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Structural, Functional and Evolutionary Studies on Prolyl-Hydroxylases

The role of prolyl-hydroxylation was first identified in collagen, wherein
hydroxyproline was found to stabilise the collagen triple helix. In the 1960s, the presence of
hydroxyproline in collagen was found to be a result of enzyme catalysed protein
modification. An enzyme, now known as collagen prolyl-4-hydroxylase (CP4H), was found to
be completely dependent on Fe(II), 2-oxoglutarate (20G) and molecular oxygen for catalysis,
and was the inaugural member of enzyme family known as the Fe(Il) and 20G-dependent
oxygenases (20G oxygenases), the members of which have since expanded dramatically -
more than 60 20G oxygenases are predicted to exist in humans alone.

It was not until the 21st century that hydroxyproline was found to play roles in
human biology beyond its well-characterised role in collagen stabilisation. In animals, cells
adapt to low oxygen conditions (hypoxia) via the upregulation of hundreds of target genes
as governed by the hypoxia-inducible transcription factor (HIF). The mammalian hypoxic
sensing system was discovered to be regulated by a conserved family of hypoxia-inducible
factor prolyl-hydroxylases (PHDs or EGLNs), which catalyse the prolyl-4-hydroxylation of a
conserved proline residue in HIF-a under normoxic conditions, so targeting HIF-a for
proteasomal degradation via the von Hippel-Lindau (pVHL) E3 ubiquitin ligase pathway. As
a result, the PHDs are current therapeutic targets for the treatment of anemia and ischemia-
related diseases. Thus, hydroxyproline also plays a critical role in mammalian oxygen
sensing. However, the discovery also raised the question of the evolutionary origin of these
enzymes and what roles, if any, they may play in other organisms.

This thesis begins by describing the identification and biochemical characterisation
of the first homologue of the human PHDs in prokaryotes, specifically, in Pseudomonas
species, which contains pathogens such as P. aeruginosa. Pseudomonas PHD (PPHD) was
discovered to catalyse the prolyl-hydroxylation of a conserved region of elongation factor Tu
(EF-Tu), a translational GTPase universally conserved in prokaryotes and known for its
critical role in bacterial translation. A crystal structure of PPHD, the first of a prokaryotic
prolyl-hydroxylase, was then determined, revealing a striking structural homology of PPHD
to the human PHDs. The further determination of crystal structures of Pseudomonas EF-Tu
and a PPHD:EF-Tu protein-protein complex, the first of any 20G oxygenase in complex with
its full-length protein substrate, provides important insights into the substrate recognition
mechanisms of both the CP4Hs and the PHDs and reveals an evolutionarily conserved
pathway of substrate recognition that extends to prokaryotes and will be useful in the
design of selective inhibitors of the PHDs.

Differences were investigated between the PHDs and a recently discovered
subfamily of eukaryotic prolyl-3-hydroxylases, which catalyse the hydroxylation of a
conserved proline residue in the small ribosomal subunit S23 (RPS23) and have been
implicated in translation accuracy and the stress response. Crystal structures of the RPS23
hydroxylases human OGFOD1 and yeast Tpal in complex with 20G-mimetic inhibitors
provide insight into their evolutionary origins. Analyses of the structures will be useful for
targeting either OGFOD1 or the PHDs for human therapy.

The thesis then describes work on human CP4H, a 240 kDa azf32 heterotetramer. A
novel expression and purification protocol is described for the CP4H complex in addition to
the first known reports of its crystallisation and diffraction. Further, the foundations of a
high-throughput inhibition assay of the human CP4Hs is presented and will be of immediate
interest for assaying inhibitors of the human PHDs in clinical trials, some of which are also
predicted to inhibit the CP4Hs.

In closing, the thesis attempts to synthesise the results presented in order to provide
further insight into the question of the ancestral origins of the prolyl-hydroxylases, a family
of enzymes whose range of functions and biological roles likely will continue to expand.
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Chapter 1

1 Introduction

1.1 The collagen prolyl-4-hydroxylases
1.1.1 Scurvy, collagen, and the discovery of 20G oxygenases

First identified by Hippocrates (c. 400 BC) and prevalent among sailors
well into the early 20t century, scurvy is a potentially fatal disease caused by
defective collagen fibrillogenesis, which produces characteristic symptoms
including skin spots and abnormal bleeding (1). In 1747, in what has been
referred to as the first clinical trial, Scottish physician James Lind conclusively
showed that scurvy could be cured by the administration of citrus fruits (2).
However, it was not until 1927 that Hungarian biochemist Albert Szent-Gyorgyi
isolated a compound called ‘hexuronic acid’, which was later shown to have anti-
scorbutic properties, and therefore named ascorbic acid, or vitamin C (1). At the
time, the molecular mechanism underlying the anti-scorbutic properties of
ascorbic acid was unknown (1).

Collagen is subjected to various post-translational modifications including
lysyl-hydroxylation, prolyl-3- and prolyl-4-hydroxylation (3). In 1955,
Ramachandran and Kartha used X-ray diffraction data to determine the collagen
triple helical structure, prompting numerous studies on the nature of collagen
stability (4). The critical role of 4-hydroxyproline was well-known [typically a
rare amino acid yet composes ~10% of the residues in mammalian collagen (5)]
in stabilising the collagen triple helix, in that unhydroxylated pro-collagen chains
do not form collagen fibrils in vivo (6). Initially, the 4-hydroxyl group was

thought to form hydrogen bonds with the carbonyl oxygen of a neighbouring
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chain. A more recent high-resolution X-ray crystal structure of a collagen-like
peptide revealed that the hydroxyl groups of 4-hydroxyprolines are positioned
to form hydrogen bonds to water molecules in a closed cylinder of hydration
around the peptide triple helix (7). However, neither of these theories was
revealed to be correct. Further studies on fluoroproline containing peptides
revealed that 4-hydroxyproline stabilises human collagen via operation of the
gauche effect, in that the electron-withdrawing hydroxyl group preorganises the
pyrrolidine ring pucker thereby resulting in adoption of torsion angles
characteristic of a collagen triple helix (8).

Shortly after Ramachandran related his findings, in 1967, Hutton et al.
reported that the enzyme-catalysed formation of 4-hydroxyproline in collagen
was stimulated by ascorbate (9), directly linking the anti-scorbutic properties of
vitamin C to the defective collagen fibrillogenesis observed in scurvy patients. In
addition to ascorbate, the enzyme, called collagen prolyl-4-hydroxylase (CP4H),
was found to be dependent on Fe(ll), 2-oxoglutarate (20G), and molecular

oxygen (Figure 1.1).

0, CO, QH
20G succinate 2
K CP4H [O] /‘
A -
N - N
/ /
Pro-collagen Pro-collagen Pro-collagen Pro-collagen
o (o]

Figure 1.1. CP4H catalyses the prolyl-4-hydroxylation of collagen substrates. CP4H couples
the oxidation of C-4 of prolyl residues to the oxidative decarboxylation of 20G into succinate.

1.1.2 CP4H is a member of the 20G oxygenase superfamily
CP4H represents the inaugural member in what has since been revealed

to be a large superfamily of enzymes known as the 20G oxygenases, of which
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there are more than 60 members in humans that catalyse a range of reactions
including desaturation, epimerisation, ring closure, and chlorination (10, 11). All
characterised 20G oxygenases are characterised by a complete dependence on
Fe(1I), 20G, and molecular oxygen for catalysis (Figure 1.2). Structural studies
have shown that 20G coordinates Fe(Il) in a bidentate manner through its 1-
carboxylate and 2-oxo groups (12). 20G oxygenase catalysis is proposed, at least
in many cases, to proceed through a highly oxidising Fe(IV)=0 (oxo)
intermediate, which has been trapped and characterised spectroscopically (12-
15). Although the exact role(s) of ascorbate in 20G oxygenase catalysis is
unknown, it is thought to reinitiate uncoupled reaction cycles via reduction to
Fe(lI), a proposal consistent with data suggesting ascorbate can be replaced by
other reducing agents, such as -mercaptoethanol to varying degrees of success

(9, 16).
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Figure 1.2. Outline of proposed catalytic mechanism for 20G oxygenases.

1.1.3 CP4H is an azf32 heterotetramer

Human CP4H catalyses the hydroxylation of proline residues in X-Pro-Gly
repeats of collagen polypeptides (6, 17). Further studies led to its identification
as a 240 kDa heterotetrameric enzyme composed of two a and two 8 subunits
(Figure 1.3)(6). Three isoforms of the a subunit, a(I), a(Il), and a(Ill) exist in
humans (6, 18, 19). Coexpression in insect cells provides strong evidence against
the formation of mixed tetramers (i.e. a(l)a(Il)B2) (18). The processed «a(I)
subunit [a(I)2p2 tetramer henceforth referred to as CP4H in this thesis] consists

of 517 residues and is synthesised in a form containing a N-terminal signal
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peptide of 17 residues that targets CP4H to the lumen of the endoplasmic

reticulum (ER)(20).

a: | N-terminal dimerisation g\ Catalyic domain

1 144 244 517

Figure 1.3. CP4H is an azf3z heterotetramer. The a subunit is composed of three domains: the
N-terminal dimerisation domain, the PSB, and the catalytic domain, whereas the 3 subunit is
identical to the polypeptide protein disulfide isomerase.

The a subunit contains the catalytic machinery and is itself composed of 3
domains: a N-terminal dimerisation domain (residues 1-144), a peptide-
substrate-binding-domain (PSB)(residues 145-244)(21, 22), and a C-terminal
20G oxygenase catalytic domain (residues 245-517)(Figure 1.3).

The B subunit is identical to protein disulfide isomerase (PDI) (23), a 55
kDa multifunctional enzyme important in many cellular processes, including
lipid homeostasis, neurodegeneration, and virus entry (24, 25). PDI is a thiol-
disulfide oxidoreductase located in the ER that catalyses the oxidation, reduction,
and isomerisation of disulfide bonds and, more generally, assists in the correct
folding of proteins. At least 21 PDI family members exist in humans (26),
possibly having evolved to facilitate proper folding of a number of different
proteins. The exact role of PDI in CP4H tetramer assembly is unknown, yet
studies have revealed it to be necessary in preventing aggregation of the a
subunit and maintaining its ER localisation (27, 28). Crystal structures of human
PDI in its oxidised and reduced forms reveal it to contain four thioredoxin

domains a, b, b’, and a’ (in that order from N to C) of which the a and a’ domains
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are catalytically active and the b and b’ domains contain a hydrophobic substrate
binding pocket (Figure 1.4)(29). The PDI active site typically contains a CGHC
motif positioned to form a disulfide bond that catalyses disulfide exchange with

its variety of substrates.

Figure 1.4. View from a crystal structure of the human PDI in its oxidised form. The
structure consists of four thioredoxin domains in the following order: a (residues 26-133; cyan),
b (residues 137-232; magenta), b’ (residues 235-349; pink), and a’ (residues 369-479; blue).
Interdomain loops are coloured green. Domains a and a’ each contain a CGHC motif. PDB ID: 4EL1
(29).

Despite decades of research, advances in the structural studies of
mammalian collagen prolyl-4-hydroxylases have been slowed by difficulties
inherent in their purification. In vitro assembly of the oz tetramer has
remained unsuccessful. Initial successful attempts to produce an active CP4H
o232 heterotetramer involved coexpression of the a and 3 subunits in insect cells
(27, 30) and yeast (31). In the last decade, however, successful expression of the

CP4H tetramer in E. coli has been achieved through the use of the E. coli Origami

2 expression strain, which maintains an oxidising cytosolic environment due to
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engineered mutations in both the thioredoxin reductase (trxB) and glutathione
reductase (gor) genes (32).

Site-directed mutagenesis studies on human CP4H have shown that
tetramer formation is, at least in part, mediated by two sets of intrachain
disulfide bonds in the a subunit (Cys276:Cys293 and Cys486:Cys511) (33, 34). In
addition, the o subunit also possesses two asparagine residues (Asn92 and
Asn242) for the post-translational attachment of oligosaccharides (34). Although
mutagenesis studies have shown these residues do not affect tetramer formation,
the presence of disordered and heterogeneous post-translational modifications
likely render crystallographic experiments on CP4H tetramer even more
challenging.

As a result of the difficulty in producing homogeneous CP4H tetramer, no
structures of the o subunit catalytic domain or the azf2 heterotetramer are
available. However, a crystal structure of the N-terminal dimerisation domain
and PSB of human CP4H in complex with collagen-like peptide substrate [(PPG)3]
has been reported (35). The overall structure resembles a Z-shape and reveals
that dimerisation is indeed mediated by the N domain, in which an a-helical
bundle (4 helices; al-a4, residues 8-103) packs onto that of an adjacent domain
to result in a dimerisation interface of 4,000 A2 (Figure 1.54). The N-terminal
dimerisation domain and PSB are connected by a linker region (residues 104-
143) consisting of two a-helices (a5-a6) and a loop C-terminal to a6. The (PPG)3
peptide binds to a groove in the PSB lined by 6 tyrosine residues (Tyr158,
Tyr193, Tyr196, Tyr199, Tyr230, and Tyr233), the aromatic surface of which

forms van der Waals interactions with prolyl residues in the collagen-like
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peptide, and by Asn227, Phe231, and a salt bridge between Asp192 and Arg223

(Figure 1.5B).

PSB domain
|
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Figure 1.5. View from a crystal structure of the N-terminal dimerisation domain and PSB of
human CP4H. (A) Overall structure (chain A, grey; chain B, blue) of the N domain and the PSB
domain reveals that dimerisation is mediated by the a-helical bundle of the N domain and
collagen-like peptide substrate [sequence: (PPG)3] is bound to the PSB domain. (B) Close-up of
the peptide binding site reveals a groove lined primarily by hydrophobic residues. PDB ID: 4BTA

(35).
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1.2 The role of prolyl-hydroxylation in mammalian oxygen sensing
1.2.1 Hypoxia-inducible factor and the hypoxic response

Recently, the roles for prolyl-hydroxylation have expanded beyond
collagen stabilisation. Aerobic organisms have a constant and absolute
requirement for oxygen for survival and have evolved complex respiratory and
circulatory systems to ensure the sufficient delivery of oxygen to cells and
tissues. Mammalian cells adapt to low oxygen levels (hypoxia) by upregulating a
host of target genes, including those involved in angiogenesis [e.g. vascular
endothelial growth factor (VEGF)], erythropoiesis (e.g. erythropoetin), and
glucose metabolism [e.g. glucose transporters 1 and 3 (GLUT1 and GLUTS3,
respectively)], and glycolytic enzymes aldolase A and phosphoglycerate kinase 1,
a conserved process mediated by a DNA-binding transcription factor called
hypoxia-inducible factor (HIF)(36, 37). In its transcriptionally active form, HIF is
a heterodimer composed of a and f§ subunits, both of which are basic helix-loop-
helix PAS domain proteins (PAS domain: Period circadian protein, Aryl
hydrocarbon receptor nuclear translocator protein, Single-minded protein
domain) (38). The human genome contains three HIF-a genes, HIF-1a, HIF-2q,
and HIF-3aq, of which HIF-1a is the most thoroughly studied (39). HIF- belongs
to the family of aryl hydrocarbon receptor nuclear translocators (ARNTSs) (40). In
hypoxic conditions, HIF-1la dimerises with HIF-13 and translocates to the
nucleus where it then recruits the p300/CBP (CBP: cAMP response element
binding protein) coactivator proteins (41-43), which are also required for
transcriptional activity of numerous different transcription factors including p53
(44), and upregulates a plethora of target genes in the hypoxic response (Figure

1.6).
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In contrast, in well-oxygenated conditions (normoxia), an absence of
intracellular HIF-1a levels (HIF-18 levels remain constitutive) results in its
inability to recruit HIF-1p and form a transcriptionally active complex (45).

Subsequent studies revealed that HIF-la was targeted for oxygen-
dependent proteasomal degradation in normoxia by the von Hippel-Lindau
tumour suppressor protein (pVHL) E3 ubiquitin ligase complex (46-48).
Hereditary mutations in VHL can cause VHL disease, which is associated with
increased risk of cancer characterised by highly vascular tumours that
overproduce HIF target genes (39). pVHL binds HIF-1a in a complex of elongin B
and elongin C proteins and targets HIF-la for polyubiquitination with Cul2
(Cullin box 2) and Rbx1 (RING box protein 1) as part of an E3 ubiquitin ligase

complex (Figure 1.6)(49, 50).
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Figure 1.6. The human hypoxic response. In normoxia, HIF-a residues Pro402/Pro564 are
prolyl-hydroxylated as catalysed by the PHDs, so signalling HIF-a for proteasomal degradation by
the pVHL E3 ubiquitin ligase complex. In moderate hypoxia, FIH, which has a lower requirement
for oxygen than the PHDs, hydroxylates HIF-a at a conserved asparagine residue, Asn803,
introducing a steric clash and preventing HIF-a from associating with coactivator proteins
p300/CBP. In hypoxia, HIF-a is not subject to oxygen-dependent post-translational modification
and translocated to the nucleus where it dimerises with HIF-$ and along with p300/CBP induces
transcription of genes critical for the human hypoxic response.

1.2.2 The HIF prolyl-hydroxylases and metazoan oxygen sensing
Studies had shown that intracellular HIF-1a levels are low in normoxia

and become elevated in hypoxia, but the exact mechanism by which high oxygen

11
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levels result in the recruitment of pVHL and subsequent destruction of HIF-1«
had yet to be determined. However, important observations remained
unexplained: i) iron chelators or cobalt chloride stabilise HIF and result in
transcriptional activation of its target genes (51, 52), and ii) pVHL only binds to
HIF produced in oxygenated mammalian cells and not in E. coli. It was thus clear
that pVHL recognition of HIF is due to a factor only present in mammalian cells
that is both iron and oxygen dependent (53, 54).

The HIF prolyl-hydroxylases (PHDs or EGLNs) catalyse the trans-4 prolyl-
hydroxylation of conserved proline residues, Pro402 and Pro564, in the HIF-1«
N-terminal and C-terminal oxygen degradation domains (NODD and CODD,
respectively)(37, 53-55). This post-translational modification alone is sufficient,
at least under many conditions, to target HIF-1a for proteasomal degradation via
the pVHL E3 ligase complex (Figure 1.6). The PHDs consist of three different
enzymes in humans, PHD1, PHD2, and PHD3. PHD2 is primarily localised in the
cytosol and PHD1 in the nucleus, yet PHD3 is found in both compartments (56).
PHD1, PHD2, and PHD3 are composed of 407, 426, and 237 residues,
respectively, and PHD2 has been shown to be the dominant enzyme (57, 58).
PHD2 possesses a Km for oxygen of ~200 uM, which renders PHD2 sensitive to
changes in oxygen over a physiologically relevant range (55, 59, 60). Therefore,
PHD2 acts as an oxygen sensor in human cells.

The PHDs, like the collagen prolyl-4-hydroxylases, are members of the
Fe(ll)- and 20G-dependent oxygenase superfamily (6). Importantly, the PHDs
and CP4Hs do not share similar substrates; CP4Hs do not catalyse the prolyl-
hydroxylation of HIF-1a ODDs (54). Therefore, at the time of their discovery, the

PHDs represented an unknown family of HIF-specific prolyl-4-hydroxylases (57).

12
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1.2.3 Factor-inhibiting hypoxia-inducible factor

In addition to PHD-catalysed prolyl-hydroxylation, the ability of HIF-1a to
initiate transcription is also governed by a pVHL-independent hydroxylation of
an asparaginyl residue (Asn803) in the C-terminal transactivation domain
(CTAD) as catalysed by factor-inhibiting hypoxia-inducible factor (FIH) (41, 61,
62). Unlike in the case of HIF-1a regulation by the PHDs, regulation by FIH is
independent of pVHL. Hydroxylation at the B-carbon of Asn803 introduces a
steric clash that prevents HIF-1a interaction with p300/CBP coactivator proteins
(Figure 1.6)(63, 64). The catalytic properties of FIH are different from those of
the PHDs, in that FIH is active at lower oxygen concentrations (65). Accordingly,

FIH is predicted to provide a second layer of HIF-a regulation in moderate

hypoxia (37).

1.2.4 Structural basis for oxygen-dependent HIF-1a binding to pVHL

Crystal structures of the VBC complex (pVHL, elongin B, elongin C) bound
to hydroxylated HIF-1a CODD peptide revealed the structural basis for the
oxygen-dependent mechanism of HIF-la recognition by pVHL (66, 67). The
structure showed that Hyp564 (hydroxyproline: Hyp) is buried in a cleft in the 8
domain of pVHL and makes several contacts with surrounding residues (Figure
1.7). The pyrrolidine ring is positioned in a hydrophobic core in pVHL and makes
van der Waals contacts with Trp88, Tyr98, and Trp117. The hydroxyl group of
Hyp564 is positioned to form two hydrogen bonds to the hydroxyl group of
Ser111 and the N§ His115. All five of the pVHL residues that contact Hyp564
have reported missense mutations in VHL disease (68). Further analyses

revealed that the drastic difference in binding affinity (~1,000 fold) between

13
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unhydroxylated and hydroxylated CODD amounts to 4 kcal moll, which is

roughly equivalent to two normal hydrogen bonds.

a domain

B domain ]

Elongin C

His115
Hyp564 Ser111

Figure 1.7. View from a crystal structure of the VBC complex bound to hydroxylated
(Hyp564) HIF-1a CODD peptide. (A) HIF-1a CODD (residues 561-575 modelled in the
structure) is bound to the B-domain of pVHL in the VBC complex, consisting of pVHL, elongin B,
and elongin C. (B) Hyp564 is positioned in a hydrophobic cleft buried from solvent, making van
der Waals contacts with Trp88, Trp117, Tyr98 and positioned to form hydrogen bonds to Ser111
and His115. PDB ID: 1LM8 (66).

Inspection of the apo (ligand-absent) structure of the VBC complex
revealed the presence of a water molecule that forms hydrogen bonds to Ser111

and His115 (69). This water molecule is displaced by hydroxyproline in the
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CODD-bound structure. Although unhydroxylated proline could fit into the
hydroxyproline binding site, the displacement of bound water to pVHL would
not be energetically balanced by the formation of two additional hydrogen
bonds, rendering binding of unhydroxylated CODD to pVHL energetically
unfavourable, and revealing the structural basis for a role of hydroxyproline in

signalling (67).

1.2.5 PHD homologues in other organisms

The discovery of PHDs and their critical role in metazoan oxygen sensing
prompted the search for PHD homologues in other organisms, especially those
that lack HIF-a. A human HIF-a prolyl-4-hydroxylase homologue was identified
in the slime-mould Dictyostelium discoideum, a soil amoeba and unicellular
eukaryote (70). D. discoideum prolyl-4-hydroxylase (DdP4H) was found to
hydroxylate Pro143 of Skp1, a component of the SCF (Skp1-cullin-F box protein
complex) ubiquitin ligases, which are implicated in the ubiquitination of selected
proteins for proteasomal degradation and resemble the VBC complex in humans
(39, 70, 71). Like the PHDs, DdP4H was found to be dependent on molecular
oxygen, 20G, Fe(Il), and ascorbate and to be inhibited by metal ions such as
CoClz (70).

