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WIDE RANGE INORGANIC PHOSPHATE BIOSENSOR

TECHNICAL FIELD

This invention relates to reagents and assays for inorganic phosphate (Pi), particularly the
detection and quantification of Pi in biological solutions. More particularly, the present invention
relates to a modified phosphate binding protein, and to the use of such a protein in a phosphate

assay.

BACKGROUND ART

Pi is a by-product of numerous reactions in the cell, including metabolic reactions like fatty acid
metabolism, energy transducing ATPases and in cell signalling, such as GTPases and protein
phosphatases. It is desirable to be able to measure the concentration of Pi and the changes in
such concentration in biological systems. Phosphate assays, which measure Pi concentration,
are useful in a number of diagnostic methods, as well as in research into the functioning of
biological systems. Fluorescent reagentless biosensors provide one method of doing this: they
are single molecular species that respond to the particular analyte of interest with a change in
fluorescence (7). This approach circumvents some of the complexities of coupled enzyme
assays, for example, in which multiple species are required as additives in the assay mix.
Reagentless biosensors require a minimum of recognition element, such as a binding protein
and a fluorophore in the same molecule.

The periplasmic phosphate binding protein (PBP) from Escherichia coli is a highly specific
phosphate scavenger that has been used previously as the recognition element for fluorescent
biosensors for P; (2, 3). Fluorophores, covalently bound to surface cysteines, were the reporters
for P; binding, responsive to Pi concentration in the medium. A diethylaminocoumarin-labeled
version of the protein (MDCC-PBP) typically has a 7-fold signal change (2), whereas a
tetraethylrhodamine-labeled biosensor (rho-PBP) results in up to an 18-fold signal increase (3).
Both of these biosensors bind P; at rates suggesting diffusion control and with dissociation
constants in the nanomolar range. These have been particularly useful to measure P; production
or release in real time in a wide range of enzymatic systems in vitro, particularly in transient
kinetic assays (4-8).

While this fast response and the tight binding of the original PBP-based biosensors enables the
study of reactions that release P; rapidly, these same properties also necessitate the sensor to
be present at an excess over P;, as essentially all P; binds to the protein in almost all assay
conditions. The tight binding also renders it sensitive to even low levels of P; contamination,
which can be present in solutions, on surfaces and particularly occur with such molecules as
nucleotides (9, 70). The relatively high consumption of stoichiometric biosensors may also be a
limiting factor for high-throughput assays and P; contamination may require extra precautions or

purifications of reagents used.
-1-
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Like the other members of the periplasmic binding protein superfamily, the PBP is formed of two

domains linked by a hinge region and the P; binding site is located in the cleft between these
domains (77). The protein undergoes a large conformational change upon ligand binding
including a bending motion around the hinge (72). To produce a biosensor, fluorophores can be
attached to cysteines introduced on the surface so that their environment changes when this P;-
induced conformation change occurs (3, 73). In MDCC-PBP, a single diethylaminocoumarin
was attached to one domain at the top of the cleft and its interaction with the protein changes
upon the conformation change. In rhodamine-PBP a tetramethylrhodamine (TMR) was attached
on either side of the cleft such that in the apo form the rhodamines can stack, exhibiting very
low fluorescence (74). The Prinduced conformation change causes partial disruption of the
stacking interaction and the fluorescence increases (3).

WQ02007/026155 describes that by adding multiple labels to PBP, improvements in detectable
changes that occur upon Pi binding can be achieved.

Mutant PBPs that retain phosphate binding have been described in the art, and these mutants
can be used together with the present invention if desired. For the E. coli protein, for instance:
Yao et al. (1996) Biochemistry 35:2079-85 discloses a mutant PBP with Asp-137 replaced by
Asn, Gly or Thr, with little effect on phosphate affinity; Wang et al. (1997) Nat Struct Biol 4:519
and Wang et al. (1994) J Biol Chem 269:25091-4 disclose a Thr-141-Asp mutant, with the aim
of changing phosphate affinity; EP-A-0715721, Brune et al (1994) Biochemistry 33:8262-71,
Salins et al (2004) Sensors and Actuators B 97:81-9 and Hirshberg et al (1998) Biochemistry
37:10381-5 disclose an Ala-197-Cys mutant of the E. coli PBP; Ledvina et al. (1998) Protein
Sci. 7:2550-9 discloses an Ala-197-Trp mutant; and Wang et al. (1997) Nat Struct Biol 4:519
disclose an Asp-56-Asn mutant.

