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Abstract

Phosphonates are compoundgharacterised by a direct @ bond and are environmentally
abundant, thought to canprise around 4% of the total phosphorus in some soils. This class of
compounds contains abundant naturally occurring chemicals like -2minoethylphosphonate
(2-AEP), and thamportant synthetic herbicide glyphosate. Bacteria have evolved systems to
scavenge the phosphorus from these compounds to use as a nutrient. Transport eAEP in
most Gramnegative bacteria is mediated by an ABC transporter encoded by thpnCDE
genes.The aim of this work wasto discover and characterise phosphonate transporters
present in bacteria, particularly ones that have been shown to uptake and catabolise
glyphosate in the environment. A biochemical approach studying the substrate binding
protein (SBP) component of ABGransporters revealed a number of proteins that can bind
natural phosphonate with low pM affinity. Significantly, some of these appeaalso to
recognise glyphosateand have been rationally engineered as potential scaffolds for a
glyphosate biosensor. In parallel, a series of strains of the rhizosphere bacterium
Sinorhizobium melilotiwere tested for their ability to use different phosphonates as the sole
phosphorus source. Deletion of the genes encoding the PhnCDE transporter limits the range
of phosphonates that S. melilotican grow on, but does not abolish growth on phosphonates
altogether, and a further transporter deletion mutant revealed a 2AEP specific ABC
transporter in this organism. This work has expanded the knowledge of the transport of

phosphonaes in biology.
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1.1 Phosphonates

Phosphorus plays an essential role in all forms of life. In the form of phosphatecintributes

to at least the following: the structural backbone of DNA and RNA; the phospholipid
components of cellular membranes; adenosine triphosphate (ATP), the universal energy
currency of cells; (de)phosphorylation of proteins as a key element of retation of their
activity (Johnson, 2009) and a wealth of other key components in cell metabolismin many
ecosystems, phosphorus is the limiting nutrient lHudson et al., 2000; Correll, 1999; Elser et
al.,2007h | AATET ¢ OEAO OEA AEEAAOGEOA AANOEOEOEI I
survival. The most biologically available and abundant fors of phosphorus are organic
compounds containing phosphate, comprised of €@-P ester bonds. In contrast toorganic
phosphates, phosphonates are defined as having a directfbond, which is more resistant to
chemical hydrolysis than the phosphate ester bond. Phosphonates exist both in nature and as
synthetically-derived compounds. They are relatively abundant in the revironment,
particularly in the ocean where 25% of the total organic phosphorus takes the form of
phosphonate compoundgKolowith et al., 2001). Phosphonates canlao comprise up to 4%

of the total phosphorus in wetland soilfCheesmaret al., 2014).

Naturally occurring phosphonates may be incorporated into glycans aniipids, which have
been observed in a range of species, although the biological functions of many of these
compounds is yet to be fully elucidated these include the antimicrobial fosfomycin
(Christensen et al., 1969) and the herbicide bialaphos(Schwartz et al., 2004). Synthetic
phosphonates have a wide range of functionfrom antiviral drugs (Clercq and Holy, 2005) to
laundry detergents (Comber et al., 2013), chemical weapongRaushel, 2002)and herbicides
(Duke and Powles, 2008)

Many naturally occurring phosphonates are of biogenic originhowever, some are also
formed from UV photolysis in the presence of phosphite. Using this process,
1-hydroxymethylphosphonic acid can be formed from formaldehyde, and methylphosphonic
acid, discussed in section 1.1.3, can be formed from acetofule Graafet al., 1995) Horsman

& Zectel (2016) identified 8 key phosphonate building blocks of biogenic origin in their
review of phosphonate biochemistry (Fig. 1.1). These compounds are phosphonopyruvate,
phosphonoacetaldehyde, 2aminoethylphosphonic acid, 2-hydroxyethylphosphonic acid,
1-hydroxy-2-aminoethylphosphonic  acid, phosphonoalanine, phosphonoacetate, and
methylphosphonic acid. These eight compounds are then used to synthesise an array of

naturally occurring phosphonates.

14
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Figurel.1. Biogenic synthesis of phosphonate building blocks.

Key phosphonate building blocks were identifiedHrsman & Zechel (2016)\bbreviations: PLP,
pyridoxal phosphate. PEP, phosgholpyruvate. 2AEP, zaminoethylphosphonic acid.A)
Phosphoenolpyruvate B) Phosphonopyruvate is synthesised via a PEP mutase enz@ine.
Phosphonoacetaldehyde synthesisedsia a phosphonopyruvate decarboxylase enzyD)2-AEP
is synthesised via a PLP deg@ent transaminasek)1-hydroxy2-AEP is synthesised fromAEP by
enzyme PhnY*.F) Phosphonoalanine issynthesised from phosphonopyruvate using a
transaminase enzymes) Phosphonoacetate is synthesised from phospbenetaldehyde by a
dehydrogenase enzyme. H) 2-hydroxyethylphosphonic acid is synthesised from
phosphomacetaldehyde using different alcohol dehydrogenasg¢sviethylphosphonic acid is
synthesised from -hiydroxyethylphosphonic acid using enzyme MpnS.
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1.1.1 PEP mutaseatalyses the formation of the ¢ bond to form phosphonopyruvate

Phosphonopyruvate (Fig 1.1B) is the initial phosphonate building block of biogenic origin
into which the GP bond is incorporated. Phosphonopyruvate is synthesised from
phosphoenolpyruvate (Fig. 1.1A) using the phosphoenolpyruvate mutase enzyme.
Homologues of PEP mutase have been identified in both eukaryotic and prokaryotic
organisms. This enzyme was initially characterised from the ciliatdetrahymena pyriformis
(Seidel et al., 1988,) although further homologues have been identified fronBtreptomyces
hygrosceicus (Hidaka et al., 1989) and structurally characterised from the blue mussel
Mytilus edulis (Liu et al, 2002). It is from phosphonopyruvate that further biogenic

phosphonates are synthesised.

1.1.2 2Aminoethylphosphonic acid, the most abundant natural phosphonate

2-Aminoethylphosphonic acid (2AEP, Fig. 1D), also known as ciliatine, was the first
phosphonate of biogenic origin to be identified, isolated from rumen protozoa bioriguchi &
Kandatsu in 1%9. 2-AEP has since been observed in a number of species, including humans
(Tan and Tan, 1989) 2AEP is often found as a p#sphonolipid in the membranes of
eukaryotes, where it replaces ethanolamine phosphate and increases membrane stability as it
is not degraded by phosphatase{McGrath et al., 2013). It is thought to be the most

environmentally abundant phosphonate(Cheesmaret al., 2014).

2-AEP is synthesised from phosphonoacetaldehyde (Fig 1.1C). Phosphonoacetaldehyle i
made from the decarboxylation of the initial biogenic phosphonate compound,
phosphonopyruvate. This reaction is catalysed by a phosphonopyruvate decarboxylase
enzyme, characterised fromStreptomyces hygroscopicudNakashita et al., 1997). 2-AEP is
synthesised using a pyridoxal phosphate dependent aminotransferase, characterised frdm
pyriformis, which is also able to catalyse the reverse reaction, meaning this enzyme is also
implicated in 2-AEP degradation Barry et al., 1988. 2-AEP can also be further modified to
form 1-hydroxy-2-aminoethylphosphonic acid (Fig. 1.1 E) by enzyme Phn{¥icSorleyet al.,
2012), which is further discussed in its catabolic capacity in Sectiol.2. An asterisk is used by
Villarreal-Chiu et al. (2012), to distinguish this enzyme from the NAD dependent
dehydrogenase PhnY, discussed later in this chapter-hyydroxy-2-aminoethylphosphonic

acid has been found as a polar head group in cell membran&rn et al., 1973).
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1.1.3 Phosphonoalanine and phosphonoacetate

Phosphonoacetate (Fig. 1G) and phosphonoalanine (Fig. 1.1F) are two further key
phosphonate building blocks. Phosphonoalanine is widely found in the environment and is
synthesised using a reversible reaction catalysed by the enzyme Pglulakova et al., 2009).
Phosphonoalanine, like 2AEPR, is found within membranes as a phosphonolipidMcGrath et
al., 2013) Phosphonoacette is synthesised in Snorhizobium meliloti by the action of

phosphonaacetaldehydedehydrogenase(Borisovaet al., 2011).

1.1.3 Methylphosphonic acid and marine methane production

Methylphosphonic acid (Fig. 1.11) is the smallest phghonate compound. In addition to the
abiotic mechanism of methylphosphonic acid synthesis, there is also a biogenic pathway for
the production of this molecule(Metcalf et al., 2012). Methylphosphonic acid is of particular
importance in the marine environment, where it has been recently proposed as the solution
to the marine methane paradoxKarl et al., 2008). The marine methane paradox is based on
the assumption that the majority of oceanic methane is produced anaerobically by archaea
This process should be inhibited by oxygen and sulphate, however large concentrations of
methane have been found in areas where these are presef@chimel, 1993) It has been
shown that Pseudomaoas stutzeriis able to degrade methylphosphonate under aerobic

conditions accounting for the extra production of methang€Repetaet al., 2016).

Synthesis of 2hydroxyethylphosphonic acid (Fig. 1.1H) from phosphonoacetaldehyde is a
key step in biogenic synthesis of methylphosphonic acid, as well as being critical to the
synthesis of the phosphonate antibiotic fosfomycin This reaction is catalysed by several
metal dependent alcohol dehydrogenase enzymes with overlapping functions. These
enzymes are FomC, PhpC, and Dhp@m Streptomycesspecies(Shao et al.,, 2008). The
enzyme MpnS converts zhydroxyethylphosphonic acid into methylphosphonic acid (Metcalf

et al., 2012).

Mmbdmodn Df eLKz2al diSYy (KS ¢g2NI RQa Y2aild 6ARSTE

The synthetic phosphonate glyphosate N-phosphonomethylglycine, Fig. 1.2A) was
introduced commercially in 1974 (Duke and Powles, 2008 and has since become the most
widely used herbicide in agriculture with an annual global usage of 750,000 tor{8enbrook,
2016). ' 1 UPET OAOGA EO AOAEI AAT A AO OEA AAOQEOA

formulation, marketed by Monsanto. Glyphosate is a neselective herbicide, meaning it kills
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B)

Figurel.2. Glyphosate structure ad mechanism of action.

A) The chemical structure of glyphosate is sho®)Structure of glyphosatep(rple) and
shikimate3-phosphate (red) cdoound to5-enolpyruvylshikimate3-phosphate(EPSPsynthase
enzyme (turquoise). Hydrogen bonds are shown in grey. PDB ID(@G6&®brunret al., 2001)
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any plant that has not been engineered to confer resistance. Glyphosate based herbicides,
usually formulated with surfactants to enable better penetration into the plant, are spread
onto plant surfaces fromwhere they are taken up into the plant and inhibit growth. This is
achieved through competitive inhibition of the enzyme Senolpyruvylshikimate 3-phosphate
(EPSP)ynthase of the shikimate pathway of aromatic amino acid synthes{Steinriicken and
Amrhein, 1980). Glyphosate mimics an intermediate state of the substrate to bind with the
EPSP synthase enzyméchonbrunn et al., 2001, Fig. 1.2B) It is likely that plant death is
either caused by aromatic amino acid deficiency or a lack of carbon for other essential
pathways (Gomeset al., 2014).

Glyphosate has become ubiquitous in agriculture and is used in particularly high levels on
crops which have been engineered to confer glyphosate resistamcThis began in 1996, when

the firstsoA AT 1 AA 021 01 AOP 2AAAUG6 OO0 Opateht submited byU A A A
Barry et al., 1994). This was achieved by giving the plants a transgenic bactdrigrsion of the

EPSP synthase enzyme frorAgrobacteriumsp. CP4, which retains good catalytic activity in

the presence of glyphosate. Glyphosate resistant crops are widely used in the United States,

but are not permitted in EU countries.

Glyphosate is dificult to detect because it is not amenable to the muHiesidue approachthat

is commonly used to detect many pesticides using the same scre@mainaFulton, 2014). The
cost of testing for over 350 chemicals using a mutiesidue analysis is £170(Fera Science
Ltd, 2019a), whereas testing for glyphosate alone costs £185 (Fe&cience Ltd 2019b). The
main reasons why glyphosates so difficult to detect are because it is a small polar molecule
with high water solubility, low organic solvent solubility and a tendency to form complexes
(Raina-Fulton, 2014). The multiresidue approach to screening relies on extraction with ethyl
acetate, acetonitrile or methanol in which glyphosate is poorly soluble. In addition to this, a
reverse phase column is used for thenulti-residue analysis and glyphosate being highly

polar has a very low retention time on a reverse phase column.

There are many methods used to detect glyphosate, reviewed IRainaFulton (2014) and
Stalikas & Konidari (2001) These include approaches which usderivatisation and gas
chromatography; however, the key method currently used involves liquid chromatography

(LC) coupled to tandem mass spectrometry (MS/MS). This is expensive and time consuming,
meaning that a biosensor approach for glyphosate detectionould be incredibly useful,
AOPAAEAT T U ET bl AAAO OEAO [folstréel sapled dsinghtlisA O,

method.
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An enzymelinked immunosorbent assay based test has been developed to test for glyphosate
(Byer et al., 2008), with a reported detection limit of 0.1 pg/L (591 pM} however, this relies
on raising antibodies which is time consuming, expensive and sensitive to batch variation. An
oligopeptide assay with an affinity of 8.6 UM has also beateveloped(Ding and Yang, 2013)
however this relies on using surface plasmon resonance (SPR) to measure binding, which is

also an expensive technique.

Current permitted levels for glyphosate in drinking water are0.1 pg/L (0.6 nM) in theEUand
700 pg/L (4.2 uM) in the USA.The EU targets forfreshwater are 2.4 uM short term and 1.2
MM longer term (UK Technical Advisory Group orthe Water Framework Directive, 2012)

Any detection method developed would have to be sensitive to at least these levels.

"1 UPET OAOGA EAO AAAT AAOA qEuRefdd Pdntes, O0BFhecausefd £A A
low human toxicity and high efficacy however, public opinion has turned against glyphosate
such that the EU has considered banninit (Casassus, 2017)As modern agriculture is heavily
dependent on glyphosatgGarvert et al., 2013), it is highly likely that prohibiting its use could

lead to use of other herbicides with less well characterised safety profiles.

The challenging nature of accurate and easy glypkate detection has meant that studies on
the environmental fate of glyphosate have been limited. Glyphosate has been shown under
lab conditions to have a short haHife upon application to soil (Andréa et al., 2003)
Glyphosate is broken down by soilorganisms either to inorganic phosphate or to
aminomethylphosphonic acid (AMPA). The mechanisms of this breakdown are discussed in
Section 1.2. AMPA has a similar toxicological profile to glyphosgiilliams et al., 2000).

Glyphosate has been increasingly shown to pose environmental risks (reviewed blelander

et al., 2012). Examples of these include glyphosate having been shown to alter the behaviour
of honeybees (Herbert et al, 2014; Balbuenaet al, 2015) and earthworms (Gaupp
Berghausenet al., 2015)at levels similar to those used in agriculture. Overuse of glyphosate
on weeds can cause downstream effects on the ecosystem such as in the American Midwest
where the decline inmilkweed has depleted the monarch butterfly population(Pleasantset

al., 2013) Although glyphosate binds tightly to soil, there is still risk of leaching. Glyphosate
competes with phosphate for soil inding sites and so can lead to increased phosphate and
nitrate concentrations in soil run-off (GauppBerghausenet al, 2015) which can cause
eutrophication. Until recently, glyphosate had been thought to be relatively safe to humans
(Williams et al, 2000} however, its recent classification asOBD Ol AAAT U AAOAE
EOI AT 06 A (GutdnhAt al.7 2015)brings this into question.
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1.2. Microbial utilisation of phosphonates

Genes for utilisation of phosphonates are widespread compared to those for phosphonate
synthesis. Metagenomic data shows that 10% of marine bacteria contain gendsr
phosphonate synthesis and 40% contain gene®r phosphonate catabolism(Villarreal -Chiu

et al., 2012). These phosphonate degradation genes are likely to have evolved because of the
relative abundance of phosphonate under phosphorus limiting conditiond?hosphonates are
utilised as a phosphors source by many organisms. There are 5 known pathways for
glyphosate degradation (Fig 1.3), 3 of which are specific for-REP, suggesting that this
abundant molecule has had different mechanisms convergently evolve for its breakdown.
Several of these pattvays have associated transporters for phosphonate imporiwvhich are

discussed in Section 1.3.

1.2.1 The P lyase complex

The phosphonate degradation pathway with the widest substrate specificity is the-E lyase
pathway. The CP lyase enzymes cleave thearbon phosphorus bond of a very wide range of
substrates (Fig. 1.3A, Fig. 1.4). In their reviewjorsman & Zechel (2016) identified at least
25 phosphonate compoundshat can be degraded by this mechanism.-E lyase sbstrates
include all the natural and synthetic phosphonates reviewed in this chapter, including
glyphosate and its breakdown product AMPA. The -B lyase pathway usually forms
phosphate in the form of phosphoribosyl pyrophosphate (PRPP, Houdensenet al., 2003).

This leaves the phosphate accessible for further uses in the cell.

The CP lyase pathway is encoded by genes PhitqMetcalf & Wanner, 1993) Only PhnGH,
I, J K, LandM are essential for the enzymatic functior(Yakovlevaet al.,, 1998). The genes
encoding these proteins are conservedn all organisms that use this pathway but not
necessarily in the same order or location as each othéHuang et al., 2005). PhnCDE is an
ABC transporter that is used to transport phosphonate into the cell This transporter is
discussed in more detail later in this chapter. The gene product ghnF serves a regulatory
function, the operation of which is not fully known. GP lyase expression is under the control
of the Pho regulon, meaning it is expressed der phosphorus limiting conditions. It is
possible that the function of PhnF is to add an additional level of regulatory contr¢Gebhard
and Cook, 2008)
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Figurel.4. Mechanism of glyphosate breakdown by lyase enzymes.