In D. discoideum, prolyl-4-hydroxylation of Skp1 Pro143 does not target it
for proteasomal degradation as does HIF-1a Pro564 hydroxylation. Rather, the
Pro143 hydroxyl group presents a target for further post-translational
elaboration via glycosylation by (Skpl protein)-hydroxyproline o-N-acetyl-D-
glucosaminyltransferase (GnT1) (70). Full development of Dictyostelium is

regulated by molecular oxygen, requiring levels greater than 10% (72). Studies
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have shown that D. discoideum prolyl-4-hydroxylase activity is critical for full
development of Dictyostelium and that DdP4H knockout cells have a much higher
oxygen requirement for development (73). The results reveal that PHD-like
prolyl-4-hydroxylases exist in unicellular eukaryotes and provide support for the

presence of oxygen sensing prolyl-4-hydroxylases in unicellular organisms.

1.3 Prolyl-hydroxylases as potential regulators of translation
1.3.1 Discovery of the RPS23 hydroxylases

Recent work has expanded the roles of prolyl-hydroxylases to include
potential regulation of translation as well as transcription and collagen
stabilisation. It has been reported that eukaryotic ribosomes undergo prolyl-
hydroxylation at Pro62 (human numbering) of the small ribosomal subunit
protein S23 (RPS23) as catalysed by 20G- and Fe(IlI)-dependent oxygenase
domain containing protein (OGFOD1) in humans, termination and
polyadenylation protein 1 (Tpal) in baker’s yeast Saccharomyces cerevisiae,
Sudestadal (Sudl) in Drosophila melanogaster, 20G- and Fe(lI)-dependent
oxygenase domain containing protein (0fdl) in fission yeast
Schizosaccharomyces pombe, and otOGFOD1 in the green algae Ostreococcus tauri
(Figure 1.8)(74-76). Whereas OGFOD1 and Sudl catalyse monohydroxylation,
Tpal, Ofd1l, and otOGFOD1 were revealed to catalyse an unprecedented
dihydroxylation likely at the C-3 and C-4 positions (74-76). Interestingly, and in
contrast to HIF-a trans-4 prolyl-hydroxylation (77), OGFOD1 has been shown to

catalyse the trans-3 prolyl-hydroxylation of RPS23 Pro62 (74).
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Figure 1.8. OGFOD1 and homologues catalyse the post-translational hydroxylation of a
conserved Pro62 (human numbering) in RPS23 in eukaryotic ribosomes. OGFOD1 in
humans and Sud1 in D. melanogaster catalyse monohydroxylation. Tpal in S. cerevisiae, Ofd1 in S.
pombe, and otOGFOD1 in O. tauri catalyse 3,4-dihydroxylation.

Crystal structures of the ribosome reveal that the hydroxylated prolyl
residue is located at the apex of a loop projecting into the mRNA-tRNA codon-
anticodon recognition site, specifically at the third codon, otherwise known as
the ‘wobble’ position as variation does not often alter the identity of the encoded
amino acid (Figure 1.9)(78). Post-translational trans-3 prolyl-hydroxylation at
this position may position the hydroxyl group to contact the phosphate backbone
of 3’ mRNA, and, therefore, may affect ribosomal processivity, translation rate, or

translation accuracy.

A B

EF-Tu RPS12 A-site tRNA
P-site tRNA

Figure 1.9. RPS23 is located at the heart of the ribosome. (A) View from the crystal structure
of the T. thermophilus small ribosomal subunit bound to elongation factor Tu (EF-Tu) and tRNA
reveals that RPS12 (prokaryotic homologue of RPS23) is positioned at the centre of the ribosome.
(B) Pro62 (human numbering) is positioned at the apex of a loop adjacent to the mRNA-tRNA
codon-anticodon recognition site. Ribosomal RNA is not shown. Except for RPS23, all ribosomal
proteins are shown in grey. Note that this is a structure of the prokaryotic ribosome, which is not
subject to hydroxylation.
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1.3.2 Insights into the functional role of RPS23 hydroxylases

Although studies to elucidate the functional role of RPS23 prolyl-
hydroxylation are ongoing, preliminary results suggest that OGFOD1 and
homologues may play a role in the regulation of translation, among other cellular
pathways. In S. pombe, Ofd1l has been implicated in the oxygen-dependent
degradation of sterol regulatory element binding protein 1 (Srel), which
upregulates the expression of genes required for growth in low oxygen (79, 80).
In S. cerevisiae, which does not contain a Srel homologue (81), tpal deletion was
found to affect translation termination up to ~10-fold in a sequence-dependent
manner (75). In addition tpal deletion has shown to result in increased stop-
codon readthrough, mRNA half-lives, and poly(A) tail length (82). In D.
melanogaster, Sudl is involved in proper organ growth, as shown by RNAi-
mediated knockdown of sudl (76). Finally, experiments on shRNA-mediated
knockdown of OGFOD1 in human cells have shown that OGFOD1 likely plays a
role in stress granule formation and translational arrest (74). Taken together, the
results reveal that the RPS23 prolyl-hydroxylases likely share a conserved role in
the translation-mediated stress response, yet more biochemical evidence is
needed to establish a connection, if any, between RPS23 hydroxylation and

observed phenotypes.
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1.4 Structural studies on prolyl-hydroxylases
1.4.1 Crystal structures of human PHDZ and an algal P4H reveal substrate binding
is mediated by induced fit

In 2006, McDonough et al. reported a structure of human PHD2 bound to
a bicyclic 20G-mimetic inhibitor = [N-(4-hydroxy-8-iodoisoquinolin-3-
yl)carbonylglycine], which at the time was the first reported structure of a
prolyl-hydroxylase (83). Shortly thereafter, bioinformatic analyses revealed the
presence of a CP4H homologue in the algae Chlamydomonas reinhardtii (84).
Crystal structures of C. reinhardtii P4H (CrP4H) and human PHD?2 in its apo (no-
substrate bound) and substrate-bound forms reveal the structural mechanisms
underlying P4H catalysis (83, 85-87).

As do all reported structures of 20G oxygenases (88), CrP4H and PHD2
each contain a double-stranded [-helix (DSBH) core, consisting of eight (-
strands (I-VIII) that fold into major and minor (-sheets (Figure 1.10, A and B).
The active site is positioned in between the major and minor (3-sheets and is
composed of an HxD/E...H metal-binding motif, which along with the 20G 2-oxo
and 1 carboxylate groups complete octahedral coordination of the metal [Fe(II)
is required for catalysis, yet other metals such as Zn(II) or Mn(II) are often used
as a surrogate for Fe(ll) in crystallisation]. N-oxalylglycine (NOG) and other non-
reactive 20G-mimetic inhibitors, so called 20G-mimetic because they contain the
20G core, are often substituted for 20G to stabilise the protein and promote
crystallisation. The 20G C-5 carboxylate (or analogous inhibitor carboxylate) is
positioned to form a salt bridge with an arginine (Arg383pup2) or lysine

(Lys237crpan) that extends from strand VIII.
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Structures of CrP4H and PHD2 in complex with proline-rich peptide and
CODD peptide fragment, respectively, provide insights into the structural basis of
prolyl-hydroxylase catalysis (Figure 1.10, A and B) (86, 87). In both CrP4H and
PHD2, the conformationally flexible 32-33 finger loop, which occupies a partially
disordered, ‘open’ position in their respective apo structures, undergoes a
substantial conformational change upon substrate binding, so positioned to
enclose substrate in the active site for catalysis (Figure 1.10, A and B). The
structures provided the first evidence that prolyl-hydroxylase, and perhaps more
broadly, 20G oxygenase, catalysis involves an induced fit mechanism.

The determination of the structure of human PHD2 in complex with HIF-
la CODD peptide fragment provides insights into the structural mechanism
underlying HIF-1a prolyl-hydroxylation and is useful in the design of selective
PHD?2 inhibitors. In the structure, Pro564 is positioned in the PHD2 active site in
a C-4 endo conformation in pro trans-4 stereochemistry, in contrast to the C-4

exo conformation of Hyp564 observed in the pVHL:CODD(Hyp564) structure (66,

67).
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Figure 1.10. Structural overview of collagen, HIF, and RPS23 prolyl-hydroxylases. View
from crystal structures of (A) C. reinhardtii P4H (CrP4H) in its apo form (left)(PDB ID: 2JIG)(85)
and when complexed with proline-rich peptide substrate [sequence: (PS)s](right)(PDB ID:
3GZE)(87), and of (B) human PHD2 in its apo form (left)(PDB ID: 2G1M)(83) and when
complexed to CODD peptide fragment (right)(PDB ID: 3HQR)(86) reveal a conserved mechanism
of substrate binding involving conformational changes in the 2-B3 finger loop. (C) Crystal
structure of S. cerevisiae Tpal (PDB ID: 3KT7)(89) reveals two DSBH containing domains, the N-
terminal domain (NTD) and C-terminal domain (CTD), of which only the NTD contains the
catalytic machinery and bound metal. In all structures, DBSH-containing strands are shown in
cyan, non-DBSH associated strands in blue, helices in red, loops in white, and 32-3 finger loop
(or B4-B5 hairpin in the case of Tpal) in green.
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1.4.2 Crystal structures of Tpal highlight differences between RPS23 hydroxylases
and prolyl-4-hydroxylases

The RPS23 hydroxylases, of which structures have only been reported for
Tpal (89, 90), are the only known subfamily of 20G oxygenases to contain two
DSBH domains in tandem (Figure 1.10C) (but there are other tandem DSBH
enzymes, e.g. quercitin 2,3-dioxygenase) (91). However, only the N-terminal
domain (NTD) contains the catalytic machinery, whereas the C-terminal domain
(CTD) lacks an HxD/E..H metal binding motif. The $4-B5 hairpin of Tpal is
structurally equivalent to the (2-B3 finger loop of CrP4H and PHD2 (Figure
1.10C). However, in contrast to the 32-B3 finger loops of CrP4H and PHD2, the
Tpal f4-B5 hairpin is ordered in its apo form, and, therefore, not predicted to
undergo an analogous conformational change upon substrate binding. Crystal
structures of Tpal, or other RPS23 hydroxylases, in complex with substrate will
provide insights into the structural basis for RPS23 hydroxylation and allow for

more informed comparisons with the prolyl-4-hydroxylases.

1.5 Therapeutic potential of prolyl-hydroxylases
1.5.1 Collagen prolyl-hydroxylases

Collagen plays a central role in fibrotic diseases, which are characterised
by an accumulation of fibrous tissue in any organ or tissue (92, 93). Given the
importance of 4-hydroxyproline in collagen stabilisation, the CP4Hs are
appealing targets for anti-fibrotic treatment and were the earliest 20G
oxygenases to be the targets of inhibition studies (92). However, these studies
did not produce therapeutically viable inhibitors, possibly due to difficulties

inherent in the recombinant expression and purification of CP4H and the
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resulting lack of structural information about the CP4H catalytic domain, and
thus accurate SARs.

Recent work has shown that hypoxia-mediated HIF-1 upregulation of
CP4H regulates metastasis of breast cancer tumours along collagen fibers and
that CP4H knockdown reduces cancer cell intravasation (94). The results open
the door to new avenues in breast cancer therapy, especially in triple negative
breast cancers [minimal expression of estrogen receptor, progesterone receptor,
and human epidermal growth factor receptor-2 (HER2)] that exhibit strong HIF-

1 activation but do not respond well to current therapies (95, 96).

1.5.2 HIF prolyl-hydroxylases

Since their discovery as regulators of the pleiotropic nature of HIF, the
HIF prolyl-hydroxylases have been the subject of intense interest for the
treatment of anemia and ischemic-related diseases characterised by constitutive
hypoxia, with some compounds in phase III clinical trials (6, 97). Inhibitors of the
PHDs act as HIF agonists by precluding its proteasomal degradation in normoxia,
thus leading to the stabilisation of HIF and promoting expression of HIF target
genes. For example, PHD inhibition by small molecules stimulates production of
erythropoietin (EPO), which is commonly used in the treatment of anemia (98).

Renal carcinomas, hemagioblastomas, and other highly vascular solid
tumours in patients with VHL disease are characterised by an upregulation of
VEGF, a HIF target gene (99). As a result, HIF antagonists are currently being

pursued as anti-cancer agents (37, 39, 100).
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1.5.3 Ribosomal prolyl-hydroxylases

In contrast to the PHDs, investigation into the potential functional roles of
human OGFOD1 and its eukaryotic homologues is still in its infancy. As a result,
their viability as therapeutic targets has not yet been fully characterised.
However, given the recently established link between the ribosomal prolyl-
hydroxylases and translation termination/accuracy, there is the possibility that
inhibition of OGFOD1 may provide therapeutic benefit to diseases caused by
nonsense readthrough, which is characterised by the errant inclusion of a stop
codon within an mRNA open reading frame, thus preventing translation of full-
length protein (74, 75, 101, 102). Diseases characterised by nonsense
readthrough include Duchenne muscular dystrophy, the symptoms of which are

currently treated via the chronic use of corticosteroids (102).

1.6 Aims of this thesis

Broadly, work described in this thesis aims to study the collagen, HIF, and
RPS23 prolyl-hydroxylase subfamilies through the following: i) the identification,
biochemical, and structural characterisation of a PHD homologue in prokaryotes
(Chapters 2 and 3), ii) biochemical and structural analyses of OGFOD1 and Tpal
(Chapter 4), and iii) expression, purification, and crystallisation/diffraction of
human CP4H (Chapter 5). The results presented in this thesis aim to expand the
knowledge of prolyl-hydroxylases as a whole and, in closing, propose insights

into their ancestral origins.
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2 Identification and biochemical characterisation of a

prokaryotic PHD homologue

2.1 The presence of a putative PHD homologue in Pseudomonas spp.

The hypoxia inducible factor (HIF) hypoxia sensing and response system
is conserved in all animals but likely not in other life forms (1). However, the
structure solution of human PHD2 led to structurally-guided sequence
alignments that predicted the existence of PHD homologues in organisms which
did not contain HIF and associated oxygen sensing machinery, such as the gram-
negative Pseudomonas genus (including P. putida and the opportunistic pathogen
P. aeruginosa) (2).

P. putida is non-pathogenic soil bacterium and was the first organism to
be patented for its use in the bioremediation of human disasters such as oil spills
due to its ability to degrade organic solvents such as toluene and styrene into
biodegradable plastics (3, 4). In contrast, P. aeruginosa is a clinically relevant
opportunistic human pathogen. Lung infection by P. aeruginosa represents the
primary disease phenotype for patients suffering from cystic fibrosis (CF)(5). P.
aeruginosa colonises the hypoxic mucus zones in the airway lumen of CF patients
(6) and adheres more strongly to CF epithelial cells (7). Indeed, P. aeruginosa
infections have been shown to induce a HIF-mediated hypoxic response via
production and excretion of small molecules such as cyanide (8). Further, the
hypoxic conditions of the CF sputum have been shown to bolster P. aeruginosa
inherent broad-spectrum antibiotic resistance through multidrug efflux pumps,

making P. aeruginosa infection very difficult to eradicate (9-11). Interestingly,
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recent studies have shown that treatment of P. aeruginosa with
dimethyloxalylglycine (DMOG), a pan 20G-oxygenases inhibitor, reduces P.
aeruginosa adhesion to host cells and host cell mortality (12), raising the
question of a role for 20G oxygenases in bacterial virulence. Therefore,
investigation into the substrate of the Pseudomonas PHD homologue (PPHD;
29% identity to PHD2) was pursued with the dual goal of performing the first
characterisation of a PHD homologue prokaryotes and determining its functional

role in Pseudomonas spp.

2.2 Characterisation of a PPHD insertional mutant strain of P. aeruginosa
2.2.1 PPHD insertional mutant strain shows upregulated production of pyocyanin
Investigations into the role of PPHD in P. aeruginosa began by analysing a
PPHD mutant strain [P. aeruginosa PAO1 containing a Tn5 transposon insertion
in the PA0310 (PPHD) gene was created by the University of Washington
Department of Genome Sciences (13) and obtained from Dr. Gail Preston (Plant
Sciences, Oxford University)]. Knockout of PPHD in P. aeruginosa results in a
striking colour phenotype in which the PPHD insertional mutant strain appears
blue, attributed to the increased production of pyocyanin, a redox active

virulence factor (Figure 2.1 and Figure 2.3)(14).
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Figure 2.1. P. aeruginosa PPHD insertional mutant strain displays increased levels of
pyocyanin. (A) Pyocyanin (5-methylphenazin-1-one) is a redox-active phenazine secreted by P.
aeruginosa. (B) P. aeruginosa PPHD insertional mutant strain produces more pyocyanin. Figure
and figure legend are adapted with permission from J.S. Scotti et al, Human oxygen sensing may
have origins in prokaryotic elongation factor Tu prolyl-hydroxylation. Proc Nat Acad Sci USA. In
press (2014).

Despite research that suggests pyocyanin induces host cell death through
the generation of intracellular reactive oxygen species (ROS) such as Hz0: (15,
16), the precise mechanisms underlying the effect of pyocyanin have not been
determined. Pyocyanin has been shown to upregulate HIF-a in human cells,
likely via iron chelation mediated PHD inhibition (15). Studies have shown that
pyocyanin mediates inactivation of vacuolar ATPase in humans (17), induces
neutrophil apoptosis in mice (18), and is lethal to the model organism C. elegans
(19). Importantly, concentrations of pyocyanin recovered from the sputum of CF
patients have shown to inhibit the beating of human cilia in vitro (20), suggesting

a direct link between pyocyanin and P. aeruginosa virulence in humans.

2.2.2 Evidence against a PPHD-dependent effect on P. aeruginosa virulence
Experiments in section 2.2.2 performed in collaboration with Dr. Lesley Bowman.

To test the effect of PPHD knockout on P. aeruginosa virulence, the

association was measured between P. aeruginosa wildtype and PPHD insertional
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mutant strains to human lung alveolar basal epithelial cells (A549 cells), which
are susceptible to P. aeruginosa invasion in an immune-compromised cystic
fibrosis patient (Figure 2.2)(5). No difference was observed between the
wildtype and PPHD mutant strains.
1.0x10 8-
1.0x10 74
1.0x10 ©-

1.0x10 5+

.0x10“+

cfu/ml

1.0x10 °
1.0x10 %

1.0x10 "4
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Figure 2.2, Association of P. aeruginosa wildtype (PA2014) and PPHD (PA0310) insertional
mutant strain with A549 cells. Yellow bars represent the density of input bacteria and grey
bars represent numbers of cell associated bacteria. Bacteria were cultured to mid-log phase,
washed and added at a MOI of 30:1 to a confluent layer of A549 cells seeded at a density of 5 x
105 cells/ml. After 2 h incubation, non-adherent bacteria were removed by repeated washing.
Cells were treated with 1 % saponin and cell lysates were plated for cell enumeration. Data is the
mean of 3 biological replicates + S.D.

2.2.3 PPHD insertional mutant strain shows impaired growth in the presence of

iron chelators
Experiments in section 2.2.3 were performed by Dr. Steinar Paulsen.

Phenotypic analyses identified that the P. aeruginosa PPHD insertional
mutant strain was more sensitive to growth in the presence of 2,2-bipyridine, an
iron chelator (Figure 2.3), indicating that PPHD may play a role in iron
metabolism. The link between iron metabolism and the requirement for the
ferrous ion for PHD catalysis also provided the first hint of similarity between
PPHD and the human PHDs, in that inhibition of the PHDs via iron chelators

causes HIF-a upregulation in human cells (21).
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Figure 2.3. A P. aeruginosa PPHD insertional mutant strain shows impaired growth in the
presence of iron-chelators. (A-E) Growth curves of P. aeruginosa wildtype and knockout in the
presence of 2,2-bipyridine revealing inhibited growth in the PPHD insertional mutant strain.
Figure and figure legend are adapted with permission from ].S. Scotti et al, Human oxygen
sensing may have origins in prokaryotic elongation factor Tu prolyl-hydroxylation. Proc Nat Acad
Sci USA. In press (2014).

PPHD transcription was then investigated in multiple different contexts,

including in the presence of iron chelators, by quantitative real-time polymerase

chain reaction (qQRT-PCR) (Figure 2.4). qRT-PCR is a method used for relative

quantification of mRNA of multiple target genes of interest in different cellular
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contexts in which total RNA is extracted from lysed cells, reverse transcribed to
cDNA, and PCR amplification of 100-200 bp fragments of the genes of interest is
monitored by a fluorescent probe (22). Accurate analysis of qRT-PCR data relies
on comparison to a housekeeping gene of which expression has been shown to
be invariable across numerous conditions (typically rpoD in Pseudomonas
spp.)(23).

P. aeruginosa PA01 gRT-PCR of PA0310 (PPHD) gene

Growth Ct ACT AACT Fold increase

relative to LB

LB (OD600 = 0.4) 23 3 0 1

KB 23 2.8 -0.2 1.1
LB_KNO3 26.5 3.5 0.5 0.7
0OD600=1.6 24.5 2.2 -0.8 1.7
0OD600=0.8 25 3.3 0.3 0.4
5 mM 2,2-dipyridyl 24,5 3.9 -0.9 1.8
Anaerobic 255 3 0 1.0

Figure 2.4. qRT-PCR of P. aeruginosa PPHD in different conditions. Transcription of PPHD
monitored from P. aeruginosa grown in LB (Luria Broth), KB (King’s Broth), LB + KNO3, LB at late
log-phase (ODs00o=0.8) LB in stationary phase (ODgoo=1.6), LB + 5 mM 2,2-bipyridine, and LB in
anaerobic conditions. Ct is defined as the cycle at which the fluorescence is determined to be
statistically significant above background; values were calculated using ABI Prism 7300 SDS
software and correspond to the mean of three experiments, each performed in triplicate.

The gRT-PCR results reveal that the transcription of PPHD in P.
aeruginosa is upregulated in the presence of iron chelators and in stationary
phase relative to log phase, suggesting a link between PPHD and iron regulation

in P. aeruginosa. There is no change in PPHD transcription in anoxia.

2.3 Investigation into a PPHD substrate
2.3.1 Expression and purification of recombinant PPHD
Initial characterisation of a P. aeruginosa PPHD insertional mutant strain

prompted the investigation into possible PPHD substrates. The non-pathogenic
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strain P. putida was chosen for recombinant expression and purification of PPHD
(all subsequent mentions of PPHD refer to PPHDputida unless otherwise noted).
The PPHD gene was amplified by PCR from P. putida genomic DNA and cloned
into pET28a vector with an N-terminal hexahistidine tag. pET28a_PPHD was
transformed into E. coli BL21 (DE3) and PPHD overexpression was induced
through addition of isopropyl B-D-1-thiogalactopyranoside (IPTG). After cell
harvesting and lysis, large quantities (>70 mg) of >95% pure (by SDS-PAGE),
recombinant PPHD was obtained from a two-step purification procedure
consisting of initial Ni-affinity chromatography and subsequent size exclusion
chromatography (Figure 2.5; for details see Experimental Procedures).

MW (kDa)

170 N
130 -
100

70.

554

40 &

35

P e g — gy

[ Hisy-PPHD

§PPHD

Figure 2.5. Purification of recombinant PPHD. Representative SDS-PAGE gel of recombinant
PPHD. His¢-PPHD was purified by Ni-affinity chromatography after which the N-terminal
hexahistidine tag was cleaved overnight with thrombin and pure PPHD was isolated by size
exclusion chromatography.

2.3.2 Analysis of endogenous PPHD binding partners

To analyse possible PPHD substrates, it was first necessary to identify
intracellular PPHD binding partners. Purified recombinant PPHD with an N-
terminal hexahistidine tag was incubated with Ni-affinity resin and P. putida cell

lysate, after which low imidazole wash pulled out proteins bound to PPHD,
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revealing elongation factor Tu (EF-Tu) as a predominant PPHD binding partner

(Table 2.6)(for a detailed description of the role of EF-Tu in cells, see section

2.4).