There is a need in the art for biosensors with different properties to expand the range of

applications and types of assay. The present invention seeks to address this need.

ASPECTS AND EMBODIMENTS OF THE INVENTION

Mutants of PBP are described that, advantageously, have much lower affinity for Pi, whilst
retaining a fluorescence change on Pi binding. The inventors attempted various different
strategies to weaken binding but without losing signal on Pi binding. Two approaches were to
disrupt either the binding of the phosphate itself or the associated conformational change,
namely cleft closure. A third approach was to mutate the hinge between the domains. Variants
of each type of approach are described in the Examples with their relative success. Overall for
the binding site mutations, large changes in affinity were accompanied by considerable loss of
fluorescence change on Pi binding and were not successful. By targeting the cleft closure, in all
cases tested the Pi-dependent fluorescence change was almost completely lost and was not
successful. The third approach, in which the flexibility of the hinge region was altered, proved

highly successful. Flexibility in the hinge region was increased by forming a triple glycine
-2
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stretch. This 176G variant advantageously responded to Pi with both a good fluorescence

change and a reduction in affinity as compared to a reference PBP. Advantageously, this
combination of characteristics, in addition to the other advantageous characteristics described
herein, makes this mutant a highly desirable biosensor for the detection of Pi.

Aspect and embodiments of the present invention are set forth in the accompanying claims.

In one aspect, there is provided an inorganic phosphate-binding molecule comprising a mutant
phosphate-binding protein (PBP) which undergoes a conformational change from a first
conformation to a second conformation upon binding of inorganic phosphate (Pi), said mutant
PBP comprising: (i) at least one label; and (ii) at least one mutation that increases flexibility in
the hinge region of the PBP as compared to a PBP that does not comprise the at least one
mutation in the hinge region; wherein said mutant PBP has a lower affinity for Pi as compared to
a reference PBP; wherein said mutant PBP has a lower affinity for Pi as compared to a
reference PBP; and wherein the label emits a detectable signal upon changing from said first
conformation to said second conformation.

Suitably, the mutation is located at the point of flexion associated with rotational movement
during the conformational change of the PBP.

Suitably, the mutant hinge region of the PBP comprises or consists of the amino acid sequence
motif: PXXGGGXXX.

Suitably, the mutant hinge region comprises or consists of the amino acid sequence motif:
PX"X?GGGX°VX*, wherein X'is S, A, TorM, X?is A, Vorl, X*is V, Torl and X*is P or L.
Suitably, the mutant hinge region comprises or consists of the amino acid sequence set forth in
SEQ ID NOs: 7, 12, 19, 25, 28, 31, 34, 37 or 40.

Suitably, the mutant PBP comprises or consists of an amino acid sequence selected from the
group consisting of: SEQ ID NOs: 3, 4, 5, 6, 10, 11, 17, 18, 24, 27, 30, 33, 36 or 39 or an amino
acid sequence with at least 30% identity thereto.

Suitably, the mutant PBP is encoded by the nucleotide sequence set forth in any of SEQ ID
NOs: 8, 14, 15, 21 or 22 or a polynucleotide sequence with at least 30% identity thereto.
Suitably, the PBP is or is derived from a member of the genus Xylella, Xanthomonas,
Pasteurella, Haemophilus, Escherichia, Shigella, Salmonella, Erwinia or Mesorhizobium.
Suitably, the PBP is or is derived from Xylella fastidiosa 9a5c, Xanthomonas campestris pv.
campestris str. 8004, Pasteurella multocida subsp. multocida str. Pm70, Haemophilus
influenzae Rd KW20, Escherichia coli K-12, Shigella flexneri serotype 5b, Salmonella
schwarzengrund, Erwinia amylovora or Mesorhizobium Ioti.