A) The pathway of phosphonate degradation usinB yase enzymes, with glyphosate as an
example substrate. Adapted from Hevenseret al. (2014) The glyphosate molecule is shown in
green.B) The GP lyase core complex. PDB ID: 4XB6 (Seve¢igin 2015)PhnGis shown in
green, PhnH in blue, Phnl in dark and light red and PhnJ in p@jig@eron organisation of-€
lyase genes i&. coli The @ lyase core complex gengisnGphnJare coloured to match the
structure in part B. Otherwise, transport gere® shown in grey, enzymes in yaM, regulatory
proteins in orangeand accessory proteins wihite.
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The CGP lyase enzymes act in a complex, structurally characterised Bewerynet al., (2015,

Fig. 1.4B. This complex has a stoichiometry of Phn8.l>}K, with PhnL weakly associated.
Within this complex, Phnl and PhnJ are enzymes and PhnGHLK are accessory proteins of
unknown function, although PhnL and PhnK have sequence identity with nucleotide binding
domains of ABC transporters. Phnl is responsible for substrate ribosylation and PhnJ cleaves
theGO AT T A | &EC8 p&BaE B OEEH-phodfttha@dipbodphdhydrolase,
and is not associated with the @ lyase protein complex, despite being essential for this
pathway (Kamatet al., 2011).

PhnN, PhnO and PhnP are accessory enzymes to the yase pathway. PhnN catalyses the
synthesis of PRPP (Hovdensenet al., 2003). PhnO is responsible for théN-acetylation of
aminoalkylphosphonate conpounds (Hove-Jensenet al., 2012) and is essential for the
utilisation of the glyphosate breakdown product AMPAPhNnP is a phosphoribosyl cyclic
phosphodiesterase(Hove-Jenseret al., 2011, Fig. 1.4)

1.2.3 Additional routes of phosphonate catabolism

In addition to the GP lyase pathway, 2AEP is also degraded by the phosphoacetaldehyde
hydrolase pathway (fig. 1.3B). This pathway, also known as the phosphonatase pathway, has
an enzyme which catalyses the hydrolysis of phosphonoacetaldehyde to acetaldehyaled
inorganic phosphate. This is encoded by thphnXgene and has been characterised in both
Bacillus cereusand Salmonella typhimuriumLT2. S typhimurium LT2 has no EP lyase genes,
suggesting that tke phosphonoacetaldehyde hydrolase pathwayis the main route of 2AEP
degradation (Jianget al., 1995). This enzyme is part of a pathway with th@hnW specified 2
AEP transaminase, which produces phosphonoacetaldehy@#anget al., 1995).

In addition to having genes encoding the ® lyase machinery, the nitrogen fixing soll
bacterium Sinorhizobium meliloti has the PhnWAY pathway of phosphonate degradation,
which is specific for 2AEP (Borisova et al., 2011,Agarwal et al., 2011) This is distinct from
the PhnWX phosphooacetaldehyde system, although both have the PhnW transaminase

enzymes for the initial step where 2AEP is converted to phosphonoacetaldehyde (Fig. 1.3C).

As mentioned in the discussion of pbsphonate synthesis, phosphonoalanine is formed
reversibly from phosphonopyruvate using a phosphonoalanine aminotransferase, encoded by
palB in Variovorax sp. Pal2. Phosphonopyruvate may then be degraded using the
phosphonopyruvate hydrolase enzyme encodebtly palAin the same species (Fig. 1.3D). The

palA and palB genes are expressed even when there is an abundance of phosphate, and
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phosphonopyruvate can be used as a carbon sourdbey are regulated by PalR, a LysBpe
regulator (Kulakovaet al., 2009). PalB has been structurdy characterised (Chenet al.,2006).

An additional pathway for 22AEP degradation is encoded bghnY*and phnZ(Fig. 1.3E). This
pathway has two enzymes, the first of which is PhnY*, an alpt&toglutarate and iron-
dependent dioxygenase that catalyses the conversion of AEP to thydroxy-2-AEP. PhnZ, an
iron-dependent enzyme of the histidineaspartate motif hydrolase family is responsible for
cleavage of the carbofphosphorus bond (McSorley et al., 2012) to form phosphate and
glycine. These enzymes were discovered from marine metagenomic DNs&reened for

complementation of 2-AEP utilisaion in a knockout E. coli(Martinez et al., 2010).

1.2.3 Glyphosate utilisation via the-B lyase pathway

There are many bacteria that are al@l to use glyphosate as a sole phosphorus source (Table
1.1). The use of the P lyase complex for degrading glyphosate is reviewed byove-Jenseret

al. (2014), (Fig. 1.4)and CP lyase encoding genes are ubiquitous in glyphosate utilising
species. Many of these are soil organisms, in particuléite nitrogen fixing Rhizobia. In order

to utilise glyphosate, an organism must be able to both transport and catabolise B. cal is
unable to utilise glyphosate as a phosphorus source, despite havingPGyase genes and being
able to catabolise 2AEP. It is not fully understood to what extent the specificity of the
phosphonate ABC transporter and the ® lyase complex have rolesni determining which

phosphonates an organism is able to grow on.

In addition to the GP lyase pathway of glyphosate degradation, glyphosate may also be
converted to AMPA using an oxidase enzyme, producing glyoxylag8viridov et al., 2015)
This mechanism of degradation does not act on the-E bond or allow utilisation of
glyphosate as a phosphorus source. The precise mechanisnfsAMPA production have not
been fully elucidated. PhnO is required for AMPA degradation for its utilisation as a

phosphorus source.

1.3 Bacterial import of phosphorus sources

All living cells have a membrane to separate their inside from the outer enviroment. Cell
membranes are composed of a phospholipid bilayer, with hydrophilic head groups facing
towards the outside of the membrane and hydrophobic tail groups facing inward@Vilkins et

al., 1971) Bacteria are separated intgram-negative andgram-positive species, which
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Tablel.1. Bacterial species with the ability to utilise glyphosate asatrient.

Species Strain Bacterial class Citation
Agrobacterium _
adiobacter Unknown Alphaproteobacteria Wackettet al., 1987
(Sino)rhizobium meliloti RM1021 Alphaproteobacteria
ATC@399
ATC@400
ATCC022
ATC®930
ATCQ0310
ATC@35176 Liuet al.,, 1991
Rhizobium leguminosarur 300 Alphaproteobacteria
(Neo)rhizobium galegae = HAMBI 540
Rhizobium trifolii ANU843 Alphaproteobacteria
Agrobacterium rhizogene: A4 Alphaproteobacteria
Agrobacterium B6
fabrum(tumefaciens) C58 Alphaproteobacteria
Ochrobactrum anthropi GPK 3 Alphaproteobacteria
Achromobactesp. MPS 12A Betaproteobacteria Sviridovet al., 2012
Burkholderia pseudomalle Pefalozavazquezt
22 Betaproteobacteria
sp. al., 1995
Bacillus cereus CB4 Grampositive Fanet al., 2012
Anabaena (Nosto®p. PCC 7120
Arthrospira fusiformis CCALA 023
Leptolyngbya boryana PCC 6306 Cyanobacteria Forlaniet al., 2008
Microcystis aeruginosa PCC 7914
Nostoc punctiforme PCC 73102
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possess different cell envelope architecture. In Gramnegative bacteria, there are two
membranes surrounding the cell, separated bythe periplasm. Grampositive bacteria,

however, only possess one membrane, surrounded by a thick peptidoglycan layer (Fig. 1.5).

Phospholipid membranes are impermeable to most substances, particularly those that are
hydrophilic, such as inorganic phosphate and phosphonic acids. This means that organisms
must have transporters within the membrane to allow the influx of nutrients such s
phosphorus and the efflux of waste products and toxins. Transporters are formed by proteins
that span the phospholipid membrane, selectively allowing molecules to pass through. A
range of different transporters are present in all living organisms, and #se transporters are
divided into classes using the transport classification system devised [Haieret al. (2006).
This section reviews these transporters with a focus on those that are relevant to phosphorus

import.

As phosphorus is an essential nutrient for growth, microorganisms need to be able to
transport phosphorus into the cell against the phosphorus concentration gradient in order to
survive in low phosphorus conditions. There have not been extensive studiestinthe
concentrations of phosphonate compounds in the environment, although in the marine
environment they are estimated to comprise 25% of the total organic phosphorus, with the
other 75% existing as phosphate estergKolowith et al, 2001) The estimated organic
phosphorus concentrations in seawater are as low as 0.16 pM in seawater collected from 100
m deep(Kolowith et al., 2001). Inorganic phosphate (P@-) levels can be as low as 500 pM in
some lake environmentg(Hudson et al., 2000).

1.3.1 Passive transporters

Passive transporters form Class 1 of the @insport classification system Haier et al., 2006)

These are channels or pores which allow diffusion across a membrane. Passive transporters

do not use an external energy source to move their substrates, instead allowing subsé&s to

move from areas of high concentration to areas of lower concentration. Passive transporters

are present in the outer membranes of Grash ACAOE OA AAAOAOEA xEAOA
barrels and allow diffusion of a broad range of substrates into thegpiplasm based on their

size (Schulz, 2002) It is worth noting that passive transporters are also present in
AUuOi Pl AOIi EA 1 AT AOAT AOh -kdlick®Ddnd facHitAte theAdidiusionsaf aO 1 A /
spedfic substrate. A well characterised example of facilitated diffusion is the glycerol channel

GIpF (Tajkhorshid et al., 2002).
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Figurel.5. Simplified schematic of the bacterial cell envelope.
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In Gramnegative bacteria, prior to entry into the cytoplasm, phosphoruscontaining
molecules must first traverse the outer membrane to enter the periplasm. The import of
phosphonate compounds into the periplasm has not been studiedHowever, as outer
membrane porins have low specificity, it is likely that they enter the cellhrough using the
same porins as phosphate compounds. The cation selective porin PhoE allows a range of
phosphorus containing molecules to diffuse into the periplasniBauer et al., 1989,Cowanet
al., 1992), meaning it is possible that PhoE is also a route of entry for phosphonates. A crystal
structure of PhoE has been elucidateqCowan et al., 1992, Fig. 1.6A) showing PhoE as a
homotrimeric protein, each subunit con& O O E 1 @arrkl @reAPhoE is under the control of
the Pho regulon, meaning it is expressed when environmental phosphorus levels are low. An
additional outer membrane porin for transport of phosphorus containing molecules has also
been identified: OprO is a polyphosphateselective porin from Pseudomonas aeruginosa
(Siehnelet al., 1992).

1.3.2 Secondary transporters

Secondary transporters are categorised into Class 2 of the transport classification system
(Saier et al., 2006). Secondary transporters utilise an ion gradient as a secondary energy
source and broadly fall into three types.Symporters transport a single specific substrate

i GOOAI T U A AAOGEI T qh DI xdqubually Alor Nt Antigorersi 6 O
transport two substrates in opposite directions and symporters transport two substrates in

the same direction. Uniporters are not energylinked and transport one substrate in one

direction.

One of the two key routes ofinorganic phosphate entry into the cytoplasm is a secondary
transporter called the Pit transporter, encoded bypitA and pitB in E. coli(Rosenberget al.,
1977). This transporter is constitutively expressed, and is the main route of phosphate
uptake when extracellular phosphate levels are high. The Pit transporter is a symporter,
relying on divalent cations to fom soluble, neutral metal phosphag¢ complexes to import the
phosphate, driven by the proton motive force(van Veenet al., 1994). There has been no
crystal structure solved for any Pit transporter, and performing a BLAST search Bf coliPitA

against the Protein Data Bank returns no results.

There are many examples of secondary transporters that have been structurally
characterised. One example of a secondary transporter involved in the transport of
phosphorus containing molecules is theE. coliglycerol-3-phosphate transporter GIpT (Fig.

1.6B). GIpT is an antiporter, bringing glycereB-phosphate into the cytoplasmn exchange fo
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the export of a phosphate ion into the periplasm. GIpT is from the expansive major facilitator
superfamily of secondarytransporters, which are responsible for the transport of a vast
range of compoundsincluding nutrients, drugs and waste products (reviewed byQuistgaard
et al., 2016).

1.3.3 ATFbinding cassette (ABC) transporter

ATP binding cassette (ABC) transporters are primary active transporters, which hydrolyse
ATP directly to power the transport of a substrate against its concentration gradient. ABC
transporters fall into Class 3 of the transport classification systen(Saier et al., 2006). ABC
transporters are widely distributed across all domains of life, including eukaryotic organisms.
Bacterial ABC transporters are extensively reviewed byDavidson et al. (2008). ABC
transporters are widespread within the bacterial genomes, with 50 ABC importers encoded
within the genome of E. coliK-12 (Moussatovaet al., 2008). ABC transporters generally have
two transmembrane domains which allow the substate to cross the membrane, and two
nucleotide binding domains which together bind and hydrolyse ATP to ADP and inorganic
phosphate. Bacterial ABC importers also have a substrate binding protein (SBP). SBPs are
described in detail in Section 1.4. Th&. cdi maltose ABC transporter was the first uptake
ABC transporter to be structurally characterised in its entirety (Fig. 1.600Qldham et al.,
2007), and is the best characterised bacterial ABC transporteproviding a model for the

mechanisms of ABC importers.

The mechanisms of the maltose ABC transporter, reviewed Ihen(2013), were elucidated
based upon structures of this transporter in the different conformations it adopts during the
transport cycle. When no substrate is present, the periplasmic SBP is not associated with the
transporter, and the channel adops an inwards resting state with the two nucleotide
domains not in contact with each other (Fig. 1.7AKhare et al., 2009) When tre SBP
recognises a substrate, it undergoes a large conformational change to close around the
substrate. This conformational change enables the SBP to associate with the transmembrane
domains, which begin to move towards the outwards facing conformation, thbugh the
channel remains closed. The nucleotide binding domains move towards each other to form a
dimer (Fig. 1.7B,Oldham & Chen, 2011)ATP binds to each subunit in the nucleotide binding
domain dimer, and the channel moves to an outwards facing conformation, forcing open the
SBP to allow the substrate to enter the channel (Fig. 1.7@ldhamet al., 20078 ! OOAT I b
from the transmembrane domain prevents diffusion of the substratéCui et al., 2010)back to

the SBPto which the substrate binds with high affinity. ATP is hydrolysed to ADP and the

channel noves to an inwards facing conformation, releasing the substrate to the cytoplasm
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Figurel.7. Stages of transport by the ABC transporter in graragative bacteria

A) Whenthe ligand is not present, the SBfot associated with the transporteB) When a

substrate binds, the transmembrane domains move towards outwards conformation, and
nucleotide binding domains move towards each ot&yATP binds the transmembrane domsi

and the channel moves to an outward conformation, allowing substrate to eD)XTP is

hydrolysed and the channel is in inwards conformation, allowing the substrate into the cytoplasm.
SBP is shown in orange, transmembrane domains in green and rideléaiding domains in

blue. ATP is shown in yellow, ADP in grey and substrate in purple.
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(Fig. 1.7D). The post hydrolysis state is a highnergy intermediate, the crystal structure of

which has not been elucidated.

The second transporter for inorganic plosphate is the ABC transporter PstSCAB. Pstssan

SBP, PstC and PstA are transmembrapsoteins and PstB is a nucleotide bindingrotein. The

full structure of this transporter has not been determined however, the SBP has been
characterised (see Sectionl.4.2). The PstSCAB transporter is a high affinity transporter,
whose expression is induced when phosphate levels drop below 20 pf®ao and Torriani,
1990). Below these concentrations, the low affinity Pit transporter cannot provide sufficient
DET OPETI OO0 OI i AAO OEA AAI 160 OANOEOAI AT 608

There are at least four knownor putative ABC importers encoded inthe same operon as
genes of phosphonate degradation (Fig. 1.8). The most extensively studied and widely
occurring bacterial phosphonate transporter is the PhnCDE transporter (Fig. 1.8\hich in
many bacteria is encoded within the same operon as the broadibstrate specificity GP lyase
enzymes (Hove-Jensenet al., 2014). This transporter has transmembraneprotein PhnE,
nucleotide binding protein PhnC and SBP PhnD. PhnE is cryptic in seveEl colistrains,
including K-12 strains, which are unable to grow on phosphonate@dviakino et al., 1991).

In the nitrogen fixing bacterium S. melilotil021, there is a mutation in the genes encoding the
PstSCAB transporter(Yuan et al., 2006), which has led to a transporter homologougo the
PhnCDE transporter also functioning as a high affinity transporter for inorganic phosphate.
This is called the PhoCDET transporter in th8. melilotiliterature (Voegeleet al., 1997), and
contains two copies of the nucleotide bindingprotein, homologous to PhnE. Theegulatory
protein PhoB was shown not to be essential for 22EP transport in this organism, despe

PhoBbeing essential for transport of a range of other phosphonatg¥oegeleet al., 1997).

Salmonella  typhimurium and Bacillus cereus have the phnWXspecified
phosphonoacetaldehyde hydrolase pathway of-AEP degradation(Baker et al., 1998), which
is associated with PhnSTUV transporter (Bi 1.8B). A plasmid containinga homologous
transporter to PhnSTUV fromEnterobacter aerogenegs able to complement a phosphonate
transport (nphnCDE deletion mutant of E. coli with a 2-AEP specific growth phenotye (Lee
et al., 1992).

In S. melilotil021, within the same operon as thghnWAYgenes ecoding the 2AEP specific

phosphonoacetate hydrolase pathwayBorisova et al., 2011), there are genes encoding a

putative sodium dependent cetransporter (NCBI locus: SMb21536) and gutative ABC
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transporter (NCBI locus: SMb2154e215420) (Fig. 1.8C). The prdicted substrate binding
protein from the transporter associated with this pathway (NCBI locus: SMb21540) has 17%
sequence identity with PhnS, the substrate binding protein from the putative -AEP ABC
transporter from S. typhimurium LT2 (Fig 1.8B). Althoudp this putative transporter is
sometimes labelled as an iron uptake transporter, whose substrate binding proteins fall into
Cluster D of the Berntsson classificatio(iScheeperset al., 2016), the evidence from the solved
structure for PhnS, combined with its genomic context, and the Pho regulon not being
essential for 2AEP transport in S. meliloti1021 (Voegeleet al., 1997) suggeststhat this

transporter is involved in 2-AEP uptake.

Variovorax sp. Pal2 has the phosphonopyruvate hydrolase pathway of phosphonoalanine
degradation. Within the same operon ashe phosphonoalanine transaminase encodingalB
and phosphonopyruvate hydrolase-encoding palA (Kulakova et al, 2001, Kulakova et al.,
2003) genes is a putative AB@ransporter encoded by palCDE(Fig 1.8D). Based on the
genomic context, it is likely that PalCDE is a phosphonoalanine specific ABC transporter,

although this has not been characterised.