Table 2.6. Interaction studies of hexahistidine-tagged PPHDpuida in P. putida reveal
possible association between PPHDpuida and EF-Tu. The higher protein score suggests
increased abundance and confidence in the correct peptide identification. Peptide number,
peptide score and sequence refer to number of peptides identified per protein and relative
number of b/y ions matched per representative peptide. Q88CM1 refers to PPHDpuida. See
Experimental Procedures for details. Figure and figure legend are adapted with permission from
J.S. Scotti et al, Human oxygen sensing may have origins in prokaryotic elongation factor Tu
prolyl-hydroxylation. Proc Nat Acad Sci USA. In press (2014).

Q88QN7 Elongation factor Tu- tufB
B 854 104 36.09 LLDEGR
Q88QP8 Elongation factor Tu- tufA
A 685 104 36.09 LLDEGR
Q88CM1 Putative PP_5159
uncharacterized 836 135 28.45 ALAAECR
protein
Q88BZ2 Putative PP 5391
uncharacterized 340 2088 191 MAAAKTPEAR
protein
Q88JK1 Universal stress PP_2648
protein family 176 89 0.73 TIELAK
Q88QN6 30S ribosomal rps/
protein $10 146 7212 79.74 LIDQSTQEIVETAKR
Q88PS2 Peptidyl-prolyl cis- slyD
trans isomerase 117 166 8.38 MLIAANK
Q88DZ0 Ketol-acid ilvC
reductoisomerase 78 2486 0.68 NEIEPNIKK
Q88QM9 30S ribosomal rpsC
protein S3 78 225 8.29 AVQNAMR
Q88EH2 Pterin-4-alpha- phhB
carbinolamine 73 1235 2.72 VAETAEGRK
dehydratase
Q88MI0 30S ribosomal rpsB
protein S2 54 1290 9.32 IHIVNLEK
Q88QM2 30S ribosomal rpsN
protein S14 38 4485 16.48 LTGRPHGVYRK
Q88KBO Putative PP_2380
uncharacterized 37 3208 1.57 EVKAIELPAGK
protein
Q88MP1 2,3,4,5- dapD
tetrahydropyridine- 36 1981 2.05 NSLNGAVECK
2,6-dicarboxylate N-
succinyltransferase
Q88BZ1 Putative PP_5392
uncharacterized 35 882 15.77 IFDLEQR
protein
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2.3.3 PPHD hydroxylates elongation factor Tu (EF-Tu) Pro54 containing peptide

The strong association between PPHD and EF-Tu was of interest in the
light of previous results in Shewanella oneidensis, which contains a putative
hydroxylase closely related to PPHD (38% identity). Global proteomic studies on
S. oneidensis showed that Pro54 of EF-Tuoneidensis was modified by a +16 Da shift,
consistent with the incorporation of a single oxygen atom (24). Therefore, a
series of tiled synthetic peptide arrays encompassing all 19 prolines in the entire
EF-Tuputiaa Sequence were tested as recombinant PPHD substrates by matrix-
assisted laser desorption/ionisation (MALDI) mass spectrometry (MS)(Table
2.7).

Table 2.7. Peptides based on P. putida EF-Tu (Uniprot: Q88QP8) that were screened for
PPHD,uida dependent hydroxylation. The 14 distinct peptides encompass all 19 prolines in the
EF-Tu sequence. Methionines were mutated to other amino acid residues in order to avoid
potential false positives due to methionine oxidation in the mass spectrometer. All peptides were
synthesised to produce a C-terminal amide residue. Peptide screening was performed by Dr. Wei
Ge. Figure and figure legend are adapted with permission from J.S. Scotti et al, Human oxygen
sensing may have origins in prokaryotic elongation factor Tu prolyl-hydroxylation. Proc Nat Acad
Sci USA. In press (2014).

AKEKFDRSLPHVNVGTIGH 2-20 - NO

IVEFKIDSAPEEKARGITI 44-63 - YES
HYAHVDCPGHADYVKNLITG 76-95 M92L NO
ILVCSAADGPAPQTREHILL 103-122 M113A NO
LLSRQVGVPYIVVFLNKADL 121-140 - NO
DLLSTYDFPGDDTPIIIGSA 156-175 - NO
VETLDAYIPEPVRAIDQPFL 196-215 S201A NO
PVRAIDQPFLLPIEDVFSIS 206-225 M216L NO
ERGIVRVQDPLEIVGLRDTT 236-255 - NO
ERGQVLVKPGSVKPHTKFTA 291-310 - NO
SKEEGGRHTPFFKGYRPQFY 316-335 - NO
GRHTPFFKGYRPQFYFRTTD 321-340 - NO
VTGNCELPEGVELVLPGDNI 341-360 M353L, M355L NO
ELPEGVEAVAPGDNIQLTVT 346-365 M353A, M3554, NO

M362L

MALDI-MS relies laser-induced ionisation of sample by a matrix, typically

a small organic molecule such as a-cyano-4-hydroxycinnamic acid (CHCA) and is
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an effective method for screening 20mer (~2000-2500 Da) oligopeptide
substrates (25). In agreement with the S. oneidensis results, a +16 Da shift was
observed on a peptide that is identical to residues 44-63 of EF-Tu and contains
Pro54 as the central and only proline residue (sequence: H;N-
IVEFDKIDSAPEEKARGITI-CONHz, mol. wt. 2231.5 Da)(Figure 2.84). Subsequent
MS/MS analyses of the modified peptide (EF-Tuas-63) revealed selective Pro54

hydroxylation (Hyp54)(Figure 2.8B).
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Figure 2.8. Identification of a PPHD substrate. (A) EF-Tu is a PPHD substrate; MALDI
spectrum showing a +16 Da peak revealing PPHD-dependent prolyl-hydroxylation of EF-Tus4.63
at Pro54. (B) MS/MS analysis of modified and unmodified EF-Tu44.63 confirms hydroxylation at
Pro54 (Hyp54). Figure and figure legend are adapted with permission from ].S. Scotti et al,
Human oxygen sensing may have origins in prokaryotic elongation factor Tu prolyl-
hydroxylation. Proc Nat Acad Sci USA. In press (2014).

2.3.4 PPHD catalyses trans-4 prolyl-hydroxylation

Experiments performed in collaboration with Dr. Nikita Loik.

It was of interest to next establish the stereochemistry of PPHD-catalysed

prolyl-hydroxylation. 1 mg of EF-Tuass.63 peptide fully hydroxylated at Pro54 was
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hydrolysed in boiling 5.7 M HCI, derivatised with 6-aminoquinolyl-N-
hydroxysuccinimidyl carbamate, and subjected to LC-MS/MS amino-acid analysis
(26), in which the stereochemistry of hydroxyproline was determined by
comparison of elution times with the two hydroxyproline standards (for details,
see Experimental Procedures). It was shown that, similar to PHD2 and the CP4Hs

(27), PPHD hydroxylates proline in the trans-4 position (Figure 2.9).
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Figure 2.9. PPHD catalyses trans 4-hydroxylation of prolyl residues, identical to the PHDs
and CP4Hs. Amino-acid analysis demonstrates that PPHD hydroxylates EF-Tuss.¢3 oligopeptide
substrate at Pro54 in the 4-trans (2S,4R) stereochemistry. (A) EF-Tuas.63 control; (B) EF-Tu44-63
modified Hyp54; (C) trans-4-hydroxyproline standard; (D) trans-3-hydroxyproline standard.
PPHD, the PHDs and CPHs all catalyse 4-trans prolyl-hydroxylation. Figure and figure legend are
adapted with permission from J].S. Scotti et al, Human oxygen sensing may have origins in
prokaryotic elongation factor Tu prolyl-hydroxylation. Proc Nat Acad Sci USA. In press (2014).

2.3.5 Expression and purification of recombinant EF-Tu

Notably, productive in vitro hydroxylation of peptides does not
necessarily imply hydroxylation of full-length protein in vitro or in vivo, as
demonstrated for other 20G oxygenases (e.g. JM]D6) (28). Therefore, the tufA

gene encoding for EF-Tu in P. putida was cloned into a pET28a expression vector
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with a N-terminal hexahistidine tag, overexpressed in E. coli, and purified using
Ni-affinity and size exclusion chromatography as per PPHD (Figure 2.10). Given
that E. coli does not contain a PPHD homologue, recombinant EF-Tu expressed in
E. coli was subjected to trypsin digestion and LC-MS/MS to confirm that EF-Tu

was indeed not hydroxylated in E. coli (Figure 2.11).
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Figure 2.10. Purification of recombinant EF-Tu. Representative SDS-PAGE gel of recombinant
EF-Tu. Hise-EF-Tu was purified by Ni-affinity and subsequent size exclusion chromatography.
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Figure 2.11. Recombinant P. putida EF-Tu expressed in E. coli is not hydroxylated. MASCOT
MS/MS spectrum of EF-Tu peptide fragment containing Pro54 (residues 35-57; m/z 2498.2 Da)
reveals that recombinant P. putida EF-Tu is not hydroxylated.

2.3.6 PPHD hydroxylates full-length EF-Tu protein at Pro54

It was then of interest to investigate whether PPHD hydroxylates full-
length EF-Tu at Pro54 in vitro. Therefore, full-length, purified PPHD and EF-Tu
were incubated together in the presence of Fe(ll), 20G, and ascorbate in an
analogous manner to peptide assays. Reactions were quenched subjected to
trypsin digestion; tryptic peptides encompassing EF-Tu residues 35-57 (m/z

2555.2 and m/z 2571.2 correspond to EF-Tuss.s7 Pro54 and Hyp54, respectively)
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were analysed by LC-MS/MS to quantify hydroxylation at Pro54. MS/MS
confirmed that PPHD catalyses hydroxylation of Pro54 of full-length EF-Tu in a

manner dependent on Fe(II), 20G, and ascorbate (Figure 2.12).
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Figure 2.12. PPHD hydroxylates EF-Tu full-length protein in a Fe(II), 20G, and ascorbate
dependent manner. Quantification was performed in the MASCOT suite by analysing the total
ion score corresponding to digested peptides containing Pro54/Hyp54 - Pro54: m/z 852.74,
[M+3H]3*; Hyp54: m/z 858.07 [M+3H]3+.

2.3.7 Monitoring endogenous EF-Tu hydroxylation: creation of a PPHD knockout
strain of P. putida

Having confirmed that PPHD catalyses hydroxylation of both EF-Tu
peptide fragment and full-length protein in vitro, it was of interest to establish
the endogenous hydroxylation status of EF-Tu in Pseudomonas. For this series of
experiments, it was necessary to generate a PPHD knockout strain of P. putida.
Therefore, a full-knockout strain was generated by two-step allelic replacement
(for a scheme detailing the creation of a PPHD knockout strain in P. putida, see

Figure 2.13)(29, 30).
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Stage 1: creation of the deletion construct
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Figure 2.13. Creation of a PPHD knockout strain of P. putida. (A) Step-by-step schematic
illustrating the mechanism of full-gene knockout in P. putida by a two-step double homologous
recombination strategy. (B) Characteristics of suicide vector pUIC3. (C) PCR and agarose gel
electrophoresis can be used to monitor the process and confirm successful creation of knockout
strain (for detail, see Experimental Procedures).

The knockout strain was then transformed with the constitutively active
Pseudomonas expression vectors pBBR5_MCS2_PPHD and
pBBR5_MCS2_PPHD(D126A) encoding for PPHD and a catalytically inactive
PPHD mutant with an alanine point mutation in its metal-binding aspartate
residue (both plasmids obtained from Dr. Gail Preston, University of Oxford). P.
putida UWC1 (KT2440) wildtype, the PPHD knockout strain, the PPHD knockout
strain expressing recombinant PPHD, and the PPHD knockout strain expressing
catalytically inactive PPHD were grown to stationary phase, lysed, and the
soluble fraction was analysed by SDS-PAGE. The EF-Tu containing band was

excised from the gel and subjected to trypsin digested and LC-MS/MS.

49



Chapter 2

Unfortunately, despite high (>50%) peptide coverage of the EF-Tu
protein, the peptide containing Pro54 was not observed. The expected tryptic-
peptide sequence of P. putida EF-Tu (EF-Tuso.57: H2N-IDSAPEEK-CO2H) in the
region surrounding Pro54 was thought to present potential issues for ionisation
in the mass spectrometer due to its strong overall negative charge. Trypsin is
known to miss cleavage sites if they are adjacent to a negatively charged residue,
such as aspartate (31), suggesting that different proteases, and thus different
lengths of proteolytic peptides, may promote the detection of a peptide
containing Pro54 by varying its length, polarity, and charge state. However, after
digestions with trypsin, ArgC, and trypsin combined with acetylation of lysine
residues (such that trypsin only cleaves C-terminal to arginine residues)(32), the

peptide containing Pro54 was still not observed.

2.3.8 Endogenous EF-Tu is hydroxylated at Pro54 in P. aeruginosa

It was of interest then to demonstrate endogenous EF-Tu hydroxylation
in P. aeruginosa. A strain of P. aeruginosa PAO1 containing a transposon
insertion in the PA0310 (PPHD) gene (13) was obtained (Dr. Gail Preston,
University of Oxford). Slight differences exist between the peptide sequences of
the switch I loop regions of EF-Tuaeruginosa and EF-Tuputida. EF-Tu residues 47-63
are identical except for two mutations, Lys49putida/GIN49aeruginosa and
Ser52putida/ASN5 2 aeruginosa, both of which were thought to affect the ionisation of
the peptide of interest by LC-MS/MS.

P. aeruginosa PAO1 wildtype and a PA0310 (PPHD) insertional mutant
strain were grown to stationary phase in aerobic (21% 02) and anaerobic

conditions (<0.01% 0z), lysed, analysed by SDS-PAGE, and the EF-Tu containing
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band was excised in the same way as for P. putida. In contrast to experiments
performed in P. putida, ions corresponding to the expected tryptic-peptide
sequence of P. aeruginosa EF-Tu (EF-Tu4s-59: H2N-AFDQIDNAPEEKAR-CO:H) in
the region surrounding Pro54 were observed, perhaps due to its longer
comparative length (14 residues for P. aeruginosa vs 8 residues for P. putida).
The results confirmed that EF-Tugeruginoss hydroxylation was observed at Pro54 in
the wildtype, but not in the PPHDqeruginosa insertional mutant strain when grown
in aerobic conditions. Further, EF-Tu hydroxylation was not observed in either
the wildtype or PPHDgeruginosa insertional mutant strain when grown in anaerobic
conditions, confirming that EF-Tu is a PPHD substrate in cells and PPHD-
dependent hydroxylation of EF-Tu is oxygen dependent (Figure 2.14) [mass

spectometric analyses were performed by Dr. Holger Kramer].
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Figure 2.14. Hydroxylation of EF-Tu at Pro54 is catalysed by PPHD in P. aeruginosa. (A)
Extracted ion chromatograms (EICs) and (B) associated MS/MS analyses of P. aeruginosa PAO1
wildtype and PA0310 (PPHD) insertional mutant strains grown in aerobic (21% O:) and
anaerobic (<0.01% O2) conditions demonstrates EF-Tu Pro54 is hydroxylated in cells in the
wildtype and not mutant strain in an oxygen dependent manner (m/z 535.25 and m/z 540.59
correspond to Pro54 and Hyp54, respectively). Figure and figure legend are adapted with
permission from ].S. Scotti et al, Human oxygen sensing may have origins in prokaryotic

elongation factor Tu prolyl-hy

droxylation. Proc Nat Acad Sci USA. In press (2014).

Overall, the results in this section demonstrate that PPHD catalyses the

trans 4-hydroxylation of EF-Tu residue Pro54 in 3 different contexts: i) a 20mer
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EF-Tus4.63 oligopeptide fragment, ii) full-length EF-Tu protein, and iii)

endogenously in cells.

2.4 The role of EF-Tu in prokaryotes
2.4.1 EF-Tu is critical for bacterial translation

Protein synthesis on the ribosome requires a family of crucial and highly
conserved GTP-hydrolysing proteins known as GTPases (33). The GTPase
protein superfamily encompasses notable subfamilies implicated in a plethora of
intracellular signalling pathways, including the Rat sarcoma (Ras) GTPases,
which comprise the human oncogenes HRAS, KRAS, and NRAS, and G proteins,
which are activated by G protein-coupled receptors (GPCRs)(34, 35). The
translational GTPases are characterised by a GTP-binding domain, which is
conserved from prokaryotes through to eukaryotes, and GTP-hydrolysis
mediated conformational changes in two conserved loop regions, known as
switch [ and switch II (36). EF-Tu is a GTPase and in rapid growth conditions is
the most abundant protein in most bacterial cells, containing on average ~10-
fold higher concentration than ribosomes (37, 38). Yet, like ribosomes, EF-Tu
concentrations vary significantly with growth rate (38, 39). The intracellular
concentration of EF-Tu can be said to mirror its critical role in bacterial
translation - to deliver aminoacyl-tRNAs (aa-tRNAs) to the ribosome A-site via a

ternary complex of aa-tRNA:EF-Tu:GTP (Figure 2.15 and Table 2.16)(40-42).
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Figure 2.15. Overview of bacterial translation. EF-Tu is critical to the elongation phase where
it brings aa-tRNA to the ribosome in a ternary complex of EF-Tu:GTP:aa-tRNA; successful codon-
anticodon recognition triggers EF-Tu GTP hydrolysis and release from the ribosome. Reprinted
by permission from Macmillan Publishers Ltd: [Nature] (T. M. Schmeing, V. Ramakrishnan, What
recent ribosome structures have revealed about the mechanism of translation. Nature. 461,
1234-1242 (2009)), copyright (2009) Reprinted with permission from the Nature Publishing
Group. www.nature.com
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Table 2.16. Summary of proteins involved in bacterial translation. Overview of bacterial
ribosomal associated proteins involved in translation and their proposed function(s) during the
three phases of translation: initiation, elongation, and termination (42).

Initiation

IF1 Binds to 30S in the A-site, preventing tRNA from entering and increases affinity for IF2.

A GTPase. Binds along with IF1, fMet-tRNA(fMet), and mRNA to 30S-IF3 complex to produce the 30S initiation|
complex (30S-IC). Promotes 30S-IC and 70S subunit joining, followed by IF3 release. Subsequent IF2 GTP
hydrolysis and phosphate release promotes IF2 and IF1 release and movement of the fMet-tRNA(fMet) into the|
IF2 peptidyl transferase centre.

Binds to free 30S subunit post termination - first step in bacterial translation, stimulates association of other IFs
IF3 to form 30S-IC. Prevents the reassociation of ribosomal subunits in the absence of an initiation complex.
Elongation

EF-Tu [Delivers aminoacyl-tRNAs (aa-tRNAs) to the A site on the ribosome via an EFTu:GTP:aa-tRNA ternary complex.
EF-Ts |Catalyses nucleotide exchange of GDP to GTP in EF-Tu via ternary complex.

Mediates GTP-driven translocation, moving the mRNA and tRNAs with respect to the ribosome. Also involved in|
EF-G [ribosomal recycling.

Termination

RF1  [Binds UAA and UAG stop codons, triggering peptide release.

RF2  [Binds UAA and UGA stop codons, triggering peptide release.

A GTPase. Binds to ribosome-RF1/2 complex in GDP form, causing RF3 to exchange GDP for GTP, resulting in|
RF1/2 release from the ribosome, subsequent GTP hydrolysis causes RF3 to dissociate leaving an mRNA and a|
RF3  |deacylated tRNA in the P site.

Ribosome recycling factor: works with EF-G to dissociate the ribosomal subunits. GTP hydrolysis by EF-G seems
RRF __ |to be involved.

2.4.2 Mechanism of EF-Tu GTP hydrolysis on the ribosome

While the GTPase activity of isolated EF-Tu is low (43), successful binding
of an aa-tRNA to its cognate mRNA codon on the ribosome dramatically
increases that rate of EF-Tu GTPase activity, despite the 80 A distance separating
the codon-anticodon recognition and EF-Tu nucleotide binding sites (41, 44, 45).
Mutation studies have shown that EF-Tu His84 is critical for successful GTP
hydrolysis on the ribosome; His84Ala reduces the rate of EF-Tu GTP hydrolysis
by 10¢-fold (46). Initial structural analyses on isolated EF-Tu trapped in its active
GTP-bound conformation revealed the presence of a ‘hydrophobic gate’
consisting of residues Val20 of the P loop (E. coli residues 18-23) and Ile60 of the
switch I loop (E. coli residues 40-62). The gate was predicted to ‘open’ upon
ribosome-binding, allowing His84 to act as a general base and abstract a proton
from a buried water molecule coordinating it for nucleophilic attack on the y-

phosphate of GTP (Figure 2.17)(47-49).
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Mg(ll) GDP EF-Tu

Figure 2.17. View from a crystal structure of T. thermophilus EF-Tu stalled on the ribosome
in a translationally active state showing the location of Pro54 (PDB ID: 2XQD)(50). The C-4
of Pro54 is positioned 4.2 A from a phosphate of aa-tRNA; EF-Tu (grey), aa-tRNA (orange/grey),
GDP (cyan), hydrophobic gate residues (yellow sticks), Mg(II) (pink sphere), nucleophilic water
(red sphere), Pro54 (green sticks). The EF-Tu GTP hydrolysis site is circled (magenta).

However, recent crystallographic studies on the 70S ribosome bound to
EF-Tu and aa-tRNA revealed that the His84 is positioned in its catalytically active
conformation not by the opening of the hydrophobic gate, but by a hydrogen
bond to the backbone phosphate of 235 rRNA residue A2662 (50). The toxin o-
sarcin, which is active against both prokaryotic and eukaryotic ribosomes,
cleaves 23S rRNA between G2661 and A2662, the same phosphate group that
positions His84 of EF-Tu, suggesting that His84 coordination by A2662 is a
universal mechanism involved in triggering GTP hydrolysis on the ribosome (50-
52). Following GTP hydrolysis, EF-Tu dissociates from the ribosome, whereupon
GDP is exchanged for GTP through the action of exchange factor EF-Ts. The cycle
repeats and iteratively increases the length of the nascent polypeptide chain (40,

53-56).
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2.4.3 Potential implications of a PTM at EF-Tu Pro54

PPHD hydroxylates EF-Tu residue Pro54(53), which is located on the
switch I loop, 7 residues N-terminal to Ile60. Crystallographic and cryo-EM
studies have shown that the switch I loop is a conformationally flexible region of
EF-Tu that plays a key role in coupling GTP hydrolysis to substantial
conformational changes from a translationally active GTP-bound state to an
inactive GDP-bound state (50, 57). Previous analyses of post-translational
modifications on the switch I loop have identified that Lys56 methylation in E.
coli EF-Tu affects the rate of EF-Tu GTP hydrolysis (58, 59). In the crystal
structure of EF-Tu in its translationally active state bound to the 70S ribosome,
the C-4 of Pro54 is positioned 4.2 A from a backbone phosphate in aa-tRNA
(Figure 2.17)(50). Given that both translational machinery in general and the
aforementioned proline is conserved in the model organisms T. thermophilus, E.
coli., and Pseudomonas spp., it is reasonable to assume that Pro54 (Pro53 in E.
coli) would be found in a similar region in 3-dimensional space. Thus, a PTM at
Pro54 is tremendously interesting due to its proximity to multiple critical
elements in translation - from codon-anticodon recognition to GTPase
hydrolysis - and might alter EF-Tu:aa-tRNA interactions and/or the rate of GTP

hydrolysis.