Suitably, the protein comprises at least two labels, with at least one label attached to each side
of the cleft of the PBP.

Suitably, the protein comprises at least two cysteine substitutions, for attachment of first and

second labels.
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Suitably, the protein comprises mutations, suitably, cysteine substitutions, at amino acid

positions equivalent to amino acid positions selected from the group consisting of. 17, 197, 222,
226, 229, 247, 299 and 302 of SEQ ID NO: 1 or combinations of two or more thereof.

Suitably, the protein comprises pairs of mutations, suitably, one or more pairs of cysteine
substitutions, at amino acid positions equivalent to amino acid positions selected from the group
consisting of: 17 and 197, or 229 and 302, or 247 and 299, or 222 and 299, or 226 and 299 of
SEQ ID NO: 1 or combinations of two or more thereof.

Suitably, the first and second labels comprise fluorophores.

Suitably, the first and second labels include a rhodamine, suitably, a tetramethlyrhodamine.
Suitably, the rhodamine is 6-IATR.

Suitably, the first and second labels shift from a stacked conformation towards an unstaked
conformation upon binding of Pi and the signal from the label increases.

Suitably, the mutant PBP of the inorganic phosphate-binding molecule has a lower affinity for Pi
as compared to a reference PBP. Suitably, the affinity is reduced by about 50-fold, about 100-
fold, about 150-fold or at least about 200-fold as compared to a reference PBP.

Suitably, the mutant PBP of the inorganic phosphate-binding molecule has a (K;) of between
about 5 uM and about 9 UM, suitably between about 6 uM and about 8 uM, suitably about 7 uM.
Suitably, the at least one label of the inorganic phosphate-binding molecule emits a detectable
signal upon changing from said first conformation to said second conformation.

Suitably, the mutant PBP of the inorganic phosphate-binding molecule has a lower affinity for Pi
as compared to a reference PBP as described herein and the signal from the label(s) can
increase around 5-fold, 6-fold, 7-fold, 8-fold or 9-fold or more on binding with Pi, as compared to
an inorganic phosphate-binding molecule comprising a reference PBP.

Suitably, the mutant PBP of the inorganic phosphate-binding molecule has a lower affinity for Pi
as compared to a reference PBP as described herein and the mutant PBP has a (Ky) of
between about 5 UM and about 9 UM, suitably between about 6 pM and about 8 puM, suitably
about 7 uM.

Suitably, the at least one label of the inorganic phosphate-binding molecule emits a detectable
signal upon changing from said first conformation to said second conformation.

Suitably, the inorganic phosphate-binding molecule has no significant signal response from the
addition of Pi analogues, pyrophosphate and nucleotides, as set forth in Table 3.

Suitably, the inorganic phosphate-binding molecule does not respond to sodium arsenate.
Suitably, when measuring the activity of ATPase of PcrA, a DNA helicase, using the inorganic
phosphate-binding molecule, the K, is between about 70 nM and about 100 nM, suitably about
88 +13 nM, and the ke is about 30 1 s, suitably about 32 + 1 5",

Suitably, the affinity of the mutant PBP of the inorganic phosphate-binding molecule is not

affected by pH.
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In a further aspect, there is provided a mutant PBP comprising the amino acid sequence

selected from the group consisting of: SEQ ID NOs: 7, 12, 19, 25, 28, 31, 34, 37 or 40.

In a further aspect, there is provided a mutant PBP comprising or consisting of the amino acid
sequence selected from the group consisting of: SEQ ID NOs: 3, 4, 5, 6, 10, 11, 17, 18, 24, 27,
30, 33, 36 or 39 or an amino acid sequence with at least 30% identity thereto.

In a further aspect, there is provided an inorganic phosphate-binding molecule comprising the
mutant PBP as described herein and at least one label, or comprising or consisting of the
mutant PBP as described herein and at least one label.

