able to hold greater numbers of discrete charges, due to its extended conformation.
As the Rayleigh limit is reached, droplet charges and analyte charges migrate to
opposite sides of the droplet, which causes a perturbance of the spherical shape. A
terminus of the protein is typically ejected from the droplet which pulls away from
the solvent, stretching the polypeptide into a tail-like structure and eventually pulling
the entire polypeptide out.'"° This behaviour has been observed experimentally, and
through atomistic molecular dynamics simulations of denatured myoglobin within

Rayleigh limit charged solvent droplets.'"”

Nano-electrospray ionisation (nESI) is a low-flow (nL min™), low-volume form of ESI
(UL min' - mL min™), made possible by the development of emitters with sub-
micrometre orifice diameters. This results in much smaller initial solvent droplets,
which in turn reduce adduction from salt ions due to lower numbers of salt ions

117

present in the initial droplets.'"” nESI sources typically operate at lower electrical
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potentials (0.5 - 2 kV), which further aid the stability of delicate non-covalent
interactions in the gas-phase."" The low-flow nature of nESI, however, does lead to a
propensity for unstable flow, and the much smaller emitter size are liable for
blockage.'”” As stated, ESI and more-so nESI are preferred methods for the study of
intact protein in the gas-phase. Native-like protein ions are generated with Rayleigh
limit-approximate charge densities, resolved in a mass spectrum as [M + zH]** peaks
with total charges, and charge state distributions, influenced predominantly by the
conformation of the protein ion. Protein samples for ESI and nESI should be
prepared in such a way to minimise potential adducting cationic ions, namely sodium
and potassium, though desalting or dialysis. Adduction of protein ions by non-proton
cations leads to reduced signal intensity and resolution, due to the now heterogenous

species of ions.'”’

After ionisation, gas-phase ions enter a mass analyser, where they are subsequently
separated according to their m/z. There are many types of mass analysers which use
differing methods to perform m/z separation. For this work, four mass analysers will
be discussed. Quadrupole analysers exploit an ions trajectory stability at a given
applied RF and direct current (DC) voltage to selectively transmit ions of a given m/z.
Time-of-flight (TOF) analysers use an ions velocity to separate them, as for a given
accelerating voltage, ion velocity is a function of their m/z. Linear ion trap (LIT)
analysers are, as the name suggests, trapping analysers. Here, the continuous beam
of ions is interrupted, and instead ions are trapped in discrete quanta. Trapped ions
are subject to sweeping RF and DC voltages, which causes ions of a given m/z to be
ejected from the trap towards a detector, not dissimilar to quadrupole stability.
Finally, ion cyclotron resonance (ICR) analysers exploit the intrinsic cyclotron
motion of charged ions in a magnetic field, which is a function of m/z to perform

separation.
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The quadrupole mass analyser was developed by Wolfgang Paul and Helmut
Steinwedel, hence the alternate name of quadrupole ion traps as Paul traps, in the
1950’s and since then have become a staple in mass spectrometers.”” Quadrupoles
consist of four parallel metal rods, between which ions are transmitted ( ).
Ideally, each rod would have a hyperbolic cross section, but highly precise circular
cross sections function adequately. Each rod is pairwise connected to the opposite
and a variable superimposed RF/DC potential is applied, such that each pair
experiences the opposite polarity. This generates an oscillating electric field, through

which the ions propagate.

Graphical quadrupole schematic. A stable (blue) and unstable (orange)

ion trajectories are shown.

The motion of the ions can be described by , where V cos(wt) is RF
(w is angular frequency, t is time), z is the ion charge, e the elementary charge, 7, the

radius between the quadrupoles and U, the DC voltage.
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d?x ze(U —V cos(wt))
= x (1.2)

dt? mry

d?y ze(U —V cos(wt))
dt? mry

d%z
de?

Ion trajectory is only influenced by the quadrupole in the x and y planes, and not in
the axial z plane. Ions oscillate back and forth within the x,y plane and remain stable
so long as their position does not exceed . The ion positions, therefore, trajectories,
demonstrate a relationship between ion m/z and the RF/DC potentials. Substituting
the above equations with the Mathieu function ( ) allows for calculation

of stability regions for ions of a given m/z. Where (, a, and u are dimensionless

parameters, which can be derived from real-world parameters ( )
within and
d2u+( 2 Q)u =0 (1.5)
a2 a qcos(2{))u =
wt _ 4zeU _ 2zeV (1.6)
¢= 2 a= mrow? 1= mrow?
First, rearrangement of and 1.3 to and 1.8 respectively:
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d’x ze(U —V cos(wt))
+ X
dt? mry

=0 (1.7)

2 —
d?y ze(U Vcos(a)t))yzo (1.8)

dt? mry
Which, when substituted with become:
d’x + 2q cos(2{))x =0 (1.9)
Gz + (a =2 cos@0)x =
d?y
d_ZZ —(a—2qcos(20))y =0 ( )

Solutions to the Mathieu function determine bounds of stability in the a,q plane and
as can be seen in , a relates to DC and g to RF potentials respectively.
From this the region of stability for an ion of given m/z can be found in the DC,RF
plane ( ). By scanning the quadrupole through a RF and DC range, stable
ions are sequentially transmitted through the quadrupole. Ions whose regions of
stability intersect this scan line are transmitted, and if there is no overlap of ion
stability regions, the ions will be fully resolved ( ). Resolving power can
be increased by using a steeper % scan, where the regions of intersection are smaller,
thus reducing overlap at the cost of sensitivity. Note, that if the DC potential is held

at 0 V and only RF potential is engaged, all ions stable below the given RF potential
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will be transmitted (effectively a resolving power of zero). This is sometimes used in

quadrupole ion guides to transmit ions within instruments.
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Quadrupole induced regions of stability.

Areas of stability for three

individual ions with increasing m/z. Two different scan lines are shown (blue and

pink).

Resulting mass spectrum of the three ions, ions with overlapping regions for

a given U/V scan are not fully resolve (pink). Increasing U/V increases resolution, at

the cost of sensitivity (blue).

TOF analysers, developed in the late 1940’s by William Stephens, separate ions based

upon their velocities after acceleration by a given potential, external to any further

electric or magnetic field influences.'”” Ions of the same m/z, accelerated under the

same potential, V, have the same nominal kinetic energy Ei, and therefore the same

velocities, v, given by

. Acceleration of the ion imparts a potential

energy (E) to it, equal to its kinetic energy.
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1
E=ZeV=Ek=Emv2 (1.11)

Where z is the ion charge, e the elementary charge and m the ion mass. Velocity is
equal to distance as a function of time, with distance in this instance being the length
of the flight tube, I. Substitution into yields which can be

rearranged to solve for time, ¢, given in

2

zeV =—m (%) ( )
m

t=1 2zeV ( )

In a TOF analyser, a continuous ion beam accelerated into the flight tube, held under
high vacuum is first converted into discrete packets of ions, using an orthogonal
pusher. Ions accumulate in the source region of the TOF, before they are accelerated
and released by the pusher into the flight tube towards the detector. In reality, ions
of equal m/z enter the flight tube with variant kinetic energies due to unequal
acceleration imparted by the pusher. Because of this, ion arrival times become
distributed, leading to limited resolution. To combat this, ion mirrors, or reflectrons,
can be introduced ( )- Here, the ions are directed into a stacked set of ring
electrodes, held at increasing potentials. Ions with the same m/z but differing
velocities, penetrate the reflectron to different depths before their velocities become
zero, and they are accelerated out of the reflectron towards the detector. As the ion
with the higher velocity penetrates deeper into the mirror, it spends more time there
prior to acceleration out. The end result is a focussing of arrival times by correction

of the variant kinetic energies which therefore increases resolution.
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Graphical overview of a single reflectron TOF. Two ions of equal m/z have
accelerated to different velocities. The faster (orange) penetrates deeper into the
reflectron than the slower (blue) such that they arrive at the detector with a much

smaller deviance,

LIT analysers act in principle similar to quadrupole analysers, where ions enter into
a hyperbolic quadrupole, with opposing RF/DC potentials applied to the opposite
pairs, constraining the ions in the x,y plane. Unlike quadrupole analysers, LIT’s have
additional endcap rods, to which a DC potential is applied to trap the ions in the z axis
( ). Typically, ions injected into the LIT from a continuous beam, by
reducing the potential of the “front” endcap. Ions enter the trap and are reflected by
the maintained potential of the “back” endcap, at this point ions will have lost kinetic
energy due to collisions and therefore lack the energy to overcome the potential of
the front endcap, trapping them inside. Ions process in the x,y plane within the trap
with the motion described by and 1.10, and along the z axis in a forward
and reverse motion. By altering the applied RF potential, ions of given m/z become
unstable in the x,y plane. This causes them to be ejected from the trap towards a
detector, though slits in the x axis rods. Individual ions of interest can be isolated in

a LIT through selective broadband RF sweeping. By applying RF potentials to
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specifically destabilise all but the ion of interest, unwanted ions can be ejected from
the trap. This is of particular importance for performing tandem mass spectrometry,
where an ion can be isolated, fragmented and the resulting fragment ions ejected

from the trap towards a detector.

To
. FT-ICR
y .
Z \
X
Back
Endcap
From To
Source

Detector

Front
Endcap

Graphical representation of the LIT mass analyser inside a LTQ FT Ultra

Mass Spectrometer, where the LIT is coupled with a FT-ICR mass analyser.

ICR mass analysers, or more commonly Fourier transform ICR (FT-ICR) analysers,
were developed in the 1970’s by Melvin Comisarow and Alan Marshall.””'** The
analyser consists of a cylindrical cell composed of four separate plates, two RF
excitation plates and two detection plates, capped by an additional two trapping
plates ( ). Unlike the other discussed mass analysers, an FT-ICR cell is both
the analyser and the detector, removing the need for a dedicated detector in a solely
FT-ICR-based instrument. The FT-ICR cell is held under high-vacuum and seated
within a superconducting magnet. Ions, with a velocity vector, v, and charge, ze,
entering the cell perpendicular to the magnetic field vector, B, experience the
Lorentz force, Fj, ( ), causing them to adopt deflected trajectories around

B.
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Fg = zevB ( )

If the kinetic energy of the ions is sufficiently small, they adopt circular orbits
perpendicular to B with a cyclotron frequency, wc, in rads™ as per
Which can be re-expressed to give frequency, f, in hertz ( ), where m is

the ion mass and r is the orbit radius.

we= 2227 (1.15)
zeB
f=2nm ( )

These show that in a constant magnetic field, the frequency of the ion’s orbit is
inversely proportional to its m/z. These frequencies, typically in the high kHz - mHz
range, correspond to the RF range and can therefore be modulated by application of
an RF field. In operation, ions are guided into the FT-ICR cell by hexa- or octapole
trapping ion guides, which allow for accumulation of discrete ion packets prior to
entry into FT-ICR cell. Entry is permitted by reducing the DC potential of the
front trapping plate and releasing the ion packet from the trapping guides. Once in
the FT-ICR cell, the initial orbit of each ion has too small a radius for them to pass by
the detector plates. By application of a broadband RF pulse, all ions are excited to a
higher radius orbit, permitting detection. As ions pass by the detection plate, the
induced change in current is recorded. Removal of the RF pulse allows the ions to
relax to their ideal orbit radii, as they move further from the detection plates, a
transient (or free induction decay) is produced. This is a complex sine wave

composed of the sum of each individual ions wc¢ over time, which can undergo a
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Fourier transformation into the frequency domain and thus the individual ions m/z

determined through equation 1.16, (figure 1.17).

Y
Z
X
FT m/z
FID f m/z

Figure 1.17 | Graphical representation of an FT-ICR mass analyser (dark grey plates
are detector, light grey are excitation). Front and back trapping plates are omitted for
clarity. Three ions of different m/z (blue, pink and orange) are relaxing to their ideal
obits. Below are their summed FIDs which are Fourier transformed into the frequency

domain and then solved for the m/z domain through equation 1.16.

1.4.3. Tandem Mass Spectrometry

Mass spectrometry-based analyses often include steps to isolate and fragment
precursor ions to garner further information. In proteomic studies, specifically top-
down analysis and de novo sequencing, this is typically the isolation of a protein or
peptide ion followed by fragmentation, yielding information of their amino acid
make up.'” Tandem mass spectrometry (MS/MS) refers to the coupling of multiple
mass analyses together in series, where each n™ sequential analysis is referred to as

MS". Typically, ion isolation is performed in one mass analyser, and a separate one is
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used to analyse the resulting fragment ions. The most common of these being the
tandem-quadrupole (typically triple-quadrupole) instruments. Here, the first and
third (Q: and Q;) quadrupoles are used as mass analysers, and the second (q.) as a
collision cell for ion activation. However, as discussed previously, mass analysers

such as LITs or FT-ICRs can perform both roles.

Hybrid mass spectrometers contain multiple different mass analysers within the same
instrument, with the most well-known being the quadrupole-time-of-flight analysers
(Q-TOF). Two hybrid instruments were used in this work, a Waters Synapt G1 (Q-TOF)
and a Thermo Scientific LTQ FT Ultra (LIT-FT-ICR). In a Q-TOF (typically a Q:q.-TOF)
instrument the resolving Q: quadrupole can transmit the full range of ions, or a select
m/z window through to the g, collision cell, where ions are activated and fragmented.
The fragment ions are then analysed by a TOF. In the Synapt G1, q. is replaced by
three individual travelling wave, stacked-ring ion guides (as opposed to hexapole ion
guides). The second of which functions as a mobility cell for ion-mobility
spectrometry measurements. This is sandwiched between two trapping collision
cells, which can be used to fragment ions pre- or post-mobility separation. The LTQ
FT Ultra is a combination of a LIT and a FT-ICR mass analysers, allowing for isolation
and fragmentation by multiple methods. The LIT provides the benefit of scan speed
and ion accumulation, whilst being able to isolate and activate ions. The resulting
fragments can either be analysed by the LIT or passed into the FT-ICR cell to take
advantage of the ultra-high resolving power conferred by ICR. Ions of interest can be
activated in multiple ways; collision induced dissociation (CID), electron capture
dissociation (ECD), electron transfer dissociation (ETD) and infrared multiphoton
dissociation (IRMPD). ECD and IRMPD are typically used in FT-ICR cells, where the
introduction of collision gas (CID) or radical ion precursors (ETD) into the high
vacuum of the FT-ICR would be deleterious to its operation. CID was the method of

ion activation used in all work herein.
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During CID ion activation, analyte ions of interest are accelerated to a high kinetic
energy before colliding with a neutral gas, typically molecular nitrogen, helium or
argon. CID can be broadly split into either high or low energy depending on the
kinetic energy (Ex) of the ion (high energy, Ex >100 eV and low energy <100 eV). The
energy from the collision imparted on the ion, Ecm, is given by , with
kinetic energy derived from . Where my is the mass of the neutral

collision gas, and mp the mass of the ion.

Ecom = (ﬂ) Ex (1.17)

my + mp

The collisional energy, E..m, is distributed throughout the internal bonds of the ion as
vibrational energy. In low-energy CID, multiple collision events allow this internally
distributed energy to build over time until the weakest bond is broken, and fragment
ions dissociate. The rate of dissociation is much slower than this internal distribution

of energy, and the fragmentation is said to be ergodic."”

This is opposed to high-
energy CID, where sufficient energy is imparted into the precursor ion to induce
bond breaking quicker than it can dissipate through the ion, leading to non-ergodic

fragmentation.'”’

In protein or peptide ions, low-energy CID of protonated ions typically induces
breaking of weak covalent modifications first, followed by the kinetically weak
peptide bond leading to the formation of b and y ions ( ). In peptides
containing basic residues, the proton affinity of the sidechain facilitates location of
the charge to fragments containing those residues and causing them to dominate in
the resulting MS? spectrum.'” In peptides resulting from a tryptic digestion, with C-

terminal lysine and arginine, MS? spectra are typically dominated by Y ions, as they
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originate from the basic residue containing C-terminus. Gentle CID can also be used
to induce dissociation of non-covalent complexes from native protein ions, these can

be small molecules, or protein subunits from multimeric complexes."”
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Representative hexapeptide showing fragmentation sites for generation

of A+X,B+YandC +Xions in a MS? analysis.

Native mass spectrometry (nMS) is broadly described as any mass spectrometric
technique that permits the transmission, and study of, native-like protein ions in the
gas-phase. Importantly this maintains non-covalent interactions, be them between
protein subunits in a quaternary structure, or complexes of protein and small
molecule. As mentioned previously, ESI and nESI sources are preferred due to their

gentle ionisation of protein macromolecules into the gas phase.

Through the use of non-denaturing conditions; including neutral pH; non-
denaturing solvents, such as ammonium acetate; and modest source temperatures
and energies, protein ions can be produced maintaining their native, solution-like

conformations.'**'*

Graphical representations of native-like and denatured protein
mass spectra can be found in and B respectively). Retention of a truly
native state in the gas-phase is impossible, the loss of a solvent environment causes

extremely quick (picosecond level) collapse of charged side-chains, causing an
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inevitable collapse of the protein to a more compacted structure.'” However, it is
known that gaseous protein ions do maintain non-covalent interactions through IR
spectroscopic analysis of gas phase ions, and that overall conformations are similar
to “native” crystal structures through ion mobility spectrometry-mass spectrometry

experiments.' %

Conventional native mass spectrometry using Q-TOF instruments
has recently been used to study large protein complexes, including the approximately
700 kDa, eukaryotic 20S proteasome and 450 kDa assemblies of
immunoglobulins.””'* Pioneering work by the Carol Robinson group has allowed for
the study of membrane proteins and complexes from their native membrane
vesicles, and has opened up a whole field of “nativeomics” where endogenous ligands
and lipids of membrane-bound proteins can be analysed through nMS."**** Through
complexing of nESI sources to Orbitrap mass analysers, the intact 2 MDa 70S

ribosomal complex has been detected, along with its subsequent CID induced

dissociation into the 30S and 50S subunits.**

A B

14

m/z m/z

Graphical representations of denatured (A) and native-like (B) protein
mass spectra. The extended denatured conformation facilitates greater charging
during ionisation, and therefore a reduced m/z distribution compared to a globular,

native-like conformation.
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Ion mobility spectrometry (IMS) is a technique where gas-phase ions are separated
based on their charge, size and shape. The latter two characteristics combine to give
a collisional cross-section (CCS) of an ion, which is the rotationally averaged
combination of its cross sections. IMS is frequently used as part of a hybrid
instrument, where analysis of ions separated by IMS is performed by a mass
spectrometer (IMS-MS). During IMS analysis ions are accelerated into a pressurised
IMS cell, typically either a hexapole or stacked-ring ion guides, where they interact
with an inert collision gas (typically molecular nitrogen or helium). The resistance
each ion experiences travelling through the cell is a function of their CCS, where
larger ions interact more and therefore travel slower through the cell, this is said to
be an increase in drift time.'*” Because of this, two native protein ions with the same
m/z, but different conformations (say differing levels of denaturation) can be
separated by their differences in drift time.'* In a standard drift time spectrometer,
ions move through a homogenous electric field, E, with a velocity, v, against a counter

flow of collision gas. Their motility, K, through the cell is defined by

T <

Motility is inversely proportional to CCS (Q) as given by the Mason-Schamp equation,

where z is the ion charge state, e, the elementary charge, N, the collision gas number

density, u, the reduced mass of collision gas and ion (ﬁ), Kz the Boltzmann constant

(1.38 x 10> JK™) and T, the temperature of the collision gas ( e
_ ze 3 21 ( )
"~ K 16N _|uKgzT
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This holds true for standard drift time spectrometer, however the Synapt G1 contains
a travelling wave ion mobility separation (TWIMS) cell, who's basis of operation is a
constantly changing electric field. Because of this Q is no longer inversely
proportional to K, and instead the instrument must be calibrated to known literature

to perform CCS calculations.'*

In a TWIMS cell, a travelling DC potential is applied along the stacked-ring ion guides
to propel ions through the cell ( ). A RF potential is applied to each ring,
with adjacent rings have opposite RF phases to radially focus ions. To move the ions,
a DC potential offset is superimposed over the RF potential of the first pair of two (or
more) rings, this then travels along the rings as a group, moving in one (or more) ring

increments ( ). 142,144
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DC Potential Propagation

Graphical overview of TWIMS. A | lon movement through the stacked-ring
ion guide. Adjacent rings have opposite RF potentials. Larger ions (pink and orange)
move slower than smallerions (blue). Collision gas not shown for clarity. B| Principle
of travelling wave movement. DC potentials applied to groups of two rings (pink)
propagate one ring at a time. Larger ions move slowly and can gradually roll over the

waves.
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Analyte ions are pushed through the cell by the movement of the potential wave
(effectively surfing), interacting with a stationary collision gas. Ions of a greater CCS
are slowed down and may roll over the top of the wave, impeding their travel and

allowing for seperation." "’

Native protein ions, collisional activated, may adopt transient, partially unfolded
conformations.'” As drift times are within millisecond time scales, conformations
short lifespans can be separated and resolved by IMS-MS. Collision induced
unfolding (CIU) analysis involve subjecting a native protein ion to a ramped
activation energy, prior to IMS and monitoring the changes in drift time as a result.
Here, the stabilising influences of ligands or, conversely, the destabilising influences
of residue mutations can be inferred by the propensity of a native protein ion to
unfold at higher or lower activation energies respectively, compared to an apo-
protein. ' CIU has also been applied to separate heterologous mixtures of
immunoglobulins, due to differing disulfide bonding and glycosylation patterns

imparting differing stability on ions with unresolvable differences in CCS."*”

Protein labelling, or footprinting, paired with mass spectrometry analysis have been
used to directly study protein interactions since the late 1990’s, where acetylation of
calmodulin lysine residues showed which regions were masked upon binding with
melittin.””* This was followed by development of hydrogen-deuterium exchange
(HDX) to monitor the exposure of amide hydrogens to bulk solvent, initially through
nMS but soon followed by peptide analysis.”*'** Typically, protein footprinting

experiments follow a bottom-up proteomic workflow which, in brief, consists of an
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enzymatic digest of a protein (which may be first resolved by SDS-PAGE) into
constituent peptides. The peptides are then subject to chromatographic separation,
often through reverse-phase high-performance liquid chromatography (RP-HPLC)
coupled with ESI-MS for analysis. Peptides can be fragmented (section 1.4.3.2) and,
if the protein sequence is unknown, searched against large databases for

identification (de novo sequencing).*

Protein footprinting is usually performed on an apo- and holo-protein complexed
with a binding partner. By binding, a ligand impacts a shielding effect on the protein,

preventing labelling in the binding site (figure 1.21). When comparing apo- and holo-

5,
B 7
3

Holo Peptide

Labelling

Figure 1.27 | Graphical representation of protein footprinting. The presence of a
bound ligand in the holo protein imparts a masking effect (left), reducing peptide

labelling in those regions involved in ligand binding (orange asterisk, right).

proteins, binding sites can be identified through this reduction in labelling. Direct
ligand masking is not the only cause of differential labelling, ligand modulated
protein conformational dynamics can be reported through the increase or decrease
in labelling of specific regions as they become either more or less exposed. MS? level
analysis can be performed to produce sub-peptide level footprinting resolution and
elucidate labelling of specific residues. Broadly, protein footprinting techniques can
be split into either reversible or irreversible depending on the nature of the labelling
probe. Carbene, hydroxyl radical and trifluoromethyl radical footprinting are all

irreversible methods, whereas HDX is reversible.
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The principle behind HDX is the isotopic exchange of amide hydrogens to deuterium
through exposure of a protein to a deuterated solvent.””’ Although most hydrogen
atoms not involved in hydrogen bonding are amenable for exchange, the amide
hydrogen is ubiquitous through all residues (except proline) and exchanges at a rate
to facilitate MS analysis.”*"*” Exchange is rate limited by both the solvent accessibility
of the amide, and by its hydrogen bonding network. This yields spatial information
about specific amide, and its structural characteristics. Solvent exposed secondary
structure elements tend to exchange slowly due to the amide hydrogen bonds
responsible for their structure.”” Initially NMR was used to interrogate the
deuterated protein, with deuterium having an active NMR nucleus, this has been
slowly phased out in favour of MS-based workflows but does still see some use,
providing powerful residue-level deuterium localisation.'*'** The exchange of each
hydrogen to deuterium imparts a +1 Da mass shift, which is easily detectable in MS

through a change in the ion isotopic distribution.

A typical HDX experiment involves the incubation of a protein in D,O held at a neutral
pH to induce exchange. To quench this reaction, the pH is dropped to below 2.5 and
the sample held at 0°C, under these conditions the rate of exchange is approximately
10° orders of magnitude slower.”” These quenching conditions must be maintained
as much as possible to minimise the unwanted back-exchange to H,O. Refrigerated
HPLC separation of the deuterated samples can be performed immediately, or flash-
freezing in liquid nitrogen and cryogenic storage is possible for un-coupled HPLC-
MS analysis.'”” Bottom-up proteomics for HDX is challenging, the quenching
conditions restrict enzyme selection to acid-stable proteases, classically pepsin
however more commercially available acid-stable proteases are becoming

available. ¢4

Quenching is performed at multiple timescales, with modern automated, in-line

systems reactions can be quenched at 1 millisecond intervals, allowing protein
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dynamics to be captured in unprecedented temporal resolution.'* This paired with
highly complex, automated instrumentation and data analysis has greatly minimised
many downsides of HDX.'*>'*° One area in which HDX falls short, however, is the
limited MS? analysis that can be performed on deuterated peptides. Traditional CID
of peptides is not feasible due to proton motility under collisional activation.'**'*’ This
leads to scrambling of the deuterium throughout the peptide and therefore a complete
loss of residue-level resolution.'* This can be avoided using alternate fragmentation
methods, namely ECD and ETD."” This is also mitigated slightly by pepsin digestion,
which produces a multitude of small peptides. High coverage from small peptides

yields pseudo-MS? resolution due to the high numbers of overlapping peptides.

Several protein footprinting techniques utilise in situ generated radical species to
covalently label the accessible protein surface. Hydroxyl radical protein footprinting
(H-RPF) and its successor, fast photochemical oxidation of proteins (FPOP) utilises
hydroxide radicals to modify protein structures. Trifluoromethyl radical protein
footprinting (TF-RPF) is a modification of FPOP, where trifluoromethyl (CF;) radicals
are produced and label the protein structure. These are examples of irreversible
protein footprinting workflows, where stable covalent modifications allow for

extensive downstream processing, whilst maintaining the bound label."”

Similar to initial HDX studies, H-RPF was first developed to study the interactions
between nucleic acids and proteins, where hydroxyl radical-induced DNA cleavage
was prevented in protein-bound DNA regions, before direct protein labelling was

investigated by MS.""'”” Reaction of hydroxyl radicals imparts easily discernible
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common mass shifts of +16 and +14 Da (from hydroxyl and carbonyl modification of
CH., groups respectively). Classically, hydroxyl radicals were formed in one of two
ways; by Fenton’s reagent or through synchrotron radiolysis of water.'”*In the former,
ethylenediaminetetraacetic acid (EDTA)-chelated Fe* is oxidized by hydrogen
peroxide (H.0.), to Fe** leading to generation of a hydroxide anion and a hydroxyl
radical.”” This is a cheap and readily available method for generation of the radical,
however it suffers from long exposure times required for sufficient oxidation, leading
to poor temporal resolution of protein dynamics."”” The extended protein exposure
to H,0, may also lead to oxidative damage of the protein itself, questioning whether
the protein remains in a native conformation. In contrast, X-ray radiolysis of water
generates hydroxyl radicals, amongst other radical species, quickly (milliseconds)
with no need for H,0,, leading to a theoretically higher temporal resolution.
However, synchrotrons are not typical laboratory equipment, so instrument
availability is a concern, along with exposure to high-energy (GeV), high-flux photons

which are known to induce protein aggregation at exposures greater than 50 ms.'"”
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Reaction rate constants for reaction of hydroxyl radicals with each amino

acid, showing the approximate 1000-fold difference between glycine and cysteine.

To combat some of these downsides Michael Gross and David Hambly, and
independently Aye et al. developed the fast photochemical oxidation of proteins
workflow (FPOP)."”*”” Here, photolysis of H,O, by a 17 ns-pulsed 248 nm KrF or 266
nm frequency-quadrupled Nd:YAG laser generates hydroxyl radicals. The

experimental setup allows for flow-based irradiation, where samples were passed
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down fused-silica tubing and irradiated through a UV-transparent section.
Irradiation and oxidation times are such that protein dynamics can be captured. The
inclusion of antioxidants allowed for radical quenching, and pulsed irradiation
results in internal controls to measure background oxidation.'”” However, the use of
a far-UV laser may have consequences on protein stability, being similar in
wavelength to peak absorbance of aromatic residues. Hydroxyl radicals in general
suffer from a 1000-fold disparity of residue reaction rates ( ).'”¢ High
potential sites of reaction across a protein/peptide leads to complex data, but this is

remedied somewhat by advancements in automated data analysis.'”

The FPOP workflow has recently been applied to generate alternate radical species.
One of those being the CF; radical, by Zhang et al. Here, 300-fold molar excess sodium
triflate (NaSO,CF;) was included alongside H,0, and standard FPOP performed. The
hydroxyl radical is rapidly quenched by the triflate anion, producing a CF; radical as
a result. The radical then reacts with protein, forming trifluoromethylated products
with a +68 Da mass shift.'*” The radical was found to react with 18 residues, including
glycine, alanine, aspartic acid, glutamic acid, serine, and threonine. All of which are
relatively unreactive towards the hydroxyl radical."”* The increased hydrophobicity of
modified peptides allows for easy RP-HPLC separation, alongside labelling of
hydrophobic residues within detergent-bound transmembrane helices.””” More
recently, the same group applied CF; footprinting using synchrotron generated
hydroxyl radicals.'® This process suffers from similar issues as FPOP, namely far-UV
photolysis alongside even greater difficulty in data analysis, due to the often

182

multiplexed labelling of hydroxyl and trifluoromethyl groups in the same peptides.
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As discussed above, irreversible protein footprinting relies on the generation of
highly reactive radical species. Both hydroxyl and trifluoromethyl radicals possess
one unpaired valence electron and are therefore monovalent radicals. Carbenes are
molecules containing a divalent carbon radical that possesses two unpaired
electrons. The simplest carbene, methylene, is a divalent carbon bound to two
hydrogens (H.C:). The configuration of the unpaired electrons restricts the
classification of a carbene to either singlet or triplet. ( ). Singlet carbenes
adopt a trigonal planar sp? orbital structure and their unpaired electrons have
opposite spin (total spin of 0), due to the electrons occupying the free sp? hybridised
orbital. In triplet carbenes, the unpaired electrons have parallel spin (total spin of 1)
and therefore cannot occupy the same orbital. Typically, triplet carbenes adopt a sp?
geometry, but linear sp geometries are possible. The ground state of most carbenes
is the sp? hybridised triplet state, however nucleophilic groups can stabilise singlet
carbenes by donation of an electron pair into the available p orbital.”™ Carbene
reactivity allows for insertion in X-H bonds (X being C, O, N, S), C=C, C=0, C-C and
aromatic rings.'*'® As a result of their electron configuration, singlet and triplet
carbenes differ in their reaction mechanisms. Singlet carbene insertion is a
stereospecific concerted reaction, whereas triplet insertion is non-stereospecific.
Regardless, carbenes demonstrate a nanosecond-level lifetimes making them a

potent protein labelling agent, with reaction rates of 10’ - 10° M g™."%
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Carbene orbital geometries for both singlet and triplet species.
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Carbene protein footprinting employs the use of diazirine-containing precursor
probes, which generate carbenes by photolysis. The diazirine group is a highly
strained, three-membered ring composed of a carbon and two nitrogen atoms.
Irradiation at approximately 350 nm causes expulsion of molecular nitrogen and
formation of the carbene ( ). However, irradiation also induces the
rearrangement to the linear diazo group which must undergo a second photolysis to
form the carbene, slowing the rate of carbene insertion.””’” Rational design of
trifluoromethyl- and aryl-substituted diazirines, which stabilise singlet carbenes due
to P orbital interactions, principally form the carbene upon irradiation and stabilise
the diazo isomer, leading to reduced unwanted diazo-reacted products have led to
their increased use as footprinting agents.'* " Carbenes show indiscriminate amino
acid labelling and the propensity of residue labelling is instead determined by the

precursor probe."
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TDBA photolysis under 349 nm laser light. The diazirine group can leave,
directly producing the carbene or rearrange to form a diazo group, which can undergo

a separate photolysis step.
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Initial use of carbenes as footprinting agents by Richards et al. utilised diazirine gas
to label native hen egg-white lysosome and an intrinsically disordered small peptide,
subsequently analysed through ESI-MS."” Labelling was performed by saturation of
an aqueous sample with diazirine, before photolysis by illumination with a 500 W
mercury arc-lamp. This procedure was marred by low solubility, inefficient
photolysis (and therefore labelling), and the quote “annoying” flash-burn risk from
handling diazirine gas. Chanelle Jumper and David Schriemer improved upon this by
using a commercially available diazirine-containing modified leucine, photoleucine,
as the carbene precursor. Nd:YAG pulsed laser (frequency-tripled 355 nm, 1000 Hz)
irradiation of apo- and holo-calmodulin with photoleucine and ESI-nMS analysis was
successful at differentiating the two, with holo-calmodulin accruing fewer labels due
to ligand-conferred protein masking.'” Photoleucine required long irradiation times
(>2 minutes) to reach maximum labelling with a 10,000-fold concentration of
photoleucine over the protein, and because of such was marred by significant
diffusion of the probe. The group improved on this with new probes, 2-amino-4,4-
azipentanoic acid and 4,4-azipentanoic acid, which highlighted the differing labelling
specificities conferred by the probe. The protein samples were also flash-frozen prior
to irradiation, which greatly reduced probe diffusion. This study was the first to
include a bottom-up proteomic workflow post labelling, with residue-level resolution

obtained by MS? analysis of tryptic digests.'”*

More recent advancements showed the development of a benzoic acid-substituted
diazirine 4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzoic acid (TDBA, ) by
Manzi et al. allowed for increased water solubility and greater interactions with both
polar and hydrophobic protein residues prior to carbene generation."” The end result
being much lower concentrations of probe were required for efficient labelling.
Differential TDBA labelling was demonstrated on lysozyme and ubiquitin specific
peptidase 5 in apo and holo states, using a Nd:YLF laser (frequency-tripled 349 nm,
1000 Hz). The same group has then gone on to apply TDBA-based footprinting to the
eukaryotic tr-GTPase eIF4A, and membrane proteins OmpF and Gasdermin D, where

TDBA was able to penetrate the solvating detergent, and label the hydrophobic
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transmembrane regions. Sub-residue carbene insertion was investigated by Ye
et al. through IMS-MS separation of TDBA labelled peptides, where isobaric peptides
containing a single phenylalanine labelled at different positions were separated by

ion mobility."”