2.4.4 EF-Tu plays various roles in the cell

Other than its key role in translation, EF-Tu has been shown to be
involved in the immune response in plants, whereby the recognition of
extracellular EF-Tu of pathogenic origin (i.e. Pseudomonas aeruginosa) activates

a signalling cascade that confers resistance to a broad range of bacteria (60). In P.
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aeruginosa, EF-Tu forms a complex with nucleoside-diphosphate kinase that
tunes its ability to synthesise GTP, providing a significant source of GTP for
translational biosynthesis (61). In Bacillus subtilis, EF-Tu affects cell morphology
through an interaction with cytoskeletal protein MreB (membrane protein
B)(39). Therefore, PPHD-catalysed hydroxylation of EF-Tu residue Pro54 in
Pseudomonas spp. is of particular interest and could affect immune function,

cytoskeletal integrity, and/or bacterial translation.

2.5 Kinetic studies on PPHD

The kinetic properties of PHDZ2 in vitro are thought to reflect its role as an
oxygen sensor. The PHD2 K, for Oz (260 pM) is higher than the concentration of
dissolved oxygen in air, about 200 pM)(62, 63) and the reaction of a
PHD2:Fe(I1):20G:HIF-1a(CODD) complex with oxygen proceeds at a slower rate
(~100-fold) compared to other 20G oxygenases, such as taurine 20G
dioxygenase (TauD)(64, 65). Therefore, it was of interest to characterise the
biochemical properties of PPHD and determine whether PPHD behaves like
PHD?2 in vitro.

The Michaelis-Menten kinetic parameters of PPHD were investigated
using the 20-residue EF-Tu peptide fragment, EF-Tua4.63, and MALDI-TOF mass
spectrometry. PPHD catalysis was found to be dependent on Fe(1I), 20G, Oz, and,
similar to the PHDs and CPHs, sodium L-ascorbate (Figure 2.18)(66-68). The
precise role of ascorbate in 20G oxygenase catalysis is unknown as it is not
required by all 20G oxygenases for in vitro catalysis and can be substituted for
other reducing agents (e.g. dithiothreitol) with varying success (68); therefore, it

may be that ascorbate plays the role of more than just a reducing agent.
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Compared to PHD2, PPHD was observed to have a similar Km for
oligopeptide substrate fragment [47.2 = 8.5 uM for EF-Tu44.63 vs 36.7 £ 9.0 uyM
for 19mer HIF-1o CODD (residues 556-574)](69), suggesting that PPHD and
PHD2 may interact similarly with their respective substrate fragments. In
contrast, PPHD was observed to have a lower Kn, for 02 (47.5 £ 9.2 uM for PPHD;
229 + 60 pM for PHD2)(62), yet a higher Km value for 20G (184 + 22 uM for
PPHD; 55 + 11 uM for PHD2)(62), Fe(Il) (6.3 £ 0.7 uM for PPHD; <1 puM for
PHD2) and L-ascorbate (1,064 + 95 uM for PPHD/EF-Tu44.63; 54 + 10 uM for
PHD2/HIF-1a. CODD) (68, 70). While these values may not represent cellular
activities, the results reveal that PPHD likely does not function as an oxygen

sensor in Pseudomonas spp.
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Figure 2.18. PPHD K,2P? determination. (A) 20G (B) Fe(II) (C) sodium L-ascorbate (D) EF-
Tuss-63 (E) oxygen and (F) table summarising kinetic parameters. Figure and figure legend are
adapted with permission from ].S. Scotti et al, Human oxygen sensing may have origins in
prokaryotic elongation factor Tu prolyl-hydroxylation. Proc Nat Acad Sci USA. In press (2014).
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2.6 PPHD and EF-Tu binding monitored by 1H NMR

Experiments in section 2.6 (except 2.6.1, 2.6.2, 2.6.7, and 2.6.8) were performed in

collaboration with Dr. Ivanhoe Leung.

2.6.1 Purification of recombinant Hyp54 modified EF-Tu

In order to analyse the effect of hydroxylation of EF-Tu Pro54 on PPHD
and EF-Tu binding, it was important to first prepare recombinant EF-Tu
hydroxylated at Pro54 (Hyp54). To an E. coli BL21(DE3) cell lysate (from 20 g
cells) containing overexpressed N-terminal hexahistidine tagged EF-Tu was
added an excess of pure, untagged PPHD (20 mg), Fe(II) (8 mM), 20G (20 mM),
and sodium L-ascorbate (20 mM), and allowed to incubate at room temperature
for one hour, after which purification of EF-Tu proceeded normally. EF-Tu was
identified as pure and free from any detectable PPHD by SDS-PAGE and complete
conversion to Hyp54 was confirmed by whole protein MS (+16 Da shift observed
from relative to unmodified EF-Tu) and by trypsinolysis and subsequent MS/MS

(selective hydroxylation of EF-Tu observed only on Pro54)(Figure 2.19).

61



Chapter 2

His,-EF-Tu Hyp®

(]

| Nicolumn
Size exclusion

b, b,
51872 7223
v — s E v Fe—0G S —A
Y21 v2o | vio | vis
2313.1 \2226.1\2097.0 \(998.0

bg
880.4

EF-Tu Hyp%*
100 47205.0
g
2
i
8 [0]
£ -
° +16
2
K
2
04 mass (Da)
46000 47000 48000 49000
EF-Tu 47189.0
100 ’
S
z
3
2
2
E
o
2
k<t
[
B b st ess. mass (2
46000 47000 48000 49000

| —V ——E—F D Ko | D
Yao© v
11305 774.3

bag

=
«©
-
3, ~
By d
- 2]
o =
] =
] =
] »y
1 ~
o -
1 »* <
B Y -
3 ] ®
8 ] -
5 ] A o -l
T ] 1] =) '
2 1 2 o !
s a B ‘ #
z 1 T ' L}
g 1 5 M ' g
1 - IR 8
1 ¢ T =B ¢
1 J ikl i1 | | 1
1l u | “ Ll hil | | 1
T T T T T T T : g T T
0 400 800 1200 1600 2000 2400
4] a 2 b b [Seq| v [#
1] 72.0808 100.0757 v 23
2[ 175.0900 203.0849 C [2416.1224[2399.0959 )22
3] 2621220 290.1169 S [2313.1133]2296.0867)21
4] 391.1646 419.1595 E [2226.0812(2209.0547[20
5[ 4902330 518.2279 Vv [2097.0386[2080.0121 19
6| 637.3014 665.2963 F [1997.9702[1980.9437[18
7| 6943229 7223178 G [1850.9018]1833.8753[17
8| 7813549 8093498 S [1793.8804[1776.8538[16
9| 852.3920 880.3869 A [1706.8483(1689.8218[15
10] 965.4761 993.4710 1 [1635.8112[1618.7847]14
11[1064.5445 1092.5394 v [1522.7271[1505.700613
12[1193.5871 12215820 E [1423.6587]1406.6322[12
13(1340.6555 1368.6504 F |1294.6161|1277.5896[ 11
14[1455.6824 1483.6774 D [1147.5477[1130.5212[10
15[1583.7774[1566.7509| 1611.7723[1594.7458| K [1032.5208[1015.4942] 9
16/1696.8615(1679.8349] 1724.8564(1707.8298| 1 | 904.4258| 887.3993] 8
17]1811.8884(1794.8619(1839.8833[1822.8568| D | 791.3418| 774.3152| 7
18/1898.9204(1881.8939]1926.91541909.8888| S | 676.3148| 659.2883] 6
19]1969.95761952.9310[1997.9525(1980.9259| A | 589.2828] 572.2562] 5
20[2083.0052[2065.9787[2111.00012093.9736| P | 518.2457] 501.2191] 4
21(2212.0478[2195.0213[2240.0427[2223.0162| E | 405.1980] 388.1714] 3
22(2341.0904[2324.0639(2369.0853[2352.0588| E | 276.1554| 259.1288] 2
23 K | 147.1128] 130.0863 1

1 m/z

Figure 2.19. Purification and verification of EF-Tu 100% modified Hyp54. (A) SDS-PAGE gel
of Hise-EF-Tu modified Hyp54; protein was collected after size exclusion chromatography. (B)
Whole-protein MS on hydroxylated EF-Tu and unmodified EF-Tu reveals a +16 Da relative shift
and therefore complete conservation of Pro54 to Hyp54. Calculated mass of Hise-EF-Tu: 47184.7
Da (N-terminal methionine cleaved). (C) MS/MS spectrum of EF-Tu peptide fragment (residues
35-57; m/z 2515.2 Da) confirms that the +16 Da shift observed in whole-protein MS corresponds

to selective oxidation of Pro54 (Hyp5

4.
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2.6.2 Challenges in assaying recombinant EF-Tu activity

The effect of a PTM (e.g. Lys56 methylation in E. coli EF-Tu)(58) on EF-Tu
GTPase activity is commonly assayed by measuring EF-Tu dependent GTP
hydrolysis (58, 59). In cells, EF-Tu GTP binding and hydrolysis is triggered by
accurate codon-anticodon recognition on the ribosome (40, 42). Isolated EF-Tu
has very minimal GTPase activity due to a 500-fold increased affinity for GDP
over GTP (Kq for GDP = 1 nM; Ky for GTP = 500 nM)(71, 72), such that isolated
EF-Tu overwhelming exists in its GDP-bound state. To overcome this issue, in
vitro ribosome-free assays typically include kirromycin, an EF-Tu targeting
antibiotic that induces translational arrest by binding to EF-Tu and precluding
EF-Tu departure from the ribosome post GTP hydrolysis (73-75). Kirromycin
effectively mimics the action of both EF-Ts and aa-tRNA by equalising the
affinities of the EF-Tu for GTP and GDP (EF-Tu:kirromycin K4 for GDP or GTP = 1
nM)(75), thereby permitting uncoupled EF-Tu GTP hydrolysis in the absence of

the ribosome or other cofactors.

2.6.3 EF-Tu GTP hydrolysis can be monitored by 'H NMR

Current procedures to quantify the amount of hydrolysed GTP have not
deviated from earlier methods, which typically rely on the use of radioactive [y-
32P]-GTP (71, 76). Safety considerations prompted the search for an alternative
method that could monitor GTP hydrolysis in real-time with minimal safety
concerns. It was discovered that 1H NMR could be effectively used to quantify
kirromycin-dependent EF-Tu catalysed GTP hydrolysis through integration of

the distinguishable GTP and GDP signals.
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Figure 2.20. EF-Tu catalysed GTP to GDP turnover as monitored by 'H NMR. (A) EF-Tu
catalysed GTP to GDP turnover is kirromycin dependent and there is no difference between
unhydroxylated EF-Tu and EF-Tu modified Hyp54: € EF-Tu with kirromycin; A EF-Tu(Hyp54)
with kirromycin; <& EF-Tu without kirromycin; A EF-Tu(Hyp54) without kirromycin. (B)
Representative 'H NMR overlaid spectra revealing EF-Tu GTP hydrolysis monitored in real-time.
(C) Hanes plot for the determination of Kinetics parameters for EF-Tu and EF-Tu(Hyp54). ¢ EF-
Tu with kirromycin; A EF-Tu(Hyp54) with kirromycin. (D) Table summarising Kkinetic
parameters. Figure and figure legend are adapted with permission from J.S. Scotti et al, Human
oxygen sensing may have origins in prokaryotic elongation factor Tu prolyl-hydroxylation. Proc
Nat Acad Sci USA. In press (2014).

As a proof of concept, EF-Tu GTP hydrolysis was first shown to be
kirromycin dependent. Subsequent analyses on the rate of GTP hydrolysis for
EF-Tu modified Hyp54 and unmodified EF-Tu revealed no appreciable difference
in their kinetic parameters. Experimental EF-Tu kca: values (0.2 min') were in

accordance with those described in the literature (0.2 min1)(Figure 2.20)(77).
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2.6.4 Addition of aa-tRNA reveals no difference in the rate of EF-Tu and EF-Tu

Hyp54 GTP hydrolysis

The addition of aa-tRNA has been shown to affect the rate of EF-Tu GTP

hydrolysis (78). Given the proximity of the EF-Tu switch I loop to aa-tRNA in

crystal structures of EF-Tu bound to the ribosome, it was of interest to

determine whether the addition of aa-tRNA to the reaction would have a

differential effect on EF-Tu Pro54/Hyp54 GTP hydrolysis. As in the absence of

aa-tRNA, no difference between unhydroxylated EF-Tu and EF-Tu Hyp54 was

observed (Figure 2.21).
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Figure 2.21. Hyp54/Pro54 status does not effect aa-tRNA assisted EF-Tu catalysed GTP
hydrolysis. (A) EF-Tu Pro54 in the presence of € kirromycin; A kirromycin and E. coli aa-tRNA;
@ kirromycin, E. coli tRNA, E. coli aa-tRNA synthetase (no ATP, so no aa-tRNA formation, thus
negative control); B kirromycin and ATP (negative control) (B) EF-Tu Hyp54 in the presence of
@ kirromycin; A kirromycin and E. coli aa-tRNA. Figure and figure legend are adapted with
permission from J.S. Scotti et al, Human oxygen sensing may have origins in prokaryotic
elongation factor Tu prolyl-hydroxylation. Proc Nat Acad Sci USA. In press (2014).

2.6.5 PPHD decreases the rate of EF-Tu GTP hydrolysis in a metal(ll), 20G and

Hyp54 dependent manner

In contrast, the addition of PPHD to the EF-Tu GTP hydrolysis reaction

halved the rate of GTP hydrolysis in a manner dependent on Zn(II) [used as a

surrogate for paramagnetic Fe(II)] and 20G (Figure 2.22, A and B). Further, the

addition of potent inhibitors of the human PHDs, 10X3

hydroxyisoquinolin-3-yl)carbonylglycine]

and hydroxythiazole A

[N-(1-chloro-4-

[(E)-2-(3-
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hydroxy-2-((2-((naphthalen-2-ylmethyl)sulfonyl)acetyl)imino)-2,3-

dihydrothiazol-4-yl)acetic acid](79) (chemical structures shown in Figure 2.22, C
and D), rescued the effect and re-established normal rates of EF-Tu GTP
hydrolysis (Figure 2.22, C and D), suggesting that bulky 20G-mimetic inhibitors
bind to the PPHD active site and occlude the EF-Tu switch I loop. Importantly,
and in contrast to isolated EF-Tu/EF-Tu(Hyp54), the rate of GTP hydrolysis in
the presence of PPHD was dependent on Pro54/Hyp54 status (Figure 2.224);
PPHD decreased the rate of unhydroxylated EF-Tu GTP hydrolysis but did not
affect that of EF-Tu Hyp54. Therefore, PPHD has a stronger affinity to substrate
(unhydroxylated EF-Tu) than to product (hydroxylated EF-Tu), supporting
Michaelis-Menten enzymology characterised by initial substrate binding,

catalysis, and product release.
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Figure 2.22. Addition of PPHD affects EF-Tu GTP hydrolysis. (A) The rate of GTP hydrolysis is
halved in the presence of PPHD-Zn(II)-20G: 4 EF-Tu only; @ EF-Tu in the presence of PPHD-
Zn(I1)-20G; A EF-Tu(Hyp54) in the presence of PPHD-Zn(I)-20G. (B) The rate of GTP hydrolysis
is dependent on the presence of Zn(Il) and 20G in the PPHD active site: ¢ EF-Tu only; @ EF-Tu
in the presence of PPHD-Zn(II)-20G; MEF-Tu in the presence of PPHD-Zn(II); X EF-Tu in the
presence of apo PPHD. (C) € EF-Tu only; @ EF-Tu in the presence of PPHD-Zn(II)-20G; OJ EF-Tu
in the presence of PPHD-Zn(II)-hydroxythiazole A. Hydroxythiazole A chemical structure
overlayed on graph. (D) ¢ EF-Tu only; @ EF-Tu in the presence of PPHD-Zn(II)-20G; O EF-Tu in
the presence of PPHD-Zn(I1)-10X3. I0X3 chemical structure overlayed on graph. Figure and figure
legend are adapted with permission from ].S. Scotti et al, Human oxygen sensing may have
origins in prokaryotic elongation factor Tu prolyl-hydroxylation. Proc Nat Acad Sci USA. In press
(2014).

2.6.6 Human PHDZ decreases EF-Tu GTP hydrolysis

EF-Tu GTP hydrolysis was then monitored in the presence of other prolyl-
hydroxylases to ensure a PPHD-dependent effect (Figure 2.23). The addition of
the choanoflagellate Monosiga brevicollis P4H-Zn(I11)-NOG (mbP4H; obtained in
pure form from the CJS group) did not lower the rate of EF-Tu GTP hydrolysis as

did PPHD. However, the addition of PHD2-Zn(I1)-20G decreased the rate of GTP
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hydrolysis to the same extent as that of PPHD-Zn(II)-20G. Further, the effect of
PHD2 was unresponsive to bulky PHD inhibitors (hydroxythiazole A) and Hyp54
status, both of which had been shown to rescue the rate of EF-Tu GTP hydrolysis
in the presence of PPHD. These results imply that PHD2 interacts with EF-Tu
either outside the vicinity of its active site or in such a way as to leave its active
site unobstructed. Further, these results were of interest from an evolutionary
perspective, especially given no demonstrated cross-reactivity between PPHD
and PHD2 substrates and the inability of the choanoflagellate mbP4H to produce

the same effect, suggesting that PPHD and PHD2 may have coevolved with their

substrates.
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Figure 2.23. Addition of PHD2 affects EF-Tu GTP hydrolysis differently from PPHD. (A) The
rate of GTP hydrolysis is halved in the presence of PPHD-Zn(II)-20G: [J EF-Tu only; ¢ EF-Tu in
the presence of Monosiga brevicollis PAH-Zn(11)-20G; O EF-Tu in the presence of PPHD-Zn(I)-
20G; X EF-Tu in the presence of PHD2-Zn(II)-20G. (B) The effect of PHD2 on the rate of GTP
hydrolysis is not rescued by bulky PHD inhibitors or EF-Tu modified Hyp54: ¢ EF-Tu only; X EF-
Tu in the presence of PHD2-Zn(II)-20G; B EF-Tu(Hyp54) in the presence of PHD2-Zn(II); O EF-
Tu in the presence of PHD2-Zn(II)-hydroxythiazole A.

2.6.7 PPHD knockout reveals no affect on global translation rate in P. aeruginosa

Experiments in this section were performed in collaboration with Joongoo Lee.

The observation that PPHD binds to EF-Tu and decreases the rate of GTP
hydrolysis raised the question as to whether a stoichiometric binding effect

might affect translation in cells. Although unlikely given the high intracellular EF-
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Tu levels, the in vivo translation rates of P. aeruginosa PAO1 wildtype and
PA0310 insertional mutant strains were measured using a standard 35S-
methionine incorporation technique (26). In P. aeruginosa, no difference was
observed in the preliminary studies on the global translation rate between the
PPHD insertional mutant strain and the wildtype strain under standard growth

conditions (Figure 2.24).

1000+
— Wildtype
g. — PA0310deleted
© 500+
0 T T T 1
0 10 20 30 40
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Figure 2.24. Growth of P. aeruginosa PAO1 wildtype and PA0310 (PPHD) insertional
mutant strains reveals no apparent difference on relative global translation rate. Cells
were grown to log phase (ODgoo = 0.5) and relative translation rate was measured by 35S-
methionine incorporation. Figure and figure legend are adapted with permission from J.S. Scotti
et al, Human oxygen sensing may have origins in prokaryotic elongation factor Tu prolyl-
hydroxylation. Proc Nat Acad Sci USA. In press (2014).

2.6.8 PPHD knockout likely does not affect translational accuracy in P. putida
Experiments in this section were performed in collaboration with Dr. Armin Thalhammer.

Given that no difference was observed between P. aeruginosa PAO1
wildtype and PPHD insertional mutant strains with respect to global translation
rate, it was of interest to determine whether Pro54 hydroxylation affects
translational accuracy. For this series of experiments, a dual luciferase reporter
cassette was designed [D.Phil. thesis, Dr. Armin Thalhammer, Chemistry; for
more details see reference (80)], which could be used to monitor translational
accuracy by measuring the ratio in intensities between the first, Renilla

reniformis (Renilla), and the second, Photinus pyralis (Firefly), luciferase in the
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presence of different codons in a linker region flanked by the two luciferases
(80). The well-established site and orientation specific single-copy chromosomal
mini-Tn7 transposon integration system was chosen as an effective expression
system (81). Single-copy reduces possible fluctuation in luciferase signal
intensity cause by plasmid copy number variation. IPTG-inducible expression
from a lacl-repressed Plac promoter enables superior luciferase intensities. Two
stop codons (TGA and TAA) and matched sense codons (CGA and CAA) were
tested in the presence of the ribosomal-targeting antibiotics streptomycin and

paromomycin (Figure 2.25).
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Figure 2.25. Monitoring translation accuracy in P. putida. Paromomycin strongly increases
dual-luciferase ratio at stop codons and slightly at sense codons relative to streptomycin. PPHD
knockout shows ~20% higher luciferase ratio at stop codons in the presence of paromomycin (5
ug/mL) or streptomycin [(2 pg/mL), P<0.05 for streptomycin], indicating the possible presence
of a PPHD-mediated effect on stop-codon readthrough. Values are mean * sd of three biological
replicates. Luciferase activity ratio (LAR) = Fluc/Rluc (Firefly luciferase / Renilla luciferase).

Streptomycin binds to the phosphate backbone of 16S RNA near protein
S12 and stabilises the high-tRNA affinity ram state of the ribosome, whereas
paromomycin binds to the decoding site of ribosomal 16S RNA and directly
affects decoding (82). Thus, a greater difference in stop-codon readthrough is
expected in the presence of paromomycin (Figure 2.25). Yet we also observe a
~20% higher luciferase ratio for both TGA and TAA stop codons for the PPHD

knockout relative to wildtype, suggesting that hydroxylation at Pro54 may play a
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role in translation accuracy in P. putida. However, repeated experiments
revealed a mixture of statistically significant and insignificant results, suggesting
that the modest ~20% difference observed may be due to other factors. Further
work is required to determine if PPHD knockout affects translational accuracy in

the presence of streptomycin.

2.6.9 Presence of EF-Tu increases the affinity of PPHD for 20G

To measure binding constants of metal(Il) and 20G to PPHD, a
paramagnetic relaxation enhancement based NMR technique was employed in
which displacement of ordered water bound to metal(Il) within the PPHD active
site is monitored as a function of ligand concentration (for details, see
Experimental Procedures)(83). The addition of EF-Tuprotein Was found to
significantly stabilise PPHD:20G binding, decreasing the PPHD 20G Kq by ~50-
fold (8 + 4 pM) compared to the absence of any substrate (20G Kq >400 uM) and
in the presence of EF-Tuas.63 (20G K4 >400 pM)(Figure 2.264), and results were
comparable to PHD2 (20G Kq <2 pM) as shown using soft ionisation ESI-MS (70).
In contrast, monitoring reaction of PPHD with EF-Tuas-63 peptide substrate by 'H
NMR revealed a roughly 33% excess of succinate over product formation (ratio
of succinate to hydroxylated product is ~4:3)(Figure 2.26, B and (). These
differences are of interest as they suggest that interactions between PPHD and
fully-folded EF-Tu protein contribute to PPHD folding and order the active site;
and that the 20mer peptide is more flexible in nature and unable to effectively

stabilise a PPHD:20G complex.
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Figure 2.26. Using 'H NMR to monitor PPHD catalysis reveals differences between full-
length protein and peptide fragment substrates. (A) PPHD 20G Kj in the presence of EF-Tu
protein (8 + 4 pM)(A) compared to the absence of any substrate (>400 uM)(#) and in the
presence of EF-Tuss.63 (>400 uM)(@®). (B) The ratio of succinate to hydroxylated product is ~4:3
(C) PPHD activity monitored by 1H NMR: 20G oxidation into succinate and the hydroxylation of
EF-Tu44.63. Figure and figure legend are adapted with permission from J.S. Scotti et al, Human
oxygen sensing may have origins in prokaryotic elongation factor Tu prolyl-hydroxylation. Proc
Nat Acad Sci USA. In press (2014).