In a further aspect, there is provided an isolated polynucleotide sequence encoding the mutant
PBP as described herein or a polynucleotide sequence with at least 30% identity thereto.

In a further aspect, there is provided an isolated polynucleotide sequence comprising or
consisting of polynucleotide sequence set forth in any of SEQ ID NOs: 8, 14, 15, 21 or 22 or a
polynucleotide sequence with at least 30% identity thereto.

In a further aspect, there is provided a polynucleotide construct comprising the polynucleotide
sequence as described herein.

In a further aspect, there is provided a host cell transformed with the polynucleotide construct of
as described herein.

In a further aspect, there is provided a method of producing an inorganic phosphate-binding
molecule comprising: (a) culturing said host cell as described herein in a suitable culture
medium under suitable conditions to produce the mutant PBP; (b) obtaining said produced
mutant PBP; and optionally (c) purifying said mutant PBP to provide a purified mutant PBP.

In a further aspect, there is provided a method for monitoring changes in the levels of inorganic
phosphate concentration in a sample comprising: (a) contacting said sample with an inorganic
phosphate-binding molecule as described herein; and (b) determining changes in conformation
of said inorganic phosphate-binding molecule, wherein changes in conformation of said
inorganic phosphate-binding molecule indicate changes in the concentration of inorganic
phosphate in said sample.

Suitably, the mutant PBP is present at sub-stoichiometric concentrations, suitably between
about 0.1 uM and 5 uM.

Suitably, the change is detected in the mixture over a time span of from 1 about 1 ms to about 1
hour.

Suitably, a phosphate mop is absent from the mixture.

In a further aspect, there is provided the use of an inorganic phosphate-binding molecule or a
mutant PBP as described herein for measuring Pi in a sample.

In a further aspect, there is provided a method for identifying a mutation in a PBP for use in
measuring Pi comprising the steps of. (i) incorporating at least one label into a PBP and
incorporating at least one mutation into the hinge region of the PBP; (ii) measuring the affinity of

the mutant PBP for Pi; (iii) measuring the signal emitted by the label upon binding of Pi to the
-5-
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mutant PBP; and (iv) identifying a mutation in the PBP that confers: (a) a lower affinity for Pi as

compared to a reference PBP; and (b) the label emits a change in signal upon binding of Pi.

In a further aspect, there is provided a method of incorporating at least one mutation into a PBP
comprising the steps of: (i) identifying a mutation in a PBP as described herein; and (ii)
incorporating said mutation into a PBP.

In a further aspect, there is provided a PBP obtained or obtainable by the method(s) as
described herein.

In a further aspect, there is provided an inorganic phosphate-binding molecule, a mutant PBP, a
polynucleotide, a construct, a host cell, a method or a use substantially as described herein and

with reference to the accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

Figure 1. Structure of E. coli PBP, highlighting active site residues and mutations tested. A
Complete structure, indicating residues altered in rho-PBPw. Apo PBP is cyan and Pi-bound
PBP dark blue (77, 12). The mutation site in the hinge region (176G) is in yellow, the sites for
rhodamine attachment (A17C, A197C) are in purple. B. The hinge region from the same
structures, showing the movement between apo (cyan) and Pi-bound PBP (dark blue). 176 is
shown in yellow. C. Binding site residues modified are shown as red sticks, putative bonds
between residues and P; are shown as yellow dashed lines.

Figure 2. Absorbance spectra of rho-PBPw. The spectra of 1 uM rho-PBPw with 6.25 — 400 uM
P, or phosphate mop (0.1 U ml™! purine nucleoside phosphorylase, 200 uM 7-methylguanosine)
(-Py) in 10 mM Pipes pH 7.0, 100 mM NaCl. Inset: the isosbestic point was 526 nm.