1.4 High affinity substrate bindingroteins associated with bacterial transporters

Substrate binding proteins (SBPs) are proteinshat recognise and bind a specific substrate,
such as ions, peptidesor sugars and can be associated with a range of systems including
transporters and signal transduction mechanisms. SBPs usually undergo a large
AT 1 £ Of AGET T Al AEATCA Opi1T AETAET ¢ OEAEO 1 EC
(Mao et al, 1982). SBPs are associated with bacterial ABC importers and with a family of
secondary transporters called tripartite ATP-independent periplasmic (TRAP) transporters
(Forward et al., 1997). In Gramnegative bacteria, SBPs are located in the periplasm, whereas
in Gram-positive species they may be tethered to the membrane. The biimg pockets of SBPs
are responsible for their specificities andswapping few key residuesare all that is required to
swap the binding affinities of SBPs for spermidine and putrescing&cheibet al., 2014). SBPs
often have low sequence identity, despite being structurally similar. In order to classify SBPs,
7 clusters of SBPs of structural simildty designated AG were identified from the available
SBP structures in theProtein Data Bank (Berntsson et al.,, 2010,Scheeperset al., 2016, Fig.
1.9). The distinguishing features often lie within the hinge region of th&BP. Whilst most
SBPs function as monomers, they can also be dimeric, although the physiological reason for
this is unknown. Some examples of physiological dimers include alpik@to acid binding
protein TakP (Goninet al., 2007), and FitE, an iron binding protein(Shi et al., 2009).
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Figurel.9. Structural classification of SBPs that bind phosphorus containing molecules

A) Inorganic plesphate binding protein PstS is a Cluster D binding protein with two short hinges.
B) Phosphonate binding proteiRhnD is a Cluster F binding proteduster F proteins, like cluster
D, have two hinges, but in Cluster F the hinges are much longer. PBB/I0Aliceat al., 2011)
C)TRAP binding protein Desal_034@m Desulfovibrio salexigeris a Cluster E binding protein.
Desal_0342 was crystallised with a diglycerol phosphate ligand. Cluster E have a large helix as
their hinge, and are only associated with TRAP transpof®D8 ID: 4N6@/ettinget al., 2015)
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1.4.1 SBPs for phosphorus containing molecules

The SBP from the phosphate ABC transporter Pstth E. coli has been structurally
characterised (Yao et al., 1996, Fig 1.9A) PstS falls within cluster D of the Berntsson
classification of SBB, having two short hinges connecting its domains. PstS forms 12
hydrogen bonds with phosphate, which also forms a salt bridge with an arginine residue. PstS
has an SGTSequence starting at residue 139, which forms a key part of the binding site, and
is similar to motifs found in other SBPs for phosphorus containing molecules. PstS binds

phosphate with high affinity; the interaction has &g of 0.3 uM at pH 8.5.

PhnD, tre periplasmic binding protein from the broad specificity phosphonate transporter,
unlike inorganic phosphate binding protein PstS, falls within cluster F of the Berntsson SBP
classification as it has two longer, more flexible hinges. ThE&. coli homologue of the
periplasmic binding component of this transporter, PhnD, has beenfunctionally
characterised (Rizk et al., 2006;Aliceaet al., 2011), and has been shown to bind AEP with
very high affinity, with a dissociation constant in the low nanomolar range. It binds
methylphosphonic acid and ethylphosphonic acid with sutmicromolar affinity and a range of
other phosphonates and phosphates with lower affinity, including very weakly binding

glyphosate (Table 1.2).

Aliceaet al. (2011) structurally characterised E. coliPhnD, both in an apo conformation and
with 2-AEP bound (Fig. 1.9B, Fig.10). In order to obtain protein in an open conformation, a
H157A binding site mutant had to be producd to avoid crystallising the protein with a pre
bound ligand. PhnD undergoes an approximately 70° conformational change as it binds its
ligand (Fig. 1.10A) E. coliPhnD forms contacts with the ligand using residues Y47, Y93, S127,
T128, S129, and H157 tdorm hydrogen bonds with the phosphonate oxygen atoms (Fig.
1.10B). Similar to PstS, there is an STSG motif in the binding site, starting at residue 127. The
positively charged amine group of 2AEP is ceordinated by E177 and D205. This is the
variable regon of the phosphonate ligand and these residues are probably therefore involved
in substrate specificity.E. coliPhnD was also shown to form a dimer using an unstructured
region of its Gterminal alpha helix. This helix is unusual in the structures of & and it is

unknown what the physiological function of a dimeric SBP might be for this transporter.

Additional homologues of PhnD have also been characterisditat are specific for phosphite
and hypophosphite these homologues have no detectable bindingith 2-AEP (Bisson et al.,
2017). These proteins demonstrate the diversity of the PhnCDE transporter to transport

available phosphorus containing compounds. Genes encoding PhnD are present at higher
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Tablel.2. Binding affinites of PhnD with phosphorus containing ligands (Alicdaal., 2011).

Ligand Kd
2-AEP 0.005 pM
Aminomethylphosphonic aci 5uM
Methylphosphonic acid 1uM
Ethylphosphonic acid 0.3 uM
Glyphosate 650 puM
KHPQ 50 uM
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A) Open, unbound

B)

R127

THR128

ASP205
TYR93

1S157

Figurel.10. PhnD structure and binding site.
A) PhnD undergoes a 70° conformational change upon bindiaBR (red). The H157A apo form is
shown in green (PDB ID: 3S4U) and th&EP bound form is shown idue (PDB ID: 3P7IB)

Binding site residues of PhnD are shown in red, aAdEP is coloured by atom. Dashed grey lines
indicate hydrogen bonds. Structures solved by Aletes. (2011).
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levelsin marine bacteria. 35% of marine strains vs 21% ddll sequenced strains contairphnD
(Villarreal -Chiu et al., 2012). Thisis consistent with high levels of phosphate or phosphite
molecules that could be transported by the PhnCDE transporter in the marine environment.
PhnD has also been shown to have a potential role in bacterial biofilms, as antibodies to PhnD
inhibit formation of staphylococcal biofilms, although the mechanisms of this are unknown
(Lamet al., 2014)

It is not known to what extent PhnD determines substrate specificity and to what extent this
is determined by the GP lyase complex, althouly Horsman and Zechel (2016) propose PhnD
AO OEA OCAOGAEAAPAOS DPOIT OAET 1T &£ OEEO OUOOAI

A structure for the S. typhimuriumLT2 homologue of PhnS, the periplasmic binding protein
from the 2-AEP transporter associatd with the phosphonoacetaldehyde hydrolase pathway,
has been deposited in the PDB (Patskovslat al.,, 2014, PDB ID: 4R6Yhowever, it is not
bound to phosphonate and there is no accompanying paper. This protein, unlike PhnD which
is a cluster F SBP, falisto cluster D along with Pst§Scheeperset al., 2016).

Vetting et al. (2015) solved the structures of 46 novel TRAP SBP structures, three of which

were bound to glycerol phosphate compounds. All TRAP transporter SBPs, including these,

E

AOA AAOQGACT OEOAA ET O1T Al OOOAO % 1 A& OE Aeliced OT O

functioning as their hinges between domains. TRAP transporter SBPs use Hiigconserved
arginine residues for ceordinating their ligands (Fischer et al., 2015), and the glgerol
phosphate bound TRAP SBPs do not contain the serine and threonine binding loops of ABC

transporter SBPs for phosphorus containing molecules.

1.42 Use of SBPs as biosensors

The combination of the large conformational change of SBPs with their higipecificity and
affinity for their substrates makes SBPs highly suitable for use as biosensors. There have been
several approaches used to accomplish this (Fig. 1.11), many of which are based on
fluorescence methods. Attaching fluorophores to SBPs eitheh@mically or genetically allows

a fluorescence signal to be titrated as a population of protein undergoes its conformational

change and the environment of the fluorophore changes.
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Figurel.11. Concepts for biosensors with SBP scaffolds.

A) A fluorophore (green) is attached to the SBP (orange) and its fluorescence is quenched as the
SBP closes around its substrd®¢In a FRET based biosensor, two fluoropbaee attached to

the SBP, with the donor fluorophore (blue) having a corresponding emission wavelength to the
excitation wavelength of the acceptor fluorophore (yellow). As the two move closer together
upon SBP substrate binding, emission from the acaeptoreasesC)The SBP is attached to a

quartz crystal microbalance, which measures a change as the SBP undergoes its conformational
changeD) The SBP (ange) is attached to a liposome containing dye. A low affinity substrate
(dark blue) is immobilisetb a surface. In the absence of ligand, the SBP attached liposome
attaches to the substrate via the low affinity ligand. In the presence of high affinity ligand, the
liposome does not attach to the surface and can be washed away.
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One of the early examples of a fluorescence based biosensor is the maltose biosensor
developed byGilardi et al. (1994). One of the residues of the protein is mutated to a cysteine,
allowing a fluorophore to be covalently conjugated to the protein. Fluorescence signals then
decrease upon ligand binding, as the fluorophore is more buried within the protein as it
moves into a closed conformation (Fig 1.11A). Phosphonate binding protein PhnD has been
engineered as a fluorescence based biosensor fotAEP(Aliceaet al., 2011,Rizk et al., 2006)
using either a fluorophore conjugated to engineered cysteine residues or a genetically

encoded green fluorescent protein.

More sophisticated methods ofluorescence basedSBP biosensors involve the use of Forster
resonance energy transfer (FRE®R. O O O A YD These workqsing two fluorophores which
come into close proximity to each other as the SBP closes. The first fluorophore has an
emission wavelength at the excation wavelength of the second, meaning emission from the
second fluorophore is only detected when the protein is in a bound state (Fig. 1.11B). This is
accomplished through a direct transfer of energy. A FRET based biosensor for maltose was
developed byFehr et al. (2002). FRET based SBP biosensors are now available for over 20
compounds including sugars such as maltose, amino acifi¥adaet al., 2003), and ions such
as phophate (Gu et al., 2006). Bourdés et al., 2012mined the S. melilotigenome to expand
the range of FRET biosensors to include 4 new classes of compounds: cyclic polyocldedxy

O O ¢ Ankel digaccharides and C4licarboxylates.

In addition to fluorescence based methods, further methods have been developed for SBP
biosensors.Carmon et al., (2004) immobilised an SBP for glucose to the surface of a quartz
crystal microbalance (QCM) to allow glucose detection (Fig. 1.11Che QCM is able to
produce a signal in response to the conformational change of the immobilised protein.
Edwards et al., (2016) adopted a different approach of using dye encapsulating liposomes for
signal enhancement Fig. 1.11D). In this method, the SBP was attached to a dye encapsulating
liposome and alow affinity substrate was immobilised to a surface In the presence of
thiamine, the liposomes do not adhere to the surface and can be washed away. The
concentration of dye following lysis of the liposomes is inversely proportional to the amount

of thiamine present.

1.5 Project aims

The aim of this work was to characterise the microbial transport of phosphonate compounds,
looking at both novel transporters and new orthologues of the PhnCDE transporter. This
knowledge would then be used to inform the deslopment of the scaffold for a biosensor for

the herbicide glyphosate and its breakdown product AMPA. The start point for biosensor
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development would be to investigate PhnD, the substrate binding component of PhnCDE,
from organisms with the ability to useglyphosate as a sole phosphorus source. These PhnD
homologues would be investigated for their binding affinity to phosphonate compounds
including glyphosate and AMPA, and those with the highest affinity and suitability for
biosensor use would then be optinsed using a rational design approach. An ideal biosensor
scaffold would be a stable and homogenous protein with high affinity and specificity for its
ligand. In addition to designing a biosensor, this work would elucidate which PhnD residues
are critical for substrate specificity and characterise the active transport of glyphosate by
bacteria.
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Chapter 2. Materials and Methods
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2.1 Microbiology

2.1.1 Lysogeny broth and agar

Lysogeny broth (LB) wasmade in distilled water using 10 g/L tryptone, 5 g/L yeast extract
and either 10 g/L NaCl for Miller LB, used primarily for culturingE. colior 5 g/L NaCl for
Lennox LB used for culturingS. meliloti LB agar was made by adding 15 g/L agar to LB broth.

Media components were sourced from Oxoid.

2.1.2 Y minimal media

Y minimal medium was adapted fromSherwood (1970).1t is comprised of 25 mM TrisHCI|,
pH 6.8 (Invitrogen), 10 mM glutamic acid monosodium salt (Sigm&ldrich), 0.4 mM MgS®
(Fisher), 1 mM CagGl(Fisher), 2.5 mM KCI (Fisher), 7.5 pg/L each of biotin, thiamine and
pantothenic acid, 30 pM FeSO10 mM succinic acid monosodium salt (all from Sigma
Aldrich) and the specified phosphorus source at 0.5 mM. Phosphonate compounds were

purchased from SigmaAldrich, except glyphosate which was sourced from Chem Service.

2.1.3 MOPS minimal medium

MOPS buffered minimal medigNeidhardt et al., 1974)was made up to a final concentration
of 9.52 mM NHCI, 0.523 mM MgG| 0.276 mM KSQ, 0.01 mM FeSg 5 x 164 mM CaCdl
(Fisher), 50 mM NacCl, 40 mM MOPSH 7.4 (Acros), 4 mM tricine (Alfa Aesar), ammonium
molybdate, 3x 106 mM, boric acid 4 x 1& mM; cobalt chloride, 3 x 18 mM; cupric sulphate,
105 mM; manganese chloride, 8 x 1®mM; zinc sulphate, 1 x 16 mM. Phosphorus sources
were added at 0.5 mM. Cheivals were sourced from SigmaAldrich unless otherwise

specified.

2.1.4 Antibiotics

Antibiotics were used at the concentrations specified in Table 2.1.

2.1.5 Growth assays

Growth assays were performed using either a BMG FLUOstar Omega, or Epoch aT(@&k)

microplate reader. Bacteria were diluted to an initial Oy of 0.01 prior to the start of growth
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Table2.1. Concentrations of antibiotics used in this work.

Antibiotic E. coli S.meliloti Source

Final pg/mL Final pg/mL
Streptomycin 200 200 SigmaAldrich
Kanamycin 50 - TCI Chemical
Ampicillin 100 100 SigmaAldrich
Tetracycline 5 5 SigmaAldrich
Chloramphenicol 30 30 Duchefa
Gentamicin 20 60 Fluorochem
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assays. Starter cultures were grown from a single colony in enriched media, and washed
twice with phosphate free minimal media before growth assays commenced. A volume of 200
uL per well was used in a Nunc Edge plate. The outer wells were not used, andeavklled
with dH»0, as were the outer reservoirs of the plate, to minimise edge effects. Bacteria were
incubated at a constant temperature with 200 rpm double orbital shaking, and
measurements were taken at regular intervals. All replicates came from diffent starter

cultures.

2.1.6 Preparation of chemically competei. coli

Chemically competentE. coliwas prepared by adding 500 pL of the desired strain to 50 mL of
LB. The culture was grown until the ORo reached approximately 0.40.5, the bacteria vere
harvested by centrifugation at 2600 RCF for 10 minutes. Supernatant was discarded and the
cells were then suspended in 10 mL ice cold 0.1M Ca@hd incubated for 20 minutes on ice.
Cells were then centrifuged at 2600 RCF for 10 minutes, supernatant svdiscarded, and cells
were resuspended in 2 mL of ice cold 0.1M Cal5% (v/v) glycerol. Competent cells were

frozen at-80°C for long term storage.

2.2 Recombinant DNA technology

All reagents and enzymes used in Section 2.2 were purchased from Newg&md Biolabs

(NEB) unless otherwise stated.

2.2.1 Strains and plasmids

Strains used in this work are listed in Table 2.2 and plasmids are listed in Table 2.3.

2.2.2 Agarose gels

Agarose gel electrophoresis was performed using 1% (w/v) agarose ifBE buffer. TBE buffer
was composed of 1.62 d/ Tris (Invitrogen), 2.75 g/L boric acid (Fisher Scientific) and 0.95
o/L EDTA (Fisher Scientific) pH 8.3 Either 0.5 pg/mL ethidium bromide or 1 x SYBR Safe
stain (Invitrogen) was added to molten gel beforetiset to enable visualisation of DNA bands.
Gels were submerged in and TBE run at 75 volts for 45 minutes. Each gel contained DNA
ladder
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Table2.2. Bacterial strains used in this work.

Strain Genotype Souce

E. colistrains

51 ph K-M H  ulacghraRurpcAlendAlgyrA26thi-1 supE44  Invitrogen
relAl deohh laczZYAarghuU169

bo9. ph fhuA2(argFlac2U169 phoA ginV44 §ac)M159gyrA96 NEB
recAl relAl endAl thi hsdR17

BL21 (DE3) F-ompT hsdSB (rB mB-) gal dcm (DE3) Novagen

BL21 (DE3) pLysS E. colstr. B FompTgaldcmlonhsdg(rse'ms0 < 60 5 9
[lacllacUV5T7p07ind1 sam7ning]) [malB]k120 %

pLysS[7p200ripisA(Cnf)
BL21 Star (DE3) ompTl hsd (re’, meg) galdcmrnel31 (DE3) Invitrogen
Rosetta (DE3) F ompT hsd&rs mg) gal dcm(DE3) pRARENT) Novagen
Tuner (DE3) F ompT hsd&(rs® mg®) gal dem lacY(DE3) Novagen
BW25113 lacrrrnBrisnlacZyiishsd14 Datsenko &
naraBARussnrhaBADRp7srph-1 Wanner, 2000

n(araB;D)567n(rhabeB)568nlacZ478T..rrnB-
3) hsdR514ph-1

SoloPack Gold ¢ S G MNarARLEBK dcrCBhsdSMRMm)173endAl supE4: Agilent
thi-1 recAl gyrA96 relAl latte [F'proABlaclg¥zk a m p
Tnl0(Tetr ) Amy Caf

Other bacterial

strains

Sinorhizobium Sni Meadeet al.,
meliloti 1021 1982
Sinorhizobium M N H SMbP1540SMb21542 This work
meliloti SIR1

Sinorhizobium M N HSMbP1173 SMb21170 This work
meliloti SJR2

Sinorhizobium M N H 3MbP1540-SMb21542nSMb21173 SMb21170  This work
meliloti SJR3

Rhizobium Glennet al.,
leguminosarum 1980

3841

Rhizohiim Kumaret al.,
leguminosarum 2015
VSX09

Agrobacterium Hyneset al.,
tumefaciendJBAPF2 1985
Pseudomonas Holloway,
aeruginosaPA01 1955
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Table2.3. Plasmids used in thig/ork.