Compared to alternate protein labelling workflows, carbene footprinting offers
several advantages. The covalent, irreversible nature of the labelling allows easy
downstream processing of samples, including HPLC-MS and MS? analysis. The
indiscriminate nature of carbene insertion allows labelling of all 20 amino acids, and
specificity conferred by the probe can be accounted for by using multiple carbene
precursors. Insertion of carbene imparts large mass shifts, +202.02 Da for TDBA,
which facilitate easy identification compared to those seen in H-RPF and TF-RPF.
Photolytic irradiation at 349 nm removes protein exposure to perturbing far-UV
radiation. However, carbene footprinting technologies lack far behind the mature,
automated procedures available for other methods, especially HDX. Precursor probe
sizes make quantitative comparisons to solvent accessible surface areas difficult,
with masking effects seen to be exaggerated by rigid aryldiazirines over more flexible
alkyldiazirines.”” Advancements have been made by development of semi-
automated software and trials of FPOP-style continuous flow photoleucine carbene
footprinting proved successful, closing the gap between carbene footprinting and

more traditional techniques.””"*"

The work presented in this thesis aims to use multiple structural mass spectrometry
techniques, namely carbene footprinting, native mass spectrometry and ion-mobility
spectrometry-mass spectrometry, to study the conformational dynamics of EF-Tu. As
discussed prior, the global conformation of EF-Tu can be influenced by its bound

ligands, as evident by multiple published crystal structures. However, these static
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structures do not convey how EF-Tu behaves in solution, specifically how binding of

these ligands effects its conformational dynamics.
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Materials and Methods

2.1. EF-Tu Expression and Purification

211, Transformation and quality assessment of plasmid DNA

Table 2.1 | Buffers used during heterologous EF-Tu protein expression and their
respective pH (if given). Constituents denoted with * indicate they were added fresh

directly before use.

Elution 50 mM Tris-HCIL, 100 mM NaCl, 400 mM imidazole 7.4
Laemmli (4x) 250mM Tris-HCL, 8% SDS, 40% glycerol, 0.05% bromophenol blue, 6% 2-mercaptoethan 6.8
50 mM Tris-HCI, 100 mM NaCl, 20 mM imidazole, 10% glycerol

Lysis . . . 7.4
1 mMDTT , 1% Igepal CA-60 , cOmplete protease inhibitor

4.2 M guanidinium hydrochloride, 0.9 M potassium acetate 4.8

P 50 mM Tris-HCL, 10 mM EDTA 8.0
B2 200 mM NaOH, 1% SDS -

(03 50 mM Tris-HCL, 150 mM NaCl 8.0

50 mM Tris-HCl, 150 mM NaCl, 1 mM DTT * 8.0

TBS 200 mM Tris-HCL, 1.5 M NaCl 7.6

200 mM Tris-HC, 1.5 M NaCl, 0.05% Tween-20 7.6

TEV 50 mM Tris-HCL, 1 mM DTT * 7.5

_ 50 mM Tris-HCL, 100 mM NaCl, 20 mM imidazole 7.4
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Table 2.1 | E. coli expression strains used during heterologous EF-Tu protein

expression and their respective genotypic features.

E. coli

Genotypic Markers

Strain

ﬁ No F plasmid m pactenophage Lon protease deficient OmpT protease deficient Cannot grow in Inhlb.m(.m of certain
Fal resistance galactose restriction enzymes
0 0E
o

Methylation T7 RNA polymerase

deficient expression

A(argF-1ac2)205(U169) ginv44 PB0A(acZ)M15
i Enhanced resistance to ienti i i i
No F plasmid ™ pactenophage Deﬁglent in periplasmic Supression of amber Blue/White Screening
resistance H,0, alkaline phosphatase nonsense mutation

9/7A9 1isaR17

Nalidixic acid Reduced plasmid Inhibition of starvation Facilitates plasmid Thiamine synthesis
resistance recombination response insertion inhibition

NEB® 5-alpha

Restriction deficient

27177 Transformation

Two purified pET151 plasmids (pET151_tufAl and pET151_tufA2, figure 2.1)
containing wild-type A. baumannii tufA gene were kindly provided by Dr Daniel Van
(University of Warwick). The tufA gene is N-terminally tagged with a 6xHis-tag,
followed by a TEV protease cleavage site. Expression is controlled by a standard T7-
promoter with a lac operon suppression system. DNA was purified from E. coli TOP10
(Thermo Fisher Scientific) grown in liquid culture supplemented with 100 pg mL™*
carbenicillin. For long-term storage of each plasmid, transformation into chemically
competent E. coli NEB 5-alpha (New England Biolabs, table 2.2) was performed.
Plasmid DNA (1 uL) was mixed with E. coli NEB 5-alpha (50 pL) in a 1.5 mL
microcentrifuge tube, mixed by gentle inversion and incubated on ice for 20 minutes.
The cells were then subject to heat shock (45 °C, 45 seconds) in a water bath before
being placed back onto ice. LB broth (900 pL) was added and the transformants
recovered via incubation at 37 °C for 30 minutes. Post-recovery, 100 pL of each
transformant was plated onto LB agar supplemented with 100 pg mL* ampicillin and
incubated at 37°C overnight (18 hours). Single colonies of successful transformants
were used to inoculate liquid cultures (LB broth, 10 mL, 100 ug mL™*ampicillin) which

were incubated at 37°C overnight with shaking (200 RPM).
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pET151_tufA
6951 bp —- = —
lac O 6xHis tufA

Organisation of the pET151_tufA1/2 plasmids (left) with key features
annotated. lac/, lac repressor; Ori, origin of replication; Amp®, ampicillin resistance
conferring B-lactamase. The tufA gene and associated features are highlighted
(right, not to scale). T7 P, T7 bacteriophage promoter; lac O, lac operator sequence;
RBS, ribosome binding site; Nsil, Nsil restriction site; 6xHis, 6xHis tag; TEV site, TEV

protease cleavage site; tufA, gene encoding wild-type EF-Tu.

To isolate plasmid DNA, QIAprep Spin Miniprep Kits (Qiagen) were used as per the
manufacturers protocol. In brief overnight cultures were centrifuged at 3220x g for 5
minutes and the pellet resuspended in buffer P1 (250 pL, table 2.2). The solutions
were transferred to 1.5 mL microcentrifuge tubes, lysis buffer P2 (250 uL) added and
incubated on ice for 2 minutes. Neutralising buffer N3 (350 pL) was added followed
by a further 2-minute incubation. Solutions were centrifuged (16100x g, 10 minutes),
800 pL of supernatant transferred to a Miniprep column and centrifuged again
(16100x g, 1 minute), discarding the flow-through. Samples were then washed three
times via addition of ethanol (750 uL), incubation for 1 minute and further
centrifugation (16100x g, 1 minute), discarding the flow-through each time. The
column was then transferred to a clean 1.5 mL microcentrifuge tube, elution buffer
EB (50 uL) added, incubated for one minute and centrifuged (16100x g, 1 minute),
retaining the flow-through. Purified plasmid was quantified using a NanoDrop
Microvolume Spectrophotometer (Thermo Fisher Scientific) blanked with buffer EB,
returning DNA concentrations of 68.0 and 140.4 ng uL* for pET151_tufAl and

pET151_tufA2 respectively.
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27112 Plasmid DNA Assessment

Plasmid DNA was assessed by a diagnostic restriction digest alongside targeted DNA

Sanger sequencing of the tufA genes. Restriction enzyme digestions were performed

with Nsil (New England Biolabs) with a targeted cutting site of ATGCA//T. Digestion

reactions were performed in 25 pL volumes (3.7 uL plasmid DNA, 1.5 L restriction

enzyme, 2.5 uL of 10x NEBuffer r3.1 buffer (New England Biolabs), 17.3 pL nuclease-

free water). The digestion reaction was incubated at 37 °C for 15 minutes, the products

subject to agarose gel electrophoresis and visualised using SYBR Safe DNA stain

(Thermo Fisher Scientific). Sequencing was performed by the DNA Sequencing

Facility (School of Life Sciences, University of Nottingham) using generic T7-

promoter forward primers and T7-terminator reverse primers (table 2.3) on an

Applied Biosystems® 3130x] Genetic Analyser (Life Scientific).

Table 2.3 | Primers used for introduction of enacyloxin lla resistant conferring

mutations, with the base responsible for the missense mutation underlined within the

codon (bracketed). The tufA flanking T7 promoter and terminator primer pair were

used as sequencing primers. Melting temperatures (Tw) are provided for each primer.

AAGGTACACCTAC(CTT)ACGAGAAAGAAGGATGTGC
GCACATCCTTCTTTCTCGT(AAG)GTAGGTGTACCTT

AATGGAGTGTGACGACC(ATC)TTCTTCTTTAGAAAGTACG
CGTACTTTCTAAAGAAGAA(GAT)GGTCGTCACACTCCATT
CTTCACGGAT(CGT)AAAACGTAGACCTGGGTCCATTG
CAATGGACCCAGGTCTACGTTTT(ACG)ATCCGTGAAG

FW TAATACGACTCACTATAGGG
REV TATGCTAGTTATTGCTCAGCGG
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Purified pET151_tufAl and pET151_tufA2 was transformed into chemically
competent E. coli BL21(DE3) (New England Biolabs, ) for heterologous
expression. Plasmid DNA (1 puL) was mixed with E. coli BL21(DE3) (50 uL) in a 1.5 mL
microcentrifuge tube, mixed by gentle inversion and incubated on ice for 20 minutes.
The cells were then subject to heat shock (45 °C, 45 seconds) in a water bath before
being placed back onto ice. LB broth (900 pL) was added and the transformants
recovered via incubation at 37 °C for 30 minutes. Post-recovery, the transformants
were centrifuged (16100x g, 1 minute), 850 puL supernatant removed and the pellet
resuspended in the remaining supernatant (100 uL). The transformants were then
plated onto LB agar supplemented with 100 ug mL™* ampicillin alongside 34 pg mL™*

chloramphenicol and incubated at 37 °C overnight.

Single colonies of successful transformants were used to inoculate liquid cultures (LB
broth, 10 mL, 100 pg mL* ampicillin, 34 ug mL* chloramphenicol) which were
incubated at 37°C overnight with shaking (200 RPM). Overnight cultures were used to
produce long-term glycerol stocks (500 pL culture, 500 uL sterile 50% glycerol) kept
at -80°C and to inoculate test expression cultures (LB broth, 10 mL, 100 pg mL™*
ampicillin, 34 pg mL? chloramphenicol, 200 pL overnight culture). Expression
cultures were incubated at 37 °C with shaking (200 RPM) until a turbidity of
approximately 0.6 (600 nm) was reached. At this point, expression was induced by
the addition of isopropyl B-D-1-thiogalactopyranoside (IPTG, 0.75 mM) and the
cultures incubated at 37 °C with shaking (200 RPM) for a further 3 hours. After which,
the cultures were centrifuged (4 °C 3220x g, 15 minutes) and the pellet stored at -20 °C
overnight. Cells were lysed by the addition of lysis buffer (5 mL, ), incubated

at 4 °C on a rotary spinner for 15 minutes, and subject to sonication on ice (15 X 10

61



seconds, 25 Hz tuning, 60% amplitude). Lysed cells were then centrifuged (3220x g,

15 minutes).

Soluble (30 uL supernatant, 10 uL 4x Laemmli buffer, ) and insoluble (pellet
resuspended in 50 pL 4x Laemmli buffer) fractions were incubated at 95 °C for 5
minutes followed by centrifugation (16100x g, 1 minute). Fractions were resolved by
SDS-PAGE via a 5-20% gradient gel run at 100 mA current with uncapped voltage. Gels
were stained with Coomassie Blue R-250 for 1 hour followed by overnight destaining
(50:40:10 methanol, water, acetic acid). For immunoblotting, protein resolved on a
separate gel was transferred to an Amersham Potran nitrocellulose membrane
(Cytiva) overnight (40 mA at 8-9 V). Following this, the membrane was reversibly
stained with Ponceau S (Thermo Fisher Scientific) to confirm successful protein
transfer. The stain was removed by several washes with TBST buffer ( ), and
the membrane blocked by incubation in 5% Marvel milk powder in TBST for 1 hour.
Following this, the membrane was incubated with a mouse anti-6xHis tag primary
IgG antibody (4 mL, 1/2000 dilution , AD1.1.10, Bio-Rad) for a further hour. After 3
washes in TBST, the membrane was incubated for 1 hour with a rabbit anti-mouse
secondary IgG antibody conjugated to horseradish peroxidase (5 mL 1/5000 dilution,
P0260, Agilent). The immunoblot was visualised via chemiluminescent exposure of
blue/green optimized Hyperfilm photography film (Cytiva) performed in the dark and

developed using Ilford multigrade developer.
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An overnight E. coli pET151_tufAl culture (LB broth 20 mL, 100 pg mL™* ampicillin, 34
ug mL* chloramphenicol) was produced from a glycerol stock of a BL21(DE3)
transformant. The following day, full-scale expression cultures (LB broth, 1 L, 100 pg
mL* ampicillin, 34 pg mL* chloramphenicol) were initiated by the addition of the
overnight culture. The culture was grown and induced as in before
centrifugation in two 500 mL flasks (4 °C 4658x g, 15 minutes). The pellet was
resuspended in 30 mL TBS buffer ( ), transferred to 50 mL centrifuge tubes
and centrifuged (3220x g, 15 minutes) before storage overnight at -20 °C. To lyse the
cells, 30 mL of lysis buffer was added to a single pellet prior to incubation and
sonication as in . Post sonication, the lysate was transferred to thick-
walled centrifuge tubes and centrifuged (4 °C, 23000x g, 15 minutes) and the
supernatant transferred to a 50 mL centrifuge tube, alongside a soluble fraction

aliquot for SDS-PAGE analysis.

Nickel-nitrilotriacetic acid (Ni-NTA) agarose matrix solution (1 mL, Qiagen) was
prepared by mixing, centrifugation (540x g, 1 minute) and resuspension in lysis
buffer (500 uL). This washing step was repeated twice more, and the final
resuspension (lysis buffer, 1 mL) kept on ice. The prepped Ni-NTA solution was added
to the 30 mL lysate supernatant, and the solution incubated at 4 °C on a rotary spinner
for 2 hours. Following this, the lysate was added in batches to a 10 mL Poly-Prep

chromatography column (Bio-Rad), an aliquot of flow-through set aside and the
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remainder discarded. The Ni-NTA agarose matrix was washed 3 times with wash
buffer (10 mL, ) and the flow-through discarded. Protein was eluted by the
addition of elution buffer (1 mL, ), incubation for 5 minutes on a rotary
spinner and the flow-through collected. Elution was repeated twice more yielding 3

eluents. SDS-PAGE was performed on the various fractions to confirm protein purity.

A PD10 desalting column (Cytiva) was prepared by the addition of 5 mL TEV protease
buffer ( ), discarding the flow-through and repeating a further 4 times. To the
equilibrated column, 2.5 mL of pooled eluent was added followed by 2.5 mL of TEV
buffer, the flow-through collected and kept on ice. A TEV protease aliquot (New
England Biolabs) was added to the flow-through and incubated at 4 °C on a rotary
spinner overnight. The following day, sodium chloride (100 mM) and imidazole (20
mM) were added, the solution transferred to a Poly-Prep column containing 1 mL of
pre-prepared Ni-NTA agarose matrix (as in ) and incubated at4°Con a
rotary spinner for 1 hour. The flow-through was collected and the column washed
twice with SEC buffer (1 mL, ), collecting the flow-through both times. To
assess the post-TEV cleavage purity of wild-type EF-Tu, the flow-through aliquots
were pooled and subject to size-exclusion chromatography (SEC) using an
AKTAprime Plus (Cytiva) equipped with an HiLoad Superdex 200 pg column,
equilibrated with SEC buffer and operating at a flowrate of 2.6 mL per minute. In
total, 34x 10 mL fractions were collected, SDS-PAGE was performed to assess efficacy
of TEV digestion, as well as to confirm protein content of SEC fractions 18 - 23.
Following this, fraction 21 (10 mL) was added to a Vivaspin 20 centrifugal
concentration (VIVAproducts) and centrifuged (3220x g, 10 minutes). The protein was
then washed three times with storage buffer (10 mL) and the flow-through discarded
each time. Finally, the protein was concentrated via further centrifugation (3220x g,

20 minutes) to a volume of approximately 500 pL.
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To quantify the final concentration of wild-type A. baumannii EF-Tu the
bicinchoninic acid (BCA) assay was used. A range of bovine serum albumin (BSA)
concentrations were produced in storage buffer as per the manufacturer’s guidelines
(see below). Each concentration was added to a 96-well microplate (25 uL), in
triplicate, alongside a storage buffer blank, a four-fold and ten-fold dilution of
concentrated wild-type A. baumannii EF-Tu. To each well, 200 pL of prepared BCA
reagent (Thermo Fisher Scientific) was added and the plate incubated at 37 °C with
shaking for 30 minutes. Following incubation, the absorbance of each well at 562 nm
was measured using a SPECTROstar Nano microplate spectrometer (BMG LabTech),
resulting in protein concentration of 2.095 mg mL™. The concentrated wild-type A.
baumannii EF-Tu was then diluted to a concentration of 50 pM, aliquoted into

individual 20 uL volumes, flash-frozen in liquid nitrogen and stored at -80 °C.

Three individual enacyloxin Ila (ENX) resistant A. baumannii EF-Tu mutants (EF-
Tu¥3 ¥ EF-Tu®?P and EF-Tu***") were produced, each conferring a different level of
resistance. Each resistance conferring mutation was a single amino acid substitution,
generated via introduction of a single base missense mutation using site-directed
mutagenesis. To introduce the missense mutations into pET151_tufAl, primers were
designed containing the base substitutions required ( ), and a linear

amplification, non-PCR-based QuikChange Lightning site-directed mutagenesis

65



(Agilent) was used, as per the manufacturer’s instructions. In brief, reactions (5 pL
reaction buffer, 0.5 pL purified pET151_tufAl, 0.8 pL forward/reverse mutagenic
primers, 1 pL ANTP mix, 1.5 pL QuikSolution, 1 pL QuikChange Lightning enzyme,
40.4 uL nucleotide-free water) were performed in a thermocycler, with the cycling
parameters given in table 2.4. Successful mutagenesis was confirmed with Sanger
DNA sequencing as in section 2.1.1.2, again using standard T7 promoter and

terminator primers.

Table 2.4 | Thermocycler cycling parameters for QuikChange Lightning site-directed
mutagenesis kit. The length of 68 °C extension in segment 2 is dependent on plasmid

length (30 seconds for each Kbp of DNA, pET151_tufA1 = 7 Kbp).

- 2 minutes

95 20 seconds

60 10 seconds

68 3 minutes, 30 seconds
- 68 5 minutes

2142 Expression and Furification

Mutant A. baumannii EF-Tu encoding plasmids (pET151_tufAl1_K, pET151_tufAl1_D,
pET151_tufA1_T) were transformed into chemically competent E. coli BL21(DE3) as
in section 2.1.1.1 and single colonies of successful transformants used to inoculate
an overnight culture (LB broth 20 mL, 100 pg mL® ampicillin, 34 pg mL*
chloramphenicol). Protein expression was performed as described in section 2.1.3.1,
followed by Ni-NTA purification (section 2.1.3.2) and TEV cleavage (section 2.1.3.3).
Cleaved A. baumannii EF-Tu mutants were not purified with SEC, as the additional
purity gained from SEC was not required over that reached by Ni-NTA purification

alone. Each protein concentration was quantified using a BCA assay (section 2.1.3.4)

Materials and Methods - EF-Tu Expression and Purification 66



resulting in concentrations of 9.395, 3.935 and 14.125 mg mL™ for EF-Tu®*¥, EF-
Tu®"P and EF-Tu*”* respectively. Each protein was then concentrated, aliquoted and
stored as described in . Further confirmation of successful
mutagenesis was attained by collision-induced dissociation tandem mass
spectrometry (CID-MS/MS, ( ) and, for EF-Tu®®%X a
diagnostic tryptic digest performed ( ) due to the

introduction of a novel tryptic cleavage site.

All native mass spectrometry and ion-mobility spectrometry-mass spectrometry
(IMS-MS) measurements were performed on a Synapt G1 HDMS High-Definition
mass spectrometer (Waters). The mass spectrometer was operated in positive ion
mode. All aqueous solutions were prepared with Milli-Q ultrapure water (>18 MQ
resistivity) and all compounds and reagents were purchased from Merck (Sigma-

Aldrich) or Thermo Fisher Scientific, unless otherwise stated.

Emitter tips used for nano-electrospray ionisation (nESI) experiments were pulled,
in-house, from borosilicate 3.3 glass capillary tubes (0.8 mm internal diameter, 1.0
mm external diameter, 1000 mm length, Hirschmann) using a Flaming/Brown P-97
micropipette puller (Sutter Instruments). This resulted in tips with an approximately
1 cm taper leading to a 0.3 - 0.6 um internal diameter orifice. The prepped emitter

tips were then loaded into the housing assembly, and 5 pL samples loaded through
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GELoader micropipette tips (Eppendorf). The sample was forced to the orifice of the
emitter tip through flicking the assembly, prior to the insertion of a back-fitted, 99.9%
platinum wire filament (0.127 mm diameter, Sigma-Aldrich), such that the bottom of
the filament was submerged within the sample ( ) The whole emitter

housing was then assembled into the three-axis interlocked stage of the nESI source.

Source
Mounting Thread

Platinum s ing Nut
Filament ecuring Nu
\ / Sample

O-Ring a= Emitter Tip

Cut-away schematic representation of the assembled nESI emitter tip

housing assembly.

Protein samples require exchange into a buffer compatible with native mass
spectrometry prior to submission to the spectrometer. The high salt presence in
common biological buffers presents a challenge to native mass spectrometry, leading
to signal suppression and peak broadening. All protein was buffer exchanged into
ammonium acetate (50 mM, pH 6.9) using Zeba Spin desalting columns (Thermo
Fisher Scientific) with a 7 KDa MWCO and either a 75 or 500 uL bed volume). Buffer
exchange was performed following the manufacturer's instructions. In brief,
columns were centrifuged (4 °C, 1250x g, 1 minute) to remove storage buffer and
equilibrated with 5x washes in ammonium acetate (50 or 400 puL depending on bed

volume) by addition and centrifugation (4 °C, 1250x g, 1 minute). The column was
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placed into a clean 1.5 mL microcentrifuge tube, the protein samples loaded (2-12 or
30-130 uL depending on bed volume) and the column centrifuged again (4°C, 1500x g,

2 minutes), collecting the eluent containing the buffer exchanged protein.

2213 Native Mass Spectra Acquisition

Table 2.5 | Select representative Synapt operational parameters. Some parameters,

specifically voltages, were often changed slightly per measurement to optimise

signal.

After buffer exchange, protein samples were diluted further in ammonium acetate to
working concentrations of 1 - 15 pM prior to loading into the emitter tip assembly
(section 2.2.1.1). Dry gaseous nitrogen was used for desolvation and nanoflow, with a
nanospray backing pressure of 100 mbar. A gentle capillary voltage was applied,
typically between 1.0 - 2.5 kV to ionise the sample. Capillary voltage and the cartesian

position of the emitter stage were altered with each measurement in order to give the
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greatest signal strength. Cone voltages and collision voltages were kept constant
between measurements. Representative voltages, pressures etc can be seen in

. Dry gaseous argon was used as the collision gas. The Synapt was operating in TOF
acquisition mode and spectra were produced from 1 - 2 minutes of acquisition to give
the greatest signal to noise ratio. Mass spectra were analysed in MassLynx 4.0

(Waters).

Initial studies of EF-Tu and enacyloxin IIa were performed with E. coli wild-type EF-
Tu, which was kindly provided by Professor Greg Challis (University of Warwick). All
enacyloxin Ila samples were also provided by the Challis group. Enacyloxin IIa was
extracted from B. ambifaria by bacterial growth on solid media, followed by ethyl
acetate extraction of diced agar pieces. The crude enacyloxin IIa was then purified
by HPLC. Work conducted with enacyloxin Ila was performed in the dark, and
concentrated pure stocks stored in foil at -20 °C. Enacyloxin IIa working stocks of 20

uM were produced as needed in ammonium acetate.

E. coli apo-EF-Tu aliquots (1 pL) were thawed on ice before dilution in ammonium
acetate (4 pL) to approximately 15 pM. To produce ligand bound EF-Tu, the apo-
protein was diluted in magnesium acetate tetrahydrate (5 mM, 2 pL) and aqueous
GDPNP (5 mM, 2 uL). Aliquots were incubated on ice for 10 minutes prior to buffer
exchange ( ). Buffer exchanged apo-EF-Tu was further diluted two-fold
in ammonium acetate, whilst EF-TusGDPNP was diluted two-fold in ammonium
acetate working stocks of enacyloxin Ila, resulting in a final enacyloxin Ila
concentration of 5 M. Proteins for use in enacyloxin IIa bound experiments were
purposefully incubated with sub-stoichiometric concentrations of enacyloxin Ila,
resulting in individual samples containing apo-EF-Tu, EF-Tu*GDPNP, and EF-

TusGDPNP-ENX complexes. Protein samples were incubated on ice for 2 minutes
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before loading into prepared emitter tips ( ) and spectra acquired
( ). For collisional activation of EF-TusGDPNP-ENX, the dominant
charge state [M + 12H]"" was isolated in the quadrupole, and collision voltage

increased from 20 to 60 V to induce dissociation of enacyloxin Ila from the complex.

Native mass spectrometry measurements on EF-Tu bound to GE2207A were
performed on wild-type A. baumannii EF-Tu. GE2270A (AdipoGen Life Sciences) was
dissolved in DMSO to give a stock solution of 10 mM and stored at -20 °C. Working
stocks of 100 uM produced as needed in ammonium acetate. A. baumannii wild-type
EF-Tu aliquots were thawed on ice before dilution in ammonium acetate, giving 110
UM protein. This was then diluted further by the addition of GDP (5 mM, 2 uL),
magnesium acetate tetrahydrate (5 mM, 1 pL) and GE2270A (100 uM, 4 uL) yielding
36.6 uM EF-Tu and 40 uM GE2270A. Aliquots were incubated on ice for 10 minutes
prior to buffer exchange ( ). Buffer exchanged EF-Tu*GDP-GE2270A was
then diluted two-fold in ammonium acetate. Protein samples were incubated on ice
for 2 minutes before loading into prepared emitter tips ( ) and spectra
acquired ( ). For collisional activation of EF-Tu-GDP-GE2270A, the
dominant charge state [M + 12H]'*" was isolated in the quadrupole and collision
voltage increased to from 10 - 80 V to induce dissociation of GE2270A from the

complex.

Structural analogues of wild-type enacyloxin Ila were produced by either
mutagenesis of the biosynthetic gene cluster responsible for enacyloxin Ila

synthesis, or by introduction of alternative precursor DHCCA analogues. All
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enacyloxin Ila analogues were provided by Professor Greg Challis and produced by
members of his research group. Analogues were provided as crude (without HPLC
purification) solid residue produced by evaporation of ethyl acetate extracts (

). Unless otherwise specified, crude analogue extracts were dissolved in
methanol (100 pL), in the dark, and stored at -20°C. Working stocks were produced as
needed by ten-fold dilution in ammonium acetate. A. baumannii wild-type EF-Tu
aliquots (50 uM, 10 uL) were thawed on ice, prior to a 2 pL sample being diluted in
magnesium acetate tetrahydrate (5 mM, 4 pL), crude extract working stock (1 uL) and
aqueous GDPNP (5 mM, 2 uL). Aliquots were incubated on ice for 10 minutes prior to
buffer exchange ( ), loaded into prepared emitter tips ( )
and spectra acquired ( ) with no further dilutions. If bound EF-Tu was
present, the [M + 12H]*** charge state was isolated in the quadrupole and collisionally

activated (40 V), liberating the bound analogue for detection.

P. putida EF-Tu and prolyl hydroxylase (PPHD, Putative Prolyl Hydroxylase) were
provided by Professor Chris Schofield (University of Oxford). Protein was thawed on
ice and diluted to working concentrations (20 pM, 10 pL) in ammonium acetate and
stored on ice prior to buffer exchange ( )- Buffer exchanged EF-Tu*GDP
and apo-PPHD were diluted two-fold in ammonium acetate, whereas the holo
complex was formed by mixing EF-TusGDP and apo-PPHD at an equimolar
concentration, resulting in 10 uM concentrations of apo and holo-protein. Samples
were incubated on ice for 15 minutes before loading into prepared emitter tips

( ) and native spectra acquired ( ).
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A. Baumannii enacyloxin Ila resistant mutant EF-Tu aliquots (50 uM, 20 pL) were
thawed on ice prior to dilution with ammonium acetate to 10 uM and incubated on
ice for 10 minutes prior to buffer exchange using 500 uL bed volume Zeba columns
( ). Enacyloxin Ila stocks were produced covering a wide range of
concentrations (320, 240, 200, 120, 80, 40, 20, 10, 5 and 2.5 pM) by dilution in
ammonium acetate and stored in the dark, on ice until needed. Buffer exchanged
protein was diluted two-fold with an enacyloxin IIa sample and incubated on ice for
2 minutes before loading into prepared emitter tips ( ) and spectra
acquired for 2 minutes ( )- In these experiments, an open vial of
acetonitrile was placed in the Synapt nESI source to induce a charge state reduction,
which can stabilise weak protein-ligand interactions.”” The proportion of EF-
TusGDP-ENX respective to total protein signal was calculated, and a non-linear
regression model fit, allowing calculation of Kp by way of the enacyloxin Ila

concentration required to reach 50 % of the maximum equilibrium binding.

Travelling-wave IMS-MS was employed to study E. coli EF-Tu conformational stability
in the gas phase as an apo-protein, alongside EF-Tu*GDPNP, and EF-Tu*GDPNP-ENX
complexes. IMS-MS experiments were performed using the standard nESI source,
with the Synapt G1 HDMS instrument operating in the mobility acquisition mode.
Representative operating parameters can be seen in ( ). The TWIMS cell of
the instrument was calibrated for collisional cross section (CCS) measurements by
acquiring arrival time distributions of denatured myoglobin, native cytochrome C

and native ubiquitin and comparing to those reported in literature databases.”**"*
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Arrival time distributions were converted to calibrated CCS values ("WCCSn:-ne) using
the method developed by Ruotolo et al. with the required enhanced duty cycle
coefficient (EDC) being 1.41."* In brief, calibrant drift times are first corrected for
mass-dependent total flight time by where t’pis the corrected drift time
(ms), tp the measured drift time (ms), C the EDC constant and m/z being the mass to

charge ratio of the ion.

tp=tp = (CmrgéZ) 2.1

Calibrant CCS values were also corrected for charge state and reduced mass by
where Q’ is corrected CCS (nm?), Q is literature CCS (nm?), z is the ion

charge state and p is the reduced mass.

Q

Q=

By plotting the natural logarithms of t’pagainst Q” and performing a linear regression
( ) the factors X and A, referred to as exponent factor and the fit-constant

respectively, can be derived from the gradient and y-axis intercept respectively.

In(Q) = XIn(t'p) + In(A) (2.3)
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The exponent factor can then be used to further correct the drift time (t”p) using
. This can then be re-plotted against Q, which allows for the conversion

of experimentally derived drift times to a corrected CCS (""CCSx2-te).

t”D=t'DX><ZX ;1/# ( )

E. coli EF-Tu samples were prepared as described in with sub-
stoichiometric enacyloxin Ila, resulting in samples containing apo-EF-Tu, EF-
Tu*GDPNP, and EF-TusGDPNP-ENX. Protein samples were incubated on ice for 2
minutes before loading into prepared emitter tips ( ) and spectra
acquired ( ) in mobility acquisition mode, with 2-minute acquisition
times per sample. The [M + 12H]*** peaks corresponding to the apo-EF-Tu, EF-
Tu*GDPNP, and EF-Tu*GDPNP-ENX species were isolated in the quadrupole and
subject to incrementally increased collision voltages (20 - 60 Vin 1 V steps, alongside
42 - 44V in 0.5 V steps). Arrival time distributions for each species were extracted at
each collision energy and corrected based on the calibration ( )- The
corrected arrival time distributions were then used to calculate "™CCSyz-ne values.
Arrival time distributions fingerprint and waterfall plots were produced using
custom Python scripts, generated by Dr Jeddidiah Bellamy-Carter (University of

Loughborough).

CIUs, (collision energy at which 50 % of the protein species has undergone an
unfolding event) values were calculated using CIUSuite 2.”” Fitting of a four-
parameter sigmoidal logistic regression to EF-Tu ™ CCSx2sne as a function of collision
energy allowed for continuous extraction of CIU; (collision energy at which x % of

the protein species has undergone an unfolding event). Analyses were performed in
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Prism 10.1.2 (GraphPad), T-tests and analysis of variance (ANOVA) statistical tests

were employed with significance denoted as P < 0.05.