Figure 3. Fluorescence spectra of rho-PBPw. Spectra of 1 uM rho-PBPw with either 200 pM P;
(+P) or phosphate mop (0.1U ml' Purine nucleoside phosphorylase, 200 uM 7-
methylguanosine) (-P;) were obtained in 20 mM Pipes pH 7.0, 100 mM NaCl. Excitation spectra
were measured by emission at 577 nm. Emission spectra were obtained by excitation at 555
nm.

Figure 4. Titration of rho-PBPw with P;. 2 uM rho-PBPw were titrated against P; at 20 °C in 20
mM Pipes pH 7.0, 100 mM NaCl and 5 uM BSA. Aliquots of P;, adjusted to pH 7.0, were added
and fluorescence intensity corrected for the dilution. Data were fitted to a binding hyperbola with
a K of 28 £ 3 uM and an 8.7-fold fluorescence change.

Figure 5. Comparison of fluorescence intensities of rho-PBPw, following stopped-flow mixing
with P; and end-point titration. For the titration (circles), aliquots of P;were added to 1 uM rho-
PBPw in 20 mM Tris.HCI pH 7.5, 150 mM NaCl and 5 uM BSA at 20 °C in a cuvette.. Data were
fitted to a hyperbola to obtain a Ky of 50 +8 uyM. Constant intensities were obtained on a
stopped-flow apparatus with the same final concentrations in the mixing chamber (triangles). To

compare data using the different optics, the data were adjusted to the same values at 1 mM P;.

-6-
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Figure 6. Steady-state ATPase activity of PcrA. Measurements were carried out in 20mM

Tris.HCI pH 7.5, 150 mM NaCl and 3 mM MgCl, Reactions contained 4 nM PcrA, 3 uM rho-
PBPw, 100 uM ATP and dT35 at various concentrations. The concentration dependence of initial
rates was fitted to the Michaelis-Menten equation to give a K, for dTss of 88 £13 nM and a k.4 of
321"

Figure 7 shows the structures of various rhodamines including 5-IATR and 6-IATR that are
suitable for use with the invention.

Figure 8 shows the alignment of bacterial PBP/PstS proteins from Xylella (Xylella fastidiosa
9abc), Xanthomonas (Xanthomonas campestris pv. campestris str. 8004), Pasteurella
(Pasteurella multocida subsp. multocida str. Pm70), Haemophilus (Haemophilus influenzae Rd
KW20), E. coli (Escherichia coli K-12), Shigella (Shigella flexneri serotype 5b (strain 8401)),
Salmonella (Salmonella schwarzengrund (strain CVM19633)), Erwinia (Erwinia amylovora
(strain ATCC 49946)) and Mesorhizobium (Mesorhizobium loti MAFF303099). All proteins in
this alignment are Type Il PBPs (Periplasmic Binding Protein Type Il superfamily). The hinge
region is highlighted in bold and underline.

Figure 9 shows the accession numbers and the percent identity between the E. coli sequence

shown in Figure 8 against each of the other sequences shown in Figure 8.

ADVANTAGES

The mutants described herein have a good fluorescence change and a reduced affinity for Pi as
compared to a reference PBP which makes the mutants highly desirable biosensors for the
detection of Pi.

The mutants described herein can be used as biosensors in sub-stoichiometric amounts relative
to Pi making them more economical, suitably between about 0.1 yM and 5 uM.

The mutants described herein can be used as biosensors in assays where higher micromolar
amounts of Pi are released. This allows reactions to be measured over a longer time span,
extending the assay range, for which the biosensor can be used. For example, the assays can
be run for up to about 1 hour.

The mutants described herein can be used as biosensors to monitor a larger range of Pi,
suitably, up to about 50 uM, about 60 uM, about 70 uM or about 80 UM or more.

The mutants described herein have lowered affinity for Pi meaning that they are less sensitive
to contaminating Pi that can be present in many biological solutions and buffers efc. Suitably,
no phosphate mop is required to remove contaminating Pi in assays when the mutants are used
as biosensors. Contaminating Pi can increase the level of background fluorescence and also
decrease the amount of biosensor that is free to detect Pi formation.