Name Description Resistance Source
pET20b Vector for expressing hexa histidne Amp Novagen
tagged proteins in the periplasm
PET20BRIPhND  pET20b containingPhnD Amp This work
PET20BVSXPhnD pET20b containingsxPhnD Amp This work
PET206SmPhnD pET20b containingmPhnD Amp This work
PET20LAtPhnD  pET20b containingtPhnD Amp This work
PET20EEcPhnD  pET20b containingcPhnD Amp This work
pPET2060aPhnD pET20b containingaPhnD Amp This work
PET20BRgPhND  pET20b containinggPhnD Amp This work
PET20ENPhnDA  pET20b containingPhnDA Amp This work
PET20ENPhnDB pET20b containingPhnDB Amp This work
pPET20b pPET20b containing gene encoding Amp This work
SMb21540 putative 2AEP specific protein
SMb21540
PETDuet Vector for ceexpressing two proteins  Amp Novagen
PETDuet pETDuet containingPhnDAand Amp This work
NphnDA+B nPhnDB
PMALp5X Vector for expressing MBRBsion Amp NEB
proteins in the periplasm
PMALSmMPhnD  pMALp5X withsmPhnD Amp This work
pJET High copy number vector for blunt Amp ThermoFisher
ended cloning
pJETaepflanking pJET vector containing putativeEP  Amp This wak
transporter flanking regions
pJQ200sk Suicide plasmid unable to replicateSn Gen Flannagaret al., 2008
meliloti
pJQ pJQ200sk containing flanking regions Gen This work
phoCDETflanking for phoCDETransporter deletion and-I
Scel restriction site
pig phn flanking  pJQ200sk containing flanking regions Gen This work
for putative 2-AERrransporter deletion
and FScel restriction site
pDAI Plasmid constuitively expressingtel Tet Flannagaret al., 2008
restriction endonuclease
pRK600 Conjugation helper plasmid in strain  Cm Prof. Turlough Finan,
MT616 McMasterUniversity
PETYSBLIEC LIC compatible vector for expressing . Kan Fogg & Wilkinson,

cleavable hexa histidinetagged
proteins
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PETYSBLIaPhnD pETYSBLEC containingpaPhnD Kan
A PETYSBLI&C containingpaPhnDE201N G228N D229 Kan
B PETYSBLI&C containingpaPhnDE201N Kan
C PETYSBLIEC containingpaPhnDE201S G228N D229 Kan
D PETYSBLIEC containingpaPhnDG228N D229G Kan
E PETYSBLI&C containingpaPhnDE201S Kan
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(Bioline Hyperladder 1kb+ or NEB 2log ladder). Samples were prepared in 1x loading dye

(Bioline) prior to being added to the wells of the gel.

2.2.3 DNA preparation and extraction

$.! MEOIT DPIAOIEAO xAO DPOADPAOAA OOET ¢ OBOET (
jooil i ACAh "ETAAOEAR 3ECIi Aq AAAT OAET ¢ O1 OEA
nucleasefree water. DNA from PCR reactions and agarose gels was extracted and cleaned up
using various commercial kits (Promega, Biobasic, Sigma). Genomic DNA wespared using

a Wizard Genomic DNA Purification Kit from Promega.

2.2.4 PCR conditions

A list of the primers used for PCR, and the polymerases used for each is specified in Table 2.4.
Where a PCR product was to be digested by a restriction endonuclease, several extra base
pairs were added to enable effective cleavage. PCR primers were purséd from Sigma or
Integrated DNA Technologie8 0#2 xAO DAOAI O AA AAAT OAEIT
instructions for each polymerase, taking into account the ;Jof the primers and the length of

the sequence to be amplified. A typical 50 pL PCR reaction comd 1x Q5 reaction buffer,

200 uM dNTPs, 0.5 uM each of forwards and reverse primers, 0.5 ng of DNA template and
0.02 U/pL Q5 polymerase. An example of typical thermocycling parameters for amplifying a 1
kbp amplicon is initial denaturation at 98°C for 30s followed by 35 cycles of 10s at 98°C, 30s

at 60°C and 30s at 70°C, followed by a final extension at 72°C for 2 minutes.

2.2.5 Synthetic gene synthesis

Where the source organism for a gene was not readily available, or codon optimisation was
required, synthetic genes were purchased. Codon optimisation of sequences for expression in
E. coliwas performed using JCatGrote et al., 2005). IDT gBlocks were used fooaPhnd
rgPhnD, nphnDAand nPhnDB and were designed with compatible overhangs of 2085 bp for
Gibson assembly with the pET20b vector. The genes for the putativeAEP specific binding
protein, SMb21540 and codon optimisedssmPhnDfor cloning into the pMAL-P5x vector were
purchased from GeneArt ThermoFisher Scientific, and were designed with restriction sites
for conventional ligation based cloning into pET20b. The sequences of these synthetic genes

can be found in Appendix 1.
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Table2.4. Primers used in this work.

Name Sequence Restriction Polymerase
site
RIPhnD EW CATGCCATGGCTCAGGACGTCAAGGTCCTCC Ncol Phusion
RIPhnD RV TGGCGGCCGCGCCGCCGATAACGGCCTTAC Notl Phusion
(NEB)
VSXPhnD FW CATGCCATGGCAGACCTCAAGGAATTCCGC/ Ncol Phusion
(NEB)
VSX PhnD RV TGGCGGCCGCGCCGCCGATGGCAGCTTTGC Notl Phusion
(NEB)
SmPhnD FW CATGCCATGGAAGACCTGAAGGAATTCCGCC Ncol Phusion
(NEB)
SmPhnD RV TGGCGGCCGCGCCGCCGATCGTCGCCTTGC Notl Phusion
(NEB)
AtPhnD FW CATGACATGTCTCAGGACGTCAAGGTTCTGC Pgil Phusion
(NEB)
AtPhnD RV CATGCCATGGCTCAGGACGTCAAGGTTCTGC Notl Phusion
(NEB)
EcPhnD FW CATGCCATGGAAGAGCAGGAAAAGGCGCTG. Ncol Phusion
TCG (NEB)
EcPhnD RV TGGCGGCCGCCTGCACCGCTTTACTCACCG! Notl Phusion
CATCG (NEB)
T7 Universal TAATACGACTCACTATAGGG GoTaq
(Promega)
T7 Terminator GCTAGTTATTGCTCAGCGG GoTaq
(Promega)
NphnDA Duet FW AGCCAGGATCCGAACGACTCTTCTGCTGC  BamHI Phusion
(NEB)
NphnDA Duet RV ATCGCGTCGACTTACTGGATTTCTTTCAGCTC gg]| Phusion
(NEB)
NPhnDB Duet FW  ATAAGATCTATGGCTCCTATCAAAGAACTGA/ Bgll| Phusion
TCG (NEB)
NPhnDB Duet RV TATACTCGAGTTAACGACCCTGCAGAGCACC Sall| Phusion
(NEB)
Duet Downl GATTATGCGGCCGTGTACAA Phusion
(NEB)
Duet Up2 TTGTACACGGCCGCATAATC Phusion
(NEB)
PhoCDET deletion AGGTTCTCGAGTAGGGATAACAGGGTAATGT Xhol, 1Scel GoTaq
upstream FW GGCGGGGLTCGE (Promega)
PhoCDET deletion AAGAACGTAACCATTGGCCGTACACACTAGA GoTaq
upstream chimeric (Promega)
PhoCDET deletion TGTACGGCCAATGGTTACGTTCTTCAACTGA, GoTaq
downstream chimeric ATTGG (Promega)
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PhoCDET deletion
downstream RV
PhoCDET deletion
confirmation FW
PhoCDET deletion
confirmation RV
Putative AEP deletion
upstream FW
Putative AEP deletion
upstream chimeric
Putative AEReletion
downstream chimeric
Putative AEP deletion
downstream RV
Putative AEP deletion
confirmation FW
Putative AEP deletion
confirmation RV

M13 FW

M13 RV

PETYSBLICBW
PETYSBLIC3C RV

PaPhnD FW
PaPhnD RV

PaPhnD

G228N,D229G FW
PaPhnD

G228N,D229G RV
PaPhnE201N FW
PaPhnCE201S FW
PaPhnE201X RV

ACCGGGGATCCTGCGGTCCAACTCGCTCGC BamHI

CGAAGGGTGCCTTCAGTGTCC

CCTTCGATATGCGCAGCATGC

TAGGGATAACAGGGTAATCCGCCGCAGACG, |-Scel

TGC
CGGAACGGTAGCCTTTGAAAACGGCATGCT#

CCcCcC
CCGTTTTCAAAGGCTACCGTTCCGCACTGAC
CTGCCATCGTCCTCCTCGC
AACGCCAAACTCTGCAATGC
GACATAACGGTTGCTCGAATAGG
GTTTTCCCAGTCACGAC

CAGGAAACAGCTATGAC

CGCGCCTTCTCCTCACATATGGGCTAGC
TTGCTGGTCCCTGGAACAGAACTTCC

CCAGGGACCAGCAGACCAGCCGGTGATCAA
GGG

GAGGAGAAGGCGCGTTATCAGCCGGCGTTG
CGG

AACGGCCCGCTGGTGTGGCGCAAC
CGGGATCAGCGGCGACTTCC
AACGGCATGGAGCGCCTGG

AGCGGCATGGAGCGCCTGG
GGTATTGAAGGTGGCGACGTCG
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GoTaq
(Promega)
Q5 (NEB)

Q5 (NEB)
Q5 (NEB)
Q5 (NEB)
Q5 (NEB)
Q5 (NEB)
Q5 (NEB)
Q5 (NEB)
GoTag
(Promega)
GoTaq
(Promega)
Q5 (NEB)
Q5 (NEB)
Phusion
(NEB)
Phusion
(NEB)

Q5 (NEB)
Q5 (NEB)
Q5 (NEB)

Q5 (NEB)
Q5 (NEB)



2.2.5 Conventional ligation based molecular cloning

Conventional ligation cloning was used for vectors pET20b, pEDuet and pMALp5X. Vector

was linearised by double digestion with restriction endonucleases. PCR product was double
digested with the same restriction endonucleases to generate compatible ovenhgs.
2AO00EAOQEIT ATATT OAl AAGAO xAOA OOAA AAAT OAI
compatible vector, and 1 ug of DNA was digested in a typical reaction. The vector was then
dephosphorylated using shrimp alkaline phosphatase (NEB). Both vector aridsert were
cleaned up using a gel extraction kit. Ligation was performed with T4 DNA ligase (NEB).
Insert was added to 50 ng of vector in an approximately 3:1 insert:vector molar ratio, and
incubated for 3 hours at room temperature. The DNA ligase was thdeat inactivated at 65°C

Al O pmn 1 ET OOAOh AT A OEA T EQOOOAE cAO OOAT OA&I O

2.2.6 Gibson assembly

Gibson assembly, a technique used to join DNA fragmen{&ibson et al., 2008) was
performed using a commercial kit (NEB). The pET20b vector was linearised using a double
restriction endonuclease digest with Ncol and Notl enzymes. 40 ng per reaction of synthetic
gene with 20-25 bp homologous overlaps to the pET20b vector were added 50 ng of the
linearised vector and incubated with Gibson assembly master mix (NEB) at 50°C for 1 hour.
AEEO | EQGOOOA xAO OEAT OOAT O&I Oi AA ETOT . %" vy

2.2.7 Ligation independent cloning

Ligation independent cloning (LIC) was used to annegbaPhnD with the pETYSBLIGC

vector (Fogg and Wilkinson, 2008) LIC usesOEA o8 O1 uvé A@ii1 OAl AA
polymerase to create compatible overhangs between a vector and insert. Primers feaPhnD

were designed with a LIC overhang compatible with the LIC cassette in the vector. The vector

was linearised using inverse PCR, and the product was treated with Dpnl restriction
endonuclease to digest methylated template DNA. Vector and insert were treated with T4
DNA polymerase and dNTP separately. 2.5 mM of dTTP was added to 200 ng of vector DNA
and 2.5 mM of dATP was addetdb 200 ng of insert DNA in 20 pL reactions in the presence of

5 mM dithiothreitol (DTT). Following heat inactivation, the vector and insert were added to

each other in a 3:1 insert:vector molar ratio in the presence of 2.5 mM EDTA and incubated at
roomtemD AOAOOOA &£ O puv |1 ET OOAO8 4EA OAAAOQEIT 1E
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2.2.8 Site directed mutagenesis

Site directed mutagenesis opaPhnDwas performed using the methods oHemsley et al.,
(1989). This method uses inverse PCR to amplify the entire plasmid with a primer containing
A 1T EOI AOAE A Avithutlte sdquedcoti Beictanged. The pETYSBIRGPhnD plasmid
was linearised by using mutagenic primers. The PCR product was then digested with Dpnl
restriction endonuclease to degrade methylated template DNA. 100 ng of PCR product was
treated with T4 kinase followed by T4 DNA ligase. Ligation mix was transformed into
SoloPack Gold. Checking for the correct mutants was performed using Sanger sequencing
it 1 4a#q xEOE 4x OT EOAOOAI AT A 4x OAOI ETAOI O

change in DNA legth detectable by agarose gel electrophoresis.

2.2.9 Checking plasmids for insert following cloning

Checking for the presence of insert following cloning was either performed using a colony
PCR with T7 universal and T7 terminator primers, or a restrictin endonuclease digest of
plasmid DNA with the enzymes used to create the construct. Clones containing an insert were
then sent to GATC for Sanger sequencing with an appropriate sequencing primer. Sequences

were verified against the expected sequence usirigenchling.

2.2.10 Creating gene deletion mutants $i meliloti1021

Phosphonate transporter deletion mutants were produced in collaboration with Prof. Ivan
Oresnik and Dr. Justin Hawkins (University of Manitoba, Winnipeg, Canada). Methods
adapted from (Flannaganet al., 2008)were used (Fig 2.1) to produce unmarked deletions of
the PhoCDET transporter §Mb21173to SMb2117Q0 and the putative 2AEP specific
transporter (SMb215400 SMb21542, leaving only a short scar peptide.

The first stage of producing these mutants was to use PCR to amplify approximately 500 bp
upstream and downstream of the area to be deleted. These flanking sequences weri@gd
using a second PCR utilising the Splice Overlap Extension (SOEing) PCR techr(igoeton,
1995). Chimeric primers were designed with a 12 bp overlap. This process left a gene
encoding a short scar peptide between the start codon of the first deleted gene and the stop
codon of the final deleted gea. Primers were also designed to incorporate a cut site for the
restriction endonuclease tScel, to enable DNA cleavage of genomic DNA following

integration of the final construct into the S. melilotigenome.
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Figure2.1. Constructing iScel dependent gene deletions.

Step 1: Flanking regions for the area to be deleted are cloned into the pJQ200sk plasmid with an |
Scel restriction site. Step 2: the pJQ200sk construct is integrated int8.theelilotigenome by
homologous recombination. Step 3: the pDAI1 plasmid expresses3btel lendonuclease creating

a double stranded break in the genomic DNA. Step 4: The break in the DNA is repaired by
homologous recombination resulting in reversion tald-type or unmarked gene deletion.

Adapted fromFlannagaret al., (2008)
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The PCR product from SOEing PCR was then cloned into the pJQ2@®s&ide vector, which
integrates into the S. meliloti genome in the correct location using homologous
recombination, which is selected for because the plasmid is unable to replicate in this
organism. The pJQ200sk vector was screened for insert using coloRZR with M13 primers.
The flanking regions for the genes encoding the-2EP specific transporter were cloned into a
pJET vector using a blunt ended ligation with a commercial kit (ThermoFisher). The construct
was then subcloned into pJQ200sk using Xbalral Notl restriction endonucleases. The
flanking regions for the genes encoding the PhoCDET transporter were ligated directly into

pJQ200sk using BamHI and XHol restriction endonucleases.

The pJQ200sk based deletion constructs were conjugated in® melibti using triparental
mating. Colonies ofS. melilotil021, E. coliMT616 harbouring the pRK600 helper plasmid and
E.coi$(vy AT TOAETETC OEA D$!) Bélehtidd BAAgax pladd 1 F
overnight with 10 pL of 0.85% (w/v) NaCl solution. Thiswas streaked onto agar plates
containing streptomycin and gentamycin to select forS. meliloti containing the deletion
construct. Colonies were streaked a second time onto LB agar plates containing streptomycin
and gentamycin to ensure all parent straingvere removed.

AnE.coli$ (vy OOOAET Ai 1T OAETEIC OEA Dl AOi EAScd$! )
restriction endonuclease was then conjugated intoS. meliloti containing the deletion
construct, using tri-parental mating as above. Strains were streaked twice onto agar plates
containing tetracycline and streptomycin. Expression of-6cel introduces a double stranded
break where the plasmid integrates into the geame, and homologous recombination used to
repair the break means the pJQ200sk construct is excised and the strain either reverts to wild

type, or removes the genes producing an unmarked deletion.

Colonies were patched onto a noselective LB agar plate ath an LB agar plate containing
gentamycin to select for those that had lost the pJQ200sk construct. Colony PCR using
primers that anneal outside the cloned flanking regions were then used to verify whether the
genes encoding the transporter were present. Gemic DNA was prepared from each deletion
strain and PCR was repeated to verify that the genes to be deleted were absent. For the
double mutant with both phosphonate transporters deleted, the first deletion strain was re
streaked multiple times and patchedbnto a tetracycline LB agar plate after each passage until
tetracycline sensitivity was verified, meaning the pDAI plasmid had been cured. The process

was then repeated with the second pJQ200sk deletion construct.
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2.2.11 Bacterial transformation with reombinant plasmids

Bacterial transformation was performed using the heat shock method. Approximately-3 ng

of plasmid DNA or ligation mixture was added to either 100 pL of thawed competent cells, or
an aliguot of commercial competent cells, on ice. Thigas incubated on ice for 25 minutes
before a 1 minute heat shock at 42°C. Cells were subsequently returned to the ice for 5
minutes. 900 pL of LB or 175 pL of SOC media (Agilent) for commercial competent cells was
added and the cells were incubated at 37°@r 1 hour of outgrowth. Bacteria were then

plated onto an appropriate antibiotic agar plate.