All carbene footprinting experiments analysed using an LTQ FT Ultra Hybrid Mass
Spectrometer (Thermo Fisher Scientific) operated in positive ion mode, coupled to a
Dionex U3000 nano-HPLC system. All aqueous solutions were prepared with Milli-Q
ultrapure water (>18 MQ resistivity) and liquid chromatography mobile-phase
prepared with LC-MS grade acetonitrile. All compounds and reagents were
purchased from Merck (Sigma-Aldrich) or Thermo Fisher Scientific, unless otherwise

stated. All proteases were purchased from New England Biolabs.

The photochemical probe TDBA was solubilised as the sodium salt by the addition of
a sub-stoichiometric volume of sodium hydroxide solution (100 mM, 977 uL, 0.9
molar equivalent) to solid TDBA (25 mg). The solution was stirred at room
temperature for 1 hour, prior to filtration through cotton wool to remove excess
undissolved TDBA, yielding a 100 pM solution of the sodium salt. Solubilised TDBA

was stored in foil at 4 °C until use.
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Protein samples were mixed with 6x Laemmli reducing buffer (5:1 pL protein:buffer)
and incubated at 95 °C for 5 minutes prior to loading into either in-house made 12%
gel or into 12% TGX SDS-PAGE gel (BioRad). Gels were run at 150 V with an uncapped
current for 45 minutes to 1 hour to ensure band separation. Gels were washed with
ultrapure water, heated for 2 minutes by microwave, and the water discarded. Gels
were washed twice more prior to the addition of GelCode Blue coomassie G-250 stain
(20 mL) and further heating by microwave for 90 seconds. The gel was stained for a
further 15 minutes at room temperature with rocking. Following this, the stain was
discarded, and the gel rapidly destained by adding ultrapure water and microwave

heating for 2 minutes.

Protein bands of interest was excised from the gel using a scalpel, diced into
approximately 1 mm? pieces and destained for 15 minutes in 500 pL microcentrifuge
tubes by the addition of 50:50 acetonitrile:ammonium bicarbonate (100 mM, 50 pL).
Following this, gel pieces were dehydrated with acetonitrile (450 uL) and vortex
mixing for 3 minutes. The acetonitrile was removed, the gel pieces reduced with DTT
(10 mM, 50 uL, ammonium bicarbonate) and incubated at 55 °C for 30 minutes. After
this, the gel pieces were dehydrated again, alkylated by the addition of iodoacetamide
(55 mM, 50 uL) and incubated for 30 minutes at room temperature, in the dark. The
gel pieces were dehydrated a final time, protease solution added (10 ng pL*, 50 pL, 50
mM ammonium bicarbonate) and incubated overnight at 37°C (AspN, GluC and
trypsin) or 25°C (chymotrypsin). The digestion reaction was quenched the following
day by the addition of formic acid (1 pL), the supernatant removed and centrifuged
(5000x g, 2 minutes) and the top half transferred to plastic autosampler vials for

submission to nano-HPLC-MS analysis.
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Protein samples (5 pL) were reduced by the addition of ammonium bicarbonate (100
mM, 8.5 uL) and DTT (100mM, 1.5 yL, ammonium bicarbonate) and incubation at 55
°C for 30 minutes. Following this, the samples were alkylated with iodoacetamide (120
mM, 3 pL, ammonium bicarbonate) and incubated for 30 minutes at room
temperature, in the dark. Excess iodoacetamide was then reduced with DTT (100 mM,
2 puL) and incubated for 30 minutes at room temperature. Finally, protease solution
was added (50 ng pL?, 5 pL, 50 mM ammonium bicarbonate) and the samples

incubated overnight, quenched and centrifuged ( )-

Protein digests were analysed using a Dionex U3000 nano-HPLC coupled with an LTQ
FT Ultra Hybrid Mass Spectrometer. Digests (typically 2 - 5 uL) were loaded onto a
C18 Pepmap300 trapping column (10 mm length, 300 A pore size, 5 um particle size,
Thermo Fisher Scientific) with mobile phase A (5 % acetonitrile, 0.1 % formic acid).
Peptides were eluted onto a C18 Pepmap300 resolving column (150 mm length, 75 um
diameter, 300 A pore size, 5 um particle size, Thermo Fisher Scientific) and separated
with a 30-minute linear gradient up to 55 % mobile phase B (95 % acetonitrile, 0.1 %
formic acid), followed by a rapid 5-minute hold at 90% mobile phase B and finally a
20-minute equilibration back to mobile phase A. The resolving column was coupled
directly to a CoAnn pulled fused silica emitter tip (20 um internal diameter, 365 um
external diameter, 10 um orifice internal diameter, MSWil) operated at 1.8 - 1.9 kV
with the ion transfer tube held at 275 °C and the tube lens operating at 145 V. For
standard peptide analysis, the spectrometer was operated in full scan mode utilising
the ultra-high mass accuracy and resolving power of the FT-ICR mass analyser. For

peptide identification, the spectrometer was operated in data-dependent analysis
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(DDA) mode, whereby the three most intense ions in the full scan are isolated in a 2
m/z window and subject to collision-induced dissociation fragmentation and
detection in the LTQ XL linear ion trap with 35% nominal energy. Parent ions
observed for 3 consecutive scans were rejected within a 6-minute window of the last
detection. Targeted MS/MS was performed on selected precursor ions within an 8 m/z
window of a specific m/z also in the LTQ XL linear ion trap with the same operating

parameters.

Prism Mirror
Laser
Laser Entry Ction
"o T
w _ Sample
1y Vial Stage

Carbene footprinting irradiation assembly. Left is a photograph of the
right-angle prism mirror and two-axis stage mount for sample vials, the assembly is
housed within a laser safety enclosure. A schematic representation is shown on the

right.

Wild-type A. baumannii EF-Tu aliquots (50 pM, 20 pL) were thawed on ice prior to
dilution. Apo-EF-Tu master mixes were produced composed of EF-Tu (50 uM, 2.5 pL),
TDBA (100 mM, 2.5 uL) and ultrapure water (20 uL). Nucleotide bound EF-Tu master

mixes contained EF-Tu (50 uM, 2.5 uL), TDBA (100 mM, 2.5 uL), GDP/GDPNP (5 mM,
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5 uL) and ultrapure water (15 pL). EF-Tu*GDPNP-ENX master mixes contained EF-Tu
(50 uM, 2.5 uL), TDBA (100 mM, 2.5 pL), GDPNP (5 mM, 5 pL), enacyloxin IIa (30 puM,
5 pL) and ultrapure water (10 pL). Each master mix was incubated on ice for 30
minutes before being separated into 5x 5 pL aliquots in plastic autosampler vials, the
samples flash-frozen in liquid nitrogen and transported on ice to the laser assembly.
Protein samples were irradiated for 15 seconds by a computer-controlled Explorer
One 349 laser (Nd:YLF at the tripled frequency harmonic of 349 nm, 1000 Hz
repetition frequency, 125 uJ Q-switched pulsed energy, Spectra Physics). The laser
beam enters perpendicular to the sample and is reflected down into the vial by a
right-angle prism mirror ( ). After irradiation, samples were allowed to thaw
on ice before separation via SDS-PAGE ( ), the labelled protein excised
and digested in-gel with Trypsin ( ) and the resulting peptides analysed
( ). Optimisation enzymatic digests, and footprinting with different

TDBA concentrations and irradiation times were also performed as described above.

Mutant and wild-type A. baumannii EF-Tu (EF-Tu?®¥, EF-Tu®“® and EF-Tu®*’*"
aliquots (50 uM, 20 uL) were thawed on ice prior to dilution. Master mixes were
produced for each EF-Tu species consisting of EF-Tu*GDPNP (EF-Tu, 50 uM, 4 pL;
TDBA, 100 mM, 2 uL; GDPNP, 4 mM, 4 pyL; ultrapure water 10 pL), EF-Tu*GDPNP-ENX
(EF-Tu, 50 pM, 4 pL; TDBA, 100 mM, 2 uL; GDPNP, 4 mM, 4 uL; enacyloxin IIa, 55 pM,
4 uL; ultrapure water 6 pL). A master mix was also produced to investigate mutant-
EF-Tu*GDP-ENX binding to higher enacyloxin IIa concentrations (EF-Tu, 50 uM, 3 pL;
TDBA, 100 mM, 1.5 uL; GDP, 4 mM, 3 pL; enacyloxin ITa, 200 uM, 3 uL; ultrapure water
4.5 uL). Samples were aliquoted, frozen and irradiated as in and then

subject to in-gel enzymatic digestion with Trypsin ( ) prior to analysis

( )-
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Wild-type A. baumannii EF-Tu aliquots (50 pM, 20 pL) were thawed on ice prior to
dilution. Master mixes were produced consisting of EF-Tu*GDP (EF-Tu, 50 uM, 5 pL;
TDBA, 100 mM, 2.5 pL; GDP/GDPNP, 5 mM, 5 uL; ultrapure water 12.5 puL) and EF-
Tu*GDP/GDPNP+GE2270A (EF-Tu, 50 uM, 5 uL; TDBA, 100 mM, 2.5 uL; GDP/GDPNP, 5
mM, 5 uL; GE2270A, 60 uM, 5 pL; ultrapure water 7.5 pL). Samples were aliquoted,
frozen and irradiated as in and then subject to in-solution enzymatic

digestion with Trypsin ( ) prior to analysis ( )

P. putida EF-Tu and PPHD aliquots (100 uM, 2 uL) were thawed on ice prior to dilution.
Separate footprinting experiments were performed focusing on either EF-Tu or
PPHD with respect to the other protein as a binding partner e.g. footprinting of EF-
Tu with respect to PPHD binding was performed with 8 yM EF-Tu and 10 uM PPHD
to cause saturation of EF-Tu and vice versa for PPHD with respect to EF-Tu binding.
Master mixes were produced consisting of apo-EF-Tu/PPHD (EF-Tu/PPHD, 50 uM, 9
uL; TDBA, 100 mM, 4.5 pL; ultrapure water 31.5 uL), holo-EF-Tu*PPHD (EF-Tu, 50 uM,
7.2 uL; PPHD, 50 uM, 9 uL; TDBA, 100 mM, 4.5 uL; ultrapure water 24.3 uL) and holo-
PPHD-EF-Tu (EF-Tu, 50 uM, 9 uL; PPHD, 50 uM, 7.2 uL; TDBA, 100 mM, 4.5 pL;
ultrapure water 24.3 puL). Samples were aliquoted, frozen and irradiated as in

and then subject to in-gel enzymatic digestion with Trypsin and Chymotrypsin

( ) prior to analysis ( ).
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RAW data files acquired from DDA CID MS/MS of precursor peptides were subject to
database searching for peptide identification. Files were processed in SearchGUI
4.1.11 and searched against a customised protein database FASTA file with the
X!Tandem search algorithm.”**’” Protease digestion was allowed with up to three
missed cleavages. Peptide precursor ions between 4 - 40 residues in length and
charge states between 1 -4 were selected within an error tolerance of 10 ppm, and B
and Y fragment ions with a mass error of 1 Da. Carbamidomethylation was selected
as a fixed modification on cysteine residues (+58.0215 Da) and deamidation
(asparagine, +0.9840 Da) plus oxidation (methionine, +15.9949 Da) selected as
variable modifications. The search results were visualised in PeptideShaker 3.0.8,

and data analysed in Excel (Microsoft).””

Analyses of carbene footprinting experiments and quantification of labelling at the
peptide level were performed in PepFoot 2.1.1. RAW data files were converted to the
required mz5 format in MSConvert (ProteoWizard) and uploaded to PepFoot.”*” An
in silico protease digest was performed (three missed cleavages, peptide length of 4 -
40) and peak matching with a tolerance of 0.02 mmu. Mass spectra were combined
from extracted ion chromatograms for each detected peptide (labelled and
unlabelled) and their peak areas integrated. Fractional modifications (Fuoq) of the
peptides were calculated by the ratio of labelled peptide peak area (A) to the sum of
labelled and unlabelled peak areas ( )- Fumoa analyses and plotting were

performed in Prism 10.1.2, statistical analysis consisted of unpaired Multiple T-tests
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and corrected for multiple comparisons with the Holm-Siddk method (significance

defined as p < 0.05).”"%"

ALabelled ( )

Fyoa =
ALabetied + Auntabelled

For sub-peptide-level carbene footprinting quantification, RAW data files of precursor
peptides targeted CID MS/MS were analysed in the Qual Browser suite in Xcalibur 2.0
(Thermo Fisher Scientific). MS/MS spectra were combined from the extracted ion
chromatogram of the selected precursor ion. MS/MS spectra were processed
manually to identify B and Y fragment ions (both labelled and unlabelled). Fuoq for
each fragment ion (Fumoa(i)) was calculated by the ratio of labelled peptide peak

intensity (I) to the sum of labelled and unlabelled peak intensities ( ).

Ipapeited (.0)

Fyoa (l) =
Ipabetiea + luniabeliea

Froa—avs = (Fuoa(®) = Froa(i = 1)) X Fyjoq (2.7)

This can be converted further to absolute (Fuoaass) by subtraction of the previous
sequential fragment ion Fue(i-1) and multiplied by the total Fuoq across the whole
peptide ( )- In the cases where Fupqa5 returned anomalous, e.g. negative,
values the residue was discarded and grouped with the previous adjacent residue. If
the fragment ion corresponding to a specific residue was not present, that residue

was also grouped with the last detected previous residue. Fuoaans analyses and plotting
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were performed in Prism 10.1.2 (GraphPad), statistical analysis consisted of unpaired
Multiple T-tests and corrected for multiple comparisons with the Holm-Siddk method

(significance defined as p < 0.05).

Homology models of E. coli wild-type, A. baumannii wild-type, and A. baumannii
mutant EF-Tu alongside P. putida EF-Tu and PPHD were produced using I-TASSER,
AlphaFold2 (DeepMind) and AlphaFold2-Multimer servers.”””'* " In all cases PDB
template files were provided, consisting of codes; 1EFC for EF-Tu in the open
configuration, 2BVN for EF-Tu in the closed configuration, 2D8T for EF-Tu in the
GE2270A bound state, and 4IW3 for the EF-Tu*PPHD complex. The AlphaFill server

was used to transplant missing ligands and co-factors into AlphaFold models.”*

To generate a theoretical list of peptides from a given protein sequence, the
webserver based PeptideCutter (Expasy) was used.”” To produce peptide
fragmentation ions, the Peptide Fragment calculator (Institute for Systems Biology)

server was used.
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Molecular dynamics simulations were performed on EF-Tu in the gas-phase to
investigate the degree of thermal unfolding, with the aim to corroborate unfolding
seen through CIU experiments. All simulations were performed with GROMACS
5.1.2, equipped with the CHARMM36 forcefield and running through the Windows
Subsystem for Linux (Ubuntu 18.04.6 LTS), supplementary scripts were run using
Python 3.12.”'%”"” Simulations were performed CPU-bound on a 16-core CPU

operating on 15 cores (AMD Ryzen 9 5950X, 4.9 GHz boost).

EF-Tu homology models, free of bound ligands, were processed using ChargePlacer
(designed by Dr Jeddidiah Bellamy-Carter) which assigns protons to the protein to
generate the net 12* charge state, as observed experimentally. In brief, ChargePlacer
randomly protonates chargeable sites (aspartic acid, glutamic acid, lysine, arginine,
histidine, and the N- or C-terminal residues) to give the desired charge state, after
which the minimum energy of the protonated sequence is calculated. If this
minimum energy is lower than the current minimum, the protonated sequence is
used to reseed the charge placement algorithm, and the process repeated until a
stable energy minimum is reached. Charged protein files were converted into
GROMACS compatible file formats (Gromos87, gro) with CHARMM36 parameters,
using CHARMM-modified TIP3P as a water model, NH;" as the N-termini and COO

as the C-termini.

To prepare ligand topology, each of the ligand files pdb (GDP, GDPNP, enacyloxin IIa)
had missing hydrogen atoms added, and were converted to the mol2 format, and
manually altered for compatibility. Ligand topology files (str) were produced using
the CHARMM General Force Field server before being converted to GROMACS

compatible syntax through Python scripting and converted to the gro format. Holo-
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EF-Tu complexes were formed by combining protein and ligand topology files in
plain-text, simply by inserting ligand atom coordinates below those of the protein.
Simulation topology files were also updated in a similar fashion, to reflect the ligand

addition.

The prepared proteins were then centred in a large, cubic cell (900 nm?®) and energy
minimised via steepest descent for 10,000 steps. Long-range interactions were given
a large threshold of 300 nm, as recommended by Konermann.”” The energy
minimised proteins were then temperature equilibrated at 298 K over 50 ps,
constraining hydrogen bonds (LINCS, iterations = 1, order = 4). Full-length
production runs were initiated from the final thermally equilibrated state. Control
simulations consisted of 5 ns runs, with the temperature held at 298 K and a
simulation step size of 2 fs. Thermal unfolding simulations consisted of a 5 ns run
with a ramped linear gradient of 298 - 950 K over 1 ns, followed by a further 4 ns held
at 950 K. To aid stability due to the high energy imparted onto the simulation, the step
size was reduced to 1 fs for the thermal unfolding simulations. Simulation analyses
were performed using in-built GROMACS tools. Output trajectory files were
converted to pdb format and further analysed in Houdini 20.5.332 (SideFX Software).
For comparison with experimentally determined CIU data, pdb output trajectories
were binned to 2 fs steps and projection approximation (PA) CCS calculations
performed by the CCSCalc function within DriftScope 2.0 (Waters). CCSps was
calculated with a gas collision radius of 1.4, and then resulting data multiplied by an
empirical value of 1.14 to give a corrected value, CCScarc, which can be compared to
the experimentally derived ™CCSxzsre values.”' A modified atom list was used in
CCSCalc to accept non-proteinaceous atom types, such as those found in bound

ligands.
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Mapping Interactions of EF-Tu
and the Elfamycin GE2270A
using Carbene Footprinting

31 Introduction

300 GE2270A

The thiazolyl peptide GE2270A belongs to the pulvomycin-like class of elfamycins,
acting mostly as a competitive inhibitor of aa-tRNA binding.””” GE2270A was first
isolated and characterised by Selva et al. in the early 1990’s, alongside structural
elucidation by Kettenring et al.”*** The compound was isolated from a strain (ATCC
53773) of the relatively rare, soil-dwelling Actinomycetota, Planobispora rosea. At the
time of discovery, and to this day, the Planobispora genus remains relatively
uncharacterised, it is a genetically intractable genus with only four formally defined
species and a single sequenced genome.”* GE2270A was isolated though
fermentation growth and found to be present in both the supernatant, and mycelium
of the bacteria. A combined 50 L ethyl acetate extraction of the supernatant and 20 L
methanol extraction of the mycelium yielded 6.06 g of crude GE2270A. This was
purified via column chromatography, yielding approximately 1.2 g of pure compound
from an initial 50 L fermentation culture. Since then, GE2270A has since been found
to be produced by several other unclassified Nonomuaea species, another rare

Actinomycetota, alongside other thiopeptide-based elfamycins, thiomuracin A - H.””
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GE2270A is a highly modified ribosomal peptide, consisting of six thiazole, one
oxazoline and one pyridine rings, formed into a macrocyclic structure ( )
It is the best studied member of the GE2270 class of compounds produced by P. rosea
(E, D1, D2, C1, C2a, C2b, Bl, A and T), which differ in the constituents of five
functional groups ( ).”¢ The total biosynthetic pathway has recently been
characterised in P. rosea, and heterologous expression of the entire 21.4 kb (

) gene cluster, pbt, in a more genetically tractable Nonomuaea strain (ATCC
39727) through a cosmid' system yielded successful biosynthesis. The gene cluster
encodes for 16 individual proteins (excluding that which encodes the precursor
peptide) composed of various dehydratases, monooxygenases, methyltransferases
and radial S-adenosyl methionine (SAM) enzymes.”’ The cluster is located in a highly
conserved region of the genome, flanked by upstream DNA-directed RNA polymerase
subunits and downstream by EF-G and EF-Tu coding sequences. The cysteine-rich
precursor peptide, SCNCVCGFCCSCSPSA, is thought to first undergo thiazole
synthesis followed by oxazoline synthesis, cleavage of C-terminal serine and alanine,
and macrocyclization by pyridine ring formation from Ser' and Ser'.””” Congener
defining methylation and hydroxylation of specific sites is thought to take place on
the post-thiazole linear structure, prior to macrocyclization. Interestingly, pbtA, the
gene encoding the precursor peptide, is one of the three most expressed genes during
P. rosea growth. In fact, after 48 hours of growth, it became the most expressed gene

as measured by transcriptomic analysis.””* Expression of the necessary enzymes is

A cosmid refers to a large plasmid containing a A phage cos sequence to allow for

bacteriophage packing and transduction.
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much slower, and ptbA peak expression occurs when sufficient concentrations of the

enzymes have accumulated, in a so-called just-in-time transcription strategy.”
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Figure 3.1 | GE2270A overview. A | General GE2270 structure coloured by precursor
residue and variable groups labelled Ry — Rs (grey, proline; pink, serine; orange,
cysteine; green, phenylalanine; blue, glycine; purple, valine; cyan asparagine).
Congener GE2270T differs from GE2270A solely by the presence of a double bond in
the oxazoline ring (asterisk). B | Variable groups for each GE2270 congener (T not
included). C | ptb biosynthetic gene cluster coloured by general function alongside
the precursor peptide sequence (grey, regulator; pink, dehydratase; green, P450;
white, hypothetical; blue, methyltransferase; orange precursor peptide). Start and

end base numbers highlighted.

37712 Mode of Action

As a pulvomycin-like elfamycin, GE2270A inhibits formation of the EF-Tu*GTP-aa-
tRNA ternary complex, acting mostly upon Gram-positive bacteria.””” GE2270A differs
substantially from pulvomycin in structure and EF-Tu binding. GE2270A binds with
moderately affinity (Kp< 3 uM) to EF-Tu in domain II, of both the GDP and GTP-bound
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protein through four or five hydrogen bonds respectively (figure 3.2, A). In the GDP-
bound state of Thermus thermophilus EF-Tu, GE2270A forms hydrogen bonds with
Asp*, Thr*, Arg** and His*? all within domain II. Asp®”’ is found at the N-terminus
of the f-strand b2, Thr*” at the N-terminus of strand c2, and Arg** and His*?within
connecting loops of b2 - ¢2 and g2 - h2 respectively.”* In the GTP-bound state of EF-
Tu, an additional hydrogen bond is formed with Gln*®in domain I, proximal to the C-

terminus of helix B.%®

Figure 3.2 | Structural GE2270A overview. A | GE2270A with the five possible hydrogen

bonding residues, dotted lines represent hydrogen bonds (not to scale) from T.
thermophilus EF-Tu. B | Closed EF-TusGDPNPeGE2270A (green, PDB 2C77) overlayed
on EF-TueGDPNP (white, PBD 1EXM) showing widening of the domains | - Il interface
and the associated movements of domains Il and Il caused by GE2270A (orange). C
| Open EF-TueGDP*GE2270A (green, PDB 1D8T) overlayed on EF-TueGDP (white, PBD

1EFC) showing minimal structural perturbations caused by GE2270A (orange).
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Binding of GE2270A to EF-Tu*GDP causes minimal structural perturbations outside
of domain II ( ); however, its large size does prevent full closure of EF-Tu
( ). The inability for EF-Tu to fully close, alongside GE2270A bonding to
His*”? prevent aa-tRNA from forming the ternary complex with EF-Tu*GTP. His*”* is
involved in direct hydrogen bonding with the amino acid carried by aa-tRNA.” Unlike
pulvomycin, GE2270A does not induce any significant auto-hydrolytic GTPase
activity, the contacts made with the switch regions in domain I are minor compared
to pulvomycin. GE2270A alongside pulvomycin, can form a stable complex with both
EF-Tu*GDP-EF-Ts and EF-Tu*GTP-EF-Ts, and in fact stimulates the release of GDP

from the complex, whilst allowing exchange to GTP.

P. rosea natively encodes a GE2270A-resistant form of EF-Tu, EF-Tul, which is
coincidently also resistant to kirromycin. This is alongside an inessential copy, EF-
Tu3, which is thought to act as a decoy, limiting binding to the, albeit resistant, EF-
Tul.” Streptomyces ramocissimus, the native producer of kirromycin, encodes three
separate EF-Tus, one of which (EF-Tu3) demonstrates GE2270A resistance.”"*" Both
exhibit multiple residue substitutions across their sequences but two specific
mutations, namely G257S and G275A (strands g2 and j2 respectively), were found to
induce ten-fold GE2270A resistance in E. coli, with Ala?” being principally
responsible.””’ Interestingly, this resistance prevents GE2270A binding only to open
EF-Tu, binding to the closed conformation was still seen, likely stabilised by residues
homologous to GIn* in domain I. Resistant EF-Tu*GTP-GE2270A was even able to
successfully bind aa-tRNA, albeit at two-fold lower affinity.””’ A similar resistance
conferring mutation (G257E) has been found in Clostridium difficile exposed to the
semi-synthetic GE2270A analogue, LFF571, showing spontaneous resistance is

possible, albeit at low rates (<1.2 x 10~ resistant:susceptible).””
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The aim of this work was to characterise GE2270A binding to wild-type EF-Tu from a
clinically relevant pathogen, A. baumannii, through native mass spectrometry, and to
explore the ability of carbene footprinting to map the binding site of GE2270A to
domain II of EF-Tu. Although the crystal structure of GE2270A-bound EF-Tu has been
solved, only several deposited structures exist. This, paired with the intrinsic
inability of X-ray crystallography to capture protein dynamics discussed in ,
has limited investigation into GE2270A-mediated EF-Tu dynamics. Carbene
footprinting has been previously shown to capture protein conformational dynamics
and as such, presents itself as a promising methodology to investigate the

conformational changes induced in EF-Tu by binding of GE2270A.

Wild-type A. baumannii EF-Tu was heterologously expressed in E. coli as a 6xHis-
tagged protein, before cleavage with TEV protease as described in
GE2270A was purchased as a solid and prepared in DMSO. For native mass
spectrometry, EF-TusGDP+-GE2270A samples were prepared as described in

, resulting in final concentrations of 18.3 and 20 pM EF-Tu*GDP and GE2270A
respectively. Spectra were acquired using nESI emitter tips, as prepared in

, on a Synapt G1 HDMS High-Definition mass spectrometer. A typical native
spectrum is shown in . Typically, nESI EF-Tu spectra exhibited three
principal charge states: [M + 11H]", [M + 12H]'*, and [M + 13H]**, with the [M +

12H]***charge state being dominant under these conditions.
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Figure 3.3 | Normalised native mass spectra of EF-Tu in complex with GDP and
GE2270A. A | nESI produced three charge states: [M + 11H]'", [M + 12H]'**, and [M +
13H]™". Each charge state contains EF-TueGDP (pink circle) and EF-
TueGDP*GE2270A (pink and orange circles). A representative DMSO adduct peak is
indicated by the blue circle. B | Quadrupole isolated EF-TueGDPeGE2270A [M +
12H]™*" ion, with no collisional activation. C | Collisional activation (50 V) of EF-
TueGDPeGE2270A [M + 12H]'* ejects free GE2270A (orange circle) and charge-
reduced EF-TueGDP [M + 11H]""* (pink circle). D | Zoom of ejected GE2270A showing

protonated, sodiated and potassiated ions.
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Within each charge state two species are observed: EF-TusGDP and EF-
TuGDP-GE2270A, with the latter accounting for approximately 42% of the total
protein ions. Deconvolution of the charge states results in masses of 43,988 + 0.50 Da
and 45,280 + 0.43 Da for EF-Tu*GDP and EF-Tu:GDP-GE2270A respectively. The
calculated mass based upon the A. baumannii wild-type EF-Tu sequence of 43,522 Da,
compared to the observed EF-Tu*GDP deconvoluted mass, gives a deviance of 466 Da.
This can be explained by the presence of bound GDP (443.20 Da) and the magnesium
cofactor (24.31 Da) with some small error (1.5 Da). The binding of GE2270A to EF-
Tu*GDP imparts a theoretical mass shift of 1290 Da, with the calculated molecular
weight of GE2270A being 1290.5 Da. Each EF-Tu*GDP and EF-TuGDP-GE2270A peak
is accompanied by a secondary shoulder peak with a deconvoluted mass shift of +78

Da, corresponding to an adduction by DMSO.

Quadrupole isolation of the EF-TuGDP-GE2270A [M + 12H]'* charge state (

) followed by collision-induced dissociation liberated ionised GE2270A, evidenced
by detection of [M + 11H]*** EF-Tu*GDP ions ( ). In some instances, small
amounts of GE2270A were ejected as a neutral ion, resulting in the emergence of [M
+ 12H]*** EF-TuGDP ions, but this behaviour was inconsistent. Examination of
liberated GE2270A ( ) revealed a dominant ion with a m/z of 1290.3,
corresponding to protonated GE2270A. Alongside this, minor sodiated and

potassiated ions were seen at 1312.3 and 1328.2 m/z respectively.

The quadrupole isolated EF-TusGDP-GE2270A [M + 12H]'*" ion was subject to a range
of collision voltages (10 - 80 V) to probe the stability of the complex ( ). At
each collision voltage, the proportion of EF-Tu*GDP+GE2270A to total EF-Tu ions was
calculated. At a collision voltage of 10 V, no GE2270A ejection was seen, with
noticeable ejection beginning at approximately 30 V. Above 65 V there was little
further GE2270A ejection, and between 70 - 80 V, approximately 20% of EF-TusGDP
remains bound to GE2270A. At collision voltages greater than 80 V, spectra quality
degraded significantly, and it became impossible to accurately quantify the

proportion of EF-Tu*GDP bound to GE2270A.
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CID of EF-TueGDPeGE2270A. CID of the quadrupole isolated EF-
TueGDPeGE2270A [M + 12H]'*" ion, with voltages of 10 - 80 V. Data is an average of at
least 3 repeats. Error bars represent one standard deviation. Representative
normalised spectra from A, showing liberation of GE2270A (blue shading),
emergence of charge-reduced EF-TueGDP [M + 11H]""* (pink) and disappearance of
EF-TueGDP*eGE2270A [M + 12H]"** (orange) as the collision voltage increases.

In CIU IMS-MS experiments performed on E. coli EF-Tu*GDPNP-ENX (see )
EF-Tu was found to undergo a significant unfolding event when subject to collisional
voltages between 40 - 50 V. Complete GE2270A ejection may be hindered by the

collapse of EF-Tu tertiary structure around the ligand.

Symmetrical sinusoidal non-linear regression analysis of the data ( )
allows for the extraction of CEs,, which refers to the collision voltage at which the
survival yield of the original ion is 50%.”” For EF-Tu*GDP+-GE2270A4, this was found to
be 47.12 + 0.9 V, comparable to that calculated for enacyloxin Ila (42.22 + 0.2 V,
)- Both are large compounds, with similar numbers of non-bonding contacts
and hydrogen bonds formed upon binding to EF-Tu (21 contacts, 4 hydrogen bonds
and 16 contacts, 6 hydrogen bonds for GE2270A and enacyloxin IIa respectively).
Representative spectra from the ramped collision energies ( ) show the
simultaneous emergence of ejected GE2270A (protonated, sodiated and potassiated,
) and EF-Tu-GDP [M + 11H]"" ions, alongside the disappearance of EF-
Tu-GDP-GE2270A [M + 12H]***ions.
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Carbene footprinting of A. baumannii EF-Tu was performed in the presence and
absence of GE2270A. The choice of proteolytic enzyme, TDBA concentration and
irradiation time were based upon the initial EF-Tu carbene footprinting
optimisations, which can be found in . Carbene footprinting was performed
as described in , where 10 uM of EF-Tu*GDP was incubated with 12 uM

of GE2270A, followed by irradiation in the presence of 10 mM TDBA for 15 seconds.

Irradiated protein was digested in-solution with trypsin, and the peptides analysed
by HPLC-MS. In total, 48 individual tryptic peptides were identified, representing
87.5% of the complete A. baumannii EF-Tu sequence, including multiple large
peptides with three missed cleavages ( ). Of those identified peptides, 3
showed a significant reduction in Fys in EF-Tu*GDPNP-GE2270A and 10 showed a
significant reduction in Fuyes in EF-Tu*GDP-GE2270A, when compared to the EF-
Tu*GDP control. Significance was defined as p < 0.05 as calculated by a Multiple T-test
and corrected for multiple comparisons with the Holm-Siddk method. EF-TusGDP

peptides with a Fuoa < 0.05 were disregarded from statistical analyses ( )

Interestingly, in both EF-TusGDPNP-GE2270A and EF-Tu:GDP-GE2270A, no
significant reductions in Fu,; were seen in the three peptides containing residues
involved in hydrogen bonding to GE2270A in domain II ( )
The peptides Ala*"*- Arg®? and Ala**® - Arg*” showed very low labelling in the control

2% which was instead

and ligand-treated samples in contrast to peptide Ala**® - Arg
close to 100% labelled in all samples. These large peptides span the linker between
domains I and II whilst incorporating strands a2 and b2, where hydrogen bonding

occurs.
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Figure 3.5 | Tryptic peptide coverage of A. baumannii EF-Tu post-carbene footprinting.

Peptides coloured grey showed no significant reductions in Fumee in EF-

TueGDP*GE2270A compared to EF-TueGDP, and those coloured pink did show

significant reductions. Residues coloured orange are those involved in non-bonding

contacts and hydrogen bonding with GE2270A.