The affinity of the mutants described herein is little affected by pH which makes the mutants

more attractive for use as biosensors.
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No significant fluorescence response is obtained from the addition of a selection of Pi

analogues, pyrophosphate and nucleotides, as set forth in Table 3, indicating that the mutants

when used as biosensors have a high level of specificity for Pi.

DETAILED DESCRIPTION

The technical terms and expressions used within the scope of this application are generally to
be given the meaning commonly applied to them in the pertinent art of molecular biology and
protein engineering. All of the following term definitions apply to the complete content of this
application. The word "comprising" does not exclude other elements or steps, and the indefinite
article "a" or "an" does not exclude a plurality. A single step may fulfil the functions of several
features recited in the claims. The terms “about”, “essentially” and “approximately” in the context
of a given numerate value or range refers to a value or range that is within 20%, within 10%, or

within 5%, 4%, 3%, 2% or 1% of the given value or range.

Phosphate binding protein (PBP)

The disclosure utilises a ‘phosphate binding protein’, which is the name commonly given to the
primary phosphate receptor of the ABC transport system found in bacteria, also known as the
periplasmic phosphate binding receptor. PBPs are also present in eukaryotes. PBPs are part of
the active phosphate transfer system and reversibly bind and release Pi. They are members of
the protein superfamily of extracellular solute-binding receptors and consist of two domains
linked by a hinge region. The phosphate-binding site is located at the interface between the two
domains. The proteins typically adopt two conformations: a phosphate-free open form and a
phosphate-bound closed form, which interconvert via a hinge-bending mechanism upon
phosphate binding. Native PBP is formed after cleavage of a precursor, and PBPs can be
lipoproteins. The PBPs are robust to denaturation and bind to Pi specifically and tightly.

PBPs have been described for a number of bacteria and in mammals. A sequence alignment of
wild type PBPs from different organisms is shown in Figure 7 of WO2007/026155. Wild type
PBPs from Xylella fastidiosa, Xanthomonas campestris, Pasteurella multocida, Haemophilus
influenzae, Escherichia coli, Shigella flexneri, Salmonella schwarzengrund, Erwinia amylovora
and Mesorhizobium Ioti are examples of PBPs that can be mutated in accordance with the
present disclosure because the sequence of the hinge region can be identified. The hinge-
bending mechanism is encoded by two distinct regions of the amino acid sequence of PBP
which are positioned in the 5 and the 3’ regions of the sequence. For the purposes of the
present disclosure, the 5’ hinge region is of most importance and is targeted for mutagenesis as
described herein. Typically, the 3’ hinge region is not mutated although the use of a 3’ hinge

region that has been mutated is not excluded.
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The primary phosphate receptors of the gram-negative bacterial ABC transport system are

Periplasmic Binding Proteins. Periplasmic Binding Proteins form one of the largest protein
families in eubacterial and archaebacterial genomes and are considered to be derived from a
common ancestor based on similarity of three-dimensional structure, mechanism of ligand
binding and gene operon structure. Periplasmic Binding Proteins share common features of
three-dimensional structure and patterns of ligand binding despite large length variation and low
sequence identity. Periplasmic Binding Proteins consist of two globular domains of mainly o/f
type. The ligand is bound in a cleft between the two domains and engulfed by both. A hinge-
bending motion between the two domains is accompanied by ligand binding. Suitably, the
phosphate receptors used in the present disclosure have these three features.

The genes for the ABC transport system have also been discovered in bacteria without a
periplasmic space, such as gram-positive Mycobacteria. Primary phosphate receptors from
Mycobacteria and other Gram-positive bacteria have a tether to anchor them to the membrane
and have a similar function to the periplasmic primary phosphate receptors. The function of the
similar protein(s) in mammals is unknown.

Periplasmic Binding Proteins are classified as type | or type Il based in the topological
arrangement of the central B-sheets in their core structure. Suitably, the PBPs of the present
disclosure are Type Il wherein the sheet topology of both protein domains takes the form
B2B1BsPnPs Where B, represents the strand just after the first crossover from the N-terminal
domain to the C-terminal domain, and vice versa.