2.3 Recombinant protein production and purification

2.3.1 Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis (PAGE) was performed with eién sodium dodecyl
sulphate (SDSPAGE) or without protein denaturing agents to analyse native proteins (native
PAGE). Resolving SEFAGE gel was made from 12% acrylamide, 375 mM T##Cl pH 8.8,
0.1% SDS, 0.1% APS and 0.01% TEMED. Stacking gel, formingajp@ cm of a standard SDS
PAGE mini gel was made from 4% acrylamide, 125 mM T4#$Cl pH 6.8, 0.1% SDS, 0.1% APS,
0.01% TEMED. SDB8AGE running buffer in the tank was made up of 3 Q/Tris, 14 g/L
glycine and 1 gL SDS and the pH was adjusted to 8.8 witiCl. Sample buffer for SDBAGE
gels was made from 100 mM TrigHCl pH 6.8, 5% SDS, 0.4% bromophenol blue, 20%agrol
AT A o m r-mércigtogthanol (Applichem). For native PAGE electrophoresis, all reagents
xAOA AO AAT OAh AOO -mexdppéiadoiwasabsdri frod Gample&difter. [

For SDS PAGE, samples were prepared by dilution in sample buffer. Whole cell lysates had a
volume in pL of 25 times the OB of the harvested sample added to the pellet from 1 mL of
culture. Sample buffer was duted 1 in 4 into soluble protein samples. All protein samples
were heated to 95 °C for 5 minutes. Soluble samples were then applied to the gel. Cell
samples were vortexed vigorously for 1 minute to degrade genomic DNA for easier pipetting,
then centrifuged for 5 minutes at 15000 RCF to remove cellular debris, before supernatant
was applied to gels. Samples were not heated prior to native PAGE. PAGE gels were run at
200 V for 50 minutes.

Coomassie stain was prepared by mixing 2.5 g CoomasBiglliant Blue (SigmaAldrich), 450
mL of methanol (SigmaAldrich), 450 mL of dHO and 100 mL acetic acid (Honeywell). Gels
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were stained for 5z 20 minutes in Coomassie, depending on the age of the stain, and then de

stained in 10% (v/v) acetic acid, 1 % Y/v) ethanol.

2.3.2 Small scale protein expression trials

For small scale protein expression trials, plasmids were transformed into the desired
expression strain. 25 mL of LB medium with appropriate antibiotics was inoculated to an
ODsso of 0.1 from a 5mL overnight culture grown at 37 °C in LB aerobically at 200 rprin a 30
mL plastic Sterilin tube (ThermoFisher) taken from a single colony. Cultures were grown
aerobically at various temperatures to an O Of 0.4-0.6, and induced with 1 mM isopropyl

[ -D-1-thiogalactopyranoside (IPTG). Samples were taken immediately before induction, at 1
hour intervals, and following overnight growth for SDSPAGE analysis to examine expression

of recombinant protein.

2.3.3 Large scale protein expression

Large scale egression was conducted using the same conditions as small scale expression
trials by growing 650 mL of bacterial culturein a 1L flask. Bacteria were grown aerobically
with 120 rpm shaking at the determined optimal temperature for recombinant protein
expression. Cells were harvested by centrifugation at 4430 RCF at the optimal time point

determined by small scale expression trials.

2.3.4 Periplasmic preparation

Periplasmic fractions were isolated using one of two methods. The first periplasmic
extraction method is the icecold osmotic shock method Neu & Heppel, 196%. Cells were
harvested by centrifugation at 4430 RCF, resuspended in 20 mM Tris, 25% w/v sucrose, 5
mM EDTA pH 8 and incubated on ice for 15 min before further centrifugation at 38000 RCF.
Cells were further resuspended in 5 mM MgGlwith lysozyme and protease inhibitor and
incubated on ice for 30 minutes before a final 38000 RCF centrifugation step. The second
periplasmic extraction method is a onestep method. Harvested cells are suspended in 25 mL
of ice-cold SET buffer (5 mM EDTA, 0.5 M sucrose and 50 mM TiHEI, pH 7.8) per litre of
culture. Chicken egg white lysozyme (Sigma) was added to cells in SET buffer at a
concentration of 1 mg/mL, and incubated at 30°C for 2 hours. A final 38000 RCF
centrifugation step was performed to harvest the periplasmic contents. Supernatant
containing periplasmic proteins was analysed by SDBAGE for presence of recombinant

protein.
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2.3.5 Cell lysis

Cell lysates were prepared using a sonicator. Harvest&acteria were suspended in 35 mL of
the wash buffer used for the purification step, without imidazole. PMSF Protease inhibitors
w! 1 PEA $EACTI T OOEAQqQ xAO AAAAA OI po OEA 1Al
sonicated for a total of 3 minutes on ice, v a power output of 60W. 3 second pulses of

sonication were alternated with 7 seconds of off time to avoid heating the sample excessively.

2.3.6 Protein purification using nickel affinity chromatography

Nickel affinity chromatography was performed eithe using disposable gravity flow columns,
each with 1 mL of NickelNTA resin (ThermoFisher), or on an AKTA prime or AKTA start
FPLC machine with a 5 mL HisTrap column (GE).

Buffer components were as follows. All buffers contained 20% (v/v) glycerol (Honeyell),
200 mM NaCl and 50 mM TriddCI pH 7.8. Wash buffer contained 20 mM imidazole, and
elution buffer contained 500 mM imidazole. Denaturing buffer contained 2 M guanidirelCl

and 20 mM imidazole.

Columns were equilibrated with 20 column volumes (CV) oivash buffer. Samples of either
lysate or periplasmic extract were loaded onto the column and flow through collected. For
native protein preparation, the column was then washed with 10 CV of wash buffer. For
refolded proteins, the column was washed with 3@V of denaturing buffer. For gravity flow
columns, the concentration of guanidineHCI in the buffers was dropped stepwise by 0.5 M,
with 4 CV of each intermediate concentration being added to the column. Where an FPLC
system was used, a 12 CV gradient wased to decrease the concentration of guanidirglCl.
Refolded proteins were washed with 8 CV of wash buffer. Refolded and native proteins were
eluted with 5 CV of elution buffer.

2.3.7 Protein dialysis

Protein dialysis was performed for buffer exchange, using Spectra/Por dialysis tubing
(ThermoFisher) with a 12-14KDa molecular weight cut off. Dialysis was performed at 4°C
using three steps of 1 L of buffer. Each step lasted at least an hour, and one dialysis step was

overnight.
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2.3.8 Protein gantification

Protein quantification was performed using an A measurement in a quartz or UV
compatible path length cuvette. Molecular extinction coefficients were calculated using

Expasy ProtParam. Proteins were diluted so the absorbance value measuveals below 1.

2.4 Protein analysis

2.4.1 Size exclusion chromatography

Size exclusion chromatography of OaPhnD was performed on a HiLoad Superdex S200
16/600 column with buffer, with thanks to Dr John Darby (University of York). Size exclusion
chromatography of the putative 2AEP specific binding protein was performed using a HiPrep
Sephacryl $100 HR column (GE) with a flow rate of 0.5 mL/minute with 50 mM N&, 20 mM
Tris-HCI pH 7.8 buffer.

2.4.2 Size exclusion chromatography medingle laser light sattering (SEEMALLS)

SEGCMALLS was performed by Dr. Andrew Leech, University of York. SEALLS allows
determination of the molecular weight of protein and protein complexes in solution using
light scattering (Folta-Stogniew and Williams, 1999) A size exclusion column is used to
separate proteins by size meaning multimeric complexes are distinguished from each other
and from the monomer. The molecular mass of each elution fraction is measured using the
light scattering and refractive index. A Wyatt Dawn HELEGS$ 18-angle light scattering
detector and Whatt Optilab rEX refractive index monitor linked to a Shimadzu HPLC system
with a Superdex 200 HR10/30 column (GE) were used to measure the molecular weight and

stoichiometry of PaPhnD.

2.4.3 Mass spectrometry

Denaturing mass spectrometry of OaPhnD was germed with an ABI Qstar tandem mass
spectrometer by Dr. Andrew Leech, University of York. The sample was dialysed into 25 mM

ammonium acetate buffer prior to analysis.
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2.4.4 Circular dichroism (CD)

A 3810 spectropolarimeter (Jasco) was used to measarCD spectra. A temperature of 25°C
was maintained throughout the experiment. Protein was dialysed into 20mM Tri$iCl pH7.8,
5% glycerol buffer and diluted to a concentration of 0.2 mg/mL. Spectra were measured from
197 to 260 nM in a 1 mm path length qude cuvette (Starna) at 200 nm per minute with 0.5

nm pitch.

2.4.5 Differential scanning fluorimetry

Differential scanning fluorimetry of PaPhnD was performed using a Prometheus instrument
(NanoTemper). Protein at a concentration of 1 mg/mL was added toapillaries. Changes to
fluorescence and scattering were measured in triplicate at temperatures between 20 and

97°C at a rate of 1°C per minute with an excitation power of 25%.

2.4.6 Intrinsic tryptophan fluorescence spectroscopy

Tryptophan fluorescence spectroscopy was performed using a FluoroMax 4 fluorescence
spectrometer (Horiba JobinYvon). Fluorescence experiments were conducted in a 3 mL
volume quartz cuvette with a path length of 10 mm. Stirring took place throughout the
measurement. Slit widths were 5 nm for all experiments. For proteins used in Chapter 3, 20
mM Tris buffer, pH 7.8 was used. Excitation wavelengths, emission wavelengths and protein
and ligand concentrations are specified in each chapter. For chapter 4, measurements were
made in 50mM Tris-HCI, 200 mM NaCl, 5 % (v/v) glycerol. Binding curves to determini&

were calculated in SigmaPlot using hyperbola, single rectangular, 2 parameter fitting.

2.4.7 Isothermal titration calorimetry (ITC)

For all ITC analysis, the ligand was titrated into the same batch of buffer that the protein was
dialysed into, to avoid any noise due to buffer mismatch. A MicroCal AufbC200 instrument
was used to obtain the results presented in Fig. 3.15. All otheFC was performed using a /P
ITC instrument. For analysis performed using the \WPTC instrument, the buffer, protein and
ligand were degassed prior to the start of the experiment. Ligand concentration in the syringe
was initially at 10x the concentration ofprotein in cell, however this was increased for lower
affinity interactions and decreased for higher affinity interactions. All ITC was carried out at
25°C. Data was analysed using Origin ITC software (OriginLab). This was used to calculate the

Kp, stoichiometry, and enthalpy change of the reaction.
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2.4.8 Thermal shift analysis

Thermal shift analysis was performed in a 9@vell plate and measured using a StepOnePlus
real time PCR system. Temperatures were ramped at 0.05°C/s between 25 and 99°C. Proteins
were used at 1 pM and ligands at 100 uM unless otherwise stated in a 20 pL reaction. A
Protein Thermal Shift Dye Kit (ThermoFisher) was used to measure protein unfolding;
however, the buffer from this kit was replaced with 50 mM TrisHCI pH 7.8, 20 mM NaCb%
(v/v) glycerol to avoid the addition of phosphate. Melting temperatures were calculated using

StepOne software.

2.4.9 Microscale thermophoresis

Prior to microscale thermophoresis (MST) analysis, proteins were labelled with AlexaFluor
647 NHS Ester (hermoFisher). This label reacts with the primary amines of lysine residues
to covalently attach to proteins. Proteins were dialysed into 20 mM HEPES, 50 mM NacCl, 5%
(v/v) glycerol, pH 7.8, because the label reacts with the primary amine residues of Tris fher.
The label at a concentration of 15 uM was then incubated with the proteins at a concentration
of 5 uM at room temperature for 1 h. Nickel affinity chromatography with a gravity flow
column was used to remove excess dye, the ratio of dye to ligand wessified by Asso and Asso
measurements, and concentrations were calculated using the molecular extinction
coefficients of the label and protein. Proteins were dialysed into 20 mm TrHBICI, 200 mM
NaCl, 5% (w/v) glycerol, pH 7.8, and 1% Tweef0 (Sigma Aldich) was added to prevent

aggregation.

MST was conducted with a Monolith NT115 (NanoTemper). Microscale thermophoresis
measures binding by detecting the movement of the fluorescently labelled protein against a
small temperature gradient within a capillary. This movement changes as the protein binds a
ligand and its charge, conformation or hydration state is alteredJerabekWillemsen et al.,
2014). Ligands were prepared in a 2old serial dilution across 16 tubes in TrisHCI, 200 mM
NaCl, 5% (w/v) glycerol pH 7.8. Diluted ligand at 16 concentrations and protein were mixed
together in a 1:1 volume ratio before they were applied to the capillaries. Protein was used at
a final concentration of 20 nM labelled protein. MST power was higloif all measurements
and excitation was at 20%. MST measurements were conducted in triplicate, and binding

affinities were calculated using MO.Affinity analysis (NanoTemper).
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2.4.10 Protein crystallography

Purified proteins at concentrations from 7-15 mg/mL were screened using the sittingdrop
vapour diffusion method in 96-well plates (with thanks to Shirley Roberts, University of York

for help with the proteins discussed in Chapter 1). Various commercially available screens
were used including Index, Hampton | and Il, PDB Minimal set and PACT. Crystals of VSXPhnD
were checked for diffraction at the YSBL-Xay source and taken to the DIAMOND light source,
Didcot, for Xray data collection (with thanks to Sam Hart, University of afk).

2.5 Bioinformatics

Protein orthologues were identified using the Basic Local Alignment Search Tool (BLAST),
with the default parameters (Bensonet al., 2009). Protein alignments were produced using
either CLUSTALXLarkin et al., 2007) or MUSCLHEEdgar, 2004) Phylogenetic analysis was
conducted in UGENE usinghe maximum likelihood method (Okonechnikov et al., 2012).
Phylogenetic trees were displayed using the iTOL online to@lL.etunic and Bork, 2016) Signal
peptides were predicted using SignalP 4.@Petersenet al., 2011). Codon optimisation was
performed using JCatGrote et al., 2005). Structures were displayed and homology models
for PhnD homologues were created using the Discovery Studio software (Accelerys). The
homology model d OaPhnD was constructed by Paul Bond, University of York. The homology
model of SMb21540 was created using the PHYRE2 ser/telly et al., 2015) Genomic

contexts were obtained using the Miobial Genomic Context Viewe(Overmarset al., 2013).
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Chapter 3. Identification and characterisation
of PhnD homologues from bacteria able to
catabolise glyphosate
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Designing a biosensor for the widely used herbicide glyphosate requires the development of a
recognition component that can bind glyphosate with high affinity and specificity. Bacteria
able to utilise glyphosate as aole phosphorus source are described in Chapter 1. These
bacteria catabolise glyphosate using the-€ lyase complexWackett et al., 1987) However,
the mechanisms by which glyphosate utilising bacteria transport glyphosate into the cell have
not been well characterised previously. Many glyphosate utilising organisms have genes
encoding the PhnCDE ABC transporter fqgghosphonates within the same operon as genes
encoding the GP lyase complex.lt was hypothesised that this ABC transporter was
responsible for the transport of glyphosate in these organisms. If this was the case,
homologues of the periplasmic binding progéin component of the PhnCDE phosphonate
transporter, PhnD, from glyphosate utilising bacteria would be able to bind glyphosate with
high enough affinity for enough glyphosate to be transported into the cell to satisfy its
phosphorus requirements.It was predicted that PhnD homologues from glyphosate utilising
bacteria may therefore have the ability to bind glyphosate with high enough affinity to
function as a recognition component for a glyphosate biosensor. This chapter describes the
identification, production and biophysical characterisation of these candidate glyphosate

binding proteins.

3.1 Bacterial species able to utilise glyphosate as-solrce

In order to confirm literature reports of bacteria that can utilise glyphosate as a sole
phosphorus soure, and to identify related glyphosate utilising bacteria, growth assays were
performed with glyphosate as the sole phosphorus source (Fig. 3.1). The organisms tested
were S. meliloti 1021 (Fig 3.1A),R. leguminosarum3841 (Fig. 3.1B), andA. tumefaciens
UBAPF2 (Fig. 3.1D), which had previously been shown to utilise glyphosate by et al,
(1991). The additional VSX09 strain oR. leguminosarun(isolated by Kumar et al., 2015),
whose PhnD homologue only has 53% sequence identity with that of the 3841 strain, was
also tested (Fig. 3.1C). These organisms were provided by Prof. Peter Youngyvehsity of
York and were used because of their availability at the University and their wedistablished

culture methods.

Growth assays were performed in Y minimal medium with different phosphorus sources
using a microplate reader. All four of the bactea tested were able to utilise glyphosate as a
sole phosphorus source to some extent (Fig 3.1). All of these organisms had an extended lag
phase of growth when grown on glyphosate, compared to growth on MNdPQ. R.
leguminosarum3841 and S. meliloti1021 reached the highest OB yields when grown on

glyphosate of approximately 0.6 (Fig 3.1A and Fig. 3.1 B). F®rleguminosarunthis yield was
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A) Sinorhizobium meliloti 1021 B) Rhizobium leguminosarum 3841
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Figure3.1. Analysis of growth of bacteria witlglyphosate as the sole phosphorus source.

Microplate growth assays were conducted using Y minimal umediith bacterial strainsA)
Sinorhizobium meliloti021, B) Rhizobium leguminosarur@841, C) Rhizobium leguminosarum
VSX09, and) Agrobacterium tumefacien®dJBAPF2. Growth is compared between 0.5 mM
glyphosate (green) and 0.5 mM MHPQ (red) as the sole source of phosphorus and negative
controls containing no phosphorus (blue). Standard deviation a&osglicates is shown.
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similar to that achieved with NaHPQ (Fig. 3.1 B).R. leguminosarumVSX09 andA.
tumefaciensUBAPF2reached much lower yields when grown on glyphosate, each reaching a
maximum ODRyoo of approximately 0.3 (Fig. 3.1C and Fig. 3.1D). FBr leguminosarunvSX09,
the growth on Na&HPQ is also relatively low compared to the other strains, only reaching a
maximum ODQyo of approximately 0.6 (Fig 3.1 C)A. tumefaciens however reaches a much
higher yield when grown on NaHPQ compared to glyphosate (Fig. 3.1D), suggesting
glyphosate is either not transported or not metabolised as efficiently as orthophosphate in

this organism.

These results show that glyphosate is able to be transported and catabolised by all four of
these organisms. This suggests that thehn specified ABC transporters from these species

might be able to transport glyphosate, and that their PhnD homologues would therefore be
able to bind glyphosate. This assumes that there are no additional glyphosate transggos

encoded within the genomes of these species, which is examined in Chapter 4.

3.2 Selection of candidate glyphosate binding proteins

Candidate glyphosate binding proteins were selected from PhnD homologues of glyphosate
utilising organisms studied n Section 3.1 and those described in Chapter 1. Eight candidate
proteins were chosen attempting to include those with good sequence information for the
strain in which glyphosate utilisation was observed. It was important to have multiple
candidates as may proteins are not able to be expressed heterologously iB. colj or form a
stable and correctly folded final protein. Proteins were selected to cover a range of sequence

diversity within PhnD homologues from glyphosate utilising organisms.