Results I - Results and Discussion 97



M EF-TueGDP M EF-TueGDPNPeGE2270A M EF-TueGDPeGE2270A
1.0 =
C
- O
%
.2.9
e
ST
Lto
=
0'0 TITE TR UL L LA T o TEN LT LI TR T IIMIIRITN INIIRIL I 1 101
O T MW MWL -~ O©OMOMI®™ETOANNODDDOONTN™T™—NOWOWOWO®OMer N NANANANANONODNODODNOON
P =M © O O © 000N MTONMMOMOMAIEITIOL OO ONDNNOONODWOOWODGOODO-C e AN ANANNL OO OO O O
B A B LAAT AT T NN RIIIIRITIIINITIARIISSGEEGTEBIITE
- MO TN OO ONTYT T T AT O0OO0OMMOOCONRNDNMNANANNNOMMOO OO MOAMOMMOOMOMO®MSTONDN - —
O AN M T O~ OO TIEITTOORNDNNENNRNNOODDOO®OOO I N O 00D D
- N AN NN AN NN AN N AN NN AN NN AN NN NN AN ANNOOOOOOOOOO
*% * *k%k
1.0 *kk *%* *%k% kkk kkk Fkk ek *% Jokk ik
-5
L0
e
53
=
0.0 JEE=E N | 1 | . I C P P 1
Vv v %) () © © 4 N A N N Y G > ) > > N N\ W
[ T S N L KK SN N AR A AN A T K. A
N AR R, R T S S S G LA LA C R C R L C R
AN U S - S S S . o Vo . S A A A A AN AN

Figure 3.6 | Fmog histograms for EF-TueGDP (blue), EF-TueGDPNPeGE2270A (pink) and
EF-TueGDPeGE2270A (orange). A | All 48 tryptic peptides reported. B | Zoom of
domain Il tryptic peptides. Data is an average of 5 replicates, error bars represent
standard deviation. Stars indicate significant reductions in Fm.q, compared to EF-
TueGDP and coloured as above. * =p <0.05, **=p <0.01, *** =p <0.001. Dotted line

indicates an Fuyoq 0f 0.05.

On balance, there were fewer significant reductions in Fyeqs in EF-TuGDPNP-GE2270A
compared to EF-Tu*GDP-GE2270A (figure 3.6, B). As EF-Tu*GDPNP on average adopts
a more closed conformation then EF-Tu*GDP, consequently there will be less binding
of GE2270A. Although EF-Tu:GDPNP-GE2270A has been crystalised, the GE2270A
binding region in domain II becomes slightly occluded by domain I due to the closing
of domains II and III. Therefore, it is likely that GE2270A binding occurs in a more
open conformation, followed by closure.” Although there are fewer significant

reductions in Fyq, it is worth noting that in all but one peptide, Glu*?® - Lys*?, Fyoa
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Gly233 = Arg239

Thr262 - Ly3272 Leu273 . Arg288

Figure 3.7 | EF-TueGDP*GE2270A Fuo data mapped to an open A. baumannii EF-Tu
AlphaFold 2 homology model. A | Peptides with significantly reduced Fmoa (pink)
localise to GE2270A (orange) binding site in domain Il. Peptides in grey showed no
significant differences when compared to EF-TueGDP. Peptides in white were not
detected by HPLC-MS. B | Zoom of domain Il highlighting Gly***-Arg?®(pink). C | Zoom
of domain Il highlighting Thr?%2—Lys?’?(pink). D | Zoom of domain Il highlighting Leu?”®
—-Arg?%(pink). These three peptides contain all EF-Tu residues contacting GE2270A.

showed qualitative, non-significant reductions compared to EF-TuGDP implying
GE2270A binding, albeit at lower efficacy. Peptide Thr** - Lys** showed a small, but
significant reduction in Fyyq (-0.058, p = 0.04). This peptide, encompassing the C-
terminus of strand f2, strand g2 and the N-terminus of strand h2 contains seven
residues (Thr*®, Gly**®, Val*’, Glu*®, Met***, Phe*” and Arg*') homologous to those
contacting (< 3.8A) GE2270A in E. coli and T. thermophilus. These residues are all

28shows a

found within strand f2 and the loop connecting to h2.” Peptide Ala*” - Arg
small, but highly significant reduction in Fues (-0.041, p < 0.001). The peptide solely
encompasses strand j2 and contains a further four residues contacting GE2270A

(ASHZSZ’ Cys283’ G1y284’ Lys286).
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Figure 3.8 | Residues of interest in domain Il A | lle?*, 1le?*® and Lys?*® which show
significant masking in EF-TueGDP*GE2270A despite being present on the opposite
side of domain Il to GE2270A. B | Lys?? remains heavily labelled in EF-
TueGDP*GE2270A due to its accessible position. C | Gly?®, Thr*®*° and Lys®" also
remain highly labelled in EF-TueGDP*GE2270A. D | Glu*? - Arg*’ which show masking
in EF-TueGDPeGE2270A despite their position distal to the GE2270A binding site.

EF-Tu*GDP-GE2270A showed significant Fu.qs reductions in 10 peptides, split coarsely
into three regions (figure 3.6, B and figure 3.7, A, B). The first spanning strand c¢2 and
the connecting loop to d2. Peptide Gly** - Arg” contains four GE2270A contacting
residues (Val®*¢, Thr*, Gly*® and Arg*) and showed a highly significant reduction in

Fuoa compared to EF-TusGDP (-0.739, p < 0.001, figure 3.7, B). Overall, the missed
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cleavage peptide Gly**® - Lys** showed reduced labelling compared to Gly**® - Arg*®,

but still showed significantly reduced Faa (-0.269, p = 0.01).

Interestingly, the correctly cleaved Val**® - Lys*¢ showed highly significant Fia
reduction in both EF-TuGDP-GE2270A and EF-Tu*GDPNP-GE2270A (-0.711, p < 0.001
and -0.461, p = 0.002 respectively). This peptide is spatially far removed from
GE2270A, on the opposite side of domain II. Sub-peptide MS? analysis places TDBA
insertion on Ile**, Ile** and Lys**¢, which are within the loop connecting strands f2
and 12 (figure 3.8, A and 3.9, C). Strands j2 and ¢2 form the bulk of the GE2270A

binding pocket, so it is possible that GE2270A-induced perturbations in those strands

245 246

propagates to the connecting loops in such a way as to shield Ile**, Ile** and Lys
from TDBA insertion. Unfortunately, as a low intensity, minimally labelled peptide in
GE2270A-bound EF-Tu, targeted MS? was not feasible to elucidate TDBA insertion in

the holo protein.
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Figure 3.9 | MS? of EF-TueGDP peptides showing labelling distribution within each
peptide. A| Peptide Thr?®? — Lys?’2, B | Peptide Lys?’? — Arg®’®. C | Peptide Val** — Lys**.

Data is an average of 3 replicates, error bars represent standard deviation.

Peptide Thr*? - Lys** (figure 3.7, C) contains the majority of contacting residues and,
as in EF-TusGDPNP-GE2270A, showed a relatively small, yet highly significant
reduction in Faq (-0.080, p < 0.001). This peptide is a missed cleavage of the previous
peptide, Thr?? - Arg?’?, which demonstrated even lower Fao4, below the threshold for

statistical analysis.
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The presence of the additional basic lysine in the missed cleavage peptide may
induce greater labelling due to the carboxylic acid group in TDBA conferring a higher
265

affinity towards basic residues.'” MS? analysis narrows the probe insertion to Thr*®,

Glu*®, Met*® and Phe?”, all residues contacted by GE2270A ( ).

Peptides Lys®’* - Arg?’® and Leu®” - Arg®”® both contain the GE2270A contacting Leu®”
and show significant reductions in Fuus, the latter having a much higher reduction (-
0.243 p < 0.001 and -0.799, p < 0.001 respectively). The additional lysine in Lys** -

278

Arg*® protrudes out of strand h2 beyond the GE2270A binding pocket, providing easy
access to TDBA, which may explain its higher overall labelling ( ). MS?
analysis placed TBDA labelling predominantly on Lys*”> and Leu®”? ( ). The
next series of peptides; Lys?* — Arg*®, Leu*? - Arg® ( ) and Ala*” - Arg*®
all show significant reductions in Faq, (-0.520, p < 0.001; -213, p = 0.02; -0.055, p <
0.001) with all three-encompassing strand j2, containing the GE2270A contacting
residues Asn*?, Cys®*?, Gly* and Leu®®. Interestingly, peptide Ala*”® - Lys®*, which
also covers those four residues, does not show significant masking. The additional
three C-terminal residues are basic and highly accessible, on the top of domain IT and
are likely to be labelled irrespective of GE2270A being bound ( ). Finally,
the large double missed cleavage peptide Glu*? - Lys*? demonstrates a curious
significant reduction in Fyyq (-0.037, p = 0.001) in EF-TusGDP-GE2270A but not EF-
Tu*GDPNP-GE2270A, where there was a high standard deviation in Fy.qs. This peptide
spans the mostly disordered region connecting domains II and III and is located
directly after the C-terminus of strand j2. It is possible that structural perturbations
in j2 due to GE2270A binding propagate through this region, resulting in masking.

Unfortunately, the peptide is of very low intensity, meaning direct MS? analysis was

298 322

not possible. However, when comparing to the adjacent peptides Gly**® - Lys** and
Gly**® - Lys*’ ( ) which show insignificant changes in Fu, we can
tentatively assume the masking occurs within the first five residues, which are

proximal to the binding site of GE2270A ( )
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Here, I have explored the binding, and interactions, of GE2270A to A. baumannii EF-
Tu through native mass spectrometry and carbene footprinting. The susceptibility of
A. baumannii to GE2270A has not been studied, but as resistance conferring
mutations prevent GE2270A binding in the GDP conformation of EF-Tu it can be
assumed that this EF-Tu is sensitive. Native mass spectrometry demonstrated clear
binding of GE2270A to EF-Tu*GDP, which could be dissociated under moderate
collisional energy. Through carbene footprinting, the binding site of GE2270A could
be pinned down to domain II, in agreement with published structures of E. coli and
T. thermophilus GE2270A-bound EF-Tu.”** Tryptic peptides containing residues
homologous to those known to form non-bonding contacts with GE2270A in E. coli
and T. thermophilus were found to be significantly masked in the presence of GE2270A
in A. baumannii EF-Tu. Masking was also seen in peptides proximal to those directly
contacting GE2270A. This potentially hints at subtle conformational dynamics
induced by GE2270A across domain II, which would be difficult to elucidate from the
two published crystal structures of EF-TusGE2270A. Overall, carbene footprinting
was successful at identifying the GE2270A binding site, and may give clues to more

subtle induced conformational changes in EF-Tu.
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Investigating Interactions of
EF-Tu and the Elfamycin
Enacyloxin lla using Native
Mass Spectrometry and
Carbene Footprinting

47. Introduction

411. Enacyloxin lla

The kirromycin-like elfamycin, enacyloxin Ila, was first isolated as a congener of an
assortment of polyenic compounds produced by Frateuria sp. W-315 (reported at the
time as Gluconobacter sp. W-315) by Watanabe et al. in 1982.”" The genus Frateuria,
consists of a six characterised and a multitude of uncharacterised species. A Gram-
negative Xanthomonadale, an order consisting of several phytopathogens, W-315 was
first isolated from a soil sample and initially characterised based upon its growth
inhibition of the fungi Neurospora crassa and Aspergillus oryzae.”” The antibiotic mix,
designated AB-315, was extracted from W-315 fermentation broth cultured in spent
N. crassa media by diethyl ether extraction, yielding approximately 100 mg L* of
crude powder.” HPLC analysis identified eight individually eluting peaks, with the
second being the most intense (by 365 nm UV detection). The powder demonstrated
inhibition of Gram-negative and Gram-positive bacterial growth and had no effect on
N. crassa or Saccharomyces cerevisiae. The same group elucidated the NMR structure of
the major component, named enacyloxin IT and subsequently enacyloxin Ila, in 1990
as a 3,4-dihydroxycyclohexanecarboxylic acid conjugated to a chlorinated polyene

sidechain.” During the course of their work, the group elucidated the structure of
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enacyloxin IVa, and in 2007 the structures of enacyloxin Ia and IIIa (

and C respectively) were published. The structures of a further two constituents
separated by HPLC were found to be decarbamoylated (DEC) enacyloxin IIa and IV
( and F respectively), however structures of the final two remain

unknown 237-240

Known enacyloxin structures. Enacyloxin la. Enacyloxin lla.

Enacyloxin llla. Enacyloxin IVa. E | DEC-Enacyloxin lla. F | DEC-Enacyloxin IVa.

Enacyloxin Ila, as stated prior, consists of a dihydroxycyclohexanecarboxylic acid
(DHCCA) head group, linked to a pentaene tail through an ester bond at the hydroxyl
at the 3™ position ( ). The mature compound contains two chlorines,

bonded to tail carbons 11 and 18, alongside a carbamoyl group at carbon 19.”*
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Select stages of enacyloxin lla biosynthesis. A | Enacyloxin lla biosynthetic
gene cluster, coloured by gene function. Zoom shows the major PKS codons. Grey,
regulators; Pink, DHCCA synthases; Green, NRP synthetase; Orange, PKS; Blue, non-
haeme iron-dependent oxygenase/chlorinase; Red, FADH,-dependent chlorinase;
White, hypothetical protein; Purple, carbamoyl transferase; Cyan, enacyloxin
oxidase; Yellow, MATE-like transporter. Arrows drawn to scale and chromosomal
location highlighted. Numbered codons refer to those involved in B. Post-PKS
synthetic steps. Numbers refer to enzymes encoded by the codons highlighted in

Results of each step are highlighted in pink.

Very little is known about the enacyloxin Ila biosynthetic pathway in Frateuria.
Watanabe et al.,, hypothesised that enacyloxin IVa ( ) is a metabolic

precursor to enacyloxin ITa, which was confirmed by Izaki et al. who demonstrated
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the extracellular quinoprotein, enacyloxin oxidase, catalyses the oxidation of

secreted enacyloxin IVa to enacyloxin ITa.”***

In 2011, Mahenthiralingam et al. published their finding of a novel biosynthetic gene
cluster in Burkholderia ambifaria responsible for the synthesis of enacyloxin Ila
( ). Members of the Burkholderia genus demonstrate an array of genotypic
and phenotypic diversity, with many producing biological active secondary
metabolites.” They are often highly genetically tractable and contain genomes with

> The Burkholderia cepacia complex

up to 20% resulting from lateral gene transfer.
(BCC) is a group of highly genetically and phenotypically similar bacteria,
surrounding B. cepacia, with B. ambifaria a member. Antimicrobial screening
highlighted B. ambifaria as a potent inhibitor of other Gram-positive Gram-negative
bacteria. Random transposon mutants with reduced antimicrobial activity showed
predominant transposon insertion into a large, cryptic 87.4 kb genomic island within
the B. ambifaria genome. Insertion into secretion-related loci and, interestingly,
quorum sensing-related loci also resulted in reduced antimicrobial activity. The
genomic island ( ) has an overall GC content of 71.5% compared to the
genome average of 66.5% suggesting a xenobiotic origin, which is highly likely in a
BCC member. The island contains 24 coding sequences, with over a third having
homology to polyketide synthase domains. The whole island is under the control of

two orphaned LuxR-like regulators responsive towards N-acyl homoserine lactones,

a common Gram-negative quorum sensing molecule.

The biosynthesis is complex, the polyketide-based pentaene tail is hypothesised to
be assembled by a hybrid, type I, cis- and trans-acyltransferase containing polyketide
synthase (PKS) before being released conjugated to a stand-alone acyl carrier protein.
At this stage, the tail is not chlorinated, carbamoylated and each ketone reduced to
their corresponding hydroxyl groups ( ). Post-PKS, the tail is first
conjugated to DHCCA by a nonribosomal peptide synthetase (NRP, DHCCA
synthesised from 3-dehydroshikimate by five enzymes encoded in the gene cluster).
Addition of two chlorines and an additional hydroxyl group yields decarbamoyl-

enacyloxin IVa, carbamoylation yields enacyloxin IVa, and finally extracellular
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oxidation yields enacyloxin ITa. Washes of B. ambifaria grown on solid agar yielded
enacyloxin ITa as detected by ESI-MS, confirming production. Semipreparative-HPLC
eluted two enacyloxin Ila stereoisomers, A-4,5-E and A-4,5-Z corresponding to

enacyloxin ITa and the novel iso-enacyloxin Ila respectively ( ).

In B. ambifaria transposon mutants with no antimicrobial activity also showed
insertion into loci associated with secretion, specifically to recombination hotspot
and valine-glycine-rich protein encoding genes. These have been shown to associate
with the complex type-VI secretion systems found in Gram-negative bacteria,
suggesting these as the method of enacyloxin IVa efflux, prior to oxidation by

enacyloxin oxidase.”*

Enacyloxin Ila is a kirromycin-like elfamycin, binding to closed EF-TuGTP and
preventing the conformational switch back to the open structure upon GTP
hydrolysis. This behaviour prevents EF-Tu*GDP from dissociating from the ribosome,
and stalling protein synthesis, and is the predominant enacyloxin IIa mode of action.
In 1991 Watanabe ef al. demonstrated enacyloxin Ila to be a bacteriostatic agent,
acting to reduce the rate of radio-labelled amino acid incorporation into insoluble
protein in a concentration-dependent manner.”’ The same group went on to
hypothesise that enacyloxin Ila inhibits aa-tRNA binding to the ribosome by showing
an enacyloxin Ila concentration-dependent reduction of radio-labelled Phe-tRNAF"e
bound to ribosomes.”* Cetin et al. expanded on this, demonstrating kirromycin-like

tangential effects of enacyloxin ITa on EF-Tu, namely: increased affinity towards GTP,
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Figure 4.3 | Enacyloxin lla binding to EF-Tu. A | EF-TueGTP*ENX hydrogen bonding

network. Hydrogen bond forming residues coloured in orange, salt bridge forming
residue in green. O’ refers to backbone carbonyl carbon. Residues numbered asin E.
coli EF-Tu. B | Cartoon crystal structure of E. coli EF-TusGDPNP*ENX (EF-TU green,
ENX orange, PDB 2BVN). Note the shifting of structural elements in domains | and Il
compared to EF-TueGDPNP (white, PDB 1EFT). C | Residues contacting ENX (orange),

hydrogen bond-forming (pink) and salt bridge forming (blue). ENX shown as sticks.

inhibition of EF-Ts mediated GDP release, and reduced EF-Tu-based protection of aa-
tRNA from spontaneous diacylation.”’ The enacyloxin Ila binding site on EF-Tu was
inferred to be similar to that of kirromycin by Zuurmond et al., who showed that
kirromycin resistance-conferring mutations also conferred enacyloxin Ila
resistance.”’ The first crystal structure of EF-Tu*GDPNP-ENX was reported by
Parmeggiani et al. in 2006, showing enacyloxin Ila binding to the domain I and III
interface (figure 4.3, B), as predicted by Zuurmond et al.”' In E. coli EF-Tu, enacyloxin
ITa forms six hydrogen bonds (figure 4.3, A); the backbone carbonyl in Ala*® (helix B)
binds to the carbamoyl amine; the carbonyls in Arg'*and Gly*** (helix C) bond with
the enacyloxin Ila hydroxyl group at carbon 13; a terminal side chain nitrogen in
Arg®” (strand e3) binds to both the carbonyl and hydroxyl groups at carbon 15 and 17
respectively; and the side chain hydroxyl group in Tyr'*°(loop D - g) bonds to the
hydroxyl group ortho to the carboxylic acid in DHCCA. An additional salt-bridge is

Results II - Introduction 109



formed between Lys*? (loop a3 - b3) and the DHCCA carbonyl.”" Alongside these, a
further 16 non-bonding contacts (< 3.8 A) are formed between enacyloxin ITa and
residues in domains II and III ( ). Binding of enacyloxin Ila causes a
widening of the domain I and III interface, and subtle shifts of helices B and C. As a
result of this, the switch I region becomes totally disordered and absent from the
crystal structure. The hydrogen bonding network formed between enacyloxin Ila and
domains I and III stabilise the closed structure irrespective of the nucleotide bound,
leading to closed EF-Tu*GDP<ENX remaining stuck on the ribosome. An EF-
TusGDPNP-ENX-aa-tRNA quaternary structure is still able to form (albeit with slightly
deformed aa-tRNA 3-end geometry), presence of aa-tRNA induces structural stability
within switch I, with helix A” reforming bound to the tRNA. The catalytic His* in
switch II remains oriented away from the y-phosphate, in contrast to EF-
Tu*GDPNP-KIR where His* is pushed much closer to the y-phosphate, explaining the
reduced autohydrolysis of GTP in EF-TusGDPNP-ENX compared to EF-
Tu*GDPNP-KIR. Both kirromycin and enacyloxin Ila inhibit the formation of EF-

Tu*EF-Ts, competing for similar binding sites.

As mentioned earlier, resistance towards kirromycin also confers resistance towards
enacyloxin Ila.”"*” In screening E. coli kirromycin-resistant mutants against
enacyloxin IIa, four were found to confer enacyloxin IIa resistance. Three of which
(Q131K, G325D and A384T) localise to the enacyloxin Ila binding site ( ,
numbered as in A. baumannii), and the fourth (Q329H) is directly involved in aa-tRNA
binding.” Q131K, G325D and A384T all reduce the binding affinities of enacyloxin IIa
to EF-Tu in both the GDP (40 + 20 pM, 20 + 4 uM and 6 + 1 pM respectively vs < 1 uM
for the wild-type) and GTP-bound EF-Tu (3+ 1 uM, 4 + 1 uM and < 1 uM respectively
vs < 1 uM for the wild-type) as measured by nucleotide-dissociation. Q329H instead
reduces the affinity of aa-tRNA towards EF-TusGDP-ENX (80 + 30 uM vs 2 + 1 uM for

the wild-type), allowing dissociation of EF-Tu from the tRNA after ribosomal delivery
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and hydrolysis. For the purposes of this work only Q131K, G325D and A384T are of
interest, being directly related to enacyloxin IIa binding. Interestingly Frateuria W-
315 does not produce an enacyloxin Ila resistant EF-Tu but does show phenotypic
resistance. This implies an alternate resistance mechanism, hypothesised to be

active efflux, but the deterministic cause remains unknown.””’

Enacyloxin lla conferring resistance mutations. Wild-type residues are

coloured in blue, and mutant residues in orange. Only domain lll and helices Band C
of domain | are shown for clarity. Enacyloxin lla represented as a stick structure.

Residue numbers correspond to the heterologously expressed A. baumannii EF-Tu.

The aim of the work presented in this chapter was to apply carbene footprinting to A.
baumannii EF-Tu to study the highly dynamic nature of its conformational change,
especially when bound to enacyloxin Ila. Similar to the work described in ,
several enacyloxin ITa-bound EF-Tu crystal structures have been solved, yet they are
unable to capture subtle conformational dynamics. Due to its solution-phase nature,

carbene footprinting is able to elucidate these dynamics. Several enacyloxin Ila
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resistant mutants were produced to confirm enacyloxin Ila binding being
responsible for the transition of EF-Tu from its open to closed conformation, described

by their carbene footprinting profiles.

Wild-type A. baumannii EF-Tu (referred to from this point as just EF-Tu), was
heterologously expressed and purified from E. coli as described in

. Enacyloxin Ila resistant EF-Tu mutants (EF-Tu?*¥, EF-Tu®*" and EF-Tu”**)
were produced by targeted mutagenesis as described in , and
heterologously expressed and purified as above. Wild-type EF-Tu purified from a1 L
E. coli culture yielded 2.10 mg mL™ (equivalent to 48.14 uM), found predominantly in
the soluble fraction of lysed E. coli ( , orange arrow), and presence was
confirmed by anti-His western blotting. Ni-NTA affinity purification yielded
predominately 6xHis-tagged EF-Tu ( ), with a theoretical molecular weight
of 46,114 Da. Cleavage of the N-terminal 6xHis tag with TEV protease ( )

yielded EF-Tu (pink arrow, theoretical 43,522 Da), visualised alongside free TEV

(green arrow). Analytical SEC ( ) indicated EF-Tu elution within collected
fractions 19, 20 and 21, which was confirmed by SDS-PAGE ( ). Fraction 21
was concentrated ( ), diluted, aliquoted and stored at -80°C until
needed.
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Figure 4.5 | Heterologous A. baumannii EF-Tu expression and purification. All

molecular weight markers show kDa. A | Wild-type EF-Tu (orange arrow) localised

predominantly in the soluble fraction and identity confirmed by western blotting. B |

Ni-NTA affinity purification yielded highly pure EF-Tu, with some losses remaining

bound to the resin. C | TEV cleavage of the N-terminal 6xHis®EF-Tu (orange arrow)

followed by Ni-NTA to remove TEV (green arrow) yielded clean EF-Tu (pink arrow),

confirmed by SEC (fractions 19 — 21 containing EF-Tu). D | Expression of EF-Tu?'',

EF-Tu®®*P and EF-Tu**®*Tmutants. Soluble fraction visualised with Ponceau S (bottom)

and identify confirmed by anti-His western blot (top). £ | Ni-NTA purification of EF-Tu

mutants yielded very high protein concentrations. F | Mini-SDS-PAGE of each EF-Tu

variant post dilution and aliquoting compared to BSA standards.
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EF-Tu®®¥ EF-Tu®?P and EF-Tu®**T ( ), were purified ( ),
cleaved and concentrated yielding 9.40, 3.94 and 14.22 mg mL™* (215.86, 90.29 and
326.39 uM respectively) as calculated by a BCA protein assay. Samples of each EF-Tu
were diluted to 1 pM and subject to SDS-PAGE alongside prepared BSA standards to
confirm correct concentrations obtained by BCA ( ). Confirmation of
successful mutagenesis was performed at the DNA level by sequencing the tufA gene
of each mutant EF-Tu ( )- To corroborate this, mass spectrometric

confirmation was performed at the protein level ( )-

Substitution of glutamine for lysine, as in EF-Tu?"*'¥, made direct mass spectrometric
analysis difficult due to the nominally isobaric nature of the residues. Conveniently,
this substitution introduced a novel trypsin cleavage site, yielding the peptide Val'** -

143

Lys'® unique to EF-Tu®®¥, Extracted ion chromatograms corresponding to this
peptide ( , m/z of 681.41 for [M+2H]*) confirmed its presence only in EF-
Tu®X, The identity of this peptide was confirmed by targeted MS? ( )
showing excellent coverage in both b and y ions. For EF-Tu®*", the substitution of
glycine for aspartic acid imparts an easily detectable mass shift of +58.04 Da. At the
MS! level, the doubly-charged Gly*° containing peptide, Phe®® - Arg®’, had a m/z of
849.92 compared to 878.93 for the Asp*® substituted peptide (A = +29.01). Targeted
MS? of each peptide ( ) confirmed their identities, with excellent coverage
from both b and y ions. Examination of EF-Tu®?® Phe®® - Arg®’ MS? spectrum (

) showed comparable detected y ions (ys - ¥12) having an average m/z shift
of +58.01 + 0.04 when compared to the wild-type ( )- The b, - by, ions
are identical between the two spectra, except for b;; being present in the EF-Tu%%P
peptide. The presence of aspartic acid in an arginine-containing peptide
demonstrates increased cleavage at its C-terminus, which may explain the

G325D 2

abundance of the b3 ion in EF-Tu 2 Combined, these indicated the presence

of Asp®® in EF-Tu®*P, confirming successful mutagenesis. Unfortunately, despite
multiple digestion attempts, peptides containing Ala*** were often not detected.

A384T

Chymotryptic digestion of EF-Tu***" yielded the C-terminal peptide

114



Y10 Y2
A B (el e e el i
VGVEYIIVELNK
5 ﬂ
Yo
A384T
G325D b, Ya| ¥s %e by .
Q131K Y2 Vs 6 7 y. 10 y
wild Type l\r %/ J hr' l L/7 %}8 N By
T T T T 1 T T T T T T T
30 35 40 45 50 200 400 600 800 1000 1200 1400
Time (minutes) m/z
M%FFEF%TAFFF% P 1 ot o ol et el et
FOAEVYVILS KEEDGR FOAEVYVILSKEEGGR
b, T b, b,
Y7
y7
yID
Yo Y10 0 i
b13
Yo 9
bg Y11
/ by, p by byy
Dy by \ \12 D10 / ‘
N y. Y12 | Via
A IR I AV N

T T T T T T T 1 T T T T T T T 1
200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600

m/z m/z
D
Bt ot
TIREG&&TVGAEI\LI\QA_I'SI\!TA
Ys
by |
e
T T T T T T 1
200 300 400 500 600 700 800

Figure 4.6 | Confirmation of mutagenesis. A | XIC of novel tryptic peptide Val'3? - Lys™®

in EF-Tu®®% B | MS? spectrum of Val'*? - Lys'*®. C | MS? spectra of Phe®'® — Arg®*¥in EF-
Tu®%2%P (left) and wild-type EF-Tu (right). D | MS? spectra of Thr®® — Ala*®? in EF-Tu"%%4T,
Fragment ions asterisked carry a m/z attributed to the amino acid substitution.
Observed and expected m/z values of each fragmention can be found in appendix I,

i—iv.

Results II - Results and Discussion 115



Thr® - Ala*?, however digestion of wild-type EF-Tu did not produce the
corresponding Ala** - Ala*®2. Although direct comparison of these peptides was
therefore not possible, MS* of [M+4H]* Thr® - Ala** ( ) identified all
[M+2H]** b ions carrying an average my/z shift of + 15.03 £ 0.19, when compared to in
silico theoretical Ala** - Ala*? b ions (indicated with the orange asterisk). This is in
agreement to the calculated mass difference between threonine and alanine (15.01
Da). Presence of b; restricts this m/z shift to Ala***, which is corroborated by all
detected [M+2H]* y ions matching their corresponding wild-type theoretical m/z
(average m/z A of 0.05 + 0.03). This paired with DNA sequencing indicated successful

substitution of Ala®* with Thr®.

Samples of each EF-Tu were prepared for native-MS as described in

For acquisition of EF-Tu*GDP, protein aliquots were diluted post-buffer exchange
( ) to final concentrations of 10 uM. Spectra were acquired using nESI
emitter tips, as prepared in , on a Synapt G1 HDMS High-Definition
mass spectrometer. Native spectra of each EF-Tu can be seen in . As
shown in , nESI-MS native EF-Tu spectra typically show three charge states:
M + 11H]'™, [M + 12H]***, and [M + 13H]**, with [M + 12H]"* being the principal
charge state. Without the addition of supplementary nucleotide, purified EF-Tu is
almost entirely observed as EF-Tu*GDP ( , filled circles). Very minor peaks
corresponding to apo-EF-Tu can be seen within each charge state ( , empty
circles). Deconvolution of apo-EF-Tu charge states yields molecular weights of 43,561
+5.71, 43,616 + 11.45, 43,681 + 6.97 and 43,564 + 6.62 Da for wild-type, EF-Tu?*'¥, EF-

Tu®*P and EF-Tu*** respectively.
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Native mass spectra of wild-type, EF-Tu?"%'K, EF-Tu®%2°0 gnd EF-TuA%4
(green, orange, blue and pink respectively). Charge states and m/z highlighted.
Closed circles indicate EF-TueGDP and open apo-EF-Tu (Mg bound). B | Quadrupole
isolated and collisionally activated [M + 12H]'®* EF-TusGDPNP*ENX (red circle)
showing predominant ejection of enacyloxin lla as a neutral ion, with minor liberated
sodiated and potassiated enacyloxin lla ions. CID fragmentation pattern of

sodiated enacyloxin lla (red circle), fragment numbers correspond to those in

Accounting for bound Mg?*, the remaining discrepancy between observed and
theoretical masses can be explained by cationic adduction, with adducting peaks
visible upon close inspection of the individual peaks. Calculated mass shifts between
the apo-protein and the dominant EF-Tu*GDP peaks indicated an average deviance of
453 + 8.32 Da, corresponding to addition of GDP (443.2 Da) to the Mg* containing apo-
protein. Incubation of wild-type EF-Tu with GDPNP and enacyloxin Ila prior to nESI-
MS yields exclusively EF-TusGDPNP-ENX. Quadrupole isolation of [M + 12H]'*

followed by collisional activation induces dissociation of enacyloxin IIa ( ,
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42 V). Enacyloxin IIa is ejected predominantly as a neutral ion, indicated by the
emergence of EF-TusGDPNP [M + 12H]". Some cationic ejection is observed,
indicated by EF-Tu*GDPNP [M + 11H]'**emergence alongside detection of sodiated
and potassiated enacyloxin Ila ions, however no protonated enacyloxin IIa ions are
observed (figure 4.7, B, inset). Quadrupole isolation and collisional activation of the
dominant sodiated enacyloxin IIa ion yields a reproducible fragmentation pattern

(figure 4.7, C), with tentative fragment assignments given in table 4.1.

Table 4.1 | Tentative fragment ions produced from CID activation of enacyloxin lla,
corresponding to the spectrum in figure 4.7, C. All fragments, bar 9, are present as

sodiated ions. Fragments all originate from sequential losses from the enacyloxin lla

tail.
688.30 -35.99 HClL
663.27 -61.02 CH3NO,
644.32 -79.97 HCL+ C3Hg
_ 627.30 -96.99 HCL+ CH;3NO,
_ 596.22 -128.07 ?
- 547.21 -177.08 HCL+ C;H,;NO,
519.22 -205.08 CgHy,CINO;
- 445.18 -279.12 Cy1H1gCINO;
- 266.13 -435.11 C1oHy7CLNOg

Quadrupole isolated [M + 12H]*** EF-Tu*GDPNP-ENX ion was collisionally activated
with a range (20 - 60 V) of collision voltages (figure 4.8). Measurable enacyloxin IIa
ejection was observed starting at 30 V (figure 4.8, A) and the minima of approximately
5% remaining EF-Tu*GDPNP-ENX reached at 55 V. Fitting of a symmetrical sinusoidal
non-linear regression again allowed for the extraction of CEs, calculated to be 42.2 +
0.2 V. Representative spectra for the given collision voltages are shown in figure 4.8,
B, demonstrating the preferential ejection of neutral enacyloxin IIa. Interestingly,

charged enacyloxin Ila ejection appeared to occur preferentially at the lower
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collision voltages (< 40 V) before neutral ejection becomes dominant ( ).
As precursor EF-Tu*GDPNP-ENX ions are typically adducted by sodium ions, gentle
collisional activation would remove these salts in a process deemed collisional
cleaning.”’ It is possible that enacyloxin IIa ejected under these conditions could

sequester these salt ions, leading to observation of sodiated enacyloxin IIa.