2.6.10 Presence of EF-Tu affects PPHD affinity for metal(ll)

Similar to the effect observed with PPHD:20G binding, the addition of
unhydroxylated EF-Tuprowein decreased the PPHD metal(Il) Kq [paramagnetic
Mn(II) used as a surrogate for Fe(II)] by ~4 fold (8 + 3 uM in the presence of EF-

TUprotein, 2 £ 0.5 M with no substrate present)(Figure 2.27, A and B). Analogous
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to the absence of a PPHD-dependent effect on EF-Tu modified Hyp54 GTP
hydrolysis, the addition of hydroxylated EF-Tuprotein did not affect PPHD metal(1I)
K¢ (2 £ 1 pM in the presence of hydroxylated EF-Tuprotein)(Figure 2.27C). In
particular the higher Kq4 for Fe(1I) in the presence of substrate is of interest given
the phenotypic results in P. aeruginosa, supporting a role for PPHD in iron

metabolism.
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Figure 2.27. Using 'H NMR to monitor the Ky of Mn(II) to PPHDputiga. K4 of Mn(II) to PPHD (A)
in the absence of any substrate (2 + 0.5 pM), (B) in the presence of unhydroxylated EF-Tu protein
(8 = 3 uM), and (C) in the presence of EF-Tu(Hyp54) (2 + 1 uM) shows that EF-Tu modulation of
PPHD metal(Il) binding is dependent on Pro54/Hyp54 status. Figure and figure legend are
adapted with permission from ].S. Scotti et al, Human oxygen sensing may have origins in
prokaryotic elongation factor Tu prolyl-hydroxylation. Proc Nat Acad Sci USA. In press (2014).

2.6.11 NMR studies imply interactions between PPHD and EF-Tu
Overall, the solution studies demonstrated that Pro54 hydroxylation

likely does not play a role in translation rate/accuracy by substantially
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modulating the rate of EF-Tu GTP hydrolysis. The observations that i) addition of
PPHD slows the rate of EF-Tu GTP hydrolysis in a metal(Il)- and 20G-dependent
manner; ii) binding of metal(Il) and 20G to PPHD is strikingly affected by the
presence/absence of EF-Tu; and iii) the location of Pro54 on the
conformationally flexible EF-Tu switch I loop combine to suggest that PPHD
binding to EF-Tu involves sequestration of the switch I loop, preventing EF-Tu
from alternating between GTP- and GDP-bound conformations. In order to verify
these conclusions, crystallographic studies were initiated in order to obtain a

structure of the PPHD:EF-Tu complex (Chapter 3).

2.7 Hydroxylation of EF-Tu Pro54 does not affect EF-Tu:EF-Ts binding
2.7.1 Insights into a potential role of Pro54 hydroxylation in EF-Tu:EF-Tu binding
After successful GTP hydrolysis on the ribosome, EF-Tu retains bound
GDP. Given that the K4 of GDP to EF-Tu is 500-fold lower than that of GTP (71),
GTP will not spontaneously displace GDP in solution. EF-Ts binds to EF-Tu:GDP
and displaces the nucleotide, after which GTP and aa-tRNA displace EF-Ts to
regenerate a translationally active EF-Tu:GTP:aa-tRNA ternary complex (42, 54,
84). A crystal structure of an E. coli EF-Tu:EF-Ts complex (PDB ID: 1EFU) reveals
that EF-Ts inserts its C-terminal a-helix into the EF-Tu nucleotide binding site
(Figure 2.28)(85). Although the EF-Tu switch I loop is disordered in the complex,
the proximity of the switch I loop to the EF-Tu nucleotide binding site raised the
question as to whether a PTM on the EF-Tu switch I loop could affect EF-Tu:EF-

Ts binding by ordering the switch I loop.
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Switch | loop
(disordered)

Figure 2.28. Views from a crystal structure of an EF-Tu:EF-Ts complex. (A) Overall structure
of the EF-Tw:EF-Ts heterodimer complex from E. coli (PDB ID: 1EFU). (B) The EF-Ts C-terminal
a-helix is positioned to insert Phe?’! into the EF-Tu nucleotide binding site [no nucleotide or
Mg(II) bound]. Notably, the switch I loop is disordered.

2.7.2 EF-Tu:EF-Ts binding is unaffected by Pro54 hydroxylation status
Experiments in section 2.7.2 were performed in collaboration with Dr. Ivanhoe Leung.

To test the hypothesis that Pro54 hydroxylation may affect EF-Tu:EF-Ts
binding, NMR was used to monitor the binding of unhydroxylated EF-Tu and EF-
Tu modified Hyp54 to EF-Ts by taking advantage of the
appearance/disappearance of labelled protein signals in the presence of an
interaction partner (in this case EF-Tu) in solution. The gene encoding for P.
putida EF-Ts was cloned into a pET28a expression vector and recombinant 15N-
labeled EF-Ts was expressed and purified in the same way as for PPHD and EF-
Tu proteins, the only difference being that E. coli was grown in 15N labelled

media (Figure 2.294).
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Figure 2.29. Hydroxylation of EF-Tu at Pro54 does not affect EF-Ts binding. (A)
Representative SDS-PAGE gel revealing pure recombinant EF-Ts after Ni-affinity
chromatography. (B) Hydroxylation of EF-Tu does not affect EF-Ts binding; relative intensity of
collective 1SN NMR signals monitored in the presence/absence of EF-Tu (Hyp54).

Hydroxylation at Pro54 did not appreciably affect EF-Tu:EF-Ts binding
(Figure 2.29B), suggesting that the disorder of the switch I loop in the EF-Tu:EF-
Ts complex structure may reflect the lack of a defined role for the switch I loop in

EF-Tu:EF-Ts complex formation.

2.8 Hydroxylation of EF-Tu Pro54 affects its stability in solution

Given the link between EF-Tu abundance and overall cell stability and its
known ability to act as a protein-folding chaperone during cellular stress (86,
87), it was of interest to investigate whether Pro54 hydroxylation may alter the
overall stability of EF-Tu. The stability of unhydroxylated EF-Tu and EF-Tu
Hyp54 was assayed directly by circular dichroism (CD) spectroscopy, in which
measurements of protein folding/unfolding are directly observed by monitoring
the intensity of circularly polarised light at 222 nm, indicative of protein
secondary structure (88). EF-Tu is highly unstable in the absence of Mg(1I) (Ka: 1

nM)(89), so the ion (5 mM) was added to all buffers. Interestingly, CD revealed a

77



Chapter 2

slight, yet consistent, 1.5 °C increase in EF-Tu stability (Tm) upon Pro54

hydroxylation (50.5 + 0.1 °C for unhydroxylated EF-Tu vs 52.0 + 0.1 °C for EF-Tu

Hyp54)(Figure 2.30).
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Figure 2.30. Pro54 hydroxylation increases EF-Tu stability in solution. (A) Normalised CD
spectra of O EF-Tu:GDP and ®m EF-Tu:GDP Hyp54 monitored at 222 nm; data points shown as
mean * std. error of triplicates and fitted to a Boltzmann sigmoidal curve using GraphPad Prism
software. (B) Graph summarising Tr, values derived from the Boltzmann fit; EF-Tu was used as a
reference.

Such a deviation is of interest in light of the intracellular abundance of EF-
Tu and its reported connection to heat shock tolerance in prokaryotes,

suggesting that hydroxylation of EF-Tu may play a role in overall cell stability.

2.9 Studies on the effects of pyocyanin, PPHD and EF-Tu in human cells

Experiments in section 2.9 were performed in collaboration with Dr. Tzu-Lan Ye, who
provided the figures.

2.9.1 Pyocyanin upregulates HIF-1a in human cells

Previous studies have shown that the redox active pyocyanin is capable of
upregulating HIF-1a in human cells (15). To confirm these results and determine
whether the effect extends to human A549 cells (i.e. basal lung epithelial cells
susceptible to P. aeruginosa infection), three different human cell lines were

subjected to various concentrations of pyocyanin. Interestingly, pyocyanin was
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found to upregulate HIF-1a at a comparable level to that observed as a result of
DMOG treatment (Figure 2.31). Given that pyocyanin is an iron chelator and PHD
regulation by iron availability is well-established (90), it is likely that pyocyanin

induced HIF-la upregulation in human cells is due, at least in part, to iron

sequestration.
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Figure 2.31. Pyocyanin up-regulates HIF-1« in human cells. (A) Hela, (B) MCF7 and (C) A549
cell lines. Cells were 90-95 % confluent when treated with compounds for 6 hours at 37 °C.
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2.9.2 Expression of PPHD/EF-Tu in human cells may regulate HIF-1a levels

The in-solution studies revealed that PHD2 was able to decrease the rate
of EF-Tu GTP hydrolysis to a similar extent as PPHD (see section 2.6.6),
suggesting that the presence of PPHD or EF-Tu in human cells may upregulate
HIF-1a by competition with the PHDs. To test this hypothesis, human expression
vectors encoding for PPHDpuida and EF-Tupuiisa were transfected into HEK293T
cells and changes in HIF-1a levels were monitored by immunoblotting (Figure
2.32). Although transfection efficiencies were low (and thus the experiment will
require repeating), the results suggest a possible effect of PPHDputida / EF-TUputida

on HIF-1a levels.
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Figure 2.32. Transfection of PPHD and EF-Tu possibly upregulates HIF-1a in human cells.
HEK293T cells were transfected with either pcDNA_LIC_PPHD or pcDNA_LIC_EF-Tu. Experiment
performed and figure provided by Dr. Tzu-Lan Ye.

Taken together, the observations that i) PPHD knockout increases
pyocyanin production, ii) pyocyanin upregulates HIF-1a in human cells likely via
PHD inhibition by iron sequestration, and iii) PPHD and EF-Tu proteins
upregulate HIF-1a in human cells suggest that during some infections prolyl-

hydroxylases on ‘both sides of the fence’ (i.e. in human and bacterial cells) may
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be involved in ‘cross-talk’ and are regulated by bacterial virulence factors, iron
availability, and possibly 20G. Finally, the results suggest that the roles of the
PHDs and the PPHDs may encompass more than hypoxic sensing in an isolated

organism.

2.10 Conclusions

This  Chapter describes work on the identification and
biochemical/biophysical characterisation of a PHD2 homologue in Pseudomonas
spp. A P. aeruginosa PPHD insertional mutant strain was found to possess an
interesting phenotype, resulting from the upregulation of pyocyanin, an
important virulence factor.

Importantly, PPHD was found to catalyse the trans-4 prolyl-hydroxylation
of EF-Tu at Pro54 in vitro and in cells. In-solution NMR studies revealed that
PPHD regulates the rate of EF-Tu GTP hydrolysis in a metal(Il), 20G and
Pro54/Hyp54 dependent manner. The results implied that PPHD and EF-Tu
share a substantial interaction interface and an induced fit binding mode. No
evidence was observed for a PPHD dependent effect on global translation rate in
P. aeruginosa, nor on EF-TwEF-Ts binding in vitro. However, Pro54
hydroxylation was shown to alter EF-Tu stability in solution. Finally, pyocyanin
and PPHD/EF-Tu protein were observed to upregulate HIF-1a in human cells,
suggesting that prolyl-hydroxylases in both bacteria and animals may be play
roles in addition to hypoxic sensing in their respective organisms. For a more
detailed discussion of the evolutionary relationship of PPHD and human PHDZ2,

see Chapter 6.
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2.11 Experimental Procedures

2.11.1 Protein purification

E. coli BL21(DE3) cells were transformed with the pET28a_PPHD,
pET28a_EF-Tu, or pET28a_EF-Ts plasmid (encoding for proteins with an N-
terminal hexahistidine tag) and were grown (37 °C; 180 rpm) to an ODeoo of 0.6;
recombinant protein production was induced with 0.5 mM B-D-1-
thiogalactopyranoside (IPTG). The cells were allowed to continue to grow at
18°C overnight, harvested by centrifugation (10,000xg; 7 min), and stored at -80
°C.

Cell pellets were resuspended in 50 mM HEPES pH 7.5, 500 mM NaCl, 20
mM imidazole, 1 mM tris(2-carboxyethyl)phosphine (TCEP), one EDTA-free
protease inhibitor tablet (Roche), and approximately 1 mg DNAsel (bovine
pancreas, grade II, Roche) at room temperature with gentle stirring. Cells were
lysed on ice by sonication (Sonics VibraCell VCX-500, 13 mM probe at 60%
intensity consisting of a 3 s pulse followed by 4 s rest, for a total time of 8 min),
and the lysate was then cleared by centrifugation (50,000xg; 20 min). The
supernatant was then loaded onto a 5 mL HisTrap FF column preequilibrated
with the resuspension buffer at a rate of 2 mL/min - a rate maintained for all
wash and elution steps - and purified using an AKTA FPLC system (GE
Healthcare). The column was washed with 10 column volumes of 50 mM HEPES
pH 7.5, 500 mM NaCl, 50 mM imidazole, 1 mM TCEP and protein was eluted with
50 mM HEPES pH 7.5, 500 mM NaCl, 250 mM imidazole, 1 mM TCEP. In the case
of EF-Tu, all purification steps were performed in the presence of 10 mM MgCl;

and trace (1 uM) GDP to enhance EF-Tu stability by increasing occupancy of GDP
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in the nucleotide binding site; the Mg(II) ion is essential for the continued
integrity of EF-Tu as it is necessary for binding of GDP (Kp ~ 1 nM) (89).

The purified sample was then exchanged to 50 mM HEPES pH 7.5, 200
mM NaCl using a PD-10 column (Millipore). If cleavage of the N-terminal
hexahistidine tag was desired, the appropriate volume of 10x thrombin cleavage
buffer and 1 unit thrombin (Novagen) per 1 mg of protein were added, and the
mixture was left at 4 °C overnight. PPHD or EF-Tu was further purified using a
Superdex 75 size exclusion column (GE Healthcare) preequilibrated in 50 mM
HEPES pH 7.5, 200 mM NaCl (PPHD), 50 mM HEPES pH 7.5, 200 mM NaCl, 10
mM MgClz, 1 uM GDP (EF-Tu). Proteins were eluted using the same buffer. PPHD-
or EF-Tu-containing fractions were pooled, concentrated to 35 mg/mL (PPHD)
or 20 mg/mL (EF-Tu), by diafiltration, aliquoted (20 pL), flash frozen in liquid

N3, and stored at -80 °C.

2.11.2 Generation of a PPHD (PA0310) insertional mutant strain of P.
aeruginosa

A Pseudomonas aeruginosa PAO1 strain containing a transposon insert in
the PA0310 gene was obtained from the PAO1 mutant library generated and

verified by the University of Washington Genome Sciences as described (33).

2.11.3 P. aeruginosa growth determination

Immediately upon dilution, cultures in triplicate, in 96-well plates, were
placed in a plate reader (Infinite M200; TECAN) at 28 °C and grown within the
plate reader. The optical density at 600 nm (ODeoo) was automatically read

during growth every 60 min, and data were collected by Magellan software
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(TECAN). All assays were performed in triplicate and plotted as mean + standard

deviation.

2.11.4 P. aeruginosa pyocyanin quantification

5 mL cultures of P. aeruginosa wildtype and PA0310 insertional mutant
strains grown to stationary phase were extracted with 3 mL of CHCl3 and back
extracted with 1 mL of 0.2 HCl, yielding a deep red solution, of which the
aqueous phase was decanted and the absorbance was measured at 520 nm as
reported previously (34). All assays were performed in triplicate and plotted as

mean * standard deviation.

2.11.5 P. aeruginosa global translation rate assay

Cultures (1 mL) of P. aeruginosa wildtype and PA0310 insertional mutant
strains were grown in LB medium at 37 °C with shaking to log phase (OD¢oo =
0.5), whereupon 35S-methionine was added to a final concentration of 10 pCi/mL
and growth was continued at 37 °C with shaking. At the specified time points,
100 pl was removed from biological triplicates and placed on ice before the
addition of 10 pl BSA (4 mg/mL) and 20 pl 50% (w/v) trichloroacetic acid
(Sigma). The protein pellet was isolated by centrifugation (25,000xg; 2 min),
washed twice with 300 pl of cold ethanol, and solubilised in 50 pl 8 M urea. 10 pl
was then added to 5 mL of Optiphase scintillant and 35S-methionine

incorporation was measured by scintillation counting.
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2.11.6 PPHD pull-down in P. putida

Pseudomonas putida substrain KT2440 was grown (37 °C; 180 rpm)
overnight in LB media, harvested by centrifugation (10,000xg; 7 min),
resuspended in binding buffer (50 mM Tris-HCl pH 7.5, 125 mM NacCl, 5 mM
imidazole) lysed on ice by sonication and the lysate was cleared by
centrifugation (50,000xg; 20 min). 1 mL of cleared lysate was added to loose Ni-
Sepharose beads (GE Healthcare), preincubated for 1 hour with 1 mg of pure
hexahistidine-tagged PPHD in binding buffer, and washed three times with the
same buffer. Proteins were eluted from the beads in elution buffer (50 mM Tris-
HCI pH 7.5, 500 mM NaCl, 250 mM imidazole), precipitated in MeOH/CHCls, and
subjected to trypsinolysis and MS/MS quantitation and analysis using MASCOT

as described.

2.11.7 Generation of a PPHD (PP_5159) knockout strain of P. putida

A PP_5159 (PPHD) knockout mutant of P. putida was constructed using
overlap extension-(OE) polymerase chain reaction (PCR) coupled to a two-step
allelic exchange utilising the suicide vector pUIC3 as previously described (35,
36), with the following 5 flanking primers (PP5159_uF: 5'-
TTGCCGTACAGGCCGAGAACTCGCCATACGCCTT-3'; PP5159_uR: 5'-
GCACTGATCAATCGGATGACCCGTTCTGATAGGC-3") and 3’ flanking primers
(PP5159_dF: 5'-CCGATTGATCAGTGCGGCGCGCATCATATCCATT-3’; PP5159_dR:
5'-GTGCTCAAGGCCAAGTTT GCCGAGCCACAGATCC-3")(primers PP5159_uR and
PP5159_dF are complementary).

Summary. The method relies upon cloning ~1 kb regions of the genome

upstream and downstream of the gene of interest. Then, these regions are ligated
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together using overlap-extension PCR (OE-PCR) and transformed into an E. coli
helper strain, DH5a pir*, which expresses the m protein required for pUIC3
replication. pUIC3 containing the overlapping 2 kb region containing the 1 kb
upstream and 1 kb downstream genomic regions is then electroporated into P.
putida. Upon electroporation, the first homologous recombination event occurs
and the entire pUIC3 plasmid is integrated into the genome of P. putida in the
region near the wild type sequence containing PPHD. Finally, these
transformants are grown in the presence of tetracycline to induce the second
recombination event, resulting in the exchange of the 2 kb insert with the
endogenous sequence containing the PPHD gene and concomitant loss of the
pUIC3 plasmid. Since the second recombination event results in the loss of the
tet® gene, successful knockouts do not grow in the presence of tetracycline,
enrichment of successful double recombinants can be achieved by adding
cycloserine, an antibiotic which kills actively growing cells.

Stage 1. The first step was to design primers that amplify 1 kb regions
upstream and downstream of PPHD (Table 2.33). When designing the primers, it
was important to engineer a ~15 bp overlap between the 3'-5' upstream reverse
primer and the 5'-3’ downstream forward primer. Since the downstream cloning
strategy involved the use of a TA-cloning vector, it was unnecessary to engineer

restriction sites.

Table 2.33. Primers for knockout of PPHD by homologous recombination.

Primer Sequence 5'-3’

PP5159_Upstream_F TTGCCGTACAGGCCGAGAACTCGCCATACGCCTT
PP5159_Upstream_R GCACTGATCAATCGGATGACCCGTTCTGATAGGC
PP5159_Downstream_F CCGATTGATCAGTGCGGCGCGCATCATATCCATT
PP5159_Downstream_R GTGCTCAAGGCCAAGTTTGCCGAGCCACAGATCC
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With the appropriate primers, PCR was performed to amplify the 1 kb
upstream and downstream regions. PCR conditions were identical to those
already described. Amplified DNA fragments were analysed by 1% agarose gel
electrophoresis and subsequently purified using a PCR Purification Kit
(Fermentas). The two amplified upstream and downstream fragments were
joined to make a single 2 kb fragment by Overlap-Extension PCR (OE-PCR),
utilising the 15 bp overlap between the Upstream_R and Downstream_F primers.
For this step, Taq polymerase was used to ensure the addition of TA overhangs.
OE-PCR was performed using 15 amplification cycles without primers, followed
by addition of 1 pL of each primer (Upstream_F, Downstream_R) and 0.5 pL
more Taq polymerase and amplification was continued for 20 additional cycles

(Table 2.34).

Table 2.34. OE-PCR thermocycler conditions for amplification of homologous
recombination insert.

Segment Cycles Temperature (°C) Time
Initial denaturation | 1 95 2 min
Denaturation 95 40s
Annealing 15 55 1 min
Extension 68 1min45s
Pause = = =
Denaturation 95 40s
Annealing 20 55 1 min
Extension 68 1 min45s
Final extension 1 68 7 min
Final hold 4 ~

PCR products were analysed by 1% agarose gel electrophoresis and the
appropriate 2 kb band was excised and purified using a GeneJET Gel Extraction
Kit (Fermentas).

Stage 2. The purified 2 kb fragment with TA overhangs was immediately
ligated into the TA-cloning vector pCR2.1 (Invitrogen) according to the

manufacturer’s instructions. The ligation mixture was then transformed into
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Ultracompetent E. coli XL10 cells (Agilent) and plated on LB medium
supplemented with kanamycin (30 ug/mL), ampicillin (100 pg/mL), IPTG (0.5
mM), and X-gal (80 pg/mL). White colonies were analysed for the presence of
insert using colony PCR. DNA was isolated by MiniPrep and verified by Sanger
sequencing using the M13 promoter and terminator primers. pUIC3 and pCR2.1
containing the 2 kb insert were simultaneously digested with Xbal and Spel
(NEB) for 4 h at 37 °C and the reactions were monitored for completion by 1%
agarose gel electrophoresis. The pUIC3 restriction enzyme digest was then
incubated at 80 °C for 20 min to heat inactivate Xbal/Spel, allowed to cool on ice,
after which 1 pL Alkaline Phosphatase (NEB) was added to prevent self-ligation
and the reaction was incubated at 37 °C for 1 h. The digests were purified using a
PCR Purification Kit (Fermentas). The purified digests were mixed in an
approximate 3:1 molar ratio, ligated, transformed into CaCl; competent E. coli.
DH5a pirt, and plated on LB medium supplemented with tetracycline (10
pg/mL). Purification of the 2 kb insert by gel extraction was run in parallel but
did not yield any colonies.