Reciprocal potein BLAST searchegAltschul et al., 1990) were used to confirm that each of
these proteins was an orthologue of the previously characterise&. coliPhnD homologue,
EcPhnD (Rizk et al., 2006; Aliceaet al., 2011). Phylogenetic analysis sbws that PhnD
homologues are present across a range of bacteria, including Graositive species in
AAAE OEhI- A1OAproteobacteria and cyanobacteria (Fig. 3.2). Many of the bacterial
strains which have been confirmed as glyphosate utilisers are glogenetically related -
proteobacteria and have homologous PhnD proteins with close sequence identity. Analysis of
the alignment of these proteins shows a highly conserved STSG motif starting at residue 123
on the alignment (Fig. 3.3) which forms part othe region of the EcPhnD structure that binds
the oxygens of the phosphonate group of-2EP. All of the candidate glyphosate binding
proteins had truncations in the Gterminal alpha-helix, which is the dimer forming region of

EcPhnD(Aliceaet al., 2011), suggesting that these proteins are monomeric. Analysis of the
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Figure3.2. Maximum likelihoodphylogenetic tree of PhnD homologues.

Sequences were confirmed as orthologous to EcPhnD using a reciprocal BLAST search. Alignme
was performed using MUSCLE, and the tree was constructed using UGENEw&ggneated
using FigTree. Bootstrap values ad@BI locus tags are shown. Green circles indicate species is

able to utilise glyphosate as a sole source of phosphorus. Red triangles indicate the orthologue
was selected for characterisation in this work.
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Figure3.3. Alignment of PhnD orthologues.

A sequence alignment of EcPhnD and candidate glyphosate binding proteins was created using
ClustalX and displayed using ESRRubert and Gouet2014) Secondary structure of EcPhnD is
shown.
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genomic context for the genes encoding PhnD orthologues from glyphosate utilising species
shows that all of the PhnD homologues chosen have genes predicted to encode-B yase

complex within the sameoperon for that of exceptS. melilotil021 (Fig. 3.4).

The final list of proteins selected for recombinantE. coli expression, purification and
characterisation are shown in Table 3.1, including EcPhnD as a nglyphosate binding
control, so that the techniques used in this study could be validated against those used
previously (Rizk et al., 2006; Aliceaet al., 2011). PhnD orthologues were selected to cover the
widest range of diversity possible. 8veral similar orthologues from the familyRhizobiaceae
were selectedbecause they were available at the University of York (with thanks to Prof.
Peter Young). These were the orthologues frorR. leguminosarun3841, R. leguminosarum
VSX09S. melilotil021 and A. tumefacien®JBAPF2. The PhnD orthologue from. galegaevas
selected as an additional member of th&hizobiaceaefamily to be synthesised as a codon
optimised gene. The orthologue fronD. anthropiwas selected, because it fell into a different
cluster of the phylogenetic analysis than the other alph@roteobacteria (Fig. 3.2). The two
PhnD homologues from the cyanobacteridNostocsp. PCC7120 were selected as they were

distant from the other selected organisms in the phylogenetic analysis.

3.3 CloningphnDgenes into the pET20b vector for periplasmic expression

To recombinantly express candidate proteins, an expression strategy was required. The same
strategy was initially chosen for all proteins to optimise the efficiency of the work andot
allow direct comparisons to be made between proteins produced using the same conditions.
Candidate glyphosate binding proteins were analysed to predict whether they might contain
disulphide bonds, which would require the protein be secreted to the periplsm to fold
correctly. EcPhnD, whose structure has been solvefflicea et al., 2011) OaPhnD and
NPhnDB do not contain any cysteine residues and therefonnot form disulphide bonds
and would be suitable for cytoplasmic expression. All other identified candidate glyphosate
binding proteins, however, contain at least two cysteine residues. When the sequences for
these proteins were aligned with EcCPhnD anthapped to their corresponding residues on the
structure, it was shown that in the majority of cases cysteine residues were in similar regions
of the protein (example shown in Fig. 3.5 for SmPhnD). Due to low sequence identity with
EcPhnD, it was not possile to make accurate predictions about the precise locations of these
cysteine residues, and therefore all proteins were targeted to the periplasm for heterologous

expression inE. coli
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Figure3.4. Operon organisation of phn genes in bacterial strains whose PhnD proteiase
used in this project.

Regulatory genes are labelled in green, genes with known enzymatic activity are labelled in blue,
genes for transport pratins are labelled in red and genes for auxiliary proteins of phosphonate
catabolism are labelled in purple. 1045 indicates the domain of unknown function gene DUF1045
and 2HP indicates a histidine kinase. Genes not involved in phosphonate catabolisbebee la
white. Genomic context obtained from Microbial Genome Context Vid@germarst al., 2013)
Adapted fromHoveJenseret al. (2014.
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Table3.1. Candidate glyphosate binding proteins selected for expression, purification and
characterisation.

Source Organism NCBILocus tag Gene Protein name
name used in this
used in work
this work

Escherichia co-12 B4105 ecPhnD EcPhnD

Sinorhizobium meliloi021 SMb21176 emPhnD  SmPhnD

*Neorhizobium galegae RG540 CH43270 rgPhnD RgPhnD

*Nostocsp.PCC 7120 All2228 nPhnDA  NPhnDA

*Nostocsp.PCC 7120 All2229 nPhnDB  NPhnDB

*Ochrobactrum anthropATCC 49188 Oant_2186 oaPhnD OaPhnD

Rhizobium leguminosarubv. Viciae 3841 RL0168 rlPhnD RIPhnD

Agrobacterium tumefaciendBAPF2 Atu0173 atPhnD AtPhnD

Rhizobium leguminosarumSX09 Strain provided by  vsxPhnD  VSXPhnD

Prof. Peter Young,
University of York

(Kumaret al., 2015)

Names of each protein used in this work are indicated. *Indicates that the gene was purchased as
a codon optimised synthetic gene.
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Figure3.5. Predicted locations of cysteine residues of candidate glyphosate binding protein
SmPhnD.

Protein sequences were aligned using ClustalX. Locations where a cysteine residue from SmPhnl
(blue) aligns with the EcPhnD structufgellow) are mapped onto the structure of EcPhnD (PDB
ID:3P71Aliceaet al.,, 2011)
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To express recombinant préein expression in E. colj a suitable cloning vector must be
chosen. The widely used pET vectors (Novagen) are based on an inducible T7 RNA
polymerase and aredesigned to produce very high yields of protein. The pET vector pET20b
is particularly suitable for expressing periplasmic proteins such as PhnD because it has a PelB
leader sequence for targeting proteins to the periplasm and a-&rminal hexa histidine-tag

for affinity purification. Disulphide bonds are formed in the oxidising environment of the

periplasm, between two cysteine residues in close proximity.

Genes were cloned into the pET20b vector (Novagen). Native signal peptides were identified
using SignalP(Petersenet al., 2011) The pET20b vector was linearised using Ncol and Notl
restriction endonuclease enzymes. Genes encoding EcPhnd, SmPhnD, VSXPhnD, and RIPhnD
were amplified using colony PCR from their source strains, with primers designed to
incorporate Ncol and Notl restridion sites. TheatPhnD gene was amplified using primers

with a Pcil restriction site in the place of the Ncol site, as the Ncol site was already contained
within the gene and Pcil produces a compatible overhang. These amplified genes were ligated
into the vector using T4 ligase (Promega). As source organisms were not readily available for
NPhnDA, NPhnDB, OaPhnD and RgPhnD, these were ordered as codon optimised synthetic
genes with 2025 bp overlaps with the vector. Gibson assembly was performed to assemble
AAAE 1T £ OEAOA CATAO ET OF OEA OAAOQOI 08 &I 111 x
" EAOTT AOOAI AT UR 10 $(uy A T1i1xETC 1ECAOGEIT
insert. This was performed using either colony PCR with T7 universal and T@&rminator
primers or a restriction digest of the purified plasmid using Ncol and Notl restriction
endonuclease. A PCR screen was conducted for all genes cloned into pET20b (Fig. 3.6).
Plasmid DNA was then prepared from colonies with plasmid containing inseand sequences

were verified as correct using sequencing (GATC) using T7 universal and T7 terminator
primers. All constructs were sequence verified to ensure no mutations were present and that

the genes were iaframe with an N-terminal PelB leader sequene and Gterminal hexa

histidine-tag.

3.4 Optimisation of the expression of PhnD homologues

To determine the optimum expression conditions for each recombinant PhnD homologue,
small scale protein expression trials were conducted at 19°C, 25°C, 30°C and 37°C. Many of
the source organisms for these proteins are soil organisms which grow at lower
temperatures than 37°C, which is the optimal temperature foE. coligrowth. This meant that

expression of these proteins may have been sensitive to higher temperatures.
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Size (bpp) _ M ecPhnD oaPhnD rgPhnD nPhnDAnPhnDB vsxPhnD rlPhnD atPhnD smPhnD M Size (bp)
L L I L — I L — I —— I

— 10000

Figure3.6. Agarose gel analysis of R screen fgphnDhomologue inserts.

A PCR screen for the presence of insert, following ligatigghoD genes into the pET20b vector
(3.7 kbp) was analysed using an agarose gel. M indicates DNA ladder. Gene names are indicate
above each lane.
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Recombimant plasmids were transformed into BL21 (DE3) except plasmids containing
rgPhnDand nPhnDA which did not produce any colonies when transformed into this strain.
These wereinstead transformed into a BL21 (DE3) strain containing a pLysS plasmid with a
T7 lysozyme encoding plasmid to suppress leaky expression. This suggested that the gene
products were toxic to the cells for these two constructs. 15 mL cultures were diluted to an
initial Aeso of 0.1 and induced with 1 mM IPTG once thes# reached between gproximately
0.4 and 0.6. 1 mL oE. coliwas harvested for analysis immediately before induction for all
samples. At 37°C and 30°C, cells were harvested hourly for four hours post induction and at
16 hours post induction. At 19°C and 25°C, 1 mL of samph&as harvested at 16 hours post
induction only, owing to slower growth the yield of protein harvested at these times would be
unlikely to be enough for downstream testing due to low cell densities. Cell pellets were
resuspended in sample buffer, lysed, ananalysed by SD$AGE as described in Chapter 2 for
total protein. These gels were assessed for accumulation of recombinant protein at the

expected molecular weight (Fig. 3.7).

Expression of recombinant PhnD homologues was initially tested at 25°C (Fig7)3.Protein
expression levels were therefore compared to a negative control of BL21 (DE3) transformed
with a pET20b vector containing no insert (Fig. 3.7). Of the 9 recombinant proteins tested,
expression of 7 proteins was observed: AtPhnD, EcPhnD, VSXPhri®LPhnD, RgPhnD,
OaPhnD and NphnDA (Fig. 3.7). Each of these samples had a densely stained protein band
that was not present in the negative control. AtPhnD appeared to be present as two bands,
suggesting that there may have been protein with uncleaved gial peptide present in the
cytoplasm. Only SmPhnD and NPhnDB showed no evidence of expression at high enough

levels to observe a protein band when analysed by Coomassie stained SIX&E (Fig. 3.7).

Additional temperatures were then tested to determine tke optimum temperature for
expression of each protein. Expression trials of SmPhnD and NPhnDB were also conducted at
19°C, however there was also no evidence of expression of these proteins at this temperature.
For all other recombinant PhnD homologues tesd, expression at 19°C occurred at similar
levels relative to the nativeE. coliproteins. None of the proteins tested expressed to high
levels at 37°C. At 30°C, high levels of expression were detected for OaPhnD (Fig. 3.8A),
AtPhnD (Fig. 3.8B), RgPhnD (&i 3.8C) and EcPhnD (Fig. 3.8D). RIPhnD, VSXPhnD, SmPhnD,
NPhnDA and NPhnDB did not show evidence of high levels of expression at 30°C. For OaPhnD
(Fig. 3.8A), AtPhnD (Fig. 3.8B), RgPhnD (Fig. 3.8C), the highest levels of protein relative to
background aceimulated overnight, which also corresponded to the highest cell density.
EcPhnD expressed to high levels at 30°C up to 3h post induction but appeared at much lower

levels compared to the background at 16 hours post induction, implying that it is degraded.
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Control AtPhnD EcPhnD SmPhnD VSXPhnD RIPhnD

36.1 kDa 31.1kDa 31.5kDa 31.2 kDa
- + - + - + - +

RgPhnD OaPhnD NPhnDA NPhnDB
31.1kDa 32.5kDa 35.3kDa 35.0kDa
- + - + - + - +

Figure3.7. Analysis of expression of recombinant PhnD homologues at 25°C.

The total protein from cell lysates was analysed using Coomassie staindtA&IESgels. Samples
were harvested immediately primduction ¢) and 16h post induction (+). Control indicates BL21
(DE3) transformed with pET20b plasmid containing no insert. * indicates lane with recombinant
protein expression. Molecular weight markers ran aberrantly so were not included in this figure.
Expected molecular weights are indicated.
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OaPhnD-32.5kDa AtPhnD —31.2 kDa
M 2h 3h 4h

4h 16h

1h 2h 3h
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RgPhnD —31.1 kDa D) EcPhnD—36.1 kDa

1h 2h 4h 16h

4h 16h

1h 2h 3h

3h

Figure3.8. Analysis of expresion of recombinant PhnD homologues at 30°C.

The total protein from cell lysates was analysed using Coomstssieed SDSAGE gels.
Expression trials were conducted f&) OaPhnDB) AtPhnD,C) RgPhnD andD) EcPhnD. U is
uninduced sample, and other lanes are labelled with time post induction inshoAm arrow

indicates the position of the PhnD homologue on the gel. Expected molecular weights are
indicated.
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The homologues of PhnD fromNostocsp. PCC 7120, NPhnDA and NPhnDB, were of particular
interest to this project, as this organism is a cyanob&erium with two genes encoding PhnD
homologues within the phn operon, andan aim was to study the most diverse range of PhnD
homologues from glyphosateutilising organisms as possiblelt was hypothesised that these
proteins were forming heterodimers and hat this might be necessary for correct protein
folding and stability. The genes encoding these homologues were saloned into pET-Duet, a
vector used for ceexpressing two proteins. NPhnDA was subloned with an Nterminal hexa
histidine-tag. NPhnDB wasot tagged, because if it forms a heterodimer with NPhnDA, they
should both be purified using the same tag. Proteins were targeted to the cytoplasm.
Overexpression trials were conducted at 19°C using BL21 (DE3), and the expression strain
was compared to anegative control using SDEAGE analysis of whole cell lysates (Fig. 3.9).
There was no discernible difference between the expression strain and the negative control,
and there were no additional bands present at the expected molecular weight of either
protein. These proteins were therefore not suitable for recombinant expression using the

conditions tested, and were not further studied in this project using c@xpression.

SmPhnD did not show any evidence of overexpression at any of the temperatures tabste
using the strain BL21 (DE3). Becausg. meliloti is a relatively well characterised organism
compared to other glyphosate utilising bacteria, and this organism showed a high yield when
grown with glyphosate as a sole phosphorus source, further conditiewere tested to try and

obtain this protein. A variety of E. colistrain backgrounds were used with this construct for

I OAOAGDPOAOGOEIT AO c¢cuvJ#h ETAI OAEIC ",c¢cp 30AO0;
AT A 21 OAOOAA AAI T O xEE édnEodikgARDAs fdD tark cofloRd, & ¥hicd 1 A ¢
smPhnDhas 2. Neither of these strains showed any additional bands at the expected
molecular weight for SMb21177 (31 kDa) upon SDBAGE analysis compared to an empty
OAAOT O AT 1 00118 7EAT Griewas usddfoAan Bverpxpréssiaq tridd fold O 3
SmPhnD, a band was seen at the expected molecular weight for the prduced sample that

was not present in an empty vector control. Attempts to purify the observed protein band on

a small scale from lysates usigp a HISselect spin column showed no binding, meaning that

this band did not correspond to a correctly tagged soluble version of the target protein.

Maltose binding protein (MBP) fusions can be used to stabilise proteins which are not
otherwise amenable b heterologous expression inE. coli(Riggs, 2001) A codon optimised
gene encoding SmPhnD was sutioned into the pMAL-p5x vector (NEB), which fuses the
target protein with a maltose binding protein with a signal peptide for periplasmic secretion,

meaning disulphide bonds can form correctly in the protein of interest. SBBAGE analysis of
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Figure3.9. SDS PAGE analysis of expression trial of NPhnDA and NPhnDB fronrDup&dc
expression vector.

The total protein from cell lysates was analysed using Coomassie staindeA&IESgels. Cells
were cultural at 19°C. Time post induction is indicated. Expression strain (+) was compared to a
negative control of BL21 (DE3) transformed with empty-pHE&t vector {). M is a prestained
protein marker. Expected molecular weights: NPhnDA, 35.5 kDa; NPhnDB, 85.0 kD
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whole cell lysates fromsmall scale expression trials conducted at 30°C showed a densely
stained band at approximately the expected molecular weight of the fusion protein at
approximately 72.4 kDa (Fig 3.10).

These protein expression trials have show that 6 of the candidate glyphosate binding
proteins and the EcPhnD control are capable of being recombinantly expressedEncoli The
optimal conditions for this were overnight expression at 30°C for OaPhnD, RgPhnD and
AtPhnD, incubation for 3 hours pet induction for ECPhnD and overnight expression at 25°C

for RIPhnD, VSXPhnD and NPhnDA. SmPhnD was expressed as an MBP fusion protein at 30°C
overnight. NPhnDB did not express at any of the temperatures tested and therefore was not
studied further in this project. Further testing needed to take place to determine whether the

expressed proteins were exported to the periplasm as correctly tagged soluble protein.

3.5 Periplasmic secretion of recombinant PhnD homologues

As several of the recombinant PhnD hoologues contained multiple cysteine residues
predicted to be in close proximity to each other, it was important to ensure that these
proteins had been exported to the periplasm. Thexidising environment of the periplasm
enables disulphide bond formationand periplasmic proteins expressed in the cytoplasm may
be misfolded if they have disulphide bonds in their correctly folded form. Proteins with signal
peptides for periplasmic targetingthat are expressed in the periplasm may also have the
signal peptide still attached which can interfere with downstream assays. Periplasmic
extraction was performed using the icecold osmotic shock method described byNeu &
Heppel (1965). This technique results in two fractions being extracted from the periplasm, an
initial fraction extracted with sucrose and EDTA, and a second periplasmic fraction extracted

with a low osmotic strength medium.