A B
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Collision Voltage (V) m/z
CID of EF-TueGDPeENX. CID of the quadrupole isolated EF-

TueGDPeENX [M + 12H]'®* ion, with voltages of 20 — 60 V. Data is an average of 3
repeats. Error bars represent one standard deviation. Representative normalised
spectra from A, showing liberation of enacyloxin lla (blue shading), emergence of EF-
TueGDPNP [M + 12H]'* (pink), minor emergence of charge reduced EF-TusGDPNP [M
+11H]"™, and disappearance of EF-TusGDPeENX [M + 12H]"?* (orange) as the collision

voltage increases.
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Figure 4.9 | EF-TueGDPeENX binding affinities. A | Binding curves for EF-TueGDP*ENX,

coloured as indicated. Data points show average values of three replicates and error

bars, one standard deviation. B | Representative normalised spectrafrom A, coloured

the same. EF-TueGDP is represented by the green circle, and enacyloxin lla the red

circle. C | Extracted Kp values from A. Note, due to the robust regression method used

in A, confidence intervals for each Kp are not calculated.

As the resistance mechanism of EF-Tu towards enacyloxin Ila is induced by

reductions in binding, to confirm the resistant nature of EF-Tu®*** EF-Tu®*" and EF-

Tu®*T their binding affinities towards enacyloxin Ila were investigated. This was

achieved through native-MS, as described in section 2.2.1.8. Initial attempts to

characterise the affinity of EF-Tu*GDPNP towards enacyloxin IIa were unsuccessful

as a result of the nanomolar binding affinity of enacyloxin IIa to EF-Tu.

Results II - Results and Discussion
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At concentrations of EF-Tu (5 uM) required to produce spectra of acceptable quality,
incubation with equimolar enacyloxin IIa led to observation solely of the EF-
Tu*GDPNP-ENX complex even in EF-Tu®*'¥, the mutant reported to have the highest
binding affinity.”” In light of this, characterisation of EF-TuGDP-ENX binding
affinities were investigated ( ). Although wild-type EF-Tu*GDP binds
enacyloxin IIa strongly (Kp reportedly below detection in nucleotide dissociation
experiments), EF-Tu?**¥ EF-Tu®*P and EF-Tu***' exhibit a broader range of binding

affinities (up to 60-fold vs wild-type compared to 4-fold for EF-Tu*GDPNP).*"

By calculating the proportion of detected EF-Tu*GDP-ENX with respect to total EF-Tu
and fitting non-linear regression (one-phase association) curves, Kp values could be
obtained ( ). Here Kp was calculated as the enacyloxin ITa concentration
where half-maximal binding is observed. Kp values of 21.58, 393.50, 174.3 and 88.9
MM were observed for wild-type EF-Tu, EF-Tu®®¥, EF-Tu®®»" and EF-Tu®®*T
respectively ( ). These are at odds with values previously reported by
solution phase nucleotide dissociation (< 1, 40 + 20, 20 + 4, and 6 + 1 for wild-type EF-
Tu, EF-Tu®®X, EF-Tu®*" and EF-Tu**" respectively) by approximately a factor of
10.”" However, the qualitative pattern of resistance remains constant, with EF-Tu®*¥,
EF-Tu®*P and EF-Tu***T showing decreasing levels of resistance. With weak binding
ligands that do not reach binding saturation, curve fitting is inaccurate often leading
to an over-estimation of Kp values.”” Representative native-MS spectra for each EF-
Tu can be seen in , for 0, 20, 40 and 60 uM of enacyloxin IIa. In each EF-
Tu, non-specific binding of enacyloxin IIa was seen at the highest enacyloxin Ila
concentration, with binding of up to an additional three enacyloxin IIa observed. In
EF-Tu®®¥ the most resistant mutant, comparable levels of specific and non-specific
binding were observed, demonstrating the much-reduced affinity towards

enacyloxin ITa within the binding site.
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433.  Carbene Footprinting of EF-Tu with Enacyloxin lla

4331 Optimisation of Proteolytic Digestion.
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Figure 4.10 | HPLC-MS? measured, proteolytic EF-Tu sequence coverage. A |
Graphical representation of protease sequence coverage, bars indicate regions
containing detected peptides. B | Sequence coverage and total peptide number

measured for each protease, coloured as in A.

In silico proteolytic digestions of A. baumannii EF-Tu with five proteases (trypsin,
chymotrypsin, AspN, GluC and LysC) were performed using SearchGUI and
PeptideShaker with search settings described in section 2.3.3.1. Theoretical sequence
coverage of 90.6, 100, 85.3, 79.4 and 54.7 % was reported for trypsin, chymotrypsin,
AspN, GluC and LysC respectively, suggesting chymotrypsin produces the greatest
possible sequence coverage. In vitro proteolytic digests (in-gel, section 2.3.1.3) were
performed on EF-Tu with each enzyme, and the obtained sequence coverage
compared (figure 4.10). Samples were analysed using DDA HPLC-MS? (section 2.3.1.5)
and analysed as described section 2.3.3.1. As expected, in vitro digestion sequence
coverage did not equate to the maximum possible coverage obtained by in silico
theoretical digestions. Interestingly, these results showed trypsin yielded the greatest
observed sequence coverage (figure 4.10, A, B), covering 77.9 % of the total sequence,
across 46 individual peptides (these peptides being reported as confident by
PeptideShaker). Chymotrypsin performance was disappointing when compared to

the theoretical potential, producing 76.6 % coverage over 40 peptides. Chymotrypsin
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did provide additional coverage between Gly'” - Arg?”® (helices E and F), but this
region, linking domains I and II, is of little interest with regards to the enacyloxin Ila
binding site. Neither AspN (34.8 % coverage, 20 peptides), GluC (56.2 % coverage, 24
peptides) or LysC (54.2 % coverage, 28 peptides) provided any additional benefit over
trypsin. For this reason, single protease digestion using trypsin was selected for use
in carbene footprinting experiments. Note, when tryptic digestions are performed
in-solution ( ), sequence coverage tends to be slightly higher (e.g.

observed 87.5 % coverage of EF-TuGDP-GE2270A in )-

Prior to performing differential carbene footprinting on EF-Tu (

) method optimisation was performed. Apo-EF-Tu was subject to carbene
footprinting, as described in , whilst altering several parameters. Both
the concentration of TDBA (present as the sodium salt), alongside laser irradiation
time were varied to obtain the greatest labelling, whilst minimising the likelihood of
double TDBA insertion within individual peptides. Footprinted EF-Tu was purified
through SDS-PAGE ( ), digested in-gel ( ) and subject to

HPLC-MS ( )- Fuoa was quantified as described in
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Figure 4.11 | Optimising footprinting conditions. A | Varying TDBA concentration
shows a mild concentration-dependent effect on Fumoq. B | Varying laser irradiation
time shows a more pronounced concentration-dependent effect on Fu.q, €specially
on peptides with lower overall Fyoe. C | Peptides from B irradiated for 20 seconds
demonstrating detectable double labelling. Proportion of double labelled XIC area
with respect to total labelled XIC. Note, base-10 logarithmic y-axis. All data is an

average of 3 repeats, error bars represent one standard deviation.
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A range of TDBA concentrations (1 - 20 mM) were tested ( ) which
demonstrated a mild concentration-dependent effect on Fuw, particularly on
peptides with low overall Fy,q4. Eight individual peptides were found to be heavily
labelled, irrespective of TDBA concentration. On balance, no peptides demonstrated
significantly higher Fyoq between 10 and 20 mM TDBA, so a concentration of 10 mM
was used going forward. This is in line with the concentrations used by Manzi et al.
to successfully label both lysozyme and ubiquitin specific protease 5."” Moving
forward, the effect of total irradiation time (1 - 20 s) on Fu.: Was investigated, using

10 mM TDBA ( ).

Altering irradiation time produced a more noticeable, mostly proportional effect on
Fuoa, again on those peptides reporting an Fuq < 1.0. Interestingly, almost all peptides
(with Fapa < 1.0) showed a reduction in Fues Wwhen subject to 20 seconds of irradiation
compared to 10 seconds. It was hypothesised that this may be due to an increase of
double labelling. Greater double labelling reduces the proportion of singly labelled
peptides, and therefore leads to a reduction in Fues. To investigate this, effected
peptides were analysed to determine the amount of double labelling ( )-
Overall, double labelled peptides accounted for between 0.005 and 16.9 % of their
respective total (single and double) labelling XIC peak area, no triply labelled
peptides were identified. Thr** - Lys* showed the greatest relative drop in Feq, and
the corresponding greatest extend of double labelling (16.9 %). This peptide showed
labelling ( ) across three clearly defined residues, which may explain its
propensity towards double labelling, despite an overall low Fpo. Two further
peptides, Gly*® - Arg®' and Thr*! - Lys*” showed close to 10 % double labelling (10.9
and 8.5 % respectively), but these are heavily labelled peptides showing Fu,q values of
> 0.95 irrespective of irradiation time. To minimise the effects of double labelling, a
middling irradiation time of 15 seconds was chosen going forward. Note, extreme
discrepancies between certain equivalent peptide Fuoq in and B were
found to be caused by prior use of trifluoroacetic acid (TFA) in the HPLC mobile

phase. Leading to a curious suppression of labelled peptides, resulting in overall
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reduced Fuos. Thus, TFA was not used as a mobile phase modifier for any labelling

experiments. Instead, 0.1 % formic acid was added ( , ).
EF-Tu samples were produced and footprinted as described in prior to
SDS-PAGE purification ( ), in-gel digestion ( ) and subject
to HPLC-MS analysis ( )- Froa was quantified as described in

. Initial footprinting experiments were performed with a final EF-Tu
concentration of 5 pM, limited by available enacyloxin Ila (and therefore methanol)
concentration. All enacyloxin ITa samples were kind gifts from Professor Greg Challis
(University of Warwick). Tryptic digestion yielded 28 peptides, representing 56.5% of
the total EF-Tu sequence ( ). Differential footprinting of apo-EF-Tu
and EF-Tu*GDP ( ) showed no significant differences in Fuos between any
peptides. Interestingly, there was no significant masking imparted by GDPNP, despite
relatively good coverage of the binding site ( )- A non-significant
reduction in Fueq (-0.073) was seen in Asn'®- Lys®, a large peptide encompassing the
G1 P-loop motif, associated with nucleotide binding. Thr** - Lys* showed a minor
increase in Fuoq (+0.029), but this peptide (helix A) is proximal to the highly flexible
switch I region (specifically helix A”). No structures of apo-EF-Tu have been solved,
and as discussed earlier, crystal structures can show an artificial structure associated
with crystal packing, making interpretation of these highly flexible regions difficult.
Molecular dynamics simulations of human K-RAS, which shares high structural
similarity to domain I of EF-Tu demonstrate the flexibility of switch I, and the
dampening effect of GTP on this flexibility, which may lead to these (insignificant)

unmasking effects proximal to switch I.””
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Figure 4.12 | Tryptic peptide coverage of A. baumannii EF-Tu post-carbene

footprinting. Peptides coloured grey showed no significant reductions in Fyeqin EF-

TueGDPNPeENX compared to EF-TueGDPNP, and those coloured pink did show

significant reductions. Residues coloured orange are those involved in non-bonding

contacts and hydrogen bonding with enacyloxin lla.
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Figure 4.13 | Fmoq histograms for apo-EF-Tu, EF-TueGDPNP and EF-TueGDPNPeENX.
A | apo-EF-Tu (blue) vs. EF-TueGDPNP (pink) B | EF-TueGDPNP (pink) vs EF-
TueGDPNPeENX (orange). Data is an average of four replicates, error bars represent
one standard deviation. Stars indicate significant reductions in Fmg, in EF-
TueGDPNPeENX compared to EF-TueGDPNP. *=p <0.05, **=p<0.01, ***=p<0.001.

Dotted line indicates an Fuyoq of 0.05.
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This suggests that GDPNP binding to EF-Tu may influence switch I dynamics, which
could in turn lead to greater TDBA accessibility to helix A underneath. However, if
this is the case, the effect must be minimal to only induce such a small, insignificant
increase in Fynq. The dynamics of EF-Tu in solution were recently elucidated in detail
by Johansen et al. who, using fluorescence resonance energy transfer (FRET) and x-
ray crystallography, demonstrated the striking conformational flexibility of EF-Tu. E.
coli EF-Tu*GDPNP to adopt, and crystalise in, the classical GDP open conformation.”
FRET showed EF-Tu*GDPNP to adopt an average conformation in solution between
the open and closed crystal structures, compared to that of EF-Tu*GDP which adopted

a conformation in agreement with the open crystal structures.

" Helix A

Helix A

Figure 4.14 | EF-TusGDPNPeENX Funos data mapped to an A. baumannii EF-Tu
homology model. A | Fvos data mapped to open EF-Tu. Peptides with significantly
reduced Fmoq (pink) are found in all three EF-Tu domains. Peptides in grey showed no
significant differences when compared to EF-TueGDP. Peptides in white were not
detected by HPLC-MS. B | Fmo.s data mapped to closed EF-Tu, enacyloxin lla
represented as sticks (orange). Masking can be seen in peptides covering the

enacyloxin lla binding site. GDP (top) and GDPNP (bottom) represented as sticks.
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In contrast, comparison of EF-Tu*GDPNP to EF-Tu*GDPNP-ENX revealed striking
differences in Fuyos. Overall, 12 EF-TuGDPNP-ENX peptides showed significant
reductions in Fu.s compared to EF-Tu*GDPNP ( ). These
peptides not only covered the enacyloxin Ila binding site but were also distributed
across the accessible surface of EF-Tu, suggesting global structural perturbations
associated with enacyloxin Ila binding. Pleasingly, peptides containing 62.5% of
residues either bonding to or contacting EF-Tu were detected, and all showed

significant reductions in Faoq ( ).

The first three peptides significantly masked, Asn® - Lys*, Thr* - Lys* and Thr* -
Lys®® (Fumoa reductions of -0.680, -0.186 and -0.533 respectively, all p < 0.001)
sequentially cover strand a, helices A and A” and strand b’ As discussed previously,
these encompass the flexible switch I region which lays in front of helix A. Although
switch I is flexible, in the open conformation the motif is structured, consisting of the
small helix A” and antiparallel sheet b” and b. In the closed conformation, this region
is often found to be wholly disordered and often absent in crystal structures due to
its high variability.” It is likely that in the more closed EF-Tu*GDPNP-ENX structure,
the resulting flexibility in this region induced a masking effect on Asn'® - Lys® and
Thr* - Lys*. Notably, although Thr* - Lys® showed a significant reduction in Fuq,
two peptides, Asp®® - Lys® and Asp*® - Arg®, showed no significant reduction in Fya.
MS? analysis of labelled Thr* - Lys® placed TDBA insertion within Lys® - Asp* (

). It is worth noting that Asp®® - Lys® showed a relatively high reduction in Faoq
(-0.233), albeit insignificant (p = 0.08). Structural flexibility is likely to be the cause of
this lack of significant masking. The additional Ala* and Arg® in Asp®* - Arg®, which
are found C-terminal to strand b’ (open) and in the highly exposed C-terminus of
refolded helix A” (closed) are likely to be heavily labelled irrespective of EF-Tu
conformation, leading to no significant difference in Faoq ( )- Solvent
accessible surface area (SASA) analysis showed closed Asp® - Lys®to have a larger
average SASA than Thr* - Lys® which may explain its higher labelling (1185.97 and
499.31 A? respectively, SASA probe here being TDBA, not water, ) The peptide

Gly*® - Arg® did show a minor, but significant reduction in Fyos (-0.086, p < 0.001). In
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open EF-Tu this forms the accessible strand b, and more buried strand c. MS? analysis
placed TDBA labelling on Ile® - Thr”, which exclusively forms strand b and the
connecting loop to strand c (figure 4.16, B). In closed EF-Tu, strand b is disordered and
falls behind the newly structured helix A” greatly reducing its accessibility towards
TDBA (figure 4.15, B). The missed cleavage peptide Ala** - Arg® contains the N-
terminal aforementioned Ala* and Arg® and again, did not show a significant

reduction in Fpa.

Figure 4.15 | Zoom of some key regions. A | Peptide Asp®? - Arg® (pink) with prominent

Ala® and Arg®® (orange). B | Refolding of strand b’to helix A” (orange) which results in
it laying in front of the now disordered strand b (pink). In A and B only domain | is
shown, and the N-terminus removed. Closed EF-Tu is shown in grey and open EF-Tu
in white. C | Peptide Thr?2 — Arg?'(pink) containing Phe?® which bonds to Glu”" in
domain I. Domain lll omitted for clarity. GDPNP shown as a stick representation in all

structures, and Mg?* cofactor as a green sphere.
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312

Lys®'?. Data is an average at least 3 replicates, error bars represent standard

deviation. Stars indicate significant reductions in EF-TusGDPNPeENX Fpoq (if

detected) compared to EF-TueGDPNP. * = p <0.05, ** = p < 0.01, *** =p <0.001.

The peptide Glu'* - Arg"* showed a significant reduction in Fyes (-0.345, p = 0.003) in
EF-TuGDPNP-ENX, containing two contacting residues ( ). In E. coli EF-Tu,
the backbone carbonyl in Arg'®® forms a hydrogen bond with enacyloxin IIa, the
equivalent residue in A. baumannii is Arg'® ( ). Glu™* - Arg"° also
encompasses Leu'”’, homologous to the contacting residue Leu'® in E. coli. MS?
analysis showed TDBA insertion on His'** and Leu'”’ ( )- The following
peptide, GIn'*! - Lys'*was both very weakly labelled (EF-Tu*GDPNP F,, of 0.043), and
of very low intensity, and consequently was below the threshold for statistical
comparison. The significantly masked Glu'? - Arg'® (A Fuoa of -0.129, p < 0.001)
contains the residues Thr'®® and Tyr'’, homologous to the E. coli contacting and

hydrogen bonding residues GIn™® and Tyr'® respectively. MS* analysis showed
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labelling predominantly on the adjacent Asp'®® and Phe'®, which were significantly

masked when bound to enacyloxin Ila (figure 4.16, D).

The next significantly masked peptide, Thr*? - Arg”* (A Fuoeq of -0.429, p < 0.001), is
located in domain II and is brought into close contact with domain I in the closed
conformation, such that the Phe*' amide nitrogen forms a hydrogen bond with Glu®
in T. thermophilus EF-Tu (homologous to Phe*® and Glu” in A. baumannii.”’ MS?
analysis placed TDBA insertion between Glu*® - Met*®, a region that in closed EF-Tu
becomes not only buried next to domain I, but may also be inadvertently masked by
the free, disordered N-terminus (figure 4.15, C, figure 4.16, E, figure 4.17, table 4.2).
The missed cleavage Thr*? - Lys*”* showed highly variable Fyoq in EF-TuGDPNP, and
despite a relatively high reduction in Fues (-0.445) was not found to be significantly
masked in EF-Tu*GDPNP-ENX. In EF-Tu*GDPNP-ENX Thr*** - Lys** did demonstrate
a higher Fy,4 compared to Thr** - Arg?* (0.090 and 0.014 respectively), likely due to
the additional basic C-terminal lysine. Within this these experiments the missed
cleavage peptide and the sequential Lys*”* - Arg®”® were of too low intensity to perform

MS?, however successful fragmentation of the sequential Lys?”? - Arg”® in chapter 3

272

(figure 3.9, B) demonstrated the majority of labelling to be on the N-terminal Lys*?,

Leu?”, and Leu®.

Table 4.2 | Calculated average SASA from crystal structures of open and closed EF-Tu

(PDB 1EFC and 1EFT respectively) and its respective change from open to closed.

Tryptic Open Closed 2 % Change Tryptic Open Closed 9 % Change
15-31 437.00 31567  -121.33 -27.76 147.76  27.74 -120.03 -81.23
32-44 23550 21461  -20.89 -8.87 TIETN 91329 93.68 -819.61 -89.74
45-63 1379.74 120053  -179.21 12.99 PR 54032 20811 -341.21 62.11
56-63 63219  499.31  -132.88 21.02 AP 20339 20311 -200.28 -49.65
52-65 1121.76  1185.97  +64.21 +5.72 OO 33158 23974 -91.84 27.70
64-81 49989  680.48  +180.58 +36.12 TEEIPN 67404 71851  +43.57 +6.45
66-81 380.04 31023  -69.81 -18.37 LRI 72445 77672 +52.27 +7.22
PIEE 10650  98.03 -8.47 -7.95 TP 47001 58860  +118.59 +25.23
TIEVERN 14763 14997  +2.33 +1.58 SEETPIN 18038 35592 +166.54 +87.94
TIEFN ss184 84277  -9.06 -1.06 VEETEI 28785 25573 -32.13 11.16
PRV 31708 18507 -132.02 -41.63 SERE 47585 26877 -207.07 -43.52
DIV 14993 179.68  +29.75 +19.84 TR 50073 52771 +17.98 +3.53
VORI 37887 39251  +13.64 +3.60 IR 11824 25893 +140.69 +118.98
247-261 72029  865.76  +145.47 +20.20 TIWIPN 36367  507.87  +144.20 +39.65
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Change in SASA (pink) and change in Fuos (Orange) for each tryptic
peptide. The heavily reduced peptides between Thr*' and Arg?’® corresponds to the
region in domain |l which rotates and become buried next to domain . Peptides with

reduced SASA in closed EF-Tu typically exhibit a greater reduction in Fyeq.

Ala?” - Arg®® was significantly masked in EF-TusGDPNP*ENX (A Fyq of 0.140, p <
0.001). The N-terminal region of this peptide forms part of the interface between
domains I and II in the closed conformation, and as a result showed a corresponding
drop in solvent-accessible surface area (SASA, A SASA of -91.84 A?) when compared
to open EF-Tu ( ). The missed cleavage Ala*” - Lys** showed no
significant masking in EF-Tu*GDPNP-ENX, the additional C-terminal residues occupy
an exposed position in domain II irrespective of EF-Tu conformation and are likely

to remain heavily labelled.

Interestingly, Gly* - Arg?’ showed significant reductions in Fueq (-0.153, p < 0.001) in
EF-TusGDPNP-ENX. Whilst this peptide does undergo a significant translocation to
the closed conformation, overall, the SASA increases by 52.27 A2 (albeit only a 7.22 %
increase over open EF-Tu, ). Unfortunately, this peptide, despite
showing heavy labelling, was of too low intensity for successful MS* fragmentation.

298

Similarly, Gly**® - Lys®?also showed significant reductions in Fuos (-0.341, p < 0.001)

whilst becoming more exposed in EF-TusGDPNP-ENX (A SASA of +118.59 A%, or +25.23
%). Although of low intensity, tentative MS* analysis placed TDBA labelling to Lys®®,
which did individually show a reduction in SASA within the overall peptide indicating
a partial burial of the peptide in the closed conformation (Lys*® A SASA of -15.20 A?,

or -44.06 %, )
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Phe® - Lys**?showed a minor, but significant reduction in Faeq (-0.072, p < 0.001) in
EF-Tu*GDPNP-ENX. The C-terminal Lys*?is homologous to E. coli Lys*?, which forms
a salt bridge to the enacyloxin IIa DHHCA carboxylic acid group, and Leu®” is

homologous to E. coli Leu®"*

, which forms a non-bonding contact with enacyloxin Ila.
Unfortunately, this peptide was too weak to perform MS? analysis, however due to the
presence of bonding and contacting residues, it is highly likely that masking is due to

binding of enacyloxin IIa, as this peptide forms a major part of the domain III binding

385 390

site. Finally, the small peptide Phe®® - Arg*°showed a large significant reduction in
Fuoa (-0.588, p < 0.001) and contains two N-terminal residues (Phe®** and Ala*¢),

homologous to those in E. coli contacting enacyloxin IIa (Phe** and Ala**). MS?

387 388

analysis placed labelling predominantly on Ile*®” and Arg®®, proximal to those
contacting residues and well within the enacyloxin Ila binding site. Overall, these
data show that carbene footprinting has captured both the localised binding site of
enacyloxin Ila on EF-Tu and, importantly, the large conformational change to the
closed conformation associated with enacyloxin IIa binding. This is the first time
carbene footprinting has been used to investigate a conformational change of this

magnitude.
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4.334.  Analysis of an Isomerically Labelled Peptide
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Figure 4.18 | MS?analyses of the isomerically labelled peptide Thr32 - Lys**. Main figure

legend overleaf.
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Cont. XICs of labelled (pink) and unlabelled (blue) Thr® — Lys*,
normalised to the unlabelled. Normalised labelled XIC showing six distinct
chromatographic peaks, demonstrating three individual labelling patterns (shaded
regions). Fmoa-abs histograms compiled from summed MS? scans extracted from
each peak (coloured as in B). Data are an average of four repeats, error bars show one
standard deviation. ProteinMetrics derived representative MS? scans from each
labelled chromatographic peak, showing TDBA insertion localised to three specific
residues (orange). For clarity, only b and y ions corresponding to those carrying the
additional m/z from TDBA insertion (orange) and immediately adjacent ions are
shown. All detected ions are indicated in the label above each spectrum, orange
asterisks indicate ions carrying the additional m/zfrom TDBA insertion. Observed and
expected m/z values of each fragment ion can be found in for

isomers | -Vl respectively.

The TDBA labelled tryptic peptide, Thr**> - Lys* (helix A) exhibits a complex
chromatographic profile ( ). Six distinct chromatographic peaks were
observed eluting over a combined two minutes which, as expected, was
approximately three minutes later than the unlabelled peptide. Absolute Fuoqs MS?
analysis was performed by manual combining of MS? scans under each
chromatographic peak ( ), alongside a separate DDA search using
ProteinMetrics ( ). Interestingly, the six individual
chromatographic peaks demonstrated only three pairs of distinct absolute Fuoa
distributions. The first pair, chromatographically separated by approximately 15

seconds showed preferential

TDBA insertion on Ile* (Fyq.45:0f 0.197, peaks I and II ). Followed by
Thr* (Faodass 0of 0.122), and minor insertion on Ala* and Ile* - Lys*. Here, TDBA
insertion into two different positions on the isoleucine sidechain is likely responsible
for this chromatographic difference. This localisation was corroborated by repeated
analysis in ProteinMetrics ( ), where TDBA insertion was found to
localise to Ile*in MS? scans within those chromatographic peaks. A similar effect was

seen for peaks IV and V (chromatographic separation of approximately 15 seconds,
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). Here, absolute Fu,; narrowed TDBA insertion, with limited
resolution, to Ile* - Lys* (Faoq.aps 0f 0.343), alongside minor insertion within Ile*® and
Thr*. Helpfully, analysis in ProteinMetrics localised the TDBA insertion specifically
to Ile* ( ), again likely showing TDBA insertion into different positions of

the isoleucine sidechain.

More interestingly, peaks III and VI ( ) showed extensive
chromatographic separation (approximately 80 seconds). Absolute Fy,s showed TDBA
insertion throughout the peptide, but preferentially into Thr® - Thr* (Fad.ass0f 0.299).
These residues were not found to be labelled in any of the other chromatographic
peaks. ProteinMetrics showed TDBA insertion to be localised to Leu* ( )
in both chromatographic peaks. Interestingly, the site of insertion in peak VI must
impart a significant reduction in polarity compared to III. It is possible that TBDA is
inserting into the leucine sidechain in peak III, and into the backbone in peak IV,
possibly either into the amine or carbonyl. Unfortunately, sub-residue (MS?®) analysis
would be difficult to perform in this example. The labelled peptide is of significantly
lower intensity than the unlabelled ( ), and even more so in EF-
Tu*GDPNP-ENX. The combined use of alternative fragmentation methods to generate
a-x and c - zions could elucidate backbone TDBA localisation. The sub-residue level
carbene footprinting performed by Lu et al, focused on ortho meta and para TDBA
insertion into the phenylalanine phenyl group and not on backbone/sidechain

variations, so no comparisons can be drawn there."”

Carbene footprinting of EF-Tu'GDPNP-ENX was repeated with greater
concentrations of EF-Tu (10 pM) and enacyloxin Ila (40 uM) with the aim to a)
increase EF-Tu tryptic coverage and b) ensure full occupancy of EF-Tu with

enacyloxin Ila. Samples were irradiated as before ( ) but were then
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subject to in-solution tryptic digestion (section 2.3.1.4). Data were analysed as
previously described (section 2.3.3.2). Rather disappointingly, the increased EF-Tu
concentration paired with in-solution digestion yielded a modest increase in protein
coverage (71.1 % vs 56.5 %) across 29 peptides. This is lower than that seen in Chapter
3 under similar conditions (enacyloxin Ila vs GE2270A). Perhaps minor
contaminating compounds in the enacyloxin IIa samples, or enacyloxin IIa itself,
induces a less efficient tryptic digestion. Nevertheless, the global masking effect
induced by enacyloxin Ila binding to EF-Tu*GDPNP was found to be more
pronounced (figure 4.19) under these conditions. Of the 29 peptides detected, 22

showed a significant reduction in Fueq as identified by T-test analysis.
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Figure 4.19 | EF-TueGDPNP (pink) vs EF-TueGDPNPeENX (orange) with 40 uM
enacyloxin lla. Data is an average of five replicates, error bars represent one standard
deviation. Stars indicate significant reductions in Fuey, in EF-TueGDPNPeENX
compared to EF-TueGDPNP. * = p < 0.05, ** = p <0.01, *** = p < 0.001. Dotted line

indicates an Fumoq 0f 0.05.

At first glance, this would appear to be a huge increase in significant masking
compared to data shown in figure 4.13, A. However, a large amount of significantly
masked peptides in figure 4.19 are missed cleavages of peptides shown in figure 4.13,
A, or novel peptides covering structural regions shown to be masked prior. On
balance, peptides shown to be masked at 1.1 molar equivalent enacyloxin IIa

exhibited greater reductions in Fi.s under higher enacyloxin ITa conditions, showing
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that perhaps there was non-saturated binding of EF-Tu by enacyloxin IIa under the
previous conditions. There were peptides found to have significantly reduced Fuoa
under these conditions that did not exhibit the same response in

Peptides Asp** - Lys® and the missed cleavage Asp® - Arg® both showed significant
reductions in Fue with 40 pM enacyloxin Ila compared to the EF-Tu*GDPNP control
(-0.766 and -0.802 respectively, both p < 0.001). Incubated with 1.1-fold enacyloxin IIa
( ), Asp** - Lys®* showed a modest, but insignificant reduction in Fyq (-
0.234) and Asp** - Lys® showed no real difference between EF-Tu*GDPNP and EF-
Tu*GDPNP-ENX (Faoq of 0.935 and 0.949 respectively). These peptides, along with the
prior Thr* - Lys® cover the switch I region of EF-Tu, which as discussed previously,

undergoes a large conformational change between open and closed EF-Tu.

His* - Lys®, a peptide not seen in , showed significant Fyoqs reduction
in EF-TuGDPNP-ENX (-0.511, p < 0.001). This peptide encompasses strand d and the
N-terminus of helix B (switch II), MS? analysis placed TDBA insertion to Pro* and
His*! localised in the connecting strand, proximal to the N-terminus of helix B. Pro*
falls under the disordered looping region of switch I in closed EF-Tu, resulting in
complete burial (SASA reduced from 24.24 to 0.00 A% in open and closed EF-Tu
respectively). Interestingly, the detected peptides covering Gly** to Arg®’, a large

proportion of domain II, all showed significant reductions in Fa.

The two peptides, Gly** - Lys**¢ and Val**® - Lys**, showed minor and insignificant
masking in but showed large, significant reductions in Fy,s under these
conditions (-0.383 and -0.930 respectively, both p < 0.001). Gly** - Lys*** does become
highly buried in closed EF-Tu (SASA reduced from 317.08 to 185.07 A2 compared to
open EF-Tu, ), forming the interface between domains I and II. This masking
is indicative of a more closed conformation being achieved under this much greater
excess of enacyloxin Ila. Peptides Val**’ — Lys®!, Val*’ - Lys*!, and Thr*? - Lys*?,
which all showed qualitative non-significant reductions in Fyq in , were
found to all be significantly masked in (Fmoa reductions of -0.384, -0.216
and -0.560 respectively, all p < 0.001). Again, these form the interface between

domains I and II, indicating a more closed conformation. Peptides spanning Lys*’* -
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Arg®” showed a similar effect, with all showing large, significant reductions in Fiq.
Two, Ala”” - Arg® and Gly*® - Arg” were significantly masked under both

conditions.