Stage 3. Successful transformants were analysed for the presence of insert
by colony PCR using Upstream_F and Downstream_R primers. Colonies with
pUIC3 plasmids containing the 2 kb insert were grown overnight at 37 °C in 5 mL
2TY medium supplemented with tetracycline (10 pg/mL) and DNA was isolated
by MiniPrep. pUIC3 was electroporated into P. putida and blue colonies were
selected on LB medium supplemented with tetracycline (10 ug/mL), IPTG (0.5
mM), and X-gal (80 pg/mL). Upon electroporation, the first homologous
recombination ever occurs spontaneously and successful transconjugants are

blue on X-gal due to the integration of pUIC3, which contains LacZY, into the P.
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putida genome. To enrich double crossover mutants, purified transconjugants
were inoculated in 10 mL LB broth with tetracycline (10 pg/mL) and grown
overnight. 100 pl of the overnight culture was diluted in 10 mL LB broth without
tetracycline and incubated with shaking (180 rpm) at 28 °C for 30 min.
Tetracycline was then added to a final concentration of 10 pg/mL and cultures
were allowed to incubate for an additional 2 h, after which cycloserine was
added to a final concentration of 800 pg/mL. Incubation was continued for 3 h.
Cells were then plated onto LB medium supplemented with X-gal (80 pg/mL)
and streaked for single colonies. White colonies were analysed by colony PCR for
the presence of the PPHD gene.

PCR analysis. Conveniently, this whole process was monitored effectively
by PCR using the primers already described because one expects different length
PCR products depending on the stage of the process. For the wild type, one
expects to see a 2.6 kb PCR product when using primers Upstream_F and
Downstream_R, due to the presence of the endogenous PPHD sequence in
between those 1 kb flanking regions. In initial transformants having undergone
the first recombination event, one expects two bands, one of 2.6 kb and one of 2
kb, corresponding to the endogenous 2.6 kb (w/ PPHD) and insert 2 kb (w/o
PPHD), respectively, due to the genomic integration of pUIC3 into P. putida.
Finally, a successful knockout should only show the insert 2kb fragment and the
lack of the endogenous 2.6 kb fragment, as well as sensitivity to tetracycline. All
of these conditions were observed (see main text). Furthermore, multiple
additional rounds of colony-PCR using 3 different primers which bind to various

regions of the PPHD gene were tested against both wild type P. putida and the
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PPHD knockout and in all of these experiments the knockout was confirmed to

lack the PPHD gene (data not shown).

2.11.8 PPHD Kkinetic assays

Standard hydroxylation assays for PPHDpuiaa were carried out by
preparing a reaction mix of 10 uM PPHD, 100 pM EF-Tusse3 (H2N-
IVEFDKIDSAPEEKARGITI-CONH2), 50 uM Fe(II)(prepared from (NH4)2Fe(S04)2),
2 mM 20G, 4 mM sodium L-ascorbate in 50 mM HEPES pH 7.5, 500 mM Nacl, 5%
(v/v) glycerol. For determinations of apparent Kn of Fe(ll), 20G, ascorbate, and
02, each cofactor concentration was varied and reactions were incubated at 37 °C
for 30 minutes. For determination of apparent Km of EF-Tus4.63 oligopeptide time
courses at various concentrations of EF-Tuss.63 were carried out and steady-state
reaction rate was determined. All reactions were quenched with an equal volume
of 20% (v/v) formic acid. The extent of substrate hydroxylation was analysed by
MALDI-TOF-MS (matrix-assisted laser-desorption ionisation-time-of-flight mass
spectrometry). Recrystallised CHCA (a-cyano-4-hydroxycinnamic acid) MALDI
matrix (1 pL) and quenched assay solution (1 pL) were spotted onto a 96-well
MALDI sample plate and analysed using a Waters Micromass™ MALDI micro
MX™ mass spectrometer in the positive ion reflectron mode with the following
settings as described (16): laser energy 100-150, pulse 1950, detector 2350,
suppression 700. Raw data was further analysed with MassLynx™ version 4.1.
Data were fitted to the Michaelis-Menten equation using GraphPad Prism and
Kinetic parameters were determined from the fit. All assays were performed in

triplicate and plotted as mean + standard deviation.
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2.11.9 MS/MS analysis of EF-Tu44.¢3 modified Hyp54

MALDI-TOF mass spectrometry was carried out using a Bruker Ultraflex
TOF/TOF mass spectrometer (37). The instrument was calibrated in MS mode
directly before data acquisition with Peptide Calibration Standard II (Bruker
Daltonics, Coventry, UK) using monoisotopic peptide masses. Peptides were
spotted onto a MALDI sample as in PPHD,usida kinetic assays. Sample ionisation
was achieved with a nitrogen laser (337 nm) at 35-45% laser energy and MS/MS

spectra were acquired by Laser-induced fragmentation (LIFT)(38).

2.11.10 Amino Acid analysis of EF-Tu44.63 Hyp54

Amino acid hydrolysate was prepared by exposure of milligram quantities
of Hyp54 modified EF-Tus4.63 to constant boiling HCI (5.7 M) for 24 h at 110 °C
under nitrogen atmosphere and dried by rotary evaporation. Standards were
derivatised with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate by mixing
amino acid hydrolysate diluted in 0.1 M HCl and derivatising solution (add 1 mL
of 2B AccQTag reagent diluents (acetonitrile) to 2A (AccQTag reagent), vortexed
and heated at 55 °C for 10 min. Derivatised amino acids, specifically
hydroxyproline, were analysed against 4 standards (cis-3-, trans-3-, cis-4-, trans-
4-hydroxyproline) on an AccQTag Ultra reversed phase C18 column, 2.1 x 100
mm, particles 1.7 um (Waters). 1 pL of the sample was injected and separated by
linear gradient elution of A [5% (v/v) AccQTag Eluent A)] to B [98.7%
acetonitrile, 1.3% (v/v) formic acid], 0-25% over 25 min at a flow rate of 0.7
mL/min at 55 °C. UV detection was performed at a wavelength of 260 nm as

described (26). The flow was split at 1:1 ratio before the mass spectrometer. The
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relative stereochemistry of hydroxyproline was determined by comparison of

elution times with the trans-3 and trans-4 hydroxyproline standards.

2.11.11 In vitro PPHD and EF-Tu protein-protein hydroxylation assay
An adaptation of the standard MALDI hydroxylation assay was performed
in the presence of both full-length proteins to confirm that PPHD hydroxylates

EF-Tu at Pro54 in vitro (Table 2.35).

Table 2.35. Composition of full-length PPHD and EF-Tu hydroxylation assay.

Reagent Stock concentration Volume added Final concentration
(uM) (uL) (uM)

PPHD 580 17 100 uM
EF-Tu 170 30 50 uM

Na ascorbate 4,000 10 400 uM

Na 2-oxoglutarate 4,000 10 400 pM
(NH4)2Fe(S04) 4,000 5 200 uyM
Buffer D 28

All stock reagents were dissolved in buffer D (50 mM HEPES pH 7.5, 500
mM NacCl, 1 mM TCEP, 5% glycerol) with the exception of (NH4)2Fe(S04)2, which
was dissolved in 20 mM HCl in order to prevent in situ rapid oxidation to Fe3*. An
excess of PPHD was used in an effort to hydroxylate EF-Tu and more easily
differentiate non-hydroxylated and hydroxylated EF-Tu by LC-MS/MS. The
reaction was incubated for 4 h at 30 °C and immediately subjected to in-solution
trypsin digestion and LC-MS/MS analysis as described previously. In order to
accurately determine the relative percent of hydroxylation in both reaction
mixtures, the hydroxylated and non-hydroylated peptides containing Pro54
were quantified by manual inspection of the total ion count of each peptide in the

raw data file.
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2.11.12 MS/MS analysis of Pro54/Hyp54 in P. putida cells

P. putida substrain UWC1, P. putida UWC1 PPHD knockout strain, P.
putida UWC1 PPHD knockout strain transformed with
pBBR5_MCS2_PPHD(KanR), and P. putida UWC1 PPHD Kknockout strain
transformed with pBBR5_MCS2_PPHD(D126A)(KanR) were grown overnight in
LB medium supplemented with kanamycin (30 pg/mL) for plasmid-containing
strains. Cells were harvested by centrifugation (10,000xg; 7 min), resuspended
in 1 mL 50 mM HEPES pH 7.5, 200 mM NaCl, 10 mM MgCl,, lysed on ice by
sonication and the lysate was cleared by centrifugation (18,000xg; 10 min). The
supernatant was analysed by SDS-PAGE and the gel band containing EF-Tu was
excised and washed twice for 2 hours in 200 pL 50% (v/v) MeOH, 5% (v/v)
acetic acid in Hz0, then 200 pL of acetonitrile was added and the gel pieces were
dehydrated twice for 5 mins at room temperature and dried in a speedvac. 30 pL
of 10 mM dithiothreitol (DTT) in 100 mM NH4HCO3 was added and the mixture
was incubated for 10 min at room temperature, after which the supernatant was
removed. 30 uL of 50 mM iodoacetamide in H,0 was added and the mixture was
incubated for 10 min at room temperature, after which the supernatant was
removed. 200 pL acetonitrile was added and the gel pieces were dehydrated for
5 mins, after which the supernatant was removed and dried in the speedvac. The
gel pieces were rehydrated in 100 mM NH;HCO3 for 10 min, after which the
solution was removed and 200 pL acetonitrile was added and the gel pieces were
dried as before. 30 pL of trypsin (20 ng/uL) in 50 mM NH4HCO3 was added and

the solution was incubated at 37 °C overnight.
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2.11.13 MS/MS analysis of Pro54/Hyp54 in P. aeruginosa cells

P. aeruginosa PAO1 wildtype and P. aeruginosa PA0310 (PPHD) knockout
strain were grown to stationary phase overnight in LB medium in aerobic (21%
02) and anaerobic (<0.01% O2) conditions (for anaerobic growth LB medium
was supplemented with KNO3). Cells were harvested by centrifugation
(10,000xg; 7 min), resuspended in 1 mL 50 mM HEPES pH 7.5, 200 mM NacCl,
lysed by homogenisation and the lysate was cleared by centrifugation (18,000xg;
10 min). The supernatant was analysed by SDS-PAGE and the gel band
containing EF-Tu was excised and washed twice for 2 hours in 200 puL 50% (v/v)
MeOH, 5% (v/v) acetic acid in H20, then 200 pL of acetonitrile was added and the
gel pieces were dehydrated twice for 5 mins at room temperature and dried in a
speedvac. 30 pL of 10 mM dithiothreitol (DTT) in 100 mM NH4+HCO3 was added
and the mixture was incubated for 10 min at room temperature, after which the
supernatant was removed. 30 pL of 50 mM iodoacetamide in H,0 was added and
the mixture was incubated for 10 min at room temperature, after which the
supernatant was removed. 200 pL acetonitrile was added and the gel pieces
were dehydrated for 5 mins, after which the supernatant was removed and dried
in the speedvac. The gel pieces were rehydrated in 100 mM NH4HCO3 for 10 min,
after which the solution was removed and 200 uL acetonitrile was added and the
gel pieces were dried as before. 30 pL of ArgC (2 ng/pL) in 50 mM NH;HCO3 was
added and the solution was incubated at 37 °C overnight. The peptides were then
dried in a speedvac.

Liquid chromatography-tandem mass spectrometry was performed using
an Ultimate 3000 nano-HPLC system (Dionex, Sunnyvale, CA, USA) comprising a

WPS-3000 micro auto sampler, a FLM-3000 flow manager and column
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compartment, an LPG-3600 dual-gradient micro-pump, and an SRD-3600 solvent
rack controlled by Hystar (Bruker Daltonics, Billerica, MA, USA) and DCMS link
2.0 software. Samples were concentrated on a trapping column Dionex
(Sunnyvale, CA, USA), 300 pm i.d., 0.1 cm) at a flow rate of 20 pL/min. For the
separation with a C18 Pepmap column (75 pm i.d., 15 cm, Dionex), a flow rate of
250 nL/min was used as generated by a cap-flow splitter cartridge (1/1000).
Peptides were eluted by the application of a 30 min multi-step gradient using
solvents A (98% H20, 2% acetonitrile, 0.1% formic acid) and B (80%
acetonitrile, 20% water, 0.1% formic acid): 2-10% B, 0-3 min; 10-25% B, 3-18
min; 25-50% B, 18-30 min, 50-90% B, 30-30.2 min. The liquid chromatography
was interfaced directly with a 3D high capacity ion trap mass spectrometer
(amaZon; Bruker Daltonics) utilising 10 um i.d. distal coated SilicaTips (New
Objective, Woburn, MA, USA) and nano-ESI mode. Smart parameter settings
(SPS) on the ion trap were tuned for a target mass of 850 m/z, compound
stability 100% and an ion charge control (ICC) target of 250,000. MS/MS analysis
was initiated on a contact closure signal triggered by HyStar software (version
3.2). Up to five precursor ions were selected per cycle with active exclusion (0.5
min) in collision-induced dissociation (CID) mode. CID fragmentation was
achieved using helium gas and a 30%-200% collision energy sweep with
amplitude 1.0 (ions are ejected from the trap as soon as they fragment).

Raw LC-MS/MS data were processed and Mascot compatible files were
created using DataAnalysis 4.0 software (Bruker Daltonics). Database searches
were performed using the Mascot algorithm (version 2.4.1) and the
UniProt_SwissProt database with bacterial taxonomy restriction (v2013.12.08,

number of entries 541,762, after taxonomy filter: 328,677). The following
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parameters were applied: 2+, 3+ and 4+ ions, peptide mass tolerance 0.3 Da, 13C
= 2, fragment mass tolerance 0.6 Da, number of missed cleavages: two,
instrument type: ESI-TRAP, fixed modifications: Carbamidomethylation (Cys),

variable modifications: Oxidation (Met), Oxidation (Pro).

2.11.14 Production and purification of Hyp54 modified EF-Tu

An E. coli BL21(DE3) cell pellet transformed with the pET28a_EF-Tu
plasmid (with an N-terminal hexahistidine tag) was prepared as described (see
protein purification). 10 mg of purified, untagged PPHDusida, Fe(lI), 20G, and
sodium L-ascorbate were added to the cell lysate at a final concentration of 50
uM, 2 mM, and 4 mM, respectively. The cell lysate was allowed to incubate for 1
hour at room temperature and then purification of EF-Tu proceeded as
previously described.

The hydroxylation status of Pro54 was then analysed by trypsinolysis and
MSMS analysis. 1 mg of purified EF-Tu modified Hyp54 was precipitated in
MeOH/CHCI3 and dissolved in 100 pL. 6 M urea in 100 mM Tris-HCI buffer, pH 7.8
and further diluted in 30 pL of the same buffer. 5 pl. 200 mM dithiothreitol
(DTT) in 100 mM Tris-HCl buffer, pH 7.8 was added and the mixture was
vortexed and incubated for 10 min at room temperature. 30 pL 200 mM
iodoacetamide in 100 mM Tris-HCI, pH 7.8 was added and the mixture was
vortexed and incubated for 10 min at room temperature. 30 pL 200 mM
dithiothreitol (DTT) in 100 mM Tris buffer, pH 7.8 was added and the mixture
was vortexed and incubated for an additional 10 min at room temperature. The
mixture was diluted with 775 pL MilliQ-H20 and vortexed. 20 pL trypsin (2

pg/uL in 25 mM Tris-HCI buffer, pH 7.8; Promega, S. aureus V8, MS grade) was
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added and incubated at 37 °C overnight. The digested peptides were purified and

analysed as described (40).

2.11.15 PPHDputidza 20G turnover

Experiments were recorded using a Bruker AVIII 700 instrument
equipped with a 5 mm inverse cryoprobe and 3 mm MATCH tubes were used
throughout (total sample volume 160 pL). Unless otherwise stated, mixture
contained 10 uM PPHD,utida, 50 uM Fe(11), 500 pM 20G, 600 uM EF-Tuas-63, 1.25
mM ascorbate and 100 mM NaCl. Buffer contained 50 mM Tris-D11 (pH 7.5) and
0.02% (w/v) NaNs dissolved in 90% H20 and 10% D-0. Standard 'H experiments
(16 transients) were used, and water suppression was achieved using the

excitation sculpting method (2 ms Sinc1.1000 pulse).

2.11.16 NMR binding studies

Mixtures for binding studies contained 50 pM apo (no metal bound)
PPHDputida, 50 pM MnClz, 50 pM EF-Tu (full length or EF-Tusss3 oligopeptide
where applicable), 10 mM MgCl; and 200 mM NaCl. Solutions were buffered
using ~30 mM Tris-D11 and ~20 mM HEPES pH 7.5 dissolved in 36.25% H20
and 63.75% D:0. Experiments were recorded using a Bruker AVII 500
instrument equipped with a 5 mm inverse TXI probe and 3 mm MATCH tubes
were used throughout (total sample volume 160 pL). Saturation recovery (902-
G1-902,-G2-902-G3-t-acq) experiments were performed with 1 scan with a
relaxation delay of at least 5 times T; between transients. The gradient pulses
were achieved using 1 ms Sinebell gradient pulse (G1 = 40%; G2 = 27.1%; G3 =

15%). The receiver gain was set to minimum value (rg = 1) to prevent receiver
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overload. Typically, 10 delay points varied between 100 ms and 60 s were used.
T1 values were obtained using the Bruker T1/TZ2 Relaxation option and peak area
was used for curve fitting. The titrant (typically ~0.2 pL) was added using a 1 pL.
plunger-in-needle syringe (SGE) and sample mixing was conducted using a 250
uL gas tight syringe (SGE). Binding constants were obtained by non-linear curve
fitting using OriginPro 8.0 (OriginLab) with the equation as described (43).

EF-Tu GTP-GDP turnover experiments were recorded using a Bruker
AVIII 700 instrument equipped with a 5 mm inverse cryoprobe and 3 mm
MATCH tubes were used throughout (total sample volume 160 pL). Unless
otherwise stated, solutions contained 10 uM unmodified or hydroxylated EF-Tu,
50 pM kirromycin, 100 uM GTP, 50 uM apo-PPHDputica (Where applicable), 100
UM ZnCl, (where applicable), 100 pM 20G (where applicable), 10 mM MgCl; and
200 mM NacCl. Solutions were buffered in 50 mM HEPES pH 7.5 dissolved in 90%
H20 and 10% D:0. Standard 'H experiments (16 transients) were used, and
water suppression was achieved using the excitation sculpting method (2 ms
Sinc1.1000 pulse). For K and keat measurements for WT and hydroxylated EF-
Tu, GTP to GDP turnover (at different GTP concentrations) were monitored five
minutes after mixing.

PPHD-Mn(II) binding experiments were performed in the same manner
as 20G-binding experiments, except that the mixture contained 25 pM MnCl,
62.5 uM EF-Tu (unhydroxylated or modified Hyp54 where applicable) and 200
mM NaCl. The titrant was apo PPHDputide. Solutions were buffered using ~40 mM

Tris-D11 and ~10 mM HEPES pH 7.5 dissolved in 18.75% H20 and 81.25% D:0.
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2.11.17 Measurement of translational accuracy in P. putida

The reporter vectors described here encode for an in-frame fusion of
Renilla reniformis luciferase (RLuc) and Photinus pyralis (Firefly) luciferase
(FLuc), separated by a cloning site for insertion of codons of interest. As a donor
plasmid, a custom vector (pGEM-T-Easy-2000)(D.Phil. thesis, Dr. Armin
Thalhammer, Chemistry, University of Oxford)(80) was used, containing the
above construct, flanked by BamHI and Sall restriction sites. The luciferase insert
was released by triple digest with BamHI/Sall/Bsal and isolated by extraction
from a TAE-agarose gel. The fragment was then subcloned into the compatible
BamHl and Xhol restriction sites of pUC18-mini-Tn7T-LAC (Genbank ID
AY599234), a broad host-range directed genomic integration plasmid for protein
production from a lacl-repressed Plac promoter (81).

Variants of this construct bearing stop codons or matched sense codons
were generated by insertion of annealed oligonucleotides (Table 2.36) into the
unique Ascl/Sbfl restriction sites of the reporter plasmid using enzymatic

ligation assisted by nucleases (ELAN)(91).

Table 2.36. List of oligonucleotides for generation of dual-luciferase reporter vectors.

Oligonucleotide Codon Sequence 5' - 3’

iDual_14F TGA  cgcgCTACGTGCGATTGACCGTTCGGAGCtgca
iDual_14R GCTCCGAACGGTCAATCGCACGTAG
iDual_15F CGA  cgcgCTACGTGCGATCGACCGTTCGGAGCtgca
iDual_15R GCTCCGAACGGTCGATCGCACGTAG
iDual_16F TAA  cgcgCTACGTGCGATTAAACGTTCGGAGCtgca
iDual_16R GCTCCGAACGTTTAATCGCACGTAG
iDual_17F CAA  cgcgCTACGTGCGATCAAACGTTCGGAGCtgca
iDual_17R GCTCCGAACGTTTGATCGCACGTAG
iDual_18F TAG  cgcgCTACGTGCGATTAGACGTTCGGAGCtgca
iDual_18R GCTCCGAACGTCTAATCGCACGTAG
iDual_19F CAG  cgcgCTACGTGCGATCAGACGTTCGGAGCtgca
iDual_19R GCTCCGAACGTCTAGTCGCACGTAG
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Solutions of oligonucleotides (25 uM each, desalted, obtained from Sigma-
Aldrich) in 1x T4 DNA ligase buffer (New England Biolabs) were heated to 95 °C
followed by slow cooling to room temperature to facilitate annealing of
complementary strands and generation of compatible overhangs for ligation.
Restriction-ligation reactions (20 pL total volume) contained 30 ng circular
parental reporter vector, 5 uM oligonucleotide duplex, 5 U Ascl (New England
Biolabs), 10 U ShfI-HF (New England Biolabs) and 200 U T4 DNA ligase (New
England Biolabs) in 1x T4 DNA ligase buffer (New England Biolabs). Reactions
were incubated at 37 °C for 1 h and at room temperature for 3-6 h. 2 pL of the
reaction mixture was then transformed into 50 puL XL10-Gold cells (Agilent) as
described and plated on LB agar supplemented with ampicillin (100 pg/mL).
Colonies were rapidly screened for their luciferase activity ratio, and selected
colonies were grown in 2TY medium with ampicillin (100 pg/mL). DNA was
isolated by MiniPrep and verified by Sanger sequencing using a custom primer
(iDF, 5'-CGTTGTACAAATTGTTAGGA-3"), which binds to the RLuc open reading
frame immediately upstream of the Ascl/Sbfl oligonucleotide insertion site.

To determine translation accuracy in P. putida, reporter constructs were
transformed into wild-type and PPHD knockout strains of P. putida by co-
electroporation (25 pF, 200 Q, 2.5 kV)(81) with pUXBF13, which contains the
genes for mini-Tn7 genome integration, and plated on LB agar supplemented
with gentamicin (30 pg/mL). Single, well-isolated colonies were grown in 1 mL
of growth medium (2TY or LB) without antibiotic in 5 mL plastic tubes at 28 °C
with shaking (180 rpm). Where indicated, protein production from the lac

promoter was induced by addition of 1 mM IPTG.
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All samples and detection reagents were pre-equilibrated to ambient
temperature before measurement. Aliquots of log-phase or stationary-phase
cultures were lysed by addition of an equal volume of 2x passive lysis buffer
(Promega) and incubated at ambient temperature for 15-20 s. Lysates prepared
by this method displayed higher luciferase activities and showed less sample-to-
sample variation than those prepared using lysis buffer supplemented with
lysozyme, or using freeze-thaw lysis (92).