Cultures of E. coliproducing recombinant PhnD homologues were scaled up to 600 mL, and
grown according to the determined optimum conditions (discussed in Section 3.5). lamld
osmotic shock was performed on the cultures once they were harvested to extract the

contents of the periplasm (Fig. 3.11).

SDSPAGE analysis revealed bands at the expected molecular weight for EcPhnD, OaPhnD,
RIPhnD and VSXPhnD in both the sucrose and periplasmic fractions (Fig. 3.11A, B and C),
indicating that they had been exported to the periplasmThe overall amount of protein was

higher in the low osmotic strength periplasmic fraction compared to the sucroskaction,
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Figure3.10. SDS PAGE analysis of expression trial of SmPhnD as ariudiBR.

The total protein from cell lysates was analysed using Coomassie staindeA&IBESgels. Cells
were cultured at 30°C. Time post induction is indicated. Expression strain (+) was compared to a
negative control of BL21 (DE3) transformed with empty pMBX expressing maltose binding
protein (). M is a prestained protein marker. Arrow indicates the position of the fusion protein.
Expected molecular weights: SmPRNIBP, 72.5 kDa; MBP control, 42.5 kDa.

83



B)

RIPhnD-31.2 kDa
WC SP Suc Per
N —

e —
e

EcPhnD - 36.1kDa NPhnDA - 35.3 kDA
L ju'en

C SP Suc Per | WC SP  Suc Per

0OaPhnD-32.5kDa

KDa

SP_ Suc Per
N S E——
- e

— =
100 —
75—
58~
46—

32
25—
22

17

1=

E) SmPhnD-MBP —72.4 kDa
M we o per

180 —
130 =
100 —
707

VSXPhnD-31.5KDa

D) | AtPhnD—31.1kDa RgPhnD—31.1kDa
Wi

C SP_ Suc Per WC SP Suc Per

WC SP_ Suc_Per
Lt —

Figure3.11. Analysis of periplasmic targeting of recombinant PhnD homologues.

Periplasmic extraction g&) OaPhnD and RIPhnB) EcPhnD and NPhnD@)VSXPhnD) AtPhnD

and EcPhnD and) SmPhnEMBP fusion. Protein samples were analysed using Coonsiagied
SDSPAGE gels. M is a pstained marker, WC is a whole cell lys&E, is the spheroplast, Suc is

the sucrose fraction and Per is the periplasmic fraction. Markers ran aberrantly on gel D so were
not included. Expected molecular weights are iatkdl.
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however, for all of these proteins, the relative amounts of the recombinant proteins
compared to the endogenousE. coli periplasmic proteins appear similar. Bands
corresponding to theexpected molecular weights of VSXPhnD, RIPhnD and OaPhnD were also
present in the spheroplast fractions, albeit at lower amounts relative to the nativ&. coli
proteins compared to the sucrog and periplasmic fractions, which could suggest the amount

I £ pOT OAET DOl ACAAA EAA AgAAAAAA OEA AAPAAEOD

SmPhnDMBP fusion was extracted from the periplasm using a orstep extraction method
with sucrose, EDTA and lysogme (described in chapter 2) to maximise protein yield. SDS
PAGE analysis revealed SmPhABBP fusion present in the periplasm (Fig. 3.11E) at the

expected molecular weight of approximately 72.4 kDa.

The absence of markers on Fig. 3.10D for AtPhnD and NBE# means that conclusions
cannot be drawn about the molecular weights of the proteins present, however comparisons
can be made between samples. Densely stained bands corresponding to overexpressed
NPhnDA, AtPhnD and RgPhnD were not present at high levetsthe periplasmic fractions,
suggesting they are not correctly targeted to the periplasm (Fig. 3.11B and D). There is a band
present in the AtPhnD whole cell sample which is much more densely stained than others,
and this band is greatly enhanced in the speroplast and not present at high levels in the
sucrose and periplasmic fractions, suggesting AtPhnD is not targeted to the periplasm.
Sonication of the spheroplast and SDBAGE analysis of the soluble and insoluble fractions
revealed this protein to be pesent only in the insoluble fraction. Samples for RgPhnD and
NPhnDA also had a densely stained band in the whole cell and spheroplast fractions that was
not present in the sucrose and periplasmic fractions, indicating these proteins were not

correctly exported to the periplasm.

The ice cold osmotic shock method was used to isolate periplasmic fractions containing
EcPhnD, OaPhnD, RIPhnD and VSXPhnD. As RgPhnD did not express at high levels compared
to OaPhnD, RIPhnD and VSXPhnD, and AtPhnD was not solwsid, NPhnD was not correctly
exported to the periplasm, these proteins were not pursued further for this work.

3.6 Purification of recombinant PhnD homologues

In order to perform technigues such as binding assays or crystallography on a protein, it is
important to remove as much contaminating material as possible to obtain a pure sample. A
nickel-NTA column was used for purification to selectively bind polyhistline-tagged

proteins, and to allow native E. coli proteins to be removed from the sample. This was
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performed for the overexpressed proteins: OaPhnD, RIPhnD, EcPhnD, NphnDA, VSXPhnD,
AtPhnD, RgPhnD and SmPhnD as an MBP fusion.

Periplasmic fractions of 25mL each were loaded onto a nickeNTA column for purification
(Fig. 3.12) and purified using a stepwise imidazole gradient. There is no evidence of OaPhnD
(Fig. 3.12A), RIPhnD (Fig. 3.12B) or VSXPhnD (Fig. 3.12C) being present in the flow through
from their respective columns, suggesting a large majority of the recombinant protein was
bound to the resin. A small amount of each recombinant protein was present in the imidazole
gradient wash, however the majority of each of these proteins were in elution fraich 2 (Fig.
3.12). Elution fraction 2 for each of these proteins contained very small amounts of
contaminating proteins, producing a sample pure enough for downstream analysis (Fig.
3.12A-C). Absorbance at 280 nm was used to quantify each protein with al@aated molar
AGOET AGET T AT A AAEKE thi GaRhnDrR B0495 KEcmé fpruMSXPhnD, and
33015 Micm? for RIPhnD. This revealed an overall yield of approximately 8 mg of
recombinant OaPhnD per litre of bacterial culture and approximately 2.5hg each of RIPhnD

and VSXPhnD per litre of bacterial culture.

For the periplasmic preparation of EcCPhnD, a band at the appropriate molecular weight was
present in the flow through when loaded onto the nickeNTA column. There was no band at
the correct molecular weight for EcPhnD in any of the elution fractions, however there were
several lightly stained bands present in the second elution fraction. This suggested that
EcPhnD was unable to bind the column. This was possibly due to EcPhnD forming a dimer
with its N-terminal region (Alicea et al., 2011), causing the polyhistidinetags to be hidden or
unavailable for binding. Previous work on this protein hadbeen performed in the cytoplasm
using a Gterminal polyhistidine -tag (Alicea et al., 2011), possibly negating this problem by

avoiding the dimer forming region.

The SmPhnBMBP fusion protein was purified using an MBRrap column (GE, Fig. 3.13). SBS
PAGE analysis revealed that in addition to the band corresponding to the molecular weight of
the fusion protein, there were also two additional bands at lower mlecular weights. It is
likely that these bands correspond to the MBP (42.5 kDa) and SmPhnD (29.9 KDa). The final
yield of the protein was calculated using an A. measurement with a molar extinction
AT AEEEAEAT Okmigand waggalcyiageq to e approximately 1.6 mg of protein per
litre of culture. In order to perform downstream analysis, the MBP would have to be cleaved
from SmPhnD using Factor Xa, and then SmPhnD purified using seelusion

chromatography. This process could gssibly result in an even smaller yield of protein.

86



Figure3.12. SDSPAGE Analysis of nickel affinity purification of recombinant PhnD homologues.

Coomassie stained SIPAGE analysis of nickel affinity@matography ofA) OaPhnD (32.5 kDa)
B)RIPhnD (31.2 kDa})VSXPhnD (31.5 EpandD) EcPhnD (36.1 kDa). Protein samples were
analysed using Coomassie stained-8BBSE gels. M is a ps&ained protein marker. FT indicates
flow through fractions, W indates wash fractions and E indicates elution fractions. An arrow
indicates the position of the PhnD homologue on the gel.
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Figure3.13. SDSPAGE analysis of purification of SmPhnD as an MBRn.

Purification of SmPhniMBP fusion (72.4 kDa) from MBRp column. FT indicates flow through
fractions and E indicates elution fractions. M is a-gi@ned protein markers. An arrow indicates
the position of the SmPhrBIBP fusion on the gel.
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Affinity chromatography using an MBP trap column was used to purify small quantities of
SmPhnD as an MBP fusion. Nickel affinity chromatography was used to purify 3 candidate
glyphosate binding proteins, OaPhnD, VSXPhnD and RIPhnD at high enough levelsvatid
high enough sample purity to begin the first steps to test their binding affinities with
phosphonate compounds. A summary of the results of protein expression trials, periplasmic

preparation and purification is shown in Table 3.2.

3.7 Xray crystalbgraphy

Determining a crystal structure of a candidate glyphosate binding protein would reveal
insight into the relationship between the structure and function of homologues of PhnD. One
of the goals of this project was to obtain a crystal structure of BhnD homologue in complex

with glyphosate to reveal which binding site residues might be critical for glyphosate binding.

Purified OaPhnD, VSXPhnD and RIPhnD at concentrations frori% mg/mL were screened
using the sitting-drop vapour diffusion method in 96-well plates. Various commercially
available screens were used including Index, Hampton 1 and 2, PDB Minimal set and PACT.
Crystals were checked for diffraction at the YSBL-bay source and taken to the DIAMOND
light source, Didcot, for Xray data collection.

OaPhnD and RIPhnD did not form crystals in any of the conditions tested. VSXPhnD formed
small crystals (Fig. 3.14) that were approximately 5/5 um in the longest dimension in 30%
PEG, 1M MME 5000, 0.1M MES pH 6.5. These diffracted to 2 A usingDttAVIOND light
source, Didcot, however it has not been possible to solve the phases of the structure.
Molecular replacement was not possible due to low sequence identity (<30%) with existing
structures. Selenomethionine preparation could not be used due tehe protein only
containing one methionine residue other than the initiator. Soaking with 0.5 M Nal and NH
solutions was attempted however, this appeared to react with the solution from the
crystallisation screen, producing bubbles which damaged the gstals before they could be

frozen.
Using these methods, it was not possible to obtain a crystal structure for a PhnD homologue.

Ligand binding assays were used to characterise the PhnD homologues without having to

crystallise them.
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Table3.2. Summary of protein overexpression and purification results.

Protein Overexpression Present in periplasm Purified Crystallised
EcPhnD "H "H X -
SmPhnD  "H (MBP fusion) "H (MBP fusion) Low levels (MBP -
fusion)

AtPhnD "H X - -
RIPhnD "H "H "H X
VSXPhnD "H "H "H "H
NPhnDA  Low level X - -
NPhnDB X - - -
RgPhnD Low level X - -
OaPhnD  "H "H "H X
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Figure3.14. VSXPhnD protein crystals.

Image taken of crystals &SXPhnD growing in well E8 of av@8l plate containing Hampton 1
and 2 crystal screen. Well contained 30 % PEG, 1M MME 5000 and 0.1 M MES, pH 6.5.
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3.8 Binding of phosphonates to PhnD homologues

In order to determine whether the 3 purified PhnD homologues were able to bind
phosphonates, and to understand their relative binding affinities to the abundant
phosphonate 2AEP compared to glyphosate, ligand binding assays were performed on these
proteins. Oneaim of these experiments was to determine whether any of the purified
homologues had high enough affinity to be suitable for use as a biosensor. Various
biophysical methods are available for ligand binding assays, including isothermal titration
calorimetry and intrinsic tryptophan fluorescence spectroscopy. Isothermal titration
calorimetry (ITC) is a highly sensitive technique and can also provide information about the
stoichiometry of the binding reaction, however, it requires very large amounts ofprotein and
ligand and so is not always suitable. Tryptophan fluorescence spectroscopy measures the
changes in fluorescence upon ligand binding caused by the movement of tryptophan residues
AOOET ¢ OEA DOI OAET 60 AT T &£ O AO# idded hot dikdeth T C A ¢
measure the heat released upon binding so signal to noise ratios can vary depending on the
locations of fluorescent residues in the protein to be studied. Tryptophan fluorescence
spectroscopy, however, has far lower requirements for theamount of protein, and can be

performed with a higher throughput.

Initially, tryptophan fluorescence spectroscopy was used to attempt to determine whether
the OaPhnD, RIPhnD and VSXPhnD were able to binrARP and glyphosate (Fig. 3.15). Native
versions of the proteins did not reproducibly show any change in fluorescence upon addition
of 2-AEP (Fig. 3.15 A, D and G), possibly due to the protein being+m@und to phosphate in
the buffer, which theE. coliPhnD homologue binds with 50 M affinity (Rizk et al., 2006). As
phosphorus is essential for bacterial growth, it is not possible to produce recombinant PhnD
in a cukure without phosphate compounds. As a result of this, all proteins were subsequently
denatured andrefolded using GuanidineHCI when being purified to remove any preébound

ligands that may have been present.

The refolded versions of all 3 proteins showeda decrease in fluorescence at 297 nm
excitation upon addition of 2AEP (Fig. 3.15 B, E, and F). This decreaseuredupon multiple
additions of ligand. This suggested that all 3 proteins were able to bind 2EP, however, the
decrease was less than 5% ovall, meaning the signal to noise ratio was too low to perform a
titration to calculate Kq. OaPhnD also showed a similar quenchable decrease in fluorescence

upon addition of glyphosate (Fig. 3.15 C), which was not observed for tRe leguminosarum
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Figure3.15 (Part 1) Fluorescence emission spectra of PhnD hdogues with phosphonates
added.

Fluorescence emission spectra were measuredA&@) OaPhnDD-E) VSXPhnD, Proteins were
excited at 297 nm. Bugf without protein is shown in green, protein without ligand is shown in
dark blue and protein with a saturating concentration of phosphonate ligand is shown iAYyed.
and D) show native protein with ZAEP added) and E)show refolded protein with ZAEPadded

and C) shows refolded protein with glyphosate added. Ligand was added at concentrations
between 0.2 and 1.2 uM for A; 0.25 and 1 pM BelE). Continued overleaf.
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Figure3.16 (Part 2) Fluorescence emssion spectra of PhnD honhmgues with phosphonates
added.

Fluorescence emission spectra were measured=jafSXPhnDG-1) RIPhnD, and) SmPhnEMBP
fusion. Proteins were excited at 297 nm. Buffer without protein is shown in green, protein
without ligand is shown in dark blue and protein with a saturating concentration of phosphonate
ligand is shown in reds) and Jshow native protein wh 2-AEP added;l) showsrefolded protein

with 2-AEP added anB)and ) show refolded protein with glyphosate added. Ligand was added
at concentrations between 0.25 and 1 pM fel) and 5 and 55 puM fal)

94



PhnD homologues (Fig. 3.15 F and I). This predinary result suggested that OaPhnD may also
be able to bind glyphosate.

SmPhnDMBP fusion was also analysed using fluorescence spectroscopy for binding t&\EP.
Emission spectra were taken at 295 nm, 297 nm (Fig. 3.15J), and 281 nm excitation before

and after the addition of 5 and 55 pM 2AEP. 5 uM 2AEP did not produce a large change in
fluorescence emission at any wavelength. This was possibly due to the protein still being
fusedto a maltose binding protein causing it to be inactive. At 55 uUM-REP there was a small
decrease in fluorescence; however, this could have been caused by dilution, photobleaching
I0o A p( AEEAAOR AT A AT AOGTI 380 1TAAARAOOAOEI U ET /

purified to perform any further binding assays with this praein.

ITC was used as a neoptical method to try and determine Ky values for the phosphonate
binding observed from tryptophan fluorescence. When measured in a 20 mM Tris buffer
containing 50 mM NacCl using AutdTC 200, with 30 uM of protein and 300 uM AEP, both
OaPhnD (Fig. 3.16B) and VSXPhnbot shown) showed biphasic binding isotherms with an
initial endothermic phase, followed by an exothermic phase, which meant that it was not
possible to fit the data to calculateKy. This suggests that two separat reactions are taking
place when the ligand is added. RIPhnD did not display this biphasiinding and bound
2-AEP with an estimatedKy of 4.2 uM (Fig. 3.16A). None of the 3 proteins showed binding
upon the addition of glyphosate at the concentrations andonditions used (OaPhnD shown in
Fig. 3.16C).

Further investigation was conducted into the binding of OaPhnD using WMPC, because this
protein expressed at the highest levels and because it had shown the strongest evidence of

glyphosate binding with the preliminary tryptophan fluorescence.

Binding between refolded OaPhnD and -2EP (VRITC, Fig. 3.17A) at 10 uM and 100 pM
respectively resulted in an exothermic reaction with an estimatedy of 170 nM. This was
conducted in 20 mM Tris, pH 7.8 without NaCl'he absence of NaCl from the buffer may have
caused the calculatedKs to be lower than the actual value due to an exaggeration of
electrostatic effects. When 50 mM NaCl was added to the buffer, a similar biphasic curve to
that shown in Fig. 3.16A was obseed, with both 20 and 50 mM Tris buffer. Binding between
OaPhnD and glyphosate was also observed when the glyphosate concentration in the syringe
was increased to a higher concentration (3.17B). The averadfg for this interaction was 32+

10 pM, from two OAPAAOOR ET xAOAO OEA AOOI O 11 OEA

stoichiometry were very high suggesting a poor fit of data. The binding curve for glyphosate
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Figure3.17. Auto-ITC 200 analysis of phosphonate binding of PhnD homologues.

Binding isotherms were measured using AUEEC 200 with 20 mM Tris buffer containing 50 mM
NaCl.A) RIPhnD with 2AEP ligandB) OaPhnD with AEP ligandC) OaPhnD with glyphosate
ligand. e upper panels show heat differences upon ligand injection, and the lower panels show
integrated heats of injectiony]). The best fit (solid line) to a single site binding model (Microcal
Origin software) was plotted where the data fit a single site lmiganodel.
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Figure3.18. VRITC analysis of phosphonate binding of OaPhnD.