Overall, these data suggest that EF-Tu has likely adopted a more closed average
conformation with this greater excess of enacyloxin IIa. It is possible that under 1.1-
fold excess enacyloxin Ila, as seen in , EF-Tu was not fully bound by
enacyloxin Ila, and therefore the population on average was not in a closed
conformation. Enacyloxin Ila is an extremely fragile compound, and even under
storage at -20 °C in the dark, had likely degraded to some degree. Because of this, it is
difficult to know an accurate concentration of active enacyloxin Ila. The carbene
footprinting in this section was performed with fresh enacyloxin IIa, at a much
higher molar excess than EF-Tu, likely leading to full saturation and a more

detectable conformational change.

shows the successful characterisation of enacyloxin Ila resistant EF-
Tu mutants, each demonstrating a differing level of resistance. As discussed
previously, each of the three mutants induces enacyloxin IIa resistance by preventing
binding of the antibiotic to EF-Tu. If the dramatic reductions in Fy,sshown in
are a direct result of enacyloxin Ila binding, we hypothesised that these
resistant mutants would show fewer extreme changes in Fuyo.a. To investigate this
initially EF-TusGDPNP-ENX and the three resistant mutants (EF-Tu®*¥GDPNP-ENX,
EF-Tu®*»P«GDPNP-ENX and EF-Tu**T.GDPNP-ENX) were subject to carbene
footprinting performed as described in prior to SDS-PAGE purification
( ), in-gel digestion ( ) and HPLC-MS analysis (

)- Fuoa Was quantified as described in
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As stated in section 4.3.2.1, the sub-micromolar binding affinity of enacyloxin IIa to
the wild-type and mutant EF-Tu*GDPNP complexes led to their discrimination with

carbene footprinting impossible.
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Figure 4.20 | Carbene footprinting of enacyloxin lla resistant EF-Tu Main figure legend

overleaf.
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Cont. A | Carbene footprinting of wild-type (EF-Tu'") and enacyloxin lla
resistant mutants; EF-Tu?'3', EF-Tu®%?°° and EF-Tu**®*" in complex with GDPNP and
enacyloxin lla. Carbene footprinting of wild-type (EF-Tu™") and enacyloxin lla
resistant mutants; EF-Tu?'®'%, EF-Tu®?* and EF-Tu**®*" in complex with GDP and
enacyloxin lla. C | Correlation of Kp values to median Fueq (top) for EF-Tu™T, EF-Tu?'3',
EF-Tu®?0 and EF-Tu*®4T, R? = 0.93, coloured as below. Violin plots (bottom) of
footprinting data in B showing protein-level labelling data for each species. Median
values represented by the solid horizontal lines. Coloured as above. Fold change
in Fmos for peptides from B that have a significant increase in Fuog in EF-TuQ'3K
compared to EF-Tu"". Data is an average of four replicates, error bars represent one
standard deviation. Stars indicate significant changes in Fu.q, compared to EF-Tu"T,
coloured by mutant species. *=p <0.05, ** =p <0.01, *** = p <0.001. Dotted line in

and B indicates an Fy.q 0f 0.05.

shows that no significant differences in Fy,q were seen between wild-
type EF-Tu*GDPNP or the three mutants, when footprinted in the presence of a 1.1-
fold excess of enacyloxin ITa. As in , we instead turned to investigation
of GDP-bound EF-Tu which, as shown in , demonstrated a large range of

binding affinities towards enacyloxin IIa.

Wild-type EF-TusGDP-ENX, alongside EF-Tu?***«GDP-ENX, EF-Tu®#*P-GDP+ENX and
EF-Tu**®*T.GDP-ENX (all 5 uM), were footprinted in the presence of 40 uM enacyloxin
ITa. From native mass spectrometry measurements ( ) at this enacyloxin
ITa concentration, wild-type EF-Tu*GDP, EF-Tu®*'*«GDP, EF-Tu®*"GDP and EF-
Tu?*TGDP should show discriminatory levels of enacyloxin IIa binding, in a Kp-
dependent manner. Pleasingly, a Kp-dependent increase in Fuos Was seen under these
conditions ( ). As enacyloxin Ila binding induces a shift to a more closed
EF-Tu structure, with an associated reduced overall Fy.q, inhibition of enacyloxin Ila
binding should lead to a less closed conformation and therefore a greater overall Fyoa
when compared to the wild-type. Overall, all EF-TuGDP-ENX samples showed an
average increase in Fyos over EF-TusGDPNP-ENX ( , averages of 0.435,
0.488, 0.560, 0.516 and 0.493 for wild-type EF-Tu*GDPNP-ENX, wild-type EF-

TuGDP-ENX, EF-Tu?®**GDP-ENX, EF-Tu®®*"-GDP-ENX and EF-Tu**"GDP-ENX

143



respectively). This result is as expected, if EF-Tu adopts, on average, a less closed
structure when bound to GDP vs GDPNP. When comparing individual peptides in
mutant EF-Tu*GDP-ENX to wild-type EF-Tu*GDP-ENX, 8 show a significant increase
in Fyeq in EF-Tu®*%GDP-ENX (p < 0.04), 6 in EF-Tu®*?-GDP-ENX (p < 0.03) and 2 in

EF-Tu****T.GDP-ENX (p < 0.005).

Peptides (pink) in EF-Tu?'*'™eGDPeENX demonstrating a significantly

greater Fyoqs than in wild-type EF-TueGDPeENX mapped to open and closed EF-Tu
homology models. GDP and GDPNP (both coloured by element) and enacyloxin lla

(orange) are represented as sticks.

This again follows the measured trend in Kpfor these species, showing an increase in
the number of peptides showing significantly greater Fu.q as the Kp, and therefore
resistance, increases ( ). shows the fold-F.: change between
mutant EF-Tu*GDP-ENX and wild-type EF-Tu*GDP-ENX for those 8 peptides with
significantly higher Fuo in EF-Tu®¥¥GDP-ENX compared to wild-type EF-
Tu*GDP-ENX. This is plotted as the Log,(fold-Fu.s change) as to equate the visual
differences of equivalent positive and negative fold changes.”’ Upon examination,
the N-terminal peptide Gly' - Lys’ had a significantly Fy,q in EF-Tu?*'*«GDP-ENX and
EF-Tu®*P-GDP-ENX (0.845 and 0.854, p = 0.02 and 0.003 respectively) compared to
wild-type EF-TusGDP-ENX (0.772). The free N-terminus is positioned where domain
II contacts domain I in the closed EF-Tu conformation. Although it is structurally
disordered, it is possible that N-terminal interactions with domain II in closed EF-Tu

limit TDBA accessibility, and this protection is lost in the open conformation.
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Fmos, compared to EF-TU"". * = p < 0.05, ** = p< 0.01, *** = p <0.001.

Asn® - Lys* showed a very minor, yet significantly (p < 0.04) greater Fyq in all
mutants compared to the wild-type (Faoa 0f 0.985, 1.000, 0.997 and 0.996 for wild-type,
EF-Tu®**¥ EF-Tu®*P and EF-Tu**" respectively). As discussed in , this
peptide covers strand a, and the nucleotide-binding P-loop. Importantly, major TDBA
accessibility of this peptide is dictated by the central pore in open EF-Tu,
demonstrated by the significant reductions in Fue Seen in enacyloxin IIa-induced
closed EF-Tu ( ). Here, significant increases in Fy,q were seen as the EF-Tu

conformations are expected to become more open.

The same is true for Thr** - Lys*, as this peptide is expected to be masked in closed
EF-Tu, due to the conformational changes induced in the proximal switch I region
compared to open EF-Tu. Again, a significant (all p < 0.001) increase in F, Was seen
for all mutant EF-Tu over the wild-type (0.381, 0.540, 0.692 and 0.650 for wild-type,
EF-Tu®**¥ EF-Tu®*P and EF-Tu*** respectively), indicating a resistance-dependent
open conformation. MS? analysis of wild-type EF-Tu and EF-Tu®3'¥ ( )
indicated significantly differential increases in labelling localise predominantly to
Ile%, Ile* and Leu® and to a lesser extent, Ala®, indicative of the whole of helix A

becoming more accessible in EF-Tu?**** (therefore a more open structure).
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Gly*® - Arg®, another switch I associated peptide masked in closed EF-Tu, showed
significant increases in Fue in EF-Tu®®¥ over wild-type EF-Tu (0.187 and 0.132
respectively, p = 0.01), and a qualitative but non-significant Kp-dependent change in
Froa. The significant increase in Fuog Wwas found to be localised entirely to Asp” by MS?
analysis, a residue occluded by domain II in closed EF-Tu and accessible in open EF-

123

Tu ( ). The large peptide Asn® - Arg'®, proximal to the enacyloxin Ila
binding cleft, is significantly (p < 0.008) more labelled in EF-Tu®*¥ and EF-Tu®*" over
the wild-type (Fumoa 0of 0.903, 0.900 and 0.743 respectively), again showed a Kp-
dependentincrease in Fuoq. Glu'®® - Arg'’® contains the enacyloxin ITa binding residue,
Tyr'®’, and showed a significantly (p = 0.002 in both) higher Fyoq in both EF-Tu®*¥ and
EF-Tu®*P over wild-type EF-Tu (0.223, 0.196 and 0.117 respectively), a perfect Kp-
dependent increase in Fy,qs. The final two peptides, Ala®” - Arg®® and Thr**® - Lys®?,
found in domains IT and III respectively, were both significantly more labelled in EF-
Tu** compared to wild-type EF-Tu (0.743 vs 0.274 and 0.085 vs 0.057, p = 0.01 and
0.02 respectively). Both peptides become part of the interface of the three domains
in closed EF-Tu, and because of that, less accessible to TDBA ( ). Greater

labelling would infer EF-Tu adopting a more open conformation.

A384T

Interestingly, Ala*® - Arg*®had a reduced Fyq in EF-Tu***' compared to wild-type EF-

Tu, although this was not a significant difference. MS* analysis of the same peptide in

282

EF-Tu®3¥ ( ) narrowed down this significant increase in Fy,q to Asn?? and

282 This residue is buried

Ile** - 11e*®, with the predominant difference being at Asn
entirely next to domain I in closed EF-Tu (SASA of 0.00 compared to 84.74 A2in open
EF-Tu), again, indicative of EF-Tu%**adopting a more open conformation. Together,
the protein, peptide and residue level Fq values provide strong evidence that there

is a Kp-, or resistance-dependent effect on Fuos, and that binding of enacyloxin IIa is

responsible for the global conformational change seen in EF-Tu.
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EF-Tu proved to be an interesting protein to study using carbene footprinting. The
high conformational flexibility of EF-Tu made it an excellent subject to assess the
capabilities of carbene footprinting to elucidate such large conformational changes.
Through native mass spectrometry, enacyloxin ITa was shown to bind to A. baumannii
EF-Tu. Although not unexpected, A. baumannii currently has no published structures
of EF-Tu in complex with enacyloxin Ila or other kirromycin-like elfamycins.
Enacyloxin Ila resistant mutants were produced, with single residue substitutions
based upon those conferring resistance to kirromycin in E. coli EF-Tu. These
mutations were found to induce enacyloxin Ila resistance at differing rates, as
quantified by native mass spectrometry Kp measurements (in descending level of
binding affinities; EF-Tu®*¥ EF-Tu®*" and EF-Tu***). Both apo-EF-Tu and EF-
TuGDPNP were found to be conformationally similar by carbene footprinting
experiments. This is in agreement with published literature, demonstrating the
fluidity of EF-Tu to move from open and closed conformations. GDPNP (GTP) was
classically thought to induce EF-Tu’s adoption of the closed conformation, however
recent solution-phase, and crystal, structural analyses have demonstrated EF-Tu can

adopt an open conformation bound to GDPNP.

Through addition of enacyloxin Ila to EF-Tu, a markedly different carbene
footprinting profile as adopted. EF-TusGDPNP-ENX has been shown to adopt a more
closed conformation than EF-TusGDPNP, markedly one with a much-reduced SASA.
Carbene footprinting measured global reductions in Fu.: across EF-Tu when in
complex with enacyloxin Ila. These reductions were seen directly in the enacyloxin
ITa binding site, corroborating the native mass spectrometric data showing
enacyloxin Ila binding to A. baumannii EF-Tu. More interestingly, Fu. reductions
were seen globally, residues and peptides known to become less accessible in closed
EF-Tu were shown to less labelled than in the more open EF-Tu*GDPNP. These suggest
carbene footprinting is capturing not only the direct binding of enacyloxin IIa to EF-

Tu, but also the transition to the more compact structure.
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When the three enacyloxin Ila resistant EF-Tu species were subject to carbene
footprinting, they showed an overall Kp-dependent increase in Fio.: when compared
to wild-type EF-Tu. As resistance is conferred by inhibition of enacyloxin IIa binding,
it is plausible to assume the adoption of the closed conformation is also inhibited. If
EF-Tu is more open an increase in Fy.q is expected, and that is what was seen with
each of the mutants. This further strengthens the conclusion that carbene
footprinting is capturing this conformational change and would be a valuable tool to

investigate other highly dynamic protein systems.
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Hydroxylation of proline is one of the most common post-translational modifications
found in the human proteome. In fact, (25,4R)-4-hydroxyproline is found in higher
abundance than seven standard amino acids (cysteine, glutamine, histidine,
methionine, phenylalanine, tryptophan and tyrosine).”**” Enzymatic hydroxylation
occurs on one of two carbons, forming (2S,3S)-3- or (2S,4R)-4-hydroxyproline, for the
purpose of this work I will focus on the latter (henceforth referred to as Hyp). In
mammals Hyp (alongside 3-hydroxyproline) is found in high concentrations in
collagen, representing approximately 14% of the total residues.”” Collagen
aggregates are a quaternary complex formed of three individual tropocollagen
polypeptides, each having a repeating pattern of Gly-X-Y, where X and Y represent
any amino acid. If Y is occupied by a proline, it is hydroxylated to form Gly-X-Hyp.
Tropocollagen monomers form a left-handed helical structure, which in turn coil
around each other to form a right-handed coiled coil structure. The presence of Hyp
within collagen significantly increases its thermal stability, proportional to its
abundance, by approximately 15.5 °C.”** The full molecular basis behind Hyp-induced

collagen stabilisation has not been elucidated, but it is hypothesised to be a
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combination of two factors: ring puckering and hydrogen bonding networks. In Gly-
Pro-Pro collagen, the X position proline typically adopts an endo configuration (

). If instead the Y proline is hydroxylated, the X position proline is structurally
frustrated, and can adopt either an endo or exo conformation ( ). This
induces an inherent flexibility in the collagen tetramer and allows it to adopt its ideal
7/2 helical structure ( ). Alongside this, it is hypothesised that Hyp allows
for formation of more inter-tropocollagen hydrogen bonds through bridging water
molecules, inducing greater stability of the quaternary structure.”***>**° Although
lack of prolyl hydroxylation in collagen is not a lethal condition, it does lead to several

connective tissue disorders including skeletal dysplasia and hypermobility.*’

Major
symptoms of scurvy, namely fragile capillaries, bone and teeth weakening are caused

by reduced Hyp abundance in collagen, due to reduced availability of ascorbic acid

268

for use as an essential prolyl-hydroxylase co-factor.

A B

Collagen and proline overview. Skeletal representations of endo and
exo configurations of proline. One helical turn of collagen with the repetitive
sequence Pro-Hyp-Gly. Tropocollagen peptides are coloured white, grey and black.
Hydroxyprolines coloured pink and hydrogen bonds represented as dashed blue

lines.

Outside of collagen, Hyp has been localised to relatively few proteins or peptides.
Typically, collagen-like proteins (e.g. elastins) contain Hyp at concentrations of up to
25 %.”” Hyp has been found to play some roles in cell signalling, specifically acting
upon kinases. The dual-specificity tyrosine-phosphorylation-regulated kinases 1A

and 1B (DYRKI1A, 1B) and protein kinase B are two of the seven proposed prolyl
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hydroxylated kinases.””"*”* In higher eukaryotes, prolyl hydroxylation plays a part in

273

the hypoxia-inducible factor (HIF) oxygen sensing pathway.

HIFs are highly conserved, heterodimeric eukaryotic transcription factors formed of
an a and P subunit. They respond exclusively to hypoxic or pseudohypoxic cellular
conditions and induce upregulation of glycolytic enzymes, erythropoiesis, and
production of vascular endothelial growth factors.”* To understand the process of
this transcriptional regulation, the molecular mechanism behind prolyl

hydroxylation must be first introduced.

HIFs (specifically their alpha-subunits) are hydroxylated by HIF prolyl-hydroxylases
domain (PHD) proteins (PHD 1, 2 and 3), which are members of the a-ketoglutarate-
dependent hydroxylases (AKDH) class of non-haem iron proteins. AKHDs have
diverse roles across prokaryotic and eukaryotic life, from DNA damage repair,
flavonoid biosynthesis, epigenetic regulation, collagen biosynthesis and protein
hydroxylation.”” " In brief, AKHD binds Fe(II) as a cofactor, coordinated by two
histidine and one acidic residue, alongside three water molecules. The Fe(II) centre
coordinates a-ketoglutarate and is subsequently bound by molecular oxygen,
forming an Fe(III) centre. The superoxide attacks a-ketoglutarate, forming succinate
and a new Fe(IV)-oxo intermediate, whilst releasing carbon dioxide. This then first
abstracts a proton from the locally coordinated substrate proline, forming a
hydroxyl-bound Fe(III) centre, which is then attacked by the proline radical forming
a transient hydroxylated proline bound to the Fe(III) centre. Subsequent release of

the hydroxylated proline and succinate allows the cycle to repeat.””
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Figure 5.2 | A simplified graphical overview of the HIF oxygen sensing pathway under

normoxic (A) or hypoxic (B) conditions. V, von Hippel-Lindau tumour suppressor; UB,

ubiquitin.
As described, prolyl hydroxylation is an oxygen-dependent reaction and therefore
not possible, or possible with reduced efficiency, in hypoxic or partially hypoxic
conditions. Under normoxic conditions, the cytosolic HIF-a is hydroxylated at Pro**
and Pro*** (numbered as found in human HIF-1a).”’ This leads to its recognition by
an E3 ubiquitin ligase complex, specifically by a von Hippel-Lindau (VHL) tumour
suppressor.”**** Ubiquitination then marks HIF-a for degradation through the
ubiquitin-proteasome system, therefore preventing formation of the full HIF

transcription factor complex.” Under hypoxic conditions, insufficient oxygen is
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available to perform HIF-a hydroxylation, and therefore it is not ubiquitinated for
degradation. HIF-a is then able to move to the nucleus, dimerise with HIF-§3, and
upregulate hypoxia-associated genes.” Interestingly, the hydroxylation of the two
prolines differ in a hypoxia-dependent relationship. Hyp*”* was found to be more
sensitive to hypoxic conditions than Hyp**, showing approximately 50 and 75 %
hydroxylation respectively at physiologically severe hypoxia (0.5 % 0,).”"
Hydroxylation of both prolines was found to be required for fast degradation.” Iron-
chelation, introduction of non-ferrous transition metal ions or influx of succinate
lead to pseudohypoxic conditions, where HIF-a is not hydroxylated, despite the
presence of molecular oxygen, by inhibition of PHDs.”” A summary of this process

can be found in

Schofield and colleagues characterised a Pseudomonas putida strain (PA0310)
containing a transposon insertion into a putative PHD (PPHD) gene, finding it to

¢ Incubation of the strain in the presence of iron

encode a fully functioning PHD.
chelators (therefore pseudohypoxic) showed a reduced growth rate compared to
wild-type P. putida. The PA0310 strain also demonstrated increased pyocyanin
production under these conditions, indicative of environmentally stressed cells.”’
These suggest a vital role of PPHD in P. putida, tentatively linked to iron uptake. Mass
spectrometric proteomic data from Shewanella oneidensis, reported EF-Tu possessing
a +16 Da mass shift, indicative of hydroxylation. Further bioinformatic analyses
showed the presence of a tentative PHD in S. oneidensis. Incubation of heterologously
expressed PPHD with 14 proline-containing P. putida EF-Tu (henceforth, EF-Tuutid)
peptides led to specific hydroxylation of Pro* ( ), contained within a

peptide spanning Ile* - Ile® (These residues, and those from here are numbered as

according to the crystal structure of PPHD-EF-Tu™ i), The authors then went on to
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Domain Il

Figure 5.3 | Cartoon homology structures of P. putida PPHD and EF-Tu. A | PPHD
(orange) and EF-TuP""# (orange) complex. The unfolded switch | region (green) extends
into the PPHD binding site, bringing Pro** (pink) in close contact with the catalytic
centre. B | Zoom of PPHD in complex with swich |, the rest of EF-TuP js not shown.
The two protruding finger and thumb loops sandwich switch |. C | Front view of EF-
TuPU9e coloured asin A. In all structures, homology modelling was used to fill missing
disordered regions in the crystal structure, namely switch I. GDP and a-ketoglutarate
are shown as sticks in EF-TuP" gnd PPHD respectively. Mg* and Mn?" are shown as

green and purple spheres respectively.

successfully crystalise EF-Tu”™i in complex with PPHD (figure 5.3, A), showing
binding of PPHD between domains I and II/III. The switch I region of EF-Tu was
found to be completely disordered and projected away from domain I, positioning
Pro* into the active site of PPHD. This was secured by the two projecting finger and
thumb loops in PPHD, which grasp the looping switch I (figure 5.3, B). Four residues

in PPHD, Leu'”, Phe'®, Leu'” and Leu' interact hydrophobically with Phe®?, Ile**,
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Val®* and Phe?® in EF-Tu™i% domain II. The rate of hydroxylation was found to be

low on full-length EF-Tu™i% as shown by MS? analysis of switch I.

The function of EF-Tu switch I hydroxylation is unknown but evidently not essential,
the switch I region is vital to translate GTP hydrolysis into the associated
conformational change. Pro* (Pro* in E. coli and Pro® in A. baumannii EF-Tu) is
highly conserved but not involved in any molecular interactions with either bound
nucleotide or switch II. Interrogation of published EF-Tu crystal structures does not
implicate switch I proline in binding to aa-tRNA or the ribosome, although it does
form close contacts (approximately 3.6 A from the carbon at the 4™ position) with the
3’ terminus of aa-tRNA. Hydroxylation at this residue must not be a common
modification, as no EF-Tu structures are deposited in the PDB containing any
hydroxyproline residues. Either PPHD-like enzymes are rare amongst prokaryotes,
or EF-Tu™? is a relatively minor modification, and forms a tiny subset of cellular EF-
Tu. Hydroxylation of proline, arginine and histidine are common in eukaryotic
translation machinery, including in ribosomal proteins, release factors and
elongation factors.” In some cases, these are essential to their function, yet research

into prokaryotic translational hydroxylation is an unexplored field.

The work presented within this chapter aims to apply carbene protein footprinting
to capture the interactions between EF-Tu™i% and PPHD. A crystal structure of EF-
TuP"id. PPHD has been solved, however a portion of unfolded switch I is not resolved.
Carbene footprinting may allow for the study of PPHD interactions with EF-Tu"% in
this highly dynamic region. Ideally, production of hydroxylated EF-Tu*% could lead
to investigation into potential structural ramifications using carbene footprinting.
However, the exceedingly low rate of hydroxylation and subsequent inability to
selectively isolate and purify hydroxylated EF-Tu”i%, at least within the bounds of

this work, makes this very challenging.
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Samples of P. putida and EF-Tu™i% were kind gifts from Professor Chris Schofield
(University of Oxford). Samples of PPHD, EF-Tu™i%® and PPHD-EF-Tu™i% were
prepared as described in , resulting in final concentrations of 10 uM of
each protein individually. For PPHD-EF-Tu*% 20 uM of each protein was prepared
as described in prior to mixing, resulting in final concentrations of 10
uM. Samples were incubated on ice before loading into prepared emitter tips (

) and native spectra acquired on a Synapt G1 HDMS High-Definition mass

spectrometer. ( ).

Individually normalised native mass spectra of EF-Tu™ % (A), PPHD (B) and
the PPHDeEF-TuP¥ complex (C). Charge states and m/z of major peaks are

annotated.

Typical native mass spectra can be seen in . EF-Tu™i% was provided with an
intact N-terminal 6xHis-tag, with a theoretical expected mass of 47,184.75 Da.
shows a typical EF-Tu™i mass spectrum exhibiting four principal charge

states: [M + 12H]***, [M + 13H]**, [M + 14H]** and [M + 15H]*", with the [M + 13H]***
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charge state being dominant under these conditions. Within each charge state three
individual peaks can be seen, corresponding to EF-Tu*%+GDP and adduction by one
and two unknown compounds, with an average deconvoluted mass of 177.63 Da.
Interestingly, the peak corresponding to EF-Tu™idGDP-Adduct'’’** was the most
dominant species. Deconvolution of peaks corresponding to EF-Tu™i4GDP gave a
mass of 47,649.38 + 0.15 Da, a difference of +464.63 Da over the theoretical. Bound
GDP (443.20 Da) and Mg** (24.31 Da) accounted for this deviance, with some small

error (-2.88 Da).

shows a typical PPHD mass spectrum exhibiting three principal charge
states: [M + 8H]*", [M + 9H]** and [M + 10H]"*, with the [M + 9H]** charge state being
dominant. Again, each charge state contained three major peaks with the first
corresponding to of N-terminally 6xHis-tagged apo-PPHD, deconvolution of which
gave a mass of 25,528.17 + 0.27 Da. This is inexplicably less than the theoretical mass
of 25,603.70 Da by -75.53 Da. The two additional peaks show deconvoluted masses of
25,706.99 + 0.17 and 25,763.12 + 3.80 Da, corresponding to mass shifts of +178.82
(unknown adduct) and +234.95 Da (addition of 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, HEPES, with a molecular weight of +238.30 Da and a

small error of -3.35 Da).

shows a typical mass spectrum of co-incubated apo-PPHD and EF-
Tu™i4 predominantly showing each protein individually, and minor formation of
the heterodimeric complex (representing only 16 % of total detected protein).
Deconvolution of the [M + 14H]***, [M + 15H]** and [M + 16H]'*** PPHD-EF-Tu?"utida
charge states yielded a mass of 73,558.95 + 8.54 Da. Summation of the measured EF-
Tu™i4GDP and apo-PPHD deconvoluted masses yields 73,177.55 Da, giving a
deviance of +381.40 Da in the measured PPHD<EF-Tu™i% mass. The peaks
corresponding to PPHD- EF-Tu™ i were of low intensity and are broad, covering an

approximately 100 m/z range, so this was not unexpected.
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5.3.2.  Carbene Footprinting of PPHD and EF-TuPvtde

Prior to carbene footprinting, in vitro proteolytic digests (in-gel, section 2.3.1.3) were
performed on PPHD and EF-Tu™ i (10 uM each) with trypsin and chymotrypsin, and
the obtained sequence coverage compared (figure 5.5). Samples were analysed using

DDA HPLC-MS$? (section 2.3.1.5) and analysed as described in section 2.3.3.1.
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Figure 5.5 | HPLC-MS? measured, proteolytic EF-Tu™% and PPHD sequence
coverage. Graphical representation of EF-Tu™ (A) and PPHD (B) protease sequence
coverage, bars indicate regions containing detected peptides. C | Sequence coverage

and total peptide number measured for each protein and protease, coloured as in A.

Under these digestion conditions, excellent sequence coverage was obtained by
tryptic digestion of both EF-Tu™% (figure 5.5, A) and PPHD (figure 5.5, B), returning
99.08 and 94.32 % coverage across 119 and 78 peptides respectively (figure 5.5, C).
Chymotryptic digestion also produced good sequence coverage (94.32 and 74.68 %
across 69 and 54 peptides for EF-Tu™i4 and PPHD respectively (figure 5.5, C). Both

proteases were used for digestion post-carbene footprinting.
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Figure 5.6 | Labelled peptide sequence coverage of PPHD post-carbene footprinting

for tryptic (A) and chymotryptic (B) digests. Peptides coloured grey showed no

significant reductions in Fuog in PPHDeEF-Tu™% vs gpo-PPHD, and those coloured

pink did show significant reductions. Residues coloured orange are those involved in

non-bonding contacts and hydrogen bonding with EF-TuP"tda,
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Carbene footprinting of PPHD and EF-Tu™i% was performed on their respective apo
and holo states (apo-EF-Tu™i in this instance being EF-Tu”%GDP). Tryptic and
chymotryptic digestions were used for each protein. Carbene footprinting was
performed as described in , where 8 uM of the protein of interest was
incubated with 10 uM of its binding partner, in order to provide a molar excess.

Samples were irradiated in the presence of 10 mM TDBA for 15 seconds.

Disappointingly, tryptic digestion of PPHD post-carbene footprinting yielded poor
sequence coverage of labelled peptides ( ). Only 13 peptides were
identified, representing 26.64 % of the protein sequence. Of these, two peptides
showed significant reductions in Fyes in PPHD-EF-Tu*% compared to apo-PPHD
( and ). Significance was defined as p < 0.05 as calculated by
a Multiple T-test and corrected for multiple comparisons with the Holm-Sidak
method. Apo-PPHD peptides with a Fues < 0.05 were disregarded from statistical
analyses. Residues from here are numbered according to the 6xHis-tagged sequences

of PPHD and EF-Tu™%, not those reported in the crystal structure of PPHD-EF-

145 151

Tu™id These two peptides, Arg* - Arg'® and Glu*® - Arg®? span two residues (Arg

and Arg?? respectively) shown to be involved in hydrogen bonding to EF-Tu", Arg'4
- Arg"® showed a modest, yet significant reduction in Fya (-0.320, p = 0.03,

) in PPHD-EF-Tu"% compared to apo-PPHD. This peptide forms a major part of the
thumb loop ( and ), responsible for grasping the unfolded EF-Tu""td
switch I and coordinating it into the PPHD binding groove. The backbone amide

nitrogen of Arg" forms a hydrogen bond with the Asp® side-chain carboxylic acid in

EF-Tu™i%  located on the N-terminal side of the hydroxylation target, Pro®. The

213 222

second peptide, Glu**® - Arg??, showed a minor but significant drop in Fuws (-0.053, p
=0.005) in PPHD-EF-Tu™%, This peptide was labelled at a very low level in apo-PPHD,
likely due to its position within the binding groove ( ). The accessible C-

terminal Arg®” is likely to be the location of TDBA insertion ( ). The same
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residue forms a hydrogen bond to the Glu* carboxylic acid sidechain in EF-Tuft%

switch I from its guanidino group.

A
W apo-PPHD B PPHDeEF-Tu
1 0_ _ * *%
-5
iz
.g o
=
S5
LI‘: [e]
=
ool i N BN BN N BN FE B e =N
™ ) C) ©) © o o 2 9 9 ) )
© A A A S & o) G % o) 9% 3% 95
% % A’ A o N vV SV v v M
S [ & [ [ S S K q:\"b q:(o (i{/b (ﬁy q,)fo
Tryptic Peptides
B
* *kk *
it
-5
£5
83
=
ST
T o
=
0.0

Chymotryptic Peptides

Figure 5.7 | Fuoq histograms for apo-PPHD (orange) and PPHDeEF-Tu™" (blue). A |
Tryptic PPHD peptides. B | Chymotryptic PPHD peptides. Data is an average of 4
replicates, error bars represent standard deviation. Stars indicate significant
reductions in Fueq, compared to apo-PPHD. * =p <0.05, **=p <0.01, ***=p <0.001.

Dotted line indicates an Fuyoq of 0.05.
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Figure 5.8 | Tryptic PPHDeEF-Tu™"%* Fy,, data mapped to a homology model of the
complex. A | PPHD peptides detected by HPLC-MS are shown in grey, those showing
significant reductions in Fues in PPHDeEF-TuP " gre coloured pink. EF-Tu is coloured
orange. B | Zoom of PPHD with EF-Tu removed, bar a small part of switch I. Arg™® -
Arg'®® is coloured pink, bonding Arg™" highlighted. C | Glu?' — Arg??2 is coloured pink,
bonding Arg*? highlighted. GDP and a-ketoglutarate are shown as sticks, Mg?" and

Mn?" are shown as green and purple spheres respectively.
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Chymotryptic digestion post-carbene footprinting yielded better, but still
disappointing sequence coverage of labelled peptides. Overall, 19 peptides were
identified, representing 75.98 % of the PPHD sequence ( ). Three peptides
(le”” - Tyr'®, Arg"' - Tyr'*® and Ser*® - Phe*') showed significant Fy,s reductions in
PPHD-EF-Tu"i% compared to apo-PPHD ( and ). The first
peptide, Ile’” - Tyr'® was poorly labelled in apo-PPHD (Fuos of 0.061) but did show a
minor, yet significant reduction in Fueq (-0.027, p = 0.02) in PPHD-EF-Tu™t, This
peptide is located proximal to the switch I binding groove ( ), and the
carboxylic acid side-chain of Asp® forms a hydrogen bond with the side-chain amino
group of EF-Tu™i Lys®. Unfortunately, this peptide is also proximal to the large,
unstructured N-terminal tag, so it is not possible to rule out that masking effects may
be induced by the tag. From interrogation of the crystal structure, this peptide is
likely not masked by direct occlusion from switch I, even though it contains a

bonding residue.

The second peptide, Arg"”' - Try'®®, is complementary to the tryptic peptide Arg'* -
Arg"™, covering the same thumb loop and the bonding residue, Arg''. Here, Arg"' —

Try'® shows a minor, but significant reduction in Fueq (-0.060, p = 0.03) in PPHD-EF-

151 163 145

Tu™id The additional C-terminal residues of Arg"' - Try'® over Arg'* - Arg'* are

found buried in the binding groove, and as a result, much less accessible to TDBA

145

( ). The loss of the more exposed N-terminal Arg'* - Phe'® would explain

the rather large differences in labelling between these two peptides.

213 _

The final peptide, Ser*® - Phe®, is complementary to the tryptic peptide Glu
Arg*?, but does not cover the hydrogen bonding C-terminal Arg*?. However, Ser*'¢ -
Phe* forms a portion of the switch I binding groove ( ), and shows a
significant reduction in Fua (-0.048, p = 0.03) in PPHD-EF-Tu™i%, Carbene
footprinting and tryptic/chymotryptic digestion captured masking associated with
binding of switch I to the finger-thumb binding groove but did not identify masking
associated with PPHD contacting domain II of EF-Tu™i4 despite peptide coverage of

the contacting residues.
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Switch | Finger

Figure 5.9 | Chymotryptic PPHDeEF-TuP F.,,, data mapped to a homology model of

the complex. A | PPHD peptides detected by HPLC-MS are shown in grey, those
showing significant reductions in Fy.q in PPHDeEF-Tu™" are coloured pink. EF-Tu is
coloured orange. B | Zoom of PPHD with EF-Tu removed, bar a small part of switch I.
Ile®” — Tyr'® is coloured pink, bonding Asp®® highlighted. C | Arg'®" - Try"®%is coloured
pink, bonding Arg™' highlighted. D | Ser*'® — Phe?' is coloured pink. GDP and a-
ketoglutarate are shown as sticks, Mg?* and Mn?" are shown as green and purple

spheres respectively.
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Figure 5.10 | Tryptic labelled peptide sequence coverage of EF-Tu™ post-carbene

footprinting. Peptides coloured grey showed no significant reductions in Fueq in EF-

TuPdaePPHD vs apo-EF-Tu™®  and those coloured pink did show significant

reductions. Residues coloured orange are those involved in non-bonding contacts

and hydrogen bonding with EF-Tu™%, the target Pro® is coloured green.
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Figure 5.11 | Fmoa histograms for EF-Tu™9aeGDP (pink) and EF-Tu™ePPHD (blue).
A | Tryptic PPHD peptides. B | Chymotryptic PPHD peptides. Datais an average of four
replicates, error bars represent standard deviation. Stars indicate significant
reductions in Fueq, compared to apo-PPHD. * =p <0.05, **=p <0.01, ***=p <0.001.