Luciferase activity was measured using the DLR Dual Luciferase Assay kit
(Promega) and a GloMax 20/20 luminometer (Promega). Briefly, 20 uL LAR II
reagent was placed in a 1.5 mL Eppendorf tube, 4 pL of lysate was added, mixed
rapidly and firefly luciferase activity was measured immediately (integration
time 10 s). Subsequently, 20 pL Stop&Glo reagent (Promega) was added and
Renilla luciferase activity was determined (integration time 10 s).

Relative activities of Renilla and firefly luciferase were at least 1,000-fold
and 5-fold higher than buffer-only background, respectively. Hence, luciferase
activities were used without blank correction. To compare translational accuracy
among experimental conditions, the ratios of the corrected Renilla and firefly
luciferase activities were calculated for at least three independent biological
samples grown to mid-log phase (ODsgo = 0.6) and reported as mean * standard

deviation (93).

2.11.18 EF-Tu Ty, determination by circular dichroism (CD) spectroscopy
The secondary structure of EF-Tu:GDP and EF-Tu:GDP Hyp54 (0.5
mg/mL; dissolved in 50 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MgCl2) was

monitored independently at 222 nm from 20-90 °C in a Chirascan CD
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spectrometer. The curves were normalised to reflect % unfolding. CD spectra
were performed in triplicate and fitted to the Boltzmann sigmoidal curve using

GraphPad Prism software; data are plotted as the mean =+ the standard deviation.

2.11.19 EF-Tu:EF-Ts binding studies

For EF-Tu:EF-Ts binding experiments, it was necessary to first prepare
15N-labelled EF-Ts. M9 salt solution (Table 2.37) containing 1>NH4Cl (Cambridge
Isotope Laboratories) was prepared and sterilised by autoclaving. Upon cooling,
500 pL of 1M MgS04-H20, 50 mL of 20% (w/v) glucose, and 0.5% (w/v) vitamin
B1 were sterilised using a syringe filter (0.22 pM; Millipore) and added to the M9
salt solution to create 1°N-labelled M9 media for protein production. Expression
and purification of >N-labelled EF-Ts was performed in the same manner as

described (see section 2.11.1).

Table 2.37. M9 minimal media salt solution.

Salt Amount per litre

Na,HPO, 6.0g

KH2PO4 30g

15NH4Cl 10g
NacCl 05¢g
CaClz 0.3 mg

For binding experiments, the collective 15N intensity of isolated 1>N-labelled EF-
Ts (50 uM) was compared with 15N-labelled EF-Tu in the presence of EF-Tu (50
uM) or Hyp54 modified EF-Tu (50 pM). Buffer contained 50 mM Tris-D11 (pH

7.5) and 0.02% (w/v) NaN3z dissolved in 90% H:0 and 10% D20. Experiments

were performed in triplicate and plotted as mean + standard deviation.
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2.11.20 Effect of pyocyanin on HIF-1a protein levels in human cells

Hela, MCF7, A549 and HEK293T cells were cultured in DMEM supplement
with 10% fetal bovine serum, 4 mM L-glutamine, 100 U/mL penicillin, and 100
pg/mL streptomycin. Cells were seeded to reach 90-100% confluency prior to
compound treatment. Cells were exposed to DMSO or inhibitors at final 1%
DMSO for 6 hours. Cells were harvested in urea/SDS buffer with 1 mM
dithiothreitol following PBS rinse. Cell lysate were analysed with SDS-PAGE,
electroblotted to PVDF membrane (Millipore) and probed with corresponding
primary antibody for 1 hour at room temperature or overnight at 4 °C.
Secondary antibody specific to primary antibody species conjugated with HRP
were applied at room temperature for 1 hour. Target proteins were then
detected with SuperSignal Chemiluminescent Substrates (Pierce). Experimental

provided by Dr. Tzu-Lan Ye, who also performed the experiment.

2.11.21 Expression of PPHDpusidza and EF-Tuputidza in human cells

HEK293T cells were seeded in 6-well plate so that 40% confluency was
reached prior to transfection. 1.3 pg of vectors comprising full length PPHDputida
(pcDNA-LIC-PPHD) and EF-Tuputiza (pcDNA-LIC-EF-Tu) were each mixed with
200 pl serum-free medium (Opti-MEM) and 5 pL polyethylenimine and
incubated at room temperature for 30 mins. The solutions were then added to
cell culture in each well. After 24 hours, half of the transfected cells were
transfected again as described above to increase transfection efficiency. Cells
were harvested on the third day for immunobloting. Experimental provided by

Dr. Tzu-Lan Ye, who also performed the experiment.
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3 Crystal structures of PPHD, EF-Tu, and a PPHD:EF-Tu

protein-protein complex

3.1 Crystal structure of PPHD

Although acting on, at least apparently, evolutionarily unrelated
substrates, the observation that PPHD and PHD2 both catalyse trans prolyl-4-
hydroxylation prompted investigations into their structural similarity, especially
given their low sequence homology [(29% sequence identity over their catalytic
domains (full-length PPHD and PHD21g1-426)](1). Therefore, structural studies on

PPHD were pursued.

3.1.1 Differential scanning fluorimetry to probe optimal conditions for PPHD
stability

Initial crystallisation experiments on PPHD were performed in a
systematic manner, in which parameters were optimised sequentially.
Differential scanning fluorimetry (DSF or Tm shift) can be used to probe the
stability of purified proteins in the presence of small molecule ligands by
monitoring the thermal unfolding of proteins in real-time (2). DSF has been of
use in the identification of selective inhibitors of the Jumonji C (JmjC) histone
demethylases (2, 3). DSF relies on the use of a fluorescent dye (4, 5), which is
highly fluorescent in a non-polar environment; fluorescence increases
exponentially as the hydrophobic core of the protein is revealed by thermal
denaturation. The midpoint of the sigmoidal denaturation curve, at which the

protein is 50% folded, corresponds to the Tm. The presence of (de)stabilising
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ligands may alter the protein Ty by an arbitrary amount (ATm), which reflects an
(decrease) increase in overall protein stability. DSF can be performed in a
medium-throughput manner and is of wuse in identifying optimal
buffers/metals/ligands for protein crystallisation (6).

DSF was used to optimise the stability of PPHD in the presence of various
buffers and metals. Most buffers, especially those outside the range of
physiological pH (i.e. 6.5-7.5), were found to destabilise PPHD (Figure 3.1). An
extreme example was 100 mM MES pH 6.0, which exhibited a ATm of -10 °C.
Notably, simple dilution of PPHD in water (trace HEPES pH 7.5 buffer) was found
to be amongst the conditions causing the highest increase in stability (ATm =
0)(Figure 3.1), suggesting that low buffer concentrations, which are ideal for
crystallisation, may be optimal for PPHD stability. Although Tris-HCI pH 7.0 and
PIPES pH 7.0 showed the best overall stabilisation (ATm = 0)(Figure 3.1), HEPES
pH 7.5 was chosen as the optimal PPHD buffer for crystallisation trials as its pKa
is the most stable ATm over temperature changes (7), and its use would thus
remove an additional variable during crystallisation at different temperatures.

The results reveal that PPHD is most stable at neutral pH 7.
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AT, (°C)
-12 -10 -8 -6 -4 -2 0 2
Water T
100 mM phosphate-citrate pH 4.2 [
200 mM sodium acetate pH 4.5 !
200 mM sodium citrate pH 5.0 t
100 mM sodium citrate pH 5.5 £
100 mM MES pH 6.0 =
100 mM Na/K phosphate pH 6.2 !
200 mM bis-tris propane pH 6.5  —
200 mM HEPES pH 7.0 | —
200 mM Tris pH 7.0 -
200 mM bis-tris propane pH 7.0 g~ T—
200 mM MOPSO pH 7.0 ——
200 mM PIPES pH 7.0 T
200 mM Bis-tris pH 7.0 ————
200 mM HEPES pH 7.5 g —
200 MM TES pH 7.5 c
200 mM imidazole pH 8.0 —
200 mM Tris pH 8.0 g S—
200 mM tricine pH 8.0 g —
200 mM Tris pH 8.5 ——
200 mM bicine pH 9.0 f
200 mM CHES pH 9.5 L
200 mM CAPSO pH 9.5 -
200 mM CAPS pH 10.5 —

Figure 3.1. Differential scanning fluorimetry screen of various buffers for PPHD
stabilisation. The results shown are the mean * s.d. of duplicates with water as a reference.

Various metal ions were then screened for the stabilisation of PPHD.
Mn(II) ions were found to stabilise apo PPHD (i.e. no metal bound)[prepared
through overnight incubation of PPHD with ethylenediaminetetraacetic acid
(EDTA)] to the same degree as Fe(Il) ions (ATm ~5 °C) (Figure 3.2). Both Co(II)
and Ni(II) ions also manifested a similar degree of PPHD stabilisation (ATm ~5
°C)(Figure 3.2). In contrast, Zn(II) and Cd(II) ions caused clear destabilisation of
PPHD (ATw >-10 °C)(Figure 3.2). Mg(1l) ions were observed to have little effect
on PPHD stability (ATm ~ 0 °C)(Figure 3.2), likely suggesting that Mg(II) does not
bind in the PPHD metal-binding site. Mn(II) ions (from MnClz) were chosen over
Ni(Il) ions as the preferred metal for crystallisation experiments on PPHD in

order to avoid complications resulting from Ni(ll) affinity to the N-terminal

113



Chapter 3

hexahistidine tag of the recombinant PPHD and due to the resistance of Mn(II)

ions to oxidation compared to those of Fe(II).

AT, (°C)
-15 -10 -5

o
3]

10

PPHD apo
MgCl,
MgSO,
ZnS0O, =
MnCl,
MnSO,
CoCl,
Cdcl, [
NiSO,4
FeCly .
Fe,(SO,)5 8
PPHD Fe*2

...

Figure 3.2. Differential scanning fluorimetry screen of various transition metals with
PPHD. Results shown are the mean # s.d. of duplicates with apo (no metal bound) PPHD as a
reference.

3.1.2 Crystallisation trials, hit identification and optimisation

For crystallisation trials with PPHD, in addition to MnCl; [used as a
surrogate for Fe(Il) to promote a stable complex] was added a simple 20G-
mimetic inhibitor, N-oxalylglycine (NOG) (Fig 3.3).

O ) ) O

NN
N
HO OH HO OH

0] O

Figure 3.3. Structural comparison of 20G (left) and NOG (right).

Crystallisation screening experiments on PPHD began with the testing of
multiple commercial crystallisation screens at both 20 and 4 °C - i.e. the JCSG+,
PACT Premier, SaltRx, Index, MIDAS, Structure, and PEGION screens (Molecular

Dimensions and Hampton Research)(8-13). Initial crystal hits were observed in
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JCSG+ well C3.2 at 20 °C in the presence of 0.2 M ammonium nitrate and 20%
(w/v) PEG 3350 and were of a haystack morphology (Figure 3.44). Numerous
rounds of seeding and optimisation around ammonium nitrate and PEG 3350
concentration, as well as PPHD concentration, did not improve the haystack
morphology and/or reproducibility of the crystals. To overcome this issue, both
the Additive and Detergent Screens (Hampton Research)(14-17) were then
attempted, from which small single crystals of hexagonal morphology were
visible in the presence of 10% (w/v) benzyldimethyldodecylammonium bromide
(BAM), a cationic detergent (Figure 3.4B). After further optimisation, 400 pm x
150 pm x 150 pm rhombohedral crystals were harvested and taken to the

synchrotron X-ray source at Diamond Light Source for diffraction studies.

A B

Initial hit After optimisation

10% (w/v) BAM

200 pm 200 pm

Figure 3.4. Optimisation of PPHD crystallisation. (A) Haystack morphology PPHD crystals
from JCSG well C3. (B) Subsequent optimisation by addition of 10% (w/v) BAM produced
diffraction quality crystals in the hexagonal space group P 65 2 2.

3.1.3 Crystallisation and data collection in the P 65 2 2 crystal form

A complete dataset to 2.4 A resolution (of PPHD crystals derived from
Figure 3.4B) was collected in the hexagonal space group P 65 2 2 with one PPHD
molecule in the asymmetric unit. The structure was solved by molecular

replacement (MR) using the MR-PHASER (18) subroutine of the PHENIX
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crystallographic software package (19) using a structure of human PHD2 (PDB
ID: 2G1M)(1) as a search model.

Cocrystallisation of PPHD and EF-Tuass.63 was pursued in tandem with the
work on isolated PPHD. MnCl; and NOG were used as before. Initial hits were
observed in PACT well B2 in the presence of 0.1 M MIB buffer (malonic acid,
imidazole, boric acid) pH 5.0 and 25% (w/v) PEG 1500 (Figure 3.5). Despite the
haystack morphology of the crystals, a single crystal of the putative PPHD:EF-
Tuass-63 complex was successfully harvested, from which a complete dataset to 2.0

A resolution was collected.

A B 20A

1) Break haystack

—_—>

2) Harvest single crystal

Figure 3.5. PPHD crystallisation in the P 1 crystal form. (A) Haystack morphology PPHD
crystals from PACT well B2. (B) The haystack was broken and a single crystal was harvested that
diffracted to 2.0 A in the triclinic space group P 1.

The data for the putative PPHD:EF-Tu44.63 complex was indexed in the
triclinic space group P 1. There are 8 PPHD molecules in the asymmetric unit, of
which 4 are translationally pseudosimilar to the remaining 4 (Figure 3.6).
Translational pseudosymmetry is defined by a strong origin peak in the
asymmetric unit at a distance defined by a non-crystallographic symmetry (NCS)
operator (x+a, y+b, z+c) other than identity, and can often complicate data
processing by causing incorrect assignment of a higher symmetry space group

(20). Further, pseudosymmetry in crystallographic data is quite common. As of
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2006, roughly 8% of structures deposited in the PDB exhibited some form of
pseudosymmetry (20). In this case, the pseudosymmetric NCS operator is (X,
y+0.5, z) and the resulting incorrect space group of higher symmetry is the
monoclinic space group C 2. The space group was correctly identified as triclinic
P 1. Subsequent analyses revealed that electron density was observed for Mn(II)
and NOG; yet, no electron density for EF-Tuss-63 was observed in the PPHD active
site (see section 3.4 for the successful determination of a PPHD:EF-Tu complex
structure). However, due to the higher resolution of the P 1 over the original P 65
2 2 crystal form (2.0 A vs 2.4 A, respectively), model building and structure
refinement were performed using the 2.0 A resolution data via the iterative use
of COOT (21) and PHENIX (19) until Rwork and Rfee converged. Mn(II), NOG, and
water molecules (and not EF-Tu44.¢3 peptide) were modelled in the final stages of

refinement based on the Fobs - Fealc electron density map.

Figure 3.6. Crystal packing of isolated PPHD in the triclinic P 1 space group reveals
translational pseudosymmetry within the asymmetric unit. View from a crystal structure
showing packing of PPHD with 8 molecules in the asymmetric unit (space group: P 1; unit cell
dimensions: 45.33 A&, 62.16 A, 132.83 A); chains A (red), B (green), C (blue), D (yellow), E
(magenta), F (cyan), G (orange), H (black), and selected symmetry related molecules (grey).
Chains A, C, G and H are translationally pseudosymmetrical to chains B, D, E and F.
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3.1.4 Overall structure of PPHD and comparison with that of human PHD2
Consistent with all structurally characterised 20G oxygenases (22), the
PPHD structure contains a core DSBH (jelly-roll) fold, which is composed of 8 {3-
strands (I-VIII) that pack to form a major and minor (3-sheet that surround the
metal- and 20G-binding sites (Figure 3.7A4). Five antiparallel 3-strands [1-$2(I)-
B4(1IN)-B7(VD)-B9(VIID)] form the major B-sheet and four antiparallel -strands
[B3(I1)-B5(1V)-B6(V)-B8(VII)] form the minor B-sheet. A cluster of helices (al-
a.3) packs against the major -sheet. Two 31o-helices, 3101 and 3102, are present

in loops connecting the BIII-BIV and the BIV-BV strands, respectively.

A

B B2-p3

finger loop

Figure 3.7. The overall structure of PPHD reveals structural homology to that of human
PHD2. (A) Ribbons representation of an overall structure of PPHD; DSBH-associated f-strands
(pale cyan), roman numerals indicate strands in core DSBH, DSBH-extension B-strands (dark
blue), a-helices (red), loops (white), NOG (yellow), Mn(II) (teal sphere). (B) Superposition of
PPHD(red):NOG(yellow) and human PHD2(blue):1(grey) [1: N-(4-hydroxy-8-iodoisoquinolin-3-
yl)carbonylglycine] structures reveals that their overall folds are very similar (PDB ID: 2G1M).
Mn(II) (pink sphere) is present in the metal-binding site of PPHD and Fe(II) (orange sphere) in
that of PHDZ2. Figure and figure legend are adapted with permission from J.S. Scotti et al, Human
oxygen sensing may have origins in prokaryotic elongation factor Tu prolyl-hydroxylation. Proc
Nat Acad Sci USA. In press (2014).

Superimposition of PPHD and human PHD2 structures (PDB ID: 2G1M;
r.m.s.d. value of 1.7 & over 181 Ca atoms)(1) reveals that their overall folds and

catalytic domains are very similar, with two exceptions: i) the C-terminus of
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PPHD is present in a loop conformation, yet is a-helical in PHD2; and ii) PHD2
contains one additional -strand (82) in its major B-sheet which is not present in
PPHD, likely due to disorder in that region (residues 47-71) of PPHD (Figure
3.7B). The disordered region (residues 47-71) corresponds to the 2-33 finger
loop of PHD2 (Figure 3.7B), which has been shown to be conformationally
flexible and important in HIF-a substrate binding (1, 23). The $5(11)-B6(11I) loop
(residues 128-134) represents another noteworthy disordered region in the
structure, positioned at the active site opening directly C-terminal to the HXD
metal-binding motif (residues 124-126). A disordered region juxtaposed so
closely to the highly ordered core was of interest as it suggested that these

residues may be involved in substrate binding.

3.1.5 The PPHD active site

PPHD contains an active site HXD...H metal-binding motif comprised of
His124, Asp126, and His183, which along with NOG and a single water molecule
octahedrally coordinate Mn(II)(Figure 3.8). Similar to PHD2 (1), His124 and
Asp126 are positioned on BII(B3) and the loop region between strands
BII(B3)and PIII(B4); the ‘distal’ histidine, His183, originates from strand
BVII(B8). The PPHD active site superimposes well with that of PHD2 and shows
that NOG binds in the PPHD core between the major and minor (-sheets of the
DSBH fold and has bidentate metal coordination (oxalate group of NOG) and
forms a salt bridge (C-5 carboxylate of NOG) to Arg192 (Arg383 in PHD2)(Figure
3.7B and Figure 3.8). Further, PPHD and PHD2 share strong conservation of
residues in the core DSBH: Alal13ppup/Ala301pup2, His124ppup/His313pup2,

Asp126ppup/Asp315pup2, Ser137ppup/Thr325pup2, Tyr141ppup/Tyr329pun2,
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Leul54ppup/Leu343pup2, His183ppup/His374pnup2, Val185ppup/Val376pHp2,
Arg192ppup/Arg383pup2, Ser194ppup/Ala385pnup2, Thr196ppup/Thr387pup2,
Trp198ppup/Trp389pup2. The evident similarity between the PPHD and PHD2
structures confirmed the presence of a human PHD homologue in prokaryotes,
and raised questions concerning the evolutionary relationship of the two

proteins (see Chapter 6 for a detailed discussion).

Leu154 Va|376 H|s374 His124
Leu34

His313
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Figure 3.8. PPHD and PHD2 active site superimpositions reveal evolutionary conservation
of the residues at the active site. Superimposition of PPHD(green):NOG(yellow) and human
PHD2(brown):1(grey)[1: N-(4-hydroxy-8-iodoisoquinolin-3-yl)carbonylglycine](PDB ID: 2G1M)
active sites reveals similarity in active site residues. M refers to Mn(II) (teal sphere) and Fe(II)
(orange sphere). Figure and figure legend are adapted with permission from ].S. Scotti et al,
Human oxygen sensing may have origins in prokaryotic elongation factor Tu prolyl-
hydroxylation. Proc Nat Acad Sci USA. In press (2014).

3.1.6 Overall structural comparison of PPHD to PHDZ and collagen prolyl-4-
hydroxylases

Given the clear structural homology between PPHD and PHD?2, it was of
interest to compare PPHD to another subfamily of prolyl-4-hydroxylases, the
CP4Hs. Two structures of isolated (no substrate bound) CP4H-related proteins
have been reported: the prokaryotic Bacillus anthracis P4H (BaP4H; PDB ID:
3ITQ)(24) and the algal Chlamydomonas reinhardtii P4H (CrP4H; PDB ID:

2J1G)(25).
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Superimpositions of PPHD and CrP4H/BaP4H (PPHD/CrP4H r.m.s.d. 2.8 A
over 151 Co atoms; PPHD/BaP4H r.m.s.d. 2.6 A over 149 Co. atoms) reveal that
PPHD is more structurally homologous to PHD2 than to the CP4Hs, and suggests
that PPHD and PHD2 are members of a different structural subfamily than are
CrP4H and BaP4H (CrP4H and BaP4H r.m.s.d. 2.1 A over 172 Co. atoms)(r.m.s.d.
calculated using the pairwise Dali server)(Figure 3.9, A and C)(26). The CrP4H
and BaP4H structures both contain inserts between DSBH core B-strands that
are absent in the PPHD structure. Compared to PPHD, CrP4H has insertions in i)
the BIV-BV loop (8 residue insertion) that, like the PPHD BIV-BV loop, contains a
310-helix, and ii) the BII-BIII loop (11 residues), which is positioned at the active
site opening analogously to the disordered region in the PPHD structure
(residues 128-134), further implicating that region in PPHD substrate binding.
Both CrP4H and BaP4H contain an insertion (8 residues) between BVI-BVII; 5
residues of which fold into an a-helix in the case of BaP4H. PPHD a3 (21
residues) is elongated compared to the corresponding helices of CrP4H and

BaP4H (both 14 residues)(Figure 3.9, A and C).
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Figure 3.9. Superimpositions of PPHD and CrP4H/BaP4H reveal structural differences
indicative of two distinct structural subfamilies. (A) Superimposition of the overall structures
of PPHD(red):NOG(yellow) and CrP4H(cyan):2,4-PDCA(grey). (B) Superimposition of the core
DSBH active site residues of PPHD(green):NOG(yellow) and CrP4H(cyan):2,4-PDCA(grey) (2,4-
PDCA: 2,4-pyridine dicarboxylate). Mn(II) (pink sphere) is bound to PPHD; Zn(II) (blue sphere) is
bound to CrP4H. (C) Superimposition of the overall structures of PPHD(red):NOG(yellow) and
BaP4H(sand). (D) Superimposition of the core DSBH active site residues of
PPHD(green):NOG(yellow) and BaP4H(grey). Mn(Il) (pink sphere) is bound to PPHD; BaP4H
does not contain metal or 20G mimetic inhibitor in the active site.

The crystallised forms of PPHD and PHD2 contain an a-helix (a1) as the
N-terminal secondary structure element, yet the first secondary structure
elements in the CrP4H and BaP4H structures are 2 [-strands, respectively.

Importantly, BaP4H was crystallised in its apo (no metal bound) form (24), and
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additional of metal in the BaP4H metal-binding site may stabilise the DSBH core
and so modulate the local secondary structure.