The gene nomenclature of PBPs is typically PstS (from ‘Pi-Specific Transport’), but the protein
has also been referred to as PhoS, nmpA, phoR2, R2pho and phoR2a or phosphate binding
protein. In Mycobacterium tuberculosis the protein has been referred to as ‘protein antigen B’
(PAB).

A particularly suitable protein is the E. coli PstS protein, because it has been extensively
studied. The sequence of wild type E. coli PstS is set forth in SEQ ID NO: 2. This 346-mer is a
precursor for the mature protein, which is formed by cleavage of the N-terminal 25 residues
(underlined). The disclosure suitably uses the mature protein after loss of signal peptide as set
forth in SEQ ID NO:1. The expressed protein can include a methionine at position -1, as shown
in for example, SEQ ID NO:3.

Other suitable proteins include, but are not limited to, PBP from Xanthomonas campestris pv.
campestris str. 8004 (the amino acid sequence of the wild type protein is set forth in SEQ ID
NO: 9) and PBP from Erwinia amylovora (the amino acid sequence of the wild type protein is
set forth in SEQ ID NO: 16), PBP from Xylella fastidiosa 9a5c¢ (the amino acid sequence of the
wild type protein is set forth in SEQ ID NO: 23), PBP from Pasteurella multocida (the amino acid
sequence of the wild type protein is set forth in SEQ ID NO: 26), PBP from Haemophilus
influenza (the amino acid sequence of the wild type protein is set forth in SEQ ID NO: 29), PBP

from Shigella flexneri (the amino acid sequence of the wild type protein is set forth in SEQ ID
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NO: 32), PBP from Salmonella schwarzengrund (the amino acid sequence of the wild type

protein is set forth in SEQ ID NO: 36) and PBP from Mesorhizobium loti (the amino acid
sequence of the wild type protein is set forth in SEQ ID NO: 38).

Polypeptides, including mutant PBPs, can be provided in purified or isolated form.

In one aspect, there is provided an inorganic phosphate-binding molecule comprising a mutant
phosphate-binding protein (PBP) which undergoes a conformational change from a first
conformation to a second conformation upon binding of inorganic phosphate (Pi), said mutant
PBP comprising: (i) at least one label; and (ii) at least one mutation that increases flexibility in
the hinge region of the PBP as compared to a PBP that does not comprise the at least one
mutation in the hinge region; wherein said mutant PBP has a lower affinity for Pi; and wherein
the label emits a detectable signal upon changing from said first conformation to said second

conformation.

Mutant PBP

The disclosure provides mutant PBPs and variants thereof. Mutations in the nucleotide
sequences and polypeptides described herein can include man made mutations, synthetic
mutations and genetically engineered mutations. Mutations in the nucleotide sequences and
polypeptides described herein can be mutations that are obtained or obtainable via a process
which includes intervention by man. The mutant PBPs are 'non-naturally occurring' PBPs which
means that they are not found in nature and therefore expressly exclude entities that exist in
nature. Such non-naturally occurring mutants can be structurally modified, synthesised or
manipulated by man.

Suitably, at least one mutation is introduced into the (5°) hinge region of the PBP. The objective
of the mutation is to increase the flexibility of the hinge region. The hinge region consists of two
peptides, approximately parallel and linking the two domains. Cleft closure is achieved by a
bending rotation of the hinge. Figure 8 discloses the alignment of PBPs from various strains of
bacteria, namely Xylella fastidiosa, Xanthomonas campestris, Pasteurella multocida,
Haemophilus influenzae, Escherichia coli, Shigella flexneri, Salmonella schwarzengrund,
Erwinia amylovora and Mesorhizobium loti. The alignment of the hinge region located at amino
acid positions equivalent to amino acid positions 73 to 81 of SEQ ID NO:1 is shown in bold and
underlined. The hinge region can be defined by the motif: PXXXGGXXX and is located at
amino acid positions equivalent to amino acid positions 73 to 81 of SEQ ID NO:1. The
consensus hinge region motif sequence amongst the Xylella fastidiosa, Xanthomonas
campestris, Pasteurella multocida, Haemophilus influenzae, Escherichia coli, Shigella flexneri,
Salmonella schwarzengrund, Erwinia amylovora and Mesorhizobium loti sequences as set forth
in Figure 8 is PX"X2X*GGX*VX®, wherein X'is S, A, Tor M, X?is A, Vorl, X?islorM, X*isV, T
orland X’is P or L. Suitably, X*is the site for mutagenesis, suitably X*is mutated, suitably, to a