Dotted line indicates an Fyoq 0f 0.05.

EF-Tu™i as typical amongst EF-Tu in general, is highly conserved between species.
EF-Tu™i%shares a 78 % identity with A. baumannii EF-Tu (as computed by the Expasy
SIM and LANVIEW tools).”* Because of this, tryptic digestion of EF-Tu™4 produced
acceptable sequence coverage of labelled peptides, similar to that seen for A.
baumannii EF-Tu (62.82 % coverage from 35 peptides, figure 5.10). Although this is
significantly less coverage than that seen in figure 5.5, C, the detected labelled
peptides are found across all three EF-Tu domains, providing good structural

coverage. Four peptides (Ala - Arg''!, Gly** - Arg®?, Phe** - Arg®® and Thr*®- Arg*?)
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displayed significant reductions in Fue in EF-Tu™i“PPHD compared to apo-EF-

TuyPutida ( and and B).

The first peptide, Ala* - Arg'!, covers the C-terminal region of switch I alongside -
strand c ( ). Although this peptide does not encompass residues forming
hydrogen bonds with PPHD, it does show a small but significant reduction in Fea (-
0.075, p =0.04) in EF-Tu™i4-PPHD. This region of switch I and strand c are not found
directly within the PPHD binding groove, however they do fall between the finger loop
of PPHD and domain I of EF-Tu"®, Due to the complete loss of structure within
switch I and its subsequent sequestering by PPHD, it is probable that his masking is

imparted by PPDH binding to EF-Tu%,

264 270

The second masked peptide, Gly*** - Arg®”° shows an incredibly minor yet significant
reduction in Fues (-0.014, p = 0.005). This peptide spans strand c2 in domain II of EF-
Tu™i4 and encompasses both the hydrophobically interacting Val**® and hydrogen
bonding Arg*” ( )- These two residues form a part of the bonding network
between PPHD and domain II of EF-Tu™%®, and as a result, are highly occluded when
EF-Tu™i® is bound to PPHD. Interestingly both Thr*® - Arg*® and Phe®** - Arg®®,
peptides found in domain III of EF-Tu™%show pronounced reductions in Fyoq in EF-
TuPid%pPHD (-0.319 and -0.127, p = 0.02 and p < 0.001, and

respectively). Thr*® - Arg*? may be occluded by both the C-terminus of PPHD or the
C-terminal region of switch I. As the only comparable structural information comes
from the crystal structure of EF-Tu™iPPHD, the flexibility and conformational
movements of the proteins in situ are not known. It is not unreasonable to
hypothesise that the inherent flexibility of the disordered switch I is responsible for

405

the masking of Thr*®® - Arg*? due to its proximity. In contrast, Phe**- Arg*®*is buried
within the central pore of EF-Tu""®, with the C-terminal Arg®*® only 4.82 A in distance
from the C-terminal phenylalanine of PPHD ( ). Although no MS? sub-
peptide analyses were performed, due to the inherent acidity of TDBA and its

propensity to label basic residues, it is possible that Arg®® would be labelled in apo-

EF-Tquida.
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Figure 5.12 | Tryptic EF-Tu™9aePPHD Fu,s data mapped to a homology model of the
complex. A | EF-Tu™ peptides detected by HPLC-MS are shown in grey, those
showing significant reductions in Fuoq in PPHDeEF-Tu™ " are coloured pink. PPHD is
coloured orange. B | Front view of A with PPHD removed for clarity. C | Zoom of EF-
TuP“eePPHD showing only domain | of EF-Tu™%%, Ala® - Arg'""is coloured pink, D |
Zoom of EF-Tu™ePPHD showing only domain Il of EF-Tuft%, Gly*** — Arg?° is
coloured pink, bonding Arg?° and contacting Val®*® highlighted. £ | Zoom of EF-
TuPUt9aePPHD showing only domain Ill of EF-TuP'i4e Thr4% — Arg#'®is coloured pink. F |
Zoom of EF-TuP@ePPHD showing only domain lll of EF-TuPide Phe3# — Arg®*® js
coloured pink. GDP and a-ketoglutarate are shown as sticks, Mg* and Mn?" are shown

as green and purple spheres respectively.
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The binding of PPHD, specifically the C-terminus, would likely impart a masking
effect on that residue. It is worth noting that the correctly cleaved peptide, Phe** -
Lys®® is not significantly masked in EF-Tu™%PPHD, despite being encompassed by
Phe** - Arg®*®. However, Phe** - Lys** does show a moderate non-significant
reduction in Fues (-0.213). Labelling of this peptide in EF-Tu”i%PPHD was highly
variable, with two replicates showing much greater Fuo. This may be indicative of
low levels of complex formation, or at least low levels of PPHD binding to EF-Tu""d

outside of switch I.
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Labelled peptide sequence coverage of EF-Tu™'% post-carbene footprinting.

Main figure legend overleaf.
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Figure 5.13 | Cont. Chymotryptic labelled peptide sequence coverage of EF-TuPutid
post-carbene footprinting. Peptides coloured grey showed no significant reductions
in Fuog in EF-TuPi42ePPHD vs gpo-EF-Tu™ and those coloured pink did show

significant reductions. Residues coloured orange are those involved in non-bonding

contacts and hydrogen bonding with EF-TuP"#, the target Pro® is coloured green.

/ ” Switch | 7

Switch |

Figure 5.14 | Chymotryptic EF-TuP""“?ePPHD F,s data mapped to a homology model
of the complex. A | EF-TuP peptides detected by HPLC-MS are shown in grey, those
showing significant reductions in Fuog in PPHDeEF-TuP " gre coloured pink. PPHD is
coloured orange. B | Front view of A with PPHD removed for clarity. C | Zoom of EF-
TuPdaePPHD showing only domain | of EF-TuP'ide, Asp® — Tyr'® is coloured pink,
bonding Asp®, Ser®, Ala®, Glu®!, Glu®? Lys** are highlighted. GDP and a-ketoglutarate
are shown as sticks, Mg* and Mn?' are shown as green and purple spheres

respectively.
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Switch |

Figure 5.15 | Combined EF-TuPePPHD Fu,sdata from both proteases mapped to a
homology model of the complex. A | All peptides detected for EF-TuP" (blue) and
PPHD (green). Peptides showing significant reductions in Fmeq in holo vs apo proteins
are coloured pink. Peptides not detected are coloured white. B | Isolated EF-TuPutide
coloured as in A. C | Isolated PPHD coloured as in A. GDP and a-ketoglutarate are

shown as sticks, Mg?*and Mn?" are shown as green and purple spheres respectively.
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Chymotryptic digestion of labelled EF-Tu”i% yielded comparable sequence coverage
to trypsin (65. 13 % sequence coverage from 24 individual peptides, )

106

Surprisingly, only one peptide, Asp* - Tyr'* showed a significant reduction in Fyq in

EF-Tu™%PPHD compared to apo-EF-Tu™i® (-0.288, p < 0.001, and

). Asp® - Tyr'® is complementary to the tryptic peptide Ala** - Arg''!,
encompassing the majority of the tryptic residues, alongside greater N-terminal
coverage of switch I ( and B). Asp* - Tyr'® covers all the residues
involved in the hydrogen bonding of switch I to PPHD, alongside the target Pro®. As
mentioned prior, EF-Tu"i% Asp?®” binds to PPHD Arg®', the backbone carbonyl of EF-
TuP"id Ser® binds the hydroxyl group in PPHD Tyr'* and the backbone carbonyl of
EF-Tu™i% Ala® binds the backbone amide nitrogen of PPHD Gly”. C-terminal of
Pro”, Glu” forms three hydrogen bonds with Gly” and Trp®® in PPHD, as mentioned

Glu®* forms two hydrogen bonds from its carboxylic acid group to Arg'*®

and Arg'?in
PPHD. Finally, as mentioned above, EF-Tu™ Lys*® binds to PPHD Asp®®. Masking of
this peptide is highly indicative of switch I being bound by PPHD. Conversely, the

403 _ Phe** does not show a similar reduction in Fuwg to its

chymotryptic peptide Ile
complementary tryptic peptide, Thr*® - Arg*®. The additional N-terminal Ile*”* and
Lys** are highly exposed on the back of EF-Tu™i% domain III. As TDBA is liable to
preferentially interact with basic and hydrophobic residues, it is probable that these
residues would be labelled, and as they are not directly masked by PPHD, would
remain labelled in EF-Tu™iPPHD. The combined tryptic and chymotryptic

footprinting data is shown in
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Native mass spectrometry showed successful formation of the EF-Tu*i%PPHD
complex, albeit at relatively low abundance compared to the individual constituents.
The complex must be stable in solution to enable the production of a crystal
structure, but it is possible that this stability does not translate into the gas-phase. It
is also possible that complex formation was unfavoured under the conditions used
for native mass spectrometry. On the other hand, carbene footprinting of EF-
Tu™id.PPHD showed masking in each protein correlating mostly to regions
expecting to be masked by their binding. Masking was seen on EF-Tu"% switch I and
its binding groove on PPHD. Interestingly, minor masking was seen on EF-Tu"i%
peptides located in domain II contacted by PPHD, but no masking was seen on
corresponding PPHD peptides. This may suggest that PPHD binds strongly to EF-
TuPi gwitch I and more transiently to domain II. Production and isolation of
hydroxylated EF-Tu™i would be a potential future avenue of research. Overall, this
shows the capability of carbene footprinting to capture protein-protein interactions

of EF-Tu.
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Characterisation of EF-Tu
Interactions with Enacyloxins
by Native Mass
Spectrometry, lon Mobility
Spectrometry and Molecular
Dynamics

6.1. Introduction

6.1.1. Novel Analogues of Enacyloxin Ila

Enacyloxin I1a, as introduced in chapter 4, is the major constituent of the enacyloxin
group of elfamycins produced by both Frateuria sp. W-315 and B. ambifaria.”>**
Elucidation of the enacyloxin Ila biosynthetic gene cluster in B. ambifaria by
Mahenthiralingam et al. showed enacyloxin Ila to be the product of a hybrid
polyketide synthase complex, which was then highly decorated by oxidation,
chlorination, carbamoylation and conjugation to DHCCA*"'. This process is facilitated
by 22 individual proteins, encoded on an 87.5 kb genomic island. Unfortunately, the
conjugated polyenic backbone of enacyloxin Ila conveys an inherent instability,
particularly towards ultraviolet light. Polyenes display typically poor stability
towards heat, ultraviolet radiation and extremes in pH, an issue that has plagued
polyenic-based antifungal compounds since the isolation of amphotericin B in the
mid 1950%s.”** Conjugated carbon-carbon double bonds strongly absorb visible and
ultraviolet light in the 200 - 400 nm range, often resulting in polyenic compounds
taking on a yellow colouration. The initial enacyloxin complex (enacyloxins 1 - 8,

chapter 4) isolated by Watanabe et al. demonstrated this property, with a peak
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ultraviolet absorbance reported at 370 nm and a reported yellow-green colouration,
which is explained by the presence of five carbon-carbon bonds conjugated to the
carbonyl group in the ester functionality ( ).”* Enacyloxin IIa extracts used in
the work throughout this thesis all showed a bright yellow colouration ( )
and unique visible light fluorescence when irradiated during carbene footprinting
( ). The hydrophobic polyene chain is also responsible for the poor aqueous
solubility of enacyloxin Ila, a feature shared with clinically used polyenic antifungals.
Amphotericin B requires complexing with bile acids or liposomes for intravenous
use, and nanoparticulate emulsions for oral administration.””*** The contrasting
elfamycin GE22704, introduced in , displays a similarly poor aqueous
solubility despite not being polyenic. A semi-synthetic derivative, NAI0O03, is
completed phase I clinical trials for use as a topical acne treatment, showing good

295

efficacy at treating Propionibacterium acnes as a gel emulsion.

Enacyloxin lla (10 mM) dissolved in methanol showing yellow colouration.

The group of Professor Greg Challis are actively producing novel analogues of
enacyloxin IIa to try to both enhance its solubility and stability, and potentially
increase its potency. Two major methods have been employed to produce these
analogues, both through targeted editing of the B. ambifaria biosynthetic gene
cluster. The first is through deletion of bamb_5912 - bamb_5914, the genes

responsible for facilitating DHCCA synthesis ( , ). This deletion,
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paired with supplementation of four different DHCCA analogues, yields enacyloxin

ITa analogues with altered head groups (enacyloxin Ilal - ITa4, table 6.1).

Table 6.1 | Enacyloxin lla analogues, associated genotypes, structures and masses.

Atoms coloured pink differ from wild-type enacyloxin lla.
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The second major method involves the deletion of non-haem iron-dependent
oxygenases/chlorinases, enacyloxin oxidase, carbamoyl transferases and FADH,-
dependant chlorinases. These have been performed individually, and in multiple
combinations, yielding a total of six analogues (enacyloxin Ila6 - IIall, )-
Finally, a single separate analogue was produced by a single point mutation in in the
polyketide subunit-encoding bamb_5920, specifically in the dehydratase domain.
This analogue possesses an additional hydroxyl group at the 5% tail carbon
(enacyloxin IIa5, ), leading to an interruption of the conjugated chain into a

triene and a single alkene. An overview of these analogues can be found in

The concepts behind ion mobility spectrometry (specifically TWIMS-MS) were
introduced in detail in and as such, will not be discussed at length here. In
brief, the mobility of a gas-phase ion through a pressurised cell is not only dependent
on its charge, but also its size and shape. Therefore, the collisional cross section (CCS)
of the ion can be measured from IMS arrival distributions.””"”* Experimentally
derived CCS values are often compared to those calculated for atomic coordinates,
either from crystal/cryo-EM structures, or resulting from molecular dynamics (MD)
simulations. Several methods exist to calculate CCS from atomic coordinates, falling
under two broad categories: Monte-Carlo simulations and projection approximation
(PA). Monte-Carlo simulations are computationally expensive but produce highly
accurate CCS estimations.””’”” Trajectory method (TJM) and diffuse trajectory
method (DTM) are both Monte-Carlo models, simulating gas molecules fired towards
a target from a random orientation. Both methods utilise Lennard-Jones forcefields
to model long-range interactions between the target and gas molecules, and to also
account for momentum and velocity of the gas.”” They differ by way of DTM also
accounting for inelastic collisions between the gas and target.””’ A representative A.

baumannii EF-Tu TJM projection can be seen in , as calculated by the
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software Collidoscope, and visualised using SideFX Houdini (version 20.5.332). In
contrast, projection approximation (PA) estimation of CCS is the simplest method,
developed in the mid 1920’s by Edward Mack. It equates the target CCS to its average
orthographically projected “shadow”, from random target orientations, which can
then be corrected for the inclusion of mobility gas radii.”’ This method of calculation
is much quicker, making it ideal for interrogating MD trajectories, which may be
composed of many thousands of individual structures. A basic PA-like CCS
calculation can be seen in figure 6.2, C, D, produced in SideFX Houdini. In brief, the
atomic coordinates of EF-Tu were projected onto an arbitrary 2D plane, and the
spherical bounding region calculated. From the surface area of the sphere, the area

of the circular hemispherical face can be calculated.
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Figure 6.2 | Simulations of TJIM and PA CCS calculation methods. Main figure legend

overleaf.
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Cont. A | EF-Tu CCS calculated using TIM. The trajectories of 50 individual
N, molecules (blue) out of a total 1000 are shown, which can be seen interacting with
EF-Tu (pink). Gas molecules are deflected by electrostatic interactions with the
protein. Front view of A showing deflection. Three representative EF-Tu
orientations and their PA-like areas as calculated in Houdini. Convergence of an
average PA-like area occurs after sampling approximately 500 random EF-Tu

orientations (inset) during this 10,000-orientation benchmark.

This process was iterated 10,000 times, taking approximately 3 minutes, randomizing
the 3D rotation of EF-Tu each iteration and the running average of the PA area
calculated ( ). A stable average PA was reached after approximately 500
iterations. This is an extremely basic implementation of a PA-like calculation, and
does not consider collision radii, and in fact overestimates EF-Tu PA CCS by
approximately 10 nm?. But overall is a good demonstration of the concept, allowing
rapid calculation and conversion to more accurate representation of CCS for

comparison to experimental values.

Collision induced unfolding (CIU) exploits the nature of collisionally activated
proteins to adopt transient, partially unfolded conformations. In this case, collisional
activation occurs prior to IMS separation. Unfolded or partially unfolded
conformations would have a larger CCS than the native structure, and therefore
demonstrate an increased drift time through an IMS cell. By subjecting a protein ion
to aramped collision voltage and monitoring the change in CCS, its gas phase stability
can be inferred. A more stable ion, such as a holo-protein compared to an apo-protein,
should require higher collision energies to unfold, reflected in a lower CCS at a given
collision voltage. The groups of Clemmer and Jarrold were the first to implement this
technique to monitor the unfolding of lysozyme, bovine pancreatic trypsin inhibitor
and cytochrome C in the gas-phase, through ion activation in the IMS cell.”>*" The
CIU nomenclature was then coined by Hopper and Oldham, whilst showing FK-
binding protein, lysozyme, and horse heart myoglobin to be stabilised in the gas-
phase through ligand binding."”” Further CIU research undertaken in the Oldham

group has investigated the destabilising effects of mutations in residues implicated
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in maintaining native conformations. The first, through systematic alanine scanning
of an acyl carrier protein, highlighted the importance of polar residues in
maintaining a native tertiary structure.”’ A complimentary method was used to
probe key ubiquitin residues, through acetylation, ethoxycarbonylation and
succinylation of nucleophilic residues, histidine and the free N-terminus
respectively, again highlighting the importance of polar residues (specifically lysine)
in maintaining the native conformation.'” In each case, experimental CIU data was
complemented with gas-phase MD simulations, which can aid elucidation of the

structural perturbations leading to experimentally observed changes in CCS.

The experimental CIU work presented in this chapter is supplemented by gas-phase
MD simulations of E. coli EF-Tu. MD simulations are vastly complex, and as such only
the basic concepts behind them will be touched upon here, as the underlying
mechanics are beyond the scope of this chapter. Specifically, their use for
proteinaceous simulations will be explored. MD simulations are, at their core, a
computational method to simulate the spatial movements of atoms. During a
simulation, the trajectories of each atom are calculated by solving Newton’s
equations of motion and are governed by the interatomic potentials of interacting
atoms. These rules are packaged into forcefields, which describe the allowed forces
experienced by each atom.” The simulations are quantised, and atom coordinates
are updated after given timesteps (typically at the femtosecond scale).”” By running
a simulation for a set length of time (typically nano to microseconds), atom
coordinates can be saved each timestep and the resulting structures can be
interpreted as a trajectory, showing the evolution of the atom positions over time. For
the purposes of this work, only all-atom MD simulations are considered but the
existence of coarse-grain simulations (of various scales) is acknowledged. The

application of MD simulations to proteins was pioneered by Levitt and Marshall
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whose 1975 Nobel Prize winning work used coarse-grain models to predict the folding

306 Since then MD simulations have become

pathway of pancreatic trypsin inhibitor.
increasingly complex, with all-atom simulations of a solvated influenza virion
(approximately 160 million atoms, simulated for 120 ns) and a membrane-bound
SARS-CoV-2 spike glycoprotein (approximately 1.7 million atoms, simulated for just

short of 5 ps) being two particularly extreme examples.”’*"

In contrast to solvated simulations, where bulk solvent must be modelled and
simulated (either implicitly or explicitly), gas-phase, or in vacuo, simulations are
much simpler. Coincidently, the field of proteinaceous in vacuo simulations
blossomed in the late 1990s alongside the pioneering work in CIU by Clemmer and
Jarrold, highlighting the intimate relationship between IMS-MS and MD for
structural interrogation of gas-phase protein structure.”” "' Typically these studies
involve “denaturation” of protein through increased internal temperatures to mimic
CIU which, although not an exact representation, provides helpful insight into

tertiary structural stability.””

Gas-phase simulations have correctly modelled the
conformational reduction of protein ions in the gas phase, through both loss of
internal hydrophobic interactions and, importantly, the collapse of polar sidechains
in the absence of solvent.”” Recent interesting work by Sever and Konnerman
showed the formation of “inside-out” ubiquitin during gas-phase folding. Here, the
absence of bulk solvent induced the formation of a compact folded complex with a

polar core and exposed hydrophobic surface, in complete contrast to the solvated

structure.®*®

The work presented here aims to demonstrate the ability to detect binding of novel
enacyloxin ITa analogues to EF-Tu directly from crude extracts, thereby removing the
need for time-consuming purification steps. I will also explore how binding of

enacyloxin Ila to EF-Tu impacts its gas-phase stability through IMS-MS,
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complemented with all-atom MD simulations. CIU is a well-documented method to
study protein, and protein/ligand complexes in the gas phase. EF-Tu, with its large-
scale conformation dynamics, and multiple ligand binding sites, represents a

complex protein system to interrogate with IMS-MS and CIU.

Crude extracts of each enacyloxin Ila analogue were kindly provided by Professor
Greg Challis, with the mutagenesis of the enacyloxin Ila PKS and extraction
performed by members of his research group. Samples consisted of solid residue
resulting from ethyl acetate extracts of B. ambifaria culture. Visually, extracts ranged
from bright yellow to dark brown and showed various levels of solubility in methanol.
For native mass spectrometry analysis, samples were prepared as described in
. Briefly, wild-type A. baumannii EF-Tu (10 uM) was incubated with 100-
fold dilutions of each crude extract (resuspended in methanol), GDPNP and
magnesium acetate before buffer exchange ( ), loading into prepared
emitter tips ( ) and spectra acquired ( ) on a Synapt G1
HDMS High-Definition mass spectrometer. In the case of analogue enacyloxin IIa5,
the crude extract was instead resuspended in 10 % methanol (50 mM ammonium
acetate), and EF-Tu incubated with a 10-fold dilution of that. Of the 11 analogues
tested, 8 showed successful binding to EF-Tu (mass spectra can be seen in
). Where binding was observed, the dominant [M + 12H]*** charge state peak
corresponding to EF-Tu*GDPNP-Analogue was quadrupole isolated and collisionally
activated. Liberation of bound analogue allowed for confirmation of its identity.

Although this workflow allowed us to quickly identify successful EF-Tu binding
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analogues, it was not possible to perform quantitative analysis. The unknown
concentration of each analogue makes quantitative analyses (e.g. Kp determination)

impossible.

Table 6.2 | Summary of enacyloxin lla analogues binding to EF-Tu. The deconvoluted
masses shifts and associated errors of EF-Tu EF-Tu¢GDPNPeAnalogue compared to
EF-TueGDPNP are given alongside the deconvoluted masses and errors of the

quadrupole ejected ligands. Error represents deviation from the theoretical masses.

- - De.convoluted Mass Er G Dec'onvoluted Mass Sre @
Analogue Binding Shift of Bound EF-Tu Theoretical Mass (Da) of Ejected Analogue Theoretical Mass (Da)
(Da) (Da)
- v 741.37 +0.09 741.16 -0.11
- v 721.24 -5.00 726.15 -0.09
_ v 683.98 -0.28 685.15 +0.90
_ v 706.73 -8.52 738.13 -0.11
_ v 685.86 +0.62 685.11 -0.13
- v 666.98 -0.30 667.18 -0.09
_ v 701.84 -1.41 703.15 -0.10
_ v 657.68 -2.57 660.15 -0.10

A summary of the binding of each analogue can be seen in table 6.2, Enacyloxin IIa5,
ITa10 and ITall did not show any binding to EF-Tu, despite being detectable in their
dissolved extracts. In enacyloxin IIa5 hydroxylation at the C5 carbon present in this
analogue may cause steric clashes with Glu** (numbered as in A. baumannii EF-Tu)
located in the enacyloxin IIa binding site (specifically in a partially formed helix

localised between f-strands a3 and b3), leading to unfavourable binding.
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Figure 6.3 | Enacyloxin lla5 IMS-MS? fragmentation. A | CID activation in the trap cell

prior to IMS separation. B | CID activation in the transfer cell post IMS separation.

Enacyloxin lla5 parent ion is represented by the pink circle, fragments numbered as

intable 6.3.

Table 6.3 | Tentative fragment ions produced from CID activation of enacyloxin lla5,

corresponding to the spectrum in figure 6.3, A. All fragments originate from

sequential losses from the enacyloxin 11a5 tail.

Fragment m/z

706.16

681.13

662.17

645.16

565.10

537.11

513.07

463.08

447.00

285.14

228.13

Loss from Parent lon

-35.98

-61.08

-79.97

-96.98

-177.04

-205.03

-228.07

-279.06

-295.14

-435.11

-492.12

HClL

CH,NO,

HCL+ C3Hg

HClL+ CH,NO,

HCL+ C,H,,NO,

CgH,,CINO,

C41H15CINOs

Cy4H,5CINOg

C1sHz;CLNOg

C2,H3,CLNO,

Comparison to Equivalent

Wild-Type ENX Fragment

(m/z)

+17.70

+17.86

+17.85

+17.86

+17.89

+17.89

+17.90

+19.01

-1.05*

* This is a comparison to a theoretical wild-type enacyloxin lla fragment as this was not detected.
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Enacyloxin lla5 fragments localising hydroxylation to the C5 carbon.
Fragmentation leading to formation of the [M + H]"* ion at 285.14 m/z (fragment 10,
). Fragmentation leading to formation of the [M + H]™ ion at 228.13 m/z

(fragment 11, )

Interestingly, the other two non-binding analogues (enacyloxin IIal0 and ITall) are
both missing the terminal carbamoyl and chlorine ( ). These two mutations
are not deleterious to binding individually, as enacyloxin IIa7 and IIa9 bind
successfully ( ). It is known that enacyloxin IIa shows weaker
binding to EF-Tu compared to kirromycin predominantly as a result of its shorter
tail.”’ The carbamoyl amine binds to Ala'”* in EF-Tu, and the bulky chlorine forces
the binding cleft to accommodate enacyloxin IIa. It is possible that the combined loss
of bonding in the already weakly binding tail, alongside the potentially less
accommodating blinding cleft between domains I and III results in these analogues

being unable to bind EF-Tu.

As enacyloxin IIa5 is the only analogue with a reduced polyene, it was subject to
MS? analysis to confirm localisation of the hydroxyl group to the C5 carbon (
and B, 2D plots generated using ORIGAMI).”"* Targeted CID fragmentation of

the sodiated ion (m/z of 742.24) took place in the transfer cell of the Synapt G1 HDMS
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High-Definition mass spectrometer ( ) after IMS separation. This leads to
fragment ions possessing the same arrival time distributions as the precursor ion,
allowing easy separation of desired fragment ions from other contaminating ions.
This contrasts with CID fragmentation in the trap cell prior to IMS, where the
resulting fragments are then separated in the IMS cell ( ). Tentative
assignments of the fragment ions can be seen in . All comparable fragments
carried, on average, an additional +17.99 + 0.38 Da over those seen for wild-type
enacyloxin Ila ( ) corresponding to the additional hydroxyl group
at the C5 carbon and an additional hydrogen at the C4 carbon. The smallest detected
fragment in both enacyloxin ITa and ITa5 (m/z 285.14 in enacyloxin IIa5 and 267.13 in
enacyloxin IIa) still carried this mass shift. This ion corresponds to the protonated
DHCCA head of enacyloxin IIa/ITa5 conjugated to the first 6 carbons of the polyene
tail (fragmentation of the double bond between carbons 6 and 7, ). A
smaller fragment ion (m/z 228.13) was identified from enacyloxin IIa5 corresponding
to the protonated head conjugated to the first 4 carbons in the polyene tail
(fragmentation of the double bond between carbons 4 and 5, ).
Importantly the difference between these two ions equates to 57.01 Da, a mass

corresponding to C;HsOs, indicating hydroxylation of the predicted carbon.

Samples of E. coli EF-Tu were prepared for native-MS as described in

Briefly, apo-EF-Tu was incubated with sub-stoichiometric molar concentrations of
GDPNP and enacyloxin IIa, yielding samples containing apo-EF-Tu, EF-Tu*GDPNP
and EF-TusGDPNP-ENX. Spectra were acquired using nESI emitter tips, as prepared
in , on a Synapt G1 HDMS High-Definition mass spectrometer. A

representative spectrum can be seen in . Similarly to A. baumannii EF-
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Tu, (chapters 3 and 4), native nESI-MS EF-Tu spectra typically show three charge
states: [M + 11H]'™, [M + 12H]'*, and [M + 13H]**, with [M + 12H]"* being the
principal charge state. Within each charge state three individual peaks were seen,

corresponding to apo-EF-Tu, EF-Tu*GDPNP and EF-Tu*GDPNP-ENX.
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Figure 6.5 | Representative native mass spectra of E. coli EF-Tu. Apo-EF-Tu (blue)
bound to GDPNP (pink) and enacyloxin lla (orange). Charge states and m/z
highlighted. B | Quadrupole isolated and collisionally activated [M + 12H]'*" EF-
TueGDPNPeENX showing ejection of enacyloxin lla (orange) and emergence of EF-
TueGDPNP (blue/pink). C | Zoom of enacyloxin lla in B showing sodiated and

potassiated ions.
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Deconvolution of each peak yielded masses of 44,085 + 0.64, 44,631 + 0.81 and 45,336
+ 0.51 Da for apo-EF-Tu, EF-Tu*GDPNP and EF-Tu*GDPNP-ENX respectively. The
theoretical mass of E. coli EF-Tu based upon its amino acid sequence is 43,944.28 Da
resulting in the observed apo-EF-Tu mass being 116 Da larger than expected.
Compared to the observed apo-EF-Tu mass, EF-TusGDPNP is 546 Da larger,
corresponding to the addition of GDPNP, with some error (-42 Da). The further
addition of enacyloxin I1a confers an observed mass increase of 705 Da, comparable
to the calculated enacyloxin ITa molecular weight of 702.6 Da. Quadrupole isolation
of [M + 12H]*** followed by collisional activation induces dissociation of enacyloxin
IIa, as seen with A. baumannii EF-TusGDPNP-ENX ( ), which ejected as both
a neutral and charged ion, indicated by the emergence of EF-Tu*GDPNP [M + 12H]***
and [M + 11H]"* respectively ( ). Liberated enacyloxin IIa was observed as

both sodiated and potassiated cations ( ).

To investigate the gas-phase stability of EF-Tu, and how it was influenced by bound
ligands, the [M + 12H]*** ions of apo-EF-Tu, EF-Tu*GDPNP and EF-TusGDPNP-ENX

were quadrupole isolated and subject to CIU with collision voltages ranging from 30

A 7.31 B 13.47 —— apo-EF-Tu
= EF-TusGDPNP
EF-TusGDPNPeENX

=== Combined [M + 12H]"*

Arrival Time (ms) Arrival Time (ms)

Normalised arrive time distributions of [M + 12H]"** apo-EF-Tu, EF-
TueGDPNP and EF-TueGDPNPeENX ions (blue, pink and orange respectively) at
collision voltages of 30 V (A) and 60 V (B). The dashed line shows the arrive time

distribution of the combined EF-Tu species, with arrival time maxima given.
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-60V( ). With low collisional activation (30 V collision energy), average
arrival times of 7.05, 7.31, 7.70 ms were observed for apo-EF-Tu, EF-TuGDPNP and
EF-TusGDPNP-ENX ions respectively ( ). At the maximum tested collision
voltage of 60 V, average arrival times increased to 13.34, 13.56 and 14.24 ms for apo-
EF-Tu, EF-Tu*GDPNP and EF-Tu*GDPNP-ENX ions respectively, indicating a
significant degree of unfolding has occurred ( ). Interrogation of the full
range of collision voltages was performed in CIUSuite 2 ( ). CIU
fingerprint plots ( - for apo-EF-Tu, EF-TuGDPNP and EF-
Tu*GDPNP-ENX respectively) alongside their corresponding arrival time distribution

waterfall plots ( - I') were produced using Python code.

Apo-EF-Tu EF-TueGDPNP

Arrival Time (ms)

30 40 50 60 30 40 50 60 30 40 50 60
Collision Voltage (V) Collision Voltage (V) Collision Voltage (V)
60 ———— 60 60
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CIU 2D fingerprint plots for [M + 12H]"** apo-EF-Tu, EF-TusGDPNP and EF-
TueGDPNPeENX ions (A, B and C respectively). Each arrival time distribution at a
given collision voltage is normalised and coloured by intensity. The corresponding

waterfall plots (D, E and F) show each normalised arrival time distribution.
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These data indicated EF-Tu underwent a single unfolding event at a collision voltage
of around 40 V, leading to a large increase in average arrival time. Interestingly, it
appears that apo-EF-Tu underwent a more binary unfolding, were the arrival time
distribution ( ) corresponding to a collision voltage of 41.5 V clearly
showed two distinct arrival time maxima. This behaviour was not observed in EF-

Tu*GDPNP and EF-Tu*GDPNP-ENX, where a more gradual unfolding occurs.