The region corresponding to the disordered [32-33 finger loop in PPHD
and PHD?2 is ordered in CrP4H (Figure 3.94), yet is positioned away from the
active site in the absence of contacts with other ordered protein, suggesting that
ordering of the loop in CrP4H may be due to stabilising contacts with symmetry
molecules in the crystal packing. Indeed, closer inspection of the crystal packing
in the CrP4H structure reveals that the apex of the 2-33 finger loop interacts
with symmetry molecules; inspection of the two other CrP4H crystal forms (PDB
IDs: 2]JI] and 2V4A)(25) reveals the B2-B3 finger loop disordered and a lack of
similar contacts between the 32-B3 finger loop and symmetry molecules. These
observations reveal that the conformational flexibility of the $2-3 finger loop is
likely conserved in the PHDs and CP4Hs, suggesting that the 32-B3 finger loop
plays a similar role in substrate recognition in both prolyl-4-hydroxylase
subfamilies.

In contrast to the a-helical C-terminus of PHD2, the C-terminal regions of
PPHD (7 residues; 201-207), CrP4H (5 residues; 247-251), and BaP4H (5
residues; 212-216) are all observed to contain loop secondary structure and
extend from DSBH strand VIII (Figure 3.9, A and ().

Overall, analysis of the differences between the PHD/PPHD and CP4H
prolyl-4-hydroxylase subfamilies may assist in the assignment of putative prolyl-

4-hydroxylases as PHD or CP4H homologues.
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3.1.7 Active site comparison of PPHD to PHD2 and collagen prolyl-4-hydroxylases
Many active site residues which are conserved between PPHD and PHD2
are not conserved between PPHD and CrP4H/BaP4H (Figure 3.9, B and D):
Ala113ppup/Leul32cpsn/Leull6gapan, Leu154ppup/Thr178crpan/Thr159sapan,
Val185ppup/Ser229crpan/Gly195gapan, Argl92ppup/Lys237crpan/Lys203gapan, and
Ser194ppup/Ser239crpan/11e205gap4n. The lack of conservation of residues in the
DSBH core between PPHD/PHD2 and CrP4H/BaP4H suggests that these residues
evolved divergently in response to changes in substrate preferences, and their

identities are not required for the integrity of the jelly-roll fold.

3.2 The crystal structure of P. putida EF-Tu
3.2.1 Crystallisation trials and optimisation

In order to better understand the position of Pro54 on the EF-Tu switch [
loop and to provide a foundation for comparison with a PPHD:EF-Tu complex
structure, structural studies were pursued on P. putida EF-Tu. Purified, full-
length EF-Tu was produced and purified as described (see section 2.3.5 and
Figure 2.10). Crystallisation trials were pursued in the same manner as for PPHD
using multiple commercial crystallisation screens at both 20 and 4 °C - i.e. the
JCSG+, PACT Premier, SaltRx, Index, MIDAS, Structure, PEGION and Natrix
screens (Molecular Dimensions and Hampton Research)(8-13). Mg(Il) and GDP
were added to increase EF-Tu stability. Initial rhombohedral crystals were
observed in the Natrix screen well A3 (Hampton Research) in the presence of 0.1
M MgOAc, 20% MPD and 0.05 M MES pH 5.6 at 4 °C. Successful optimisation was
achieved by increasing the drop and reservoir volume (10-fold, 0.4 uL drop to

4.0 pL drop) and through the use of the Additive and Detergent screens
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(Hampton Research)(14-17); diffraction-quality 250 pm x 150 pm x 150 um
rhombohedral crystals were grown in a final condition consisting of 0.1 M
MgOAc, 20% MPD, 0.05 M MES pH 5.6 and 10 mM strontium chloride
hexahydrate (Figure 3.10).

A B 23A

Figure 3.10. Crystallisation of P. putida EF-Tu. (A) Diffraction quality crystals of P. putida EF-
Tu and (B) diffraction pattern to 2.3 A.

3.2.2 Data collection and structure solution

A dataset of P. putida EF-Tu was collected to 2.3 A resolution in
monoclinic space group C 2 and the structure was solved using E. coli EF-Tu
(PDB ID: 1DG1) as the search model (27) using the MR-PHASER (18) subroutine

of PHENIX (19).

3.2.3 Overall structure of P. putida EF-Tu

Consistent with all available structures of EF-Tu, EF-Tuputida contains
three distinct domains (Figure 3.114). Mg(ll) and GDP are bound to the
nucleotide binding site in domain I. P. putida EF-Tu and E. coli EF-Tu have very
similar overall folds (r.m.s.d. 1.5 A over 353 Ca atoms) and Mg(II) binding sites
in their inactive GDP-bound states (Figure 3.11B)(27). Domains II and III do not

have any intrinsic GTP hydrolysis activity, but harbour the binding sites for
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several EF-Tu targeting antibiotics, including kirromycin, enacyloxin 114, and
GE2770A (Figure 3.15A4)(28-32). These antibiotics stabilise the GTP-bound
conformation of EF-Tu and prevent GTP hydrolysis and concomitant departure

of EF-Tu from the ribosomal A site, thus halting bacterial translation (28, 33).
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Figure 3.11. The crystal structures of P. putida EF-Tu and E. coli EF-Tu share similar overall
folds. (A) View from an overall structure of P. putida EF-Tu (yellow) in its GDP-bound
conformation with the switch I loop (residues 44-59) disordered. (B) Superimposition of P.
putida EF-Tu (yellow) with E. coli EF-Tu (PDB ID: 1DG1)(red)(r.m.s.d. 1.5 A over 353 Ca atoms).
Figure and figure legend are adapted with permission from J.S. Scotti et al, Human oxygen
sensing may have origins in prokaryotic elongation factor Tu prolyl-hydroxylation. Proc Nat Acad
Sci USA. In press (2014).

The switch I loop of EF-Tuputida (residues 44-59) is disordered in the
crystal structure of P. putida EF-Tu (Figure 3.114). This is of interest because
unlike the crystallisable overall EF-Tu fold, the ODD regions of HIF-a are, like the
switch I loop, (at least in isolation) also disordered. The structure of EF-Tu and
the location of the disordered switch I loop in space (in the absence of contacts
with other ordered protein), suggests that PPHD-binding may order the switch I

loop.
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3.3 Purification and crystallisation of a PPHD:EF-Tu protein-protein
complex
3.3.1 Purification of an intact PPHD:EF-Tu protein-protein complex

In solution binding studies on PPHD and EF-Tu demonstrated that PPHD
stabilises the GDP-bound conformation of EF-Tu and PPHD:EF-Tu complexation
would likely be mediated by GDP-bound EF-Tu (for discussion, see section 2.6). A
crystal structure of a PPHD:EF-Tu protein-protein complex would have
important implications for not only the mechanism of the PPHDs, but also for
catalysis by the PHDs and collagen prolyl-4-hydroxylases. Further, a crystal
structure of a prolyl-4-hydroxylase in complex with its full-length protein
substrate would likely provide insight into hitherto unobserved substrate-
enzyme interaction interfaces that may serve as platforms for the development
of novel types of prolyl-4-hydroxylase inhibitors.

To date, there are no reported structures for a prolyl-hydroxylase, nor
indeed any 20G dependent oxygenase, in complex with a full-length protein
substrate and no structures of EF-Tu in complex with protein/nucleic acid not
immediately related to its translational role. To gain insight into the interactions
involved in EF-Tu binding and recognition by PPHD, it was desirable to purify
and crystallise this complex.

Initial attempts at PPHD:EF-Tu complex formation by mixing PPHD and
EF-Tu followed by size exclusion chromatography proved unsuccessful.
Therefore, purification of an intact PPHD:EF-Tu protein-protein complex was
approached in light of previous results on PPHD:EF-Tu binding in solution and
on the successful purification of PPHD-free hydroxylated EF-Tu. Coexpression of

PPHD and EF-Tu in a single E. coli cell was avoided due to expected PPHD
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catalysed hydroxylation of EF-Tu and consequent unlikelihood of complex
formation. Further, the attachment of a bulkier affinity tag [typically glutathione
S-transferase (GST)] to either enzyme was avoided to prevent blocking critical
PPHD:EF-Tu interactions. Therefore, the chosen purification strategy began with
colysis of two distinct E. coli cell pellets, each containing PPHD and EF-Tu
produced by overexpression, respectively, both with an N-terminal hexahistidine
tag. Purification by colysis presented an important potential problem; colysis of
PPHD and EF-Tu proteins with an identical affinity tag would not result in 1:1
stoichiometry due to inevitably different levels of protein production. However,
an excess of one component was thought to assist in driving the equilibrium of
complex formation to completion, especially considering that 1:1 stoichiometry,
indicative of ideal binding, is unlikely. Finally, both hexahistidine tagged proteins
had already been purified and were known to express well in isolation.

Mg(ll) and Mn(II) ions were added to the standard Ni-affinity
chromatography buffer during colysis in order to stabilise EF-Tu nucleotide
binding and to inhibit PPHD catalysed EF-Tu hydroxylation, respectively. Ni-
affinity chromatography was pursued in the same manner as for each individual
protein. SDS-PAGE revealed both PPHD and EF-Tu in the eluent. Subsequent size
exclusion chromatography in a buffer containing no salt except MgCl: (to
promote PPHD:EF-Tu complex formation and to maximise EF-Tu stability)
revealed two significant peaks. SDS-PAGE analysis revealed that the first peak, of
higher molecular weight, contained purified PPHD and EF-Tu, whereas the
second contained purified PPHD alone (Figure 3.12). The size exclusion
chromatogram coupled with SDS-PAGE analysis revealed that purification of a

PPHD:EF-Tu complex was successful; more than 30 mg of >99% purified
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PPHD:EF-Tu complex could be isolated using this method. Notably, no isolated

EF-Tu was observed; all EF-Tu was found to be complexed with PPHD (Figure

A B
MW (kDa) PPHD:EF-Tu PPHD
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Figure 3.12. Purification of a PPHD:EF-Tu complex. Representative (A) size exclusion UV
chromatogram and (B) associated SDS-PAGE gel reveal a single homogenous peak corresponding
to the purified PPHD:EF-Tu complex (red box) and subsequent peak corresponding to purified
uncomplexed PPHD (grey box). No peak corresponding to isolated EF-Tu was observed.

3.3.2 Crystallisation and optimisation

Crystallisation trials on the PPHD:EF-Tu complex were begun
immediately with freshly purified protein from the column using multiple
commercial crystallisation screens at both 20 and 4 °C - i.e. the JCSG+, PACT
Premier, SaltRx, Index, MIDAS, Structure, and PEGION screens (Molecular
Dimensions and Hampton Research). After two weeks small crystals of haystack
morphology appeared in JCSG well B3 at 20 °C [0.1 M bicine pH 9.0, 20% (w/v)
PEG 6000] and in JCSG well C4 at 4 °C [0.1 M Na HEPES pH 7.0 and 10% (w/v)
PEG 6000]. Crystals from both wells were harvested and screened but no
diffraction (indicating either salt or protein crystals) was observed. Therefore,
optimisation of both hits was pursued in both small and large scale by varying
buffer pH and PEG concentration in an effort to obtain larger, diffraction quality

crystals. Despite the inconclusive evidence that those hits were indeed protein
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crystals, the observation that no salt was present in either the protein or
reservoir solution was promising. Unfortunately, after multiple rounds of
optimisation the crystals proved irreproducible.

The purification of the PPHD:EF-Tu complex was then reproduced, but
using a fresh cell pellet. The solution studies revealed that the maximal decrease
in the rate of EF-Tu GTP hydrolysis was observed in the presence of PPHD,
metal(Il) ions, and 20G. Therefore, crystallisation trials were approached in a
similar manner as before, except that MnCl; and NOG were added to the purified
complex immediately prior to crystallisation trials to stabilise PPHD and
improve PPHD:EF-Tu binding. After 1 week, initial hits (300 x 20 x 20 uM long
rods) were observed in JCSG well G2 [0.1 M HEPES pH 7.5, 0.1 M MgCl2, 22%
(w/v) polyacrylate 5100] at 20 °C, which were screened in-house and diffracted
to 5 A, indicating that they were protein crystals (Figure 3.134). Interestingly,
crystals were only observed in the JCSG screen (Molecular Dimensions) and not
in the identical condition in the INDEX screen (Hampton Research). Therefore,
crystallisation was sensitive even to the origin of the reagents. Optimisation of
the putative PPHD:EF-Tu protein-protein complex crystals began in earnest by
varying the buffer, MgCl;, and polyacrylate concentrations. Successful
optimisation resulted in larger crystals that were then brought to the

synchrotron beam line at Diamond Light Source (Figure 3.13B).
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Initial hit >5 A

Diffraction

Figure 3.13. Optimisation of PPHD:EF-Tu crystallisation. (A) Initial hits in JCSG well G2. (B)
Optimisation around polyacrylate 5100 concentration. (C) Addition of 1 mM GDP resulted in
large diffraction quality crystals.

3.3.3 Data collection and structure solution

A complete dataset for the PPHD:EF-Tu crystals was collected to 3.5 A
resolution in the hexagonal space group P 31 2 1 (Figure 3.13B). The structure of
the PPHD:EF-Tu protein-protein complex was solved by molecular replacement
using the MR-PHASER (18) subroutine of PHENIX (19) using the isolated PPHD
structure (PDB ID: 4J25, this thesis) and EF-Tu (PDB ID: 1DG1)(27) as search
models. Crystal packing in the hexagonal space group P 31 2 1 revealed 2 copies
of the PPHD:EF-Tu complex in the asymmetric unit (2 copies of PPHD and 2
copies of EF-Tu). Due to the low resolution, structure refinement was not
pursued in favour of further crystal optimisation with the goal of obtaining
higher resolution data. For the next round of optimisation, crystal drop and
reservoir size were increased 100-fold and GDP was added to further stabilise
EF-Tu. After one week large 2 mm x 150 pM x 150 pM hexagonal rods were

observed (Figure 3.13C).
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The fully optimised PPHD:EF-Tu complex crystals were brought to the
synchrotron and a dataset complete to 2.7 A resolution was collected in the
hexagonal space group P 31 2 1. The structure was solved using the molecular
replacement solution derived from the lower resolution data as a search model
and structure refinement was pursued with the highest resolution data. For a full

set of data collection and refinement statistics, see Experimental Procedures.

3.4 A crystal structure of a PPHD:EF-Tu protein-protein complex
3.4.1 Overall structure

In the PPHD:EF-Tu protein-protein complex structure (Figure 3.144), EF-
Tu is present in its translationally inactive GDP-bound conformation (only EF-
Tuw:GTP binds aa-tRNA, for details see section 2.4)(34, 35), consistent with the
results from the solution studies that showed a PPHD-dependent inhibition of
EF-Tu GTP hydrolysis. A Mg(Il) ion and GDP are present in the EF-Tu domain I
nucleotide binding site, as in the isolated EF-Tu structure. PPHD is located
adjacent to EF-Tu domain I and sits adjacent to EF-Tu domains II/III, in a similar
position to domain I of EF-Tu in its translationally active GTP-bound
conformation (PDB ID: 2BVN)(Figure 3.15)(29).

The similar positioning of PPHD in the PPHD:EF-Tu complex and EF-Tu
domain I in the structure of EF-Tu in its GTP-bound active conformation may
explain the mechanism underlying the observed PPHD-dependent inhibition of
EF-Tu GTP hydrolysis in solution; PPHD complexation with GDP-bound EF-Tu
likely inhibits the ability of EF-Tu to adopt its GTP-bound conformation, and thus

its ability to hydrolyse GTP.
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Mn(II) and NOG are present in the PPHD active site, further supporting
the results from the solution studies, which suggested that maximal PPHD-
dependent inhibition of EF-Tu GTP hydrolysis was observed in the presence of

metal(II) and 20G (NOG).

3.4.2 Location of the EF-Tu switch I loop in the PPHD active site

In contrast to the structure of isolated EF-Tu, the majority of the EF-Tu
switch I loop is ordered and positioned in the PPHD active site (Figure 3.14B;
Figure 3.16). The unambiguous positions of most of the EF-Tu switch I loop
residue backbone atoms and side chains in the electron density map were
further confirmed with an |F, - Fc| OMIT map contoured to 3.0 o (Figure 3.14B).
Only 6 residues of the EF-Tu switch I loop are disordered (residues 43-48) in the
complex, most likely due to their presence in space as a flexible tether from the
PPHD active site to the rest of EF-Tu domain I and consequent dearth of contacts
with other ordered protein.

Superimposition of EF-Tu in the PPHD:EF-Tu complex and isolated E. coli
EF-Tu:GDP (PDB ID: 1DG1) (78% identity; r.m.s.d. 1.2 A over 338 Ca atoms)(27)
with its switch I loop ordered (E. coli residues 40-62) reveals little changes in
overall fold (78% identity; rm.s.d. 1.2 A over 338 Co atoms), yet major
conformational changes in the EF-Tu switch I loop. The different positions of the
switch I loop, either adjacent to the domain I nucleotide binding site in isolated
EF-Tu or in the PPHD active site in complexed EF-Tu, result in the positions of
the proline residues (Pro54 in P. putida; Pro53 in E. coli) to differ by 22 A (Figure
3.14(C). Notably, superimposition of complexed EF-Tu and isolated EF-Tu from P.

putida with the switch I loop disordered reveal no changes in overall fold (Ca
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r.m.s.d. 0.4 A), with the exception of the ordering of the switch I loop, consistent

with the superimpositions with E. coli EF-Tu (Figure 3.16).

PPHD active site EF-Tu switch | loop
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Figure 3.14. PPHD:EF-Tu complex structure. (A) Views from a crystal structure of a
PPHD(magenta):EF-Tu(cyan) complex reveals EF-Tu in its GDP-bound inactive conformation
with its switch I loop present in the active site of PPHD and EF-Tu Pro54 situated for trans-4-
hydroxylation. (B) Electron density OMIT |mF, - DF| map (green mesh) contoured to 3.0 o of the
EF-Tu switch I loop in the PPHD active site. (C) Superimposition of P. putida EF-Tu from the
PPHD:EF-Tu complex with its switch I loop (blue) positioned in the PPHD active site and E. coli
EF-Tu (PDB ID: 1DG1) with its switch I loop (red) positioned adjacent to the nucleotide binding
site reveals a 22 A distance between Pro54 (Pro53 in E. coli) residues. Figure and figure legend
are adapted with permission from ].S. Scotti et al, Human oxygen sensing may have origins in
prokaryotic elongation factor Tu prolyl-hydroxylation. Proc Nat Acad Sci USA. In press (2014).
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Figure 3.15. In the PPHD:EF-Tu complex, PPHD occupies a similar position relative to EF-
Tu as does EF-Tu domain I in its GTP-bound active state. (A) Superimposition of domains II
and III of E. coli EF-Tu (PDB ID: 2BVN)(yellow)(29) bound to enacyloxin IIA (blue sticks) and the
non-hydrolysable GTP-analogue GDPNP (red) (GDPNP and enacyloxin IIA serve to lock EF-Tu in
its GTP-bound conformation) and P. putida EF-Tu from the PPHD:EF-Tu complex (r.m.s.d. 0.6
A)(PPHD not shown) reveals the large rotation in EF-Tu domain I relative to domains II and III
from its GDP-bound to GTP-bound states. (B) View from the same orientation of the PPHD:EF-Tu
complex with PPHD shown (magenta) reveals that PPHD is similarly positioned to domain I of
EF-Tu bound to GTP. Figure and figure legend are adapted with permission from J.S. Scotti et al,
Human oxygen sensing may have origins in prokaryotic elongation factor Tu prolyl-
hydroxylation. Proc Nat Acad Sci USA. In press (2014).
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Figure 3.16. View from a crystal structure of isolated P. putida EF-Tu and comparison with
complexed EF-Tu. (A) The structure of P. putida EF-Tu:GDP (yellow) reveals a disordered
switch [ loop (residues 44-59). (B) Superimposition of P. putida EF-Tu:GDP (yellow) with EF-Tu
of the PPHD:EF-Tu complex (cyan) illustrates that the switch [ loop is ordered upon
complexation with PPHD, yet the overall EF-Tu fold remains consistent with isolated EF-Tu:GDP.
Figure and figure legend are adapted with permission from J.S. Scotti et al, Human oxygen
sensing may have origins in prokaryotic elongation factor Tu prolyl-hydroxylation. Proc Nat Acad
Sci USA. In press (2014).

3.4.3 Conformational changes in the PPHD [32-[33 finger loop

Conformational changes in both PPHD and EF-Tu observed in the
PPHD:EF-Tu complex are not limited to EF-Tu. PPHD also undergoes major
conformational changes relative to its isolated state (Figure 3.17). In the
PPHD:EF-Tu complex, the PPHD 2-B3 finger loop (24 residues, 51-74), which
was observed to be disordered in the isolated structure, is ordered and
positioned to sequester the EF-Tu switch I loop entirely within the PPHD active
site (Figure 3.17 and Figure 3.194). The second region observed to be disordered
in the isolated PPHD structure, which corresponds to the $5(I1)-B6(III) thumb
loop (7 residues, 128-134), acts in concert with the 2-33 finger loop to enclose
the EF-Tu switch I loop within the PPHD active site (Figure 3.17 and Figure

3.194).
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Figure 3.17. EF-Tu binding to PPHD is mediated by large conformational changes in the
PPHD f2-B3 finger and B5(II)-B6(11I) thumb loops. The electron density OMIT |mF, - DF| map
(green mesh) contoured to 3.0 o of the PPHD B2-3 finger (residues 51-74) and the B5(II)-B6(I1I)
thumb (residues 128-134) loops are shown. Dashed lined indicates disordered protein (no
electron density observed).

The pyrrolidine ring of EF-Tu Pro54 is positioned in the C-4 endo
conformation, such that the C-4 is positioned 4.3 A from the Mn(II) [used as a
surrogate for Fe(ll) for crystallisation] apparently primed for trans-4-
hydroxylation (Figure 3.19B). These observations are in agreement with the
stereochemistry of Pro54 hydroxylation by PPHD determined from amino acid
analyses (see Chapter 2). Interestingly, there is little variation in the positions of
NOG or the residues within the PPHD active site (His124, Asp126, Leul54,
His183, Val185, Argl192, Ser194, Thr196, Trp198) upon substrate binding
(Figure 3.19C), with the more robust conformational changes stemming from
movements in the 32-3 finger and 5(11)-B6(I1I) thumb loop.

The B2-33 finger loop of PPHD is composed of mostly flexible amino acids
including 4 glycine (Gly54, Gly56, Gly58, Gly69) and 2 alanine (Ala53 and Ala59)

residues, which may explain its disorder in the absence of substrate. The 32-33
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finger loop of PPHD forms multiple direct electrostatic interactions with EF-Tu in

the active site (Table 3.18).

Table 3.18. Electrostatic interactions between the PPHD B2-f3 finger loop and EF-Tu.

B2-B3 finger loop (residues 51-74)

PPHD residue EF-Tu residue Distance (A) Interaction type
Gly54 backbone oxygen Glu55 backbone nitrogen 3.2 Hydrogen bond
Gly54 backbone nitrogen Glu55 carboxylate 3.0 Hydrogen bond
Gly56 backbone nitrogen Ala53 backbone oxygen 2.9 Hydrogen bond
Trp74 indole nitrogen Glu55 carboxylate 3.4 Hydrogen bond

In the complex, the apex of the 32-$3 finger loop folds into a 310 helix
(residues 58-60), positioning a solitary arginine residue (Arg57), flanked by two
glycine residues, to form a salt bridge with an aspartate residue (Asp130) of the
B5(IN)-B6(IIT) thumb loop, thereby ‘closing’ the finger and thumb and forming a
channel through which the EF-Tu switch I loop is threaded (Figure 3.17 and

Figure 3.194).
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