Binding isotherms were measured using-WE.A) OaPhnD with 2EP ligand in 20mM Tris
buffer. B) OaPhnD with glyphosate in 50 mM Tris buffer with 50 mM NaCl. The upper panels show
heat differences upon ligand injection, and the lower panels show integrated heats of injection
(Y). The best fit (solid line) to a single site binding model (MicrocalirDsigftware) was plotted
where the data fit a single site binding model.
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was exothermic and did not follow the biphasic trend shown for 2AEP binding in the same

conditions.

These data suggest that all 3 proteins are able to bindZEP with high affinty, and that
OaPhnD is also able to bind glyphosate with low affinity. The unusual biphasic binding
isotherms between the proteins and 2AEP suggest that the OaPhnD and VSXPhnD do not

exist as homogenous solutions and that more than one reaction is occung.

3.9 Quiality control of OaPhnD

In order to further probe the status of OaPhnD to determine which populations of protein
could be causing the biphasic ITC binding, denaturing mass spec and size exclusion
chromatography were used on the refolded protei. Denaturing ESMS (Fig. 3.18A) revealed
two peaks, with a main peak corresponding to a molecular weight of 32.52 kDa and a minor
peak at 34.74 KDa (E®MS performed by Dr Andrew Leech, University of York). These
corresponded to the expected molecular weigts of the mature protein sequence, and the
uncleaved version of the protein with the PelB leader sequence still attached. Size exclusion
chromatography (Fig. 3.18B) also revealed two peaks, showing a ntlmogenous
population of protein. This technique calld not be used to calculate the molecular weight of
these peaksaccurately, so it was not determined whether or not these corresponded to the
two peaks observed by ESMS. NativePAGE analysis revealed multiple bands for both
refolded and native OaPhnD (. 3.18C) however there were more bands present in the
refolded protein, suggesting that it was more heterogeneous than the native version of the

protein.

3.10 Summary

Three candidate glyphosate binding proteins have been purified, and ITC experiments
suggest they are able to bind -AEP. It is likely that the biphasic binding isotherms that were
obtained for OaPhnD and RIPhnD when titrated againstREP were caused by te separate
reactions occurring, such as those observed bgerg & Sambasivaraq2013), although this
does not explain why this biphasic pattern was not seen when OaPhnD was titrated against 2
AEP without NaCl, or when OaPhnD was tiitted against glyphosate. One possibility is that
the protein may not be correctly refolded following denaturation with GuanidineHCI.
Circular dichroism could be used to establish whether the protein folding is consistent before

and after refolding; howeer, the combination of techniques already used have established
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that OaPhnD is not homogenous isolution. ESMS has also revealed that a proportion of the
protein has uncleaved signal peptide. This might be eliminated by using an alternative
method for periplasmic extraction with lower yield but less cytoplasmic contamination{Quan
et al., 2013). The two distinct peaks shown by size exclusion chromatography are unlikely to
correspond to the two peaks identified by mass spectrometry as the distance between them
is more suggestive of dimer formation. Coupling the size exclusion chromatography to multi
angle light scattering could be used to accurately determine the molecularasses of these

two peaks.

It has not been possible to solve the phases for the crystal structure of the leguminosarum
VSX9 PhnD homologue. As there is no biophysical evidence to suggest that this protein is able
to bind glyphosate with high affinity, ®lving this structure was not prioritised. It is possible
that if the structure of another PhnD homologue with more sequence similarity withR.
leguminosarumVSX9 PhnD is solved as part of this project, it may then be possible to also
solve a crystal strugure for R. leguminosarunivSX9 PhnD by molecular replacement. One
objective of this work is to obtain a structure of a glyphosate bound protein in order to

determine a structure-function relationship.

Preliminary results have suggested that the 3 PhnD homologues examined are able to bind
phosphonates, and one homologue has shown evidence of glyphosate binding, supporting the
predictions madein silico. These results, however, suggest these proteins hakigher affinity

for 2-AEP than for glyphosate. This is problematic for a biosensor scaffold, a®\EP is highly
abundant in the environment and therefore could cause false positives in an assay for
glyphosate. It will therefore be necessary to develop argtein scaffold with specificity for
glyphosate binding over 2AEP binding. Many of the bacterial strains used in this study were
isolated prior to the beginning of very heavy use of glyphosate with the introduction of
genetically resistant crops in 1996(Pollegioni et al., 2011). By isolating further glyphosate
degrading bacteria from a soil sample that has seen long term glyphosate exposure, it could
be possible to identify organismsthat have evolved more efficient glyphosate transport
systems. This has not been possible within the scope of this work because the use of
glyphosate is limited within the UK and importing soil is strictly controlled for biosecurity
reasons. Another strategy for obtaining a homologue of PhnD able to bind glyplade is
directed evolution (reviewed by Packer & Liu, 2015) It may, however, be difficult to improve
specificity and affinity for glyphosate, as PhnD might not be the rate limitm step for growth
with glyphosate as the sole Fsource. It is also possible that the velocity of the transporter
would be improved rather than the affinity or specificity for glyphosate. Rational design
(reviewed by Lutz, 2011) will also be used to optimise the binding of glyphosate to PhnD.
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This will start with identifying a PhnD homologue that is stable and homogenous rather than

focussing on glyphosate binding of the wildype protein (discussed in Chapter 5).
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Chapter 4. Phosphonate transport in
Sinorhizobium meliloti 1021 requires two
separate ABC transporters with overlapping
but specific functions
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Sinorhizobium melilotiis a well characterisedGram-negative soil bacterium with nitrogen
fixing capabilities. S. meliloti1021 has been shown byLiu et al. (1991) and confirmed in
Chapter 3 to utilise glyphosate as a sole phosphoruswrce. S. melilotis able to degrade a
wide range of phosphonates in addition to glyphosate using the-E lyase complexXParker et
al., 1999). An ABC transporter homologous to the PhnCDE transporter usually associated
with the C-P lyase phosphonate catabolism pathway is responsible for the transport of many
phosphonate compoundqVoegeleet al., 1997, Fig. 4.1A)The transporter responsible for the
uptake of glyphosate has not been identified ir5. melilotior any other bacterial ecies. An
additional pathway to CP lyase for the catabolism of 2AEP has been identifiedBorisovaet
al., 2011) However, the putative ABC transporter encoded within the same operon as ¢h
genes for this pathway has not been characterised (Fig. 4.1B)e aim of the work in this
Chapteris to use a combination of biophysical and genetic techniques to characterise h@&wv

meliloti transports glyphosate and other phosphonates into the cell.

4.1 Construction of phosphonate transport deletion mutants $ meliloti

To identify the major routes by which phosphonates enter the cell for the provisioning of
phosphate, a series of strains 06. meliloti1021 with deletions of the known and putative
phosphonate transporters were created. The PhoCDET transporter is homologous to PhnCDE
and functions & a transporter for many phosphonate compounds\(oegeleet al., 1997).
PhoCDET is also responsible for high affinity uptake of inorganic phosphate $ méiloti
1021, as this strain has a loss of function mutation in the genes encoding the PstSCAB ABC
transporter usually responsible for high affinity inorganic phosphate transport(Yuan et al.,
2006). In addition to the PhoCDET transpder, there is a putative ABC transporter encoded
within the same operon as the genes encoding aZEP specific catabolism pathwayBorisova

et al., 2011). Borisova et al. (2011) predicted that this putative transporter functions as an

additional phosphonate transporter specific for 2AEP.

Phosphonate transporter deletion mutants of S. meliloti 1021 were created using the
methods set out byFlannaganet al. (2008), as described in Chapter 2, in collaboration with
Prof. Ivan J. Oresnik and Dr Justin P. Hawkins (Unisgy of Manitoba). Unmarked deletions
of the genes encoding the PhoCDET transporte8Mb211730 SMb21170Q(S. melilotiSIR2, Fig.
4.2A) and the putative 2AEP specific transporter encoded bysMb21540to SMb21542(S.
meliloti SJR1, Fig 4.2A) were constructed. A double mutant with genes encoding both the
putative 2-AEP specific transporter and PhoCDET deletedS( meliloti SIR3) was also

constructed. Each deletion waglesigned to leave a short scar peptidén order to ensure
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Figure4.1. Bacterial phosphonate transport and degradation $ meliloti1021.

A) ThephnspecifiedGP lyase genes and their products. The PhoCDET transporter is an ABC transporter hortmtbgd®BnCDE transporter and can transport a
range of phosphates and inorganic phosphate. THelgase genes asplit into two genomic locations in this organisB). The phosphonoacetate hydrolase pathway
distinct from CP lyaseA putative ABC transporter is encoded within the same operon as the genes encoding the enzymes of this pathway. Gangp@ativd
enzymes are shown in blue, regulatory proteins in green and transport proteins if-Beithdicate the putative AEP specific ABC transport&enes of unknown
function are shown in white.
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Figure 4.2. Genomic locations and PCR analysis of phosphonate transporter deletionS.in
meliloti 1021.

A) The locations of phosphonate transporter deletions within genes predicted to be involved in
phosphonate catabolism and transport $&1 melilotil021 are indicated. Regulatory genes are
labelled in green, genes with known enzymatic activity are labellddui@, genes for transport
proteins are labelled in red and genes for auxiliary proteins of phosphonate catabolism are
labelled in purple. 1045 indicates the domain of unknown function gene DUF1045. Genes not
involved in phosphonate catabolism are labelladhite. 1 (black text)indicates a putative
regulatory protein, Ablack text)indicates a putative sodium dependent transporter, an¢bzick

text) indicates a putative outer membrane secretion protein. Genomic context obtained from
Microbial Genome ContéxViewer (Overmas et al., 2013) Adapted fromHoveJensenet al.
(2014 andBorisovaet al. (2011) B) Agarose gel analysis of PCR products to confirm deletions of
phosphonate transporters. Phn indicates primers annealed outside flanking regiqgioGDET
genes and Aep indicates primers annealed outside the flanking regions foBSNi¥1540
SMb21542enes(1-3, white tex). WT indicates. melilotil021 and SJR1, SJR2 and SJR3 indicate
S. melilotil021 derived phosphonate transporter deletion strains. M indicates DNA ladder.



that adjacent genes in the operon were not affected. In order to produce transper
deletions at two separate sites in the genome, a method for creating an unmarked deletion
was required. Flanking regions of approximately 500 bp upstream and downstream of the
coding regions for each phosphonate transporter were amplified using PCRpliSe overlap
extension (SOEing) PCRHorton, 1995) was used to join these flanking regions, leaving a
gene encoding a short scar peptide. ARScel restriction site was introduced at the end of the
flanking DNA. These constructs were ligated into the pJQ200sk vector, a plasmid unable to
replicate in S.meliloti, meaning that following conjugation, its incorporation into the genome
using homologous recombination can be selected for. Upon the introduction of a plasmid
constitutively expressing the tScel restriction enzyme, a double stranded break wageated

in the genomic DNA which was subsequently repaired through homologous recombination.
Colonies were screened for gentamycin sensitivity suggesting that the incorporated plasmid
is absent, leaving either a transporter deletion or a reversion to wildype. Approximately
80% of patched colonies had developed gentamycin sensitivity following tripartental mating.
Colonies were screened for the absence of the phosphonate transporter encoding genes using
PCR with primers that anneal outside the flanking rdgns used for making the deletion
constructs. Approximately 50% of colonies screened by PCR had a band corresponding to a
transporter deletion, and 50% had a band corresponding to reversion to the wiltlype. A final
PCR screen was conducted using genomidNB from one colony of each deletion strain (Fig.

4.2B), and the bacteria from these colonies were grown for use in further work.

4.2 S. melilotil021 can utilise a range of phosphonates including glyphosate

To establish the range of phosphonates that came utilised by S. meliloti1021, experiments
were conducted to confirmthe results of Parker et al. (1999) and Liu et al., (1991). S. meliloti
1021 was grown in Y minimal succinate medium with a range of phosphorus sources present
at 0.5 mM to assess their ability to support growth (Fig. 4.3A). These phosphonates were
expanded from the 2AEP and glyphosate used in Chger 3 to also include methylphosphonic
acid, ethylphosphonic acid and AMPA. Each experiment had a similar 0.5 mM of phosphonate

provided, or 0.4 mM inorganic phosphate added as a positive control.
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Figure4.3. Analysis of growth ofS. melilotiphosphonate transporter deletion mutants.

Growth was measured fd8. melilotistrainsA) 1021,B0 { WhoeDHY ) SIR InSMb215460
SMb21542andD0  { VWho€DHAFMb21546SMb21542in Y minimal succinate medium with
0.5 mM of the specified substrate as the sole phosphorus source. Assays were conducted using &
96 well plate, read by an Epoch 2 microplate reader. Assays were conducted at 30°C with shaking.
An average of thrediological replicates is shown, with standard deviation error bars. Readings
were corrected to a blank containing Y media. Abbreviations: EP, ethylphosphonic acid. MP,
methylphosphonic acid.
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The wild-type strain grows best with IGHPQ and AMPA, and aftea slightly longer lag, with
methylphosphonic acid. After a further lag of about 10 hours, the bacteria then grow on both
2-AEP and ethylphosphonic acid. Growth on glyphosate occurs from early in the experiment
and increases slowly during the first 50 hous of the experiment. In contrast, in the absence
of any added phospbrus there is no growth of the organism. By 48 hours, growth on
methylphosphonic acid had reached a similar final Qg to that of K:HPQ; however, growth

on glyphosate resulted in a redued vyield, reaching the stationary phase of growth by 50
hours and only reaching a final O of 0.3. Growth on 2AEP or ethylphosphonic acid had
the longest lag phases of 30 hours each; howevdney reached a similar final Ol to that of
growth on Ko2HPGQ by 70 hours (fig. 4.3A).

4.3 The PhoCDET transporter is responsible for the transport of a range of
phosphonates including glyphosate

To determine the range of phosphonates for which PhoCDET is required for transport,
bacteria were similarly grown in Y minimal succinate medium with a range of phosphorus
sources present at 0.5 mM to assess the importance of this transporter in the uptake and
subsequent growth of the bacteria (Fig. 4.3B). I'S. meliloti3 * 2 ¢ h ph@ODETmwant,
growth on many of the phosphorus sources is totally abolished up to 70 hours of growth,
including aminomethylphosphonic acid, glyphosate, methylphosphonic acid and
ethylphosphonic acid. Growth on KHPQ is also slightly delayed and slower than in the wile
type, althoughit does reach a similar final Okyo as the wild-type strain, consistent with this
transporter having a role in inorganic phosphate transport(Voegeleet al., 1997). In stark
contrast, growth on 2AEP appeared only slightly affected, with a small increase in the lag
phase, but then essentially similar growth kinetics to the wiletype strain, reaching a similar
ODxoo Of about 0.6 as the wildtype strain (Fig. 4.3B). These data suggest that PhoCDET is the
major transporter for phosphonates, but that 2AEP, the most abundant of the environmental
phosphonate, appears to have additional routeto enter the cell. This is the first molecular
identification of a transporter for glyphosate, demonstrating that it is transported solely by

PhoCDET and that no alternative transporter for glyphosate exists S. meliloti

4.4 A second transporter for-AEP irS. melilotil021

To investigate the additional transporter responsible for 2AEP uptake, growth assaysvere

conductedin Y minimal succinate medium using the&s. melilotiSJR1 strain with a deletion of
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the genes encoding the putative -AEP specific transporter.S. melilotiSJR1 showed a similar
phenotype to the wild-type strain for growth on all of the compounds tested except-AEP

(Fig. 4.3C). Small differences in the stahary phase Olgyo between this mutant and the wild

type are likely to be accounted for in variation between microplate reader replicates rather

than biological differences. The lag phase for growth on-REP was extended from
approximately 30 hours in thewild-OUDA OOOAET O ADPDOISMBIINMOAIT U
SMb21542mutant. These results show that PhoCDET is capable of transportingAEP and

that the putative 2-AEP specific transporter is not essential in the transport of any of the

compounds testedput suggests it has a possible contribution to-AEP transport.

Finally, the strain in which both transporters were disrupted was investigated for growth on
DET OPEI T AOAO | #heCOBFSMIRI5408Mb2184Pnutars, S. melilotiSIR3 (Fig.
4.3D) wasunable to grow on all of the phosphonates tested, suggesting that the putative 2
AEP transporter is responsible for 2AEP transport in the absence of the PhoCDET
transporter, and that no further high affinity transporters able to transport these
phosphonates from this medium to produce detectable growth within 70 hours are encoded
within the S.meliloti genome. This mutant had a similar growth phenotype on#iPQ to that

I £ G(@BroADEFmutant, suggesting that the putative 2AEP specific transporter is ale not

involved in transport of inorganic phosphate.

4.5 The putative 2AEP specific SBP is distinct from PhnS and is present in many
bacterial phyla

In addition to the genetic approaches used to demonstrate thaMb21540t0 SMb21542
encode an additional phosphonate transporter specific for 2AEP, examination of the
substrate binding protein of this transporter from S. meliloti SMb21540, was undertaken.
The aims of this work were to provide biophysical evidence for this being a-2EP specific
binding protein and to elucidate how periplasmic phosphonate binding protein sequence
relates to substrate specificity. Initially, bioinformaticswas usedto predict the structure of
the protein and learn about the conserved residues which may be important for-2EP

affinity and specificity.

An alignment was constructed of orthologous proteins to SMb21540, selected using
reciprocal BLAST searches (Fig. 4.4). Each protein added to the alignment was encoded

within the same pathway as at least one putative gene encoding a phosphonate degradation
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Figure4.4. Alignment of selected SMb21540 orthologues.

Alignment of examples of SMb21540 orthologues confirmed by reciprocal BLAST searches. A
selection of different bacterial classes are shown. Residtesoloured by sequence identity.
Visualised using ESPr{Robert and Gouet, 2014)
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. Fusobacteria
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. Gamma-protecbacteria
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D Spirochaetes
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Figure4.5. Maximum-likelihood phylogenetic analyis of SMb21540.
Orthologues of SMb21540 were selected based on a reciprocal BLAST(sdtsottulet al., 1990)

with SmAepA. All orthologues were encoded within the same operon as at least one putative
gene of phosphonate degradation. Colours indicate bacterial class: fusobacteria, orange; gram
positive species, red; gamnmpmoteobacteria green; alphproteobacteria pink; beta
proteobacteria, blue; spirochaetes, yellow; epsilon and dplateobacteria, purple. An arrow
indicates the position of SMb21540. Alignment was performed using MU&QGg&r, 2004)tree

was produced using UGENEBkonechnikowt al., 2012) and the figure was created using iTOL
(Letunic and Bork, 2016)
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