Calibration of TWIMS data using denatured myoglobin, native cytochrome C and
native ubiquitin was performed ( ), which permits accurate conversion
of average arrival time to corrected ™CCSyzsue. CIUSuite 2 allows the export of 2D
IMS-MS data in an accessible csv data format for easy upstream processing, from
which, the ™CCSxzsue of apo-EF-Tu, EF-TusGDPNP and EF-Tu*GDPNP-ENX can be
calculated for each collision voltage ( ). Surprisingly, apo-EF-Tu was found
to have a smaller ™ CCSxz-ne than the ligand-bound protein (33.8 + 0.3, 34.7 £ 0.6 and
35.6 £ 0.4 nm? for apo-EF-Tu, EF-Tu*GDPNP and EF-Tu*GDPNP-ENX respectively). This
relationship contrasted with the expected open apo-EF-Tu possessing a greater
™CCSn2sue than the closed EF-Tu*GDPNP and EF-TusGDPNP-ENX. Calculation of
TWCCSn2-ue for crystal structures of apo-EF-Tu, EF-Tu*GDPNP and EF-TusGDPNP-ENX
yielded values of 45.2, 31.5 and 40.6 nm? respectively. These theoretical ™CCSx2sue
values covered the two extremes of open and closed EF-Tu, and as disused previously
( ), EF-Tu in solution does not solely occupy these extremes. Instead it
samples a range of conformations in between, leading to an average CCS between
them. This, paired with the expected initial gas-phase collapse of the tertiary
structure, explains the observed ™CCSy.sue values being within the theoretical
extremes. It is possible that apo-EF-Tu was affected by this collapse to a greater

extent, without stabilising ligands, leading to an initially more compact structure.

Comparison between each EF-Tu species was best drawn from their respective
increases in "™WCCSyasue (A ™CCSn2sue) from their initial, most compact conformation
( ). It was clear that the collision voltage required to induce unfolding of
apo-EF-Tu was less than that of EF-Tu*GDPNP, which in turn was less than that of EF-

TusGDPNP-ENX, indicating conformational stability induced by ligand binding. To
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quantify these differences in stability, the CIUs, value was used. This is the collision
voltage required to convert 50 % of the compact protein into the extended, unfolded
state. By fitting four-parameter sigmoidal logistic curves to ™ CCSx2sn. data (

and B), CIUs, values can be extracted (reported in Prism as ICs). Apo-EF-Tu
reported a CIUs, of 40.3 + 0.8 V, significantly lower than that of EF-Tu*GDPNP (43.2 +
0.5V, p <0.001) and EF-Tu*GDPNP-ENX (44.6 + 1.0 V, p < 0.001). Interestingly the
additional binding of enacyloxin IIa over EF-Tu*GDPNP did not induce a significant
increase in CIUs (p = 0.42, ), although there were clear increases in
stability induced by enacyloxin Ila binding over EF-Tu*GDPNP at collision voltages

lower than this, as reported by the reduced ™ CCSy2- pe.

A B

52

™CCS,,,,,, (nm2)
A™CCS,,,,, (nm?)

Collision Voltage (V) Collision Voltage (V)

—e— Apo-EF-Tu —e— EF-TusGDPNP EF-TueGDPNPeENX

Calculated ™CCS\asne for apo-EF-Tu, EF-Tu*GDPNP and EF-
TueGDPNPeENX across the collision voltage range. A™CCSn,s1e for each species

showing the increase in "WCCSy,.1e from the starting compact structure.

To investigate this, collision voltages required to convert x % of the compact protein
into the unfolded state, where x ranges between 10 - 90 % ( ) were
calculated. Using this metric, EF-Tu*GDPNP-ENX was found to have significantly
higher CIU; (x < 40 %, equating to a collision voltage < 43.3 V) than EF-Tu*GDPNP (p
< 0.03). Interestingly, this showed that significant increases in conformational
stability due to bound enacyloxin IIa are lost between collision voltages of 43.2 - 44.6

V. This correlated with enacyloxin IIa ejection studies ( , ) which
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showed 50 % of bound enacyloxin IIa is ejected via CID at a collision voltage of 42.2 +
0.2 V. It would appear that significantly increased stability induced by enacyloxin IIa
binding was lost due to ejection of the antibiotic at collision voltages similar to those
calculated for EF-Tu*GDPNP-ENX CIUs,. This gives confidence that ligand binding to
EF-Tu did increase the gas-phase stability of its compact fold, and that this increased

stability was modulated by ligand ejection from the EF-Tu complex.
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Figure 6.9 | A | Calculated ClUs, for apo-EF-Tu, EF-TueGDPNP and EF-
TueGDPNPeENX. B | Calculated CIlU, for apo-EF-Tu, EF-TueGDPNP and EF-
TueGDPNPeENX. Significance is shown for EF-TusGDPNP vs EF-TueGDPNPeENX.
Data are average values of three replicates and error bars show one standard

deviation. Stars indicate significance. * =p <0.05, ** =p <0.01, *** =p < 0.001.

6.3.3. Molecular Dynamics Simulations of EF-Tu

MD simulations of E. coli EF-Tu in vacuo were performed in apo and holo states as
described in section 2.4.3 using GROMACS 5.1.2. Briefly, apo-EF-Tu homology models
in open and closed conformations were produced (section 2.4.1) and protonated using
ChargePlacer to give a net 12* charge state. Charged protein was combined with GDP,
GDPNP or GDPNP-ENX to produce holo complexes. All protein systems were energy

minimised, and thermally equilibrated (298 K, 50 ps).
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Figure 6.10 | Apo-EF-Tu®"®N MD Simulation data. Main figure legend overleaf.
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Cont. A | Calculated SASA for apo-EF-Tu®®simulated at 298 K (blue) and
ramped 298 - 950 K (orange). B | Calculated RMSD for apo-EF-Tu®"®™simulated at 298
Kand aramped 298 — 950 K, coloured as in A. C | Calculated radii of gyration for apo-
EF-Tu®PN simulated at 298 K and a ramped 298 - 950 K, coloured as in
Secondary structure analysis of apo-EF-Tu®"tNsimulated at a ramped 298 - 950 K.
Representative structures from apo-EF-Tu°"EN 298 K simulations at 0, 1 and 5 ns.
Representative structures from apo-EF-Tu®fEN 298 - 905 K simulations at 0, 1 and 5
ns. EF-Tu is shown as a cartoon and transparent surface. Data for ramped 298 — 950
K simulations are average values of three replicates and the shaded regions show one

standard deviation.

To confirm protein stability in vacuo, apo-EF-Tu in the open conformation was
simulated for 5 ns held at a temperature of 298 K. To interrogate the thermal stability
of each complex, 5 ns simulations were performed consisting of a 1 ns linear thermal
ramp (298 - 950 K) and a further 4 ns held at 950 K. The resulting MD trajectories were

analysed using inbuilt GROMACS functions, alongside analysis in SideFX Houdini.

Initial simulations were performed consisting of apo-EF-TU in the open configuration
held at 298 K and subject to ramped temperature. Apo-EF-Tu simulated in the open
(EF-Tu®*) conformation at 298 K showed a relatively minor drop in SASA (167.28 to
158.14 nm?, 5.47 % decrease) over the 5 ns simulation indicating a small compaction
of the structure ( ). When the protein was subjected to ramped heating a
large degree of unfolding was observed, as monitored by SASA ( ), root
mean square deviation (RMSD, ), radii of gyration ( ) and
secondary structure analysis ( )- SASA measurements show unfolding
into an extended conformation consistent with ramped heating. Continued hold at
950 K produced no further conformation expansion but rather an increasingly higher
disordered and flexible conformation, as shown by continued increases in RMSD and
radii of gyration alongside an almost complete degradation of ordered secondary
structure. Representative structures extracted during the simulation can be seen in

and F. To investigate the stability of EF-Tu upon addition of bound

OPEN

ligands, two holo-EF-Tu complexes were made; EF-Tu°**N+GDP (open conformation)
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and EF-Tu®fP«GDPNP-ENX (closed conformation) alongside an apo-EF-Tu®-9SEP
structure in the closed conformation as a further control. All of these were subjected
to a ramped heating simulation for 5 ns. As with apo-EF-Tu®*®N, all protein
experienced significant unfolding as a result of heating (represented by an increase

in SASA (A SASA) from their respective starting structures, figures 6.11, A and B).
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Figure 6.11 | A | Calculated increases in SASA (A SASA) for apo (orange)and holo-EF-
TuCPEN (EF-Tu®”®™eGDP, pink). B | Calculated increases in SASA (A SASA) for apo
(orange) and holo-EF-TuCSEP (EF-Tu“9SfCe GDPNP*ENX, pink). Data are average

values of three replicates and the shaded regions show one standard deviation.
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Figure 6.12 | A | Calculated increases in "*CCSy, (A ACCSy,) for apo (orange) and holo-
EF-Tu®PEN (EF-Tu®PENeGDP, pink). B | Calculated increases in "ACCSy, (A PACCSy;) for
apo (orange) and holo-EF-Tu®°St (EF-TuC°StPe GDPNP*ENX, pink). Data are average

values of three replicates and the shaded regions show one standard deviation.
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To interrogate this further, corrected PA CCS (**CCSy.) values were calculated for
proteinaceous atoms throughout the simulations (shown as the increase in "*CCSx,
A PACCSyo, figures 6.12, A and B). Note, P*\CCSn. values were calculated at half temporal
resolution (every 2 ps) as opposed to the base simulation resolution of 1 ps due to software
limitations with CCSCalc. From these, there were clear qualitative differences between
systems. The presence of GDP in EF-Tu®*NGDP induced a smaller "CCSy, over apo-
EF-Tu®N (final values of 36.33 and 39.29 nm? respectively), indicating a more

compact structure.
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Figure 6.13 | A | Calculated centre of mass (COM) differences between EF-Tu and
GDP. B | Calculated COM differences between EF-Tu and GDPNP. C | Calculated COM
differences between EF-Tu and enacyloxin lla. D | 3D (x,y,z) representations of GDP
ejection trajectories. EF-Tu positions (orange) as of the start of the simulation (EF-Tu
structure not to scale). GDP trajectory is represented as a pink line. Final (x,z) GDP

position highlighted by the pink circle and dashed lines.
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Interestingly, during all three replicates of the EF-Tu®**NGDP simulations GDP was
ejected from the protein after 1.75 - 2.5 ns, corresponding to a slight drop in *CCSx.
(figure 6.12, A, figure 6.13, A and figure 6.14, A). This behaviour was not displayed by
GDPNP or enacyloxin ITa which, although move locally through the system, remain
associated with EF-Tu (figure 6.13, B and Cand figure 6.14, B). GDPNP remains tightly
associated to the Mg* cofactor and buried within the protein structure. Enacyloxin
ITa, on the other hand, is fully exposed on the surface of EF-Tu. The 3D ejection
trajectories of GDP for each repeat simulation are shown in figure 6.13, D. Initially,

enacyloxin ITa did provide a stabilising effect on EF-Tu®-°**?«GDPNP-ENX for the first

3 ns of the simulations (figure 6.12, B).

5ns

Figure 6.14 | A | Representative structures from EF-Tu°*®™NeGDP 298 - 905 K
simulations at0, 1.98 and 5 ns. Note, 1.98 ns was selected to capture ejection of GDP
from EF-Tu. F | Representative structures from EF-Tu®°S(e GDPNPe*ENX 298 - 905 K
simulations at 0, 1.98 and 5 ns. Note, buried GDPNP and surface associated
enacyloxin lla at 5 ns. EF-Tu is shown as a cartoon and transparent surface. GDP(NP)
and enacyloxin lla are shown as VDW spheres, coloured by element and Mg?* shown

as a green sphere.
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Loss of stabilisation correlates with movement of enacyloxin IIa from within what
remains of its binding pocket to the surface of the protein (figure 6.13, C and figure
6.14, B). To investigate ligand stabilisation effects further, domain-level
proteinaceous atom RMSD was calculated for apo-EF-Tu“°® and EF-
TuOEP.GDPNP-ENX (represented in figure 6.15 as the A RMSD between apo-EF-
TuLE? and EF-Tu“°s**-GDPNP-ENX). Here, domain I was found to have an overall
negative A RMSD (therefore greater RMSD in apo-EF-Tu“ then EF-
TuEP.GDPNP-ENX), with domains I and III remaining at approximately a A RMSD
of 0. This would imply an overall stabilising effect of GDPNP binding within domain
I during the EF-Tu®-°*®?«GDPNP-ENX simulation. As can be seen in figure 6.14, B,
GDPNP remains within the collapsed protein structure during the simulations, tightly

associated with the Mg* cofactor.
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Figure 6.15 | Change in RMSD (A RMSD) between apo-EF-Tu®©°s¥® and EF-
TuCCSELe GDPNP*ENX and per domain. A more negative A RMSD would infer greater
stability in EF-Tu°stPe GDPNPeENX compared to apo-EF-Tu°%t®, Data are average

values of three replicates and the shaded regions show one standard deviation.
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In contrast, enacyloxin Ila did not remain associated with its binding groove, as this
was largely destroyed during unfolding, and hence did not impart a direct
stabilisation effect on EF-Tu. It is possible that additional stability is conferred to

domains I and III due to enacyloxin IIa binding prior to collapse of the binding site.

In all MD simulations, EF-Tu did not undergo unfolding to the extent that was seen
experimentally (greatest MD A P CCSy. of 8.42 nm? compared to a greatest
experimental A ™"WCCSyysue 0f 14.95 nm?). This is unsurprising for several reasons; CIU
occurs over millisecond timescales compared to the nanosecond timescale MD
simulations and CID-mediated unfolding is an intrinsically different process than
imparting a linear, protein-wide thermal gradient. Although truly direct comparisons
cannot be made between the two methods, the qualitative outcomes are similar: the

presence of bound ligands increases EF-Tu stability over the apo-protein.

Here, I have shown the use of native mass spectrometry as a tool to quickly and
accurately assess the binding of novel enacyloxin analogues to EF-Tu. Importantly,
this was achieved using simple crude extracts of each analogue, removing the need
for time consuming preparatory HPLC. The specificity of mass spectrometry allowed
“fishing” of bound EF-Tu out of complex sample mixtures, alongside ejection and

identification of each bound analogue through CID.

I also investigated the stability of EF-Tu in the gas-phase through CIU and MD
simulations. The results show that the EF-Tu compact, gas-phase structure is
significantly stabilised by GDPNP binding, and that the EF-Tu*GDPNP complex is
significantly further stabilised by binding of enacyloxin IIa. This additional stability
is modulated by CID ejection of enacyloxin IIa and is lost at collision voltages higher
than that shown to eject 50 % of enacyloxin Ila. Although not a direct comparison,
thermal unfolding MD simulations showed a similar phenomenon. Binding of GDP

and GDPNP-ENX induced greater thermal stability over their respective apo proteins.
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Due to hardware limitations, it was not feasible to run all-atom MD simulations for
longer than 5 ns. However, to further explore EF-Tu unfolding microsecond
simulations could be performed. This would allow for conformational changes from
open to closed EF-Tu to be observed, and although still an order of magnitude smaller
in timescale than CIU, would theoretically provide a more accurate comparison to

experimental data.
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This thesis has explored the use of several structural mass spectrometry techniques
to study the prokaryotic elongation factor EF-Tu. Specifically, it focussed on the
interactions between EF-Tu and several cognate binding partners, both small
molecule and protein in nature. Key concepts surrounding protein structure and
interactions were introduced, the intimate role of EF-Tu in prokaryotic translation
through transport of aminoacyl-tRNA was outlined and the relevant broad field of
mass spectrometry discussed ( )- The key experimental methods ( )
used throughout this work were described, along with data analyses and

computational methods.

The experimental focus of this thesis was predominately the application of carbene
protein footprinting to EF-Tu. As discussed in detail previously, carbene footprinting
allows protein-ligand interactions to be elucidated. Accessible residues on the
protein surface can be rapidly and irreversibly labelled by a probe, which can then
be quantified by mass spectrometry. Binding of a partner, small molecule or protein,
should impart a masking effect, protecting the underlying protein from labelling.
Conformational changes in a target protein can also be highlighted by carbene
footprinting, as regions of the protein become more or less exposed as a result of
conformation change, a corresponding increase or decrease in labelling would be

expected.
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This method was first used to interrogate binding of the thiazolyl elfamycin GE2270A
to A. baumannii EF-Tu ( ). The elfamycins are a diverse range of compounds
that all specifically target EF-Tu, inhibiting its role in prokaryotic translation.
GE2270A is known to bind to domain II of EF-Tu, specifically in the open
conformation of the protein, and prevents binding of aminoacyl-tRNA, acting as a
competitive inhibitor. Although there was no reason to question binding of GE2270A
to A. baumannii EF-Tu, no published research has explored this specific interaction.
Carbene footprinting of EF-Tu in complex with GDP was performed as a control,
which was compared against EF-Tu in complex with both GDP/GDPNP and GE2270A.
These data showed highly localised, significant reductions in labelling within domain
II of EF-Tu when complexed with GE2270A, an effect which was found to be
GDP/GDPNP dependent. EF-Tu is more likely to adopt an open conformation bound
to GDP, which is required for GE2270A binding. When bound to GDPNP, on average,
EF-Tu adopts a more closed conformation, which is detrimental to GE2270A binding.
Interrogation of the footprinting data showed GE2270A-dependent masking effects
on peptides containing residues predicted to contact the antibiotic. These were
paired with several unexpected significant masking effects in peptides proximal, but
not directly within, the binding site. These effects are tentatively inferred to be due
to structural perturbations within the protein structure induced by GE2270A binding,
specifically as these peptides cover disordered loops within domain II which are

inherently flexible and my become more ordered upon ligand binding.

Overall, this chapter demonstrates the effectiveness of carbene footprinting to
capture binding of GE2270A to A. baumannii EF-Tu. Considering other work
discussed in this thesis, future work relating to GE2270A could take several avenues,
the first being production of GE2270A resistant EF-Tu mutants. Several domain II
residue substitutions highlighted in conferred resistance to the antibiotic.
If these mutations induce resistance by inhibition of GE2270A binding, this should
be reflected in a reversal of the masking effects seen in the wild-type (GE2270A
sensitive) protein, an effect shown for the contrasting elfamycin, enacyloxin Ila, in

. The second potential direction would be a molecular dynamics
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investigation into the conformational fluidity of the EF-TuGE2270A complex. As
discussed in , crystal structures do not represent the true solution phase
structure (or ensemble of structures) of a protein, and do not directly provide
information on conformational fluidity. Through microsecond-scale molecular
dynamics simulations, the full dynamics of EF-Tu can be captured, including the
conformational switching between open and closed conformations. Simulations of
this nature of the EF-TuGE2270A complex would elucidate any conformational
perturbations induced by GE2270A binding, which are otherwise not able to be
captured in the single published crystal structure of the complex. This would allow
for greater understanding of the carbene footprinting data, especially in those

peptides thought to be masked by changes in conformational flexibility.

Carbene footprinting was also used to probe the interactions between EF-Tu and the
polyketide-based elfamycin enacyloxin IIa ( )- In contrast to GE2270A,
enacyloxin Ila binds to EF-Tu in the closed conformation, at the domain I - II
interface, which does not exist in the open conformation. Enacyloxin Ila exerts its
antibiotic effects through locking EF-Tu in the closed conformation, irrespective of
GTP hydrolysis. This prevents its dissociation from the ribosome, therefore causing
a cessation of protein translation. Similarly to GE2270A, no structural information
regarding binding of enacyloxin IIa to A. baumannii EF-Tu has been published. This,
paired with the expected large conformational change associated with enacyloxin Ila
binding (open to closed) made EF-TuENX an interesting target for carbene

footprinting analysis.

Carbene footprinting was performed initially on wild-type EF-Tu, apo protein and EF-
Tu*GDPNP were controls. No significant differences in labelling were seen between
apo-EF-Tu and EF-TusGDPNP, highlighting their conformational similarity in
solution. In contrast, when the EF-Tu*GDPNP-ENX complex was subject to carbene
footprinting, significant reductions in labelling were seen both globally across the
protein and locally within the predicted enacyloxin Ila binding site. Global
reductions in labelling were found in regions of EF-Tu that become either

inaccessible in the closed conformation or instead become more disordered e.g.

203



switch I. Together, these indicated that carbene footprinting has captured the large
conformational change associated with enacyloxin Ila binding. The presence of
localised masking within the enacyloxin IIa binding site gave confidence that these

effects were due to enacyloxin Ila binding.

To further investigate this, several enacyloxin Ila resistant EF-Tu mutants were
produced through targeted mutagenesis of wild-type EF-Tu. Each mutation conferred
differing levels of enacyloxin IIa resistance as measured by their binding affinities to
the antibiotic. These measurements were acquired through native mass
spectrometry titrations. Native mass spectrometry was also employed to study the
CID mediated ejection of enacyloxin Ila from EF-Tu. Carbene footprinting of each
mutant bound to GDP and enacyloxin ITa showed a resistance-dependent effect on
labelling. As resistance towards enacyloxin Ila increased, the overall amount of
labelling increased, which was interpreted as EF-Tu adopting a more open
conformation. This effect would be expected with reduced enacyloxin I1a binding, as

it is this binding that induces adoption of the closed conformation.

The work in this chapter highlights the capabilities of carbene footprinting to capture
these large-scale conformational changes, an area of research that had not been
investigated through carbene footprinting before. Importantly, these effects were
modulated by enacyloxin Ila resistance, indicating that they were directly due to its
binding to EF-Tu. However, several areas of research remain unexplored. Carbene
footprinting was performed on mutant EF-Tu bound to GDP and enacyloxin Ila, not
the preferential GDPNP. The much lower Kp values of EF-Tu*GDPNP towards
enacyloxin ITa made differentiation of the resistant mutants impossible under these
conditions. Methods to reduce the overall concentrations of EF-Tu and enacyloxin IIa
in the footprinting experiments were tentatively explored e.g. performing
footprinting at low concentration of protein before combing aliquots for upstream
processing at acceptable protein concentrations. However, time constraints meant
this could not be explored to its full potential. Similar to the EF-Tu*GE2270A complex,
investigation into conformational fluidity through microsecond-scale molecular

dynamics simulations would be a great asset to combine with carbene footprinting
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data. Especially for regions of EF-Tu showing high flexibility or disorder, which are

often not represented in the published crystal structures.

Protein-protein interactions between P. putida EF-Tu and a putative prolyl
hydroxylase (PPHD) were investigated through carbene footprinting in . As
discussed, EF-Tu was found to be the target of a putative prolyl hydroxylase in P.
putida. PPHD was found to bind to domain I and II of EF-Tu, whilst unravelling EF-
Tu switch I region and positioning it within its binding site. Native mass spectrometry
showed minor formation of the EF-TusPPHD complex when the substituent proteins
were incubated at equimolar concentrations. Dual chymotryptic and tryptic carbene
footprinting experiments on both EF-Tu and PPHD showed masking effects on each
protein associated with their binding. Specifically, masking was seen on EF-Tu switch
I and its PPHD binding site alongside minor masking in EF-Tu domain II. These
results suggested that PPHD binds strongly to switch I/domain I of EF-Tu and perhaps
more transiently to domain I, as indicated by the reduced masking effects there. This
complex lends itself to a raft of potential further research. Hydroxylation of EF-Tu is
possible and, despite being difficult and out of the scope of this project, would be
possible to purify out from native EF-Tu. This modified EF-Tu could then be subject
to a range of experiments, including repeats of work described in this thesis to

investigate the effects, if any, that hydroxylation has on these EF-Tu interactions.

A method for rapidly characterising binding of semi-synthetic enacyloxin Ila
analogues was explored in . Resuspended crude extracts of enacyloxin Ila
analogues were incubated with EF-Tu prior to buffer exchange and desalting. Using
native mass spectrometry, the binding of each analogue to EF-Tu could be studied.
These data were purely qualitative, as the analogues were of unknown
concentrations, but the method allowed for quick screening of novel compounds

without the need for preparative HLPC purification.

Finally, the gas-phase stability of EF-Tu was investigated through IMS-MS and CIU
also in . IMS allows separation of ions based upon the size and shape, not
just their mass and charge. From arrival time distributions, CCS of ions can be

calculated. CIU exploits the collisional activation of a protein ion prior to IMS
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separation, if sufficient energy is imparted into a protein ion it may undergo partial
unfolding. This can be monitored using IMS, as an unfolded protein tends to have a
larger CCS. By subjecting protein ions to a range of collision voltages, the energy at
which unfolding occurs can be calculated. E. coli EF-Tu as an apo protein and bound
to GDPNP and enacyloxin IIa was subject to CIU to investigate stabilising effects on
the protein imparted by ligand binding. Here, an increase in stability is defined as a
reduction in CCS at a given collision voltage. These experiments showed that EF-
Tu*GDPNP was significantly more stable than the apo protein, and that further
significant increases in stability were conferred by enacyloxin ITa binding. However,
this additional stability was modulated by the CID ejection of enacyloxin Ila, where
at collisional voltages greater than, or sufficient to, eject 50 % of bound enacyloxin

ITa, the additional significant stability was lost.

These data were corroborated through short in vacuo molecular dynamics EF-Tu
simulations. Apo and holo EF-Tu in their open and closed initial conformations were
subject to 5 ns MD simulations. Control simulations were performed where the
protein was held at 298 K, and thermally ramped 298 - 950 K simulations were
performed to induce denaturation. Although not a direct comparison to CID-
mediated unfolding, these thermal simulations do allow the exploration of ligand
stabilisation. Through integration of MD trajectories CCS values can be calculated for
each protein throughout the simulation. These showed that the presence of bound
ligands did in fact confer greater stability (i.e. reduced unfolding) over their

respective apo protein conformations.

These methods lend themselves to investigation of EF-Tu bound to other compounds.
GE2270A and enacyloxin Ila analogues are examples taken directly from this work.
Their stabilising effects could be studied through both CIU and MD simulations. For
greater confidence in MD data, extension of these simulations to the microsecond
scale could be performed. CIU occurs on the millisecond timescale, and although
still an order of magnitude greater than microsecond MD simulations, longer

simulations will allow for better representations of EF-Tu unfolding.
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Overall, this thesis has explored the use of several structural mass spectrometric
methods to characterise EF-Tu. Both from an interaction perspective, and a
conformational stability perspective. The work presented within demonstrated the
ability of carbene footprinting to accurately map protein-ligand interactions and,
importantly, large scale conformational changes associated with binding. Finally,
ligand binding to EF-Tu was shown to increase its gas-phase stability, which in turn

was modulated by ligand ejection at sufficient collision energies.
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Appendix Il | Physical SEC chromatogram (top) for wild-type A. baumannii EF-Tu.
Labelled fractions were subject to SDS-PAGE (bottom), with fraction 21 containing

the highest concentration of EF-Tu.

Appendices 239



MS? Fragment lons of Select Peptides

EF-TuQBK \/q[132 - Lgsm

Appendix 1I(i) | Observed and calculated b and y fragment ions for Val'*2 - Lys'*®in EF-

Tu®'S'® along with their associated m/z errors.
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EF_TUWild-Tgpe Phe313 _ Ar9327

Appendix l1(ii) | Observed and calculated b and y fragment ions for Phe®'® - Arg**in

EF-Tu™dre glong with their associated m/z errors.
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EF_TU6325D Phe313 _ Arg327

Appendix IlI(iii) | Observed and calculated b and y fragment ions for Phe®'® — Arg®?in

EF-Tu®?%P glong with their associated m/z errors.

148.08

Residue Fragment | Calculated | Observed S Fragment | Calculated | Observed S
lon (m/z) (m/z) lon (m/z) (m/z)
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iv.

Appendix IlI(iv) | Observed and calculated b and y fragment ions for Thr3®* -

EF-Tu”®®T along with their associated m/z errors.

Fi t | Calculated | Ob: d
Residue ragmen SIERSEE SERE Error (m/z)
lon (2+) (m/z) (m/z)
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514.29

549.80

578.32

627.85

677.38

712.90
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V. EF-TyWid-Tupe Thy32 _

AppendixIll(v) | Observed and calculated b and y fragment ions for Thr*2

Lys*Isomer |

I in EF-Tu™'@re along with their associated m/z errors.
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Vi.

EF-TuWid-Twpe Thr32 - |ys* Isomer I

AppendixIll(vi) | Observed and calculated b and y fragment ions for Thr®2 - Ala**isomer

[l in EF-Tu'“™e along with their associated m/z errors.

gment
lon
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N
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N
K
N
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by
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Vil. FF-TuWild-Tupe Thy32 —

Appendix Ill(vii) | Observed and calculated b and y fragment ions for Thr®2

Lys* Isomer llI

isomer Ill in EF-Tu"'“™e along with their associated m/z errors.

- by 102.06
- b, 203.10
- bs 316.19
- by 417.23
- bs 488.27
- 874.42
- by 1046.50
- bio 1159.59
- by 1319.62
- bia 1390.65
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Vil

EF-TuWid-Toee Thr32 - |ys* Isomer IV

Appendix [ll(viii) | Observed and calculated b and y fragment ions for Thr®2 — Ala*

isomer IV in EF-Tu"'4™¢ glong with their associated m/z errors.
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iX.

EF-TuWid-Toee Thr32 - |ys* Isomer V

AppendixIll(ix) | Observed and calculated b and y fragment ions for Thr®2 - Ala*isomer

V in EF-Tu"4™e glong with their associated m/z errors.
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x. EF-TuWid-Twee Thrs2 — |ys* Isomer VI

AppendixIll(x) | Observed and calculated b and y fragment ions for Thr2 - Ala*isomer

VI in EF-Tu™@re along with their associated m/z errors.

. ne C Ilated Observed - Fragment | Calculated | Observed o
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V. Native Mass Spectra of Enacyloxin lla Analogues

Bound to EF-Tu
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Appendix |l | Native mass spectra of each enacyloxin lla analogue that bound to EF-

Tu. Left to right; whole native mass spectrum; quadrupole isolated and collisionally

activated [M + 12H]"?* EF-TueGDPNPeAnalogue peak; ejected enacyloxin lla analogue

A—D correspond to enacyloxin analogue lla1-Ila4 and E - H to lla6 - lla9. Blue circles

indicate EF-TusGDPNP; pink circles, enacyloxin lla analogues; blue and pink circles,

EF-TueGDPNPeAnalogue.
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Note to examiners:

This statement is included as an appendix to the thesis in order that the thesis accurately
captures the PhD training experienced by the candidate as a BBSRC Doctoral Training

Partnership student.

The Professional Internship for PhD Students is a compulsory 3-month placement which
must be undertaken by DTP students. It is usually centred on a specific project and must not
be related to the PhD project. This reflective statement is designed to capture the skills
development which has taken place during the student’s placement and the impact on their

career plans it has had.

I had the pleasure to work at Phospho Biomedical Animation (for ease, referred to as
just Phospho) for my PIPS, a small, award-winning scientific animation and
illustration company based in Tottenham, London. Phospho specialise in visually
stunning, data-driven artwork used for a variety of purposes, both academic and
industrial. Their imagery has featured on the covers of several prominent journals,
and animations commissioned by leading industrial companies. I have a five-plus
year background in scientific illustration, initially as a hobby and more recently as
freelance commercial work. However, due to hardware and time constraints, I had
little experience in animation. I produce and render all my own illustrations using
the open-source software Blender, whereas Phospho, uniquely, work exclusively with
the commercial software Houdini (SideFX) and Redshift (Maxon). At Phospho I

worked under the founder Dr Jeroen Claus, and alongside two biomedical animators.
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During my time at Phospho, I produced several commissioned pieces. The first being
ajournal cover submission for Professor Elton Zeqiraj, for research published in Cell.
The second was a product animation for Oxford Nanopore, and the third being a
proof-of-concept animation for presentation at a conference for Dr Chris Tape. The
first challenge to overcome during the PIPS was learning how to competently
Houdini, a vastly more complex and powerful software than Blender, featuring
completely different workflows and code-based input. I believe I completed the PIPS
with much greater understanding and knowledge of the software, thanks to the help
from all members of Phospho. The artwork I produced for the Cell cover submission
consisted of a fully 3D rendered image ( ), alongside photography of a
hexagonally tessellated origami model ( ), complete with drawn
representations of the protein subject matter of the publication. Both concepts I
produced, refined through continual input from both Jeroen and Elton and

ultimately, although not selected for that issue of Cell, artwork I am proud of.

A B

Example artwork produced on my PIPS for Cell cover image submission.
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The work I produced for Oxford Nanopore was a one-minute animation, showcasing
their long-read RNA sequencing capabilities, since used in multiple promotional
materials ( ). Here I learned not only how to produce high-quality animations,
but also the process of working with a client. I gained video and audio editing skills,
knowledge of client-lead workflows and gained confidence in showing my work for
critique and improvement, from both Jeroen and members of the Nanopore team we

communicated with.

With nanopore sequencing, capture
Short reads leave many isoform F q 9, Caf

structures unresolved full-length transcripts

in single reads.

Detect modifications like m6A Identify and quantify isoforms
in native RNA.

to reveal novel biology.

Powerful transcriptome and epitranscriptome

analysis from a single platform. Measure poly-A tail length

Representative stills from the animation | produced for Oxford Nanopore.
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Finally, the animation I produced for Dr Chris Tape was under a very tight schedule
and sought to highlight his work into the phenotypic landscape of differentiating cell
types (figure 3). The animation was to be shown as a part of his presentation at the
American Association for Cancer Research annual meeting. During this I deepened

my skillset in animation, whilst working under tight time constraints.

Figure 3 | Representative stills from the animation | produced for Dr Chris Tape.

Overall, I further developed my skills in scientific illustration and communication
alongside gaining novel skills in animation, client relationships plus communication,
and the use of novel software. These skills translate into academic research,
presentation of data is an essential component to our work, and visually appealing
representations of research aid its appeal to a wider audience. Working at Phospho
allowed me to realistically consider the pursuit of scientific animation and
illustration as a career path, and if not, the skills I gained are transferable to the
presentation of my own data. I wish to offer my thanks to all those at Phospho who
helped me during my placement, especially Jeroen. I would also like to acknowledge
their financial support for my accommodation in London for three months, without

which the placement would not have been possible.
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