glycine to create a triple glycine stretch. In one embodiment, to increase flexibility in the hinge,
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the isoleucine at the amino acid position equivalent to amino acid position 76 of SEQ ID NO:1 is

mutated, suitably to a glycine resulting in a triple glycine stretch in the hinge.

Amino acid mutations are selected based on the knowledge that certain amino acids and
combinations of amino acids can increase the flexibility of the hinge region. For example,
replacing an isoleucine with a glycine to create a triple glycine stretch will increase flexibility.
The isoleucine at position 76 of SEQ ID NO:1, or the isoleucine at position 76 of SEQ ID NO: 9,
or the isoleucine at position 76 of SEQ ID NO: 16 or the isoleucine at position 76 of SEQ ID NO:
23, or the isoleucine at position 76 of SEQ ID NO: 26, or the isoleucine at position 76 of SEQ ID
NO: 29, or the serine at position 76 of SEQ ID NO: 32, or the isoleucine at position 76 of SEQ
ID NO: 35, or the methionine at position 76 of SEQ ID NO: 38 is located at the point of flexion
associated with the rotational movement during the conformational change. Amino acid
sequences of exemplary mutants are set forth in SEQ ID NOs: 3, 4, 5, 6, 10, 11, 17, 18, 24, 27,
30, 33, 36, and 39. Exemplary mutant hinge regions are set forth in SEQ ID NOs: 7, 12, 19, 25,
31, 34, 37 and 40. Nucleotide sequences of exemplary mutants are set forth in SEQ ID NOs: 8,
14, 15, 21 and 22. The corresponding amino acid residues in other PBPs can be identified
based on sequence homology e.g. using the alignment of Figure 7 of W02007/026155 or
Figure 8 herein.

The use of mutants in which the one or more labels are attached is particularly suitable. This
will frequently require suitable amino acid residue(s) (for example, one or more, or two or more
Cys residues) to be introduced at a desired position in the structure. By way of example, labels
can be attached to amino acid positions selected from the group consisting of: amino acids
located at positions equivalent to amino acid positions 17 and 197 of SEQ ID NO:1, or at amino
acid positions located at positions equivalent to amino acid positions 229 and 302 of SEQ ID
NO:1, or at amino acid positions located at positions equivalent to amino acid positions 247 and
299 of SEQ ID NO:1, or at amino acid positions located at positions equivalent to amino acid
positions 222 and 299 of SEQ ID NO:1, or at amino acid positions located at positions
equivalent to amino acid positions 226 and 299 of SEQ ID NO:1, or a combination of one or
more thereof. Accordingly, labels can be attached at these equivalent positions in any of the
amino acid sequences described herein as desired.

The corresponding amino acid residues in other PBPs can be identified based on sequence
homology, for example, using the alignment of Figure 7 of W02007/026155.

An exemplary mutant is set forth in SEQ ID NO: 4 corresponding to the mutant A17C, 176G,
A197C. In this mutant, two Cys residues are incorporated at position 17 (A17C) and position
197 (A197C). Another exemplary mutant is set forth in SEQ ID NO: 5 corresponding to the
mutant 176G, N226C and S299C. In this mutant, two Cys residues are incorporated at position
226 (N226C) and position 299 (S299C). Another exemplary mutant is set forth in SEQ ID NO: 6
corresponding to the mutant 176G, K229C and E302C. In this mutant, two Cys residues are

incorporated at position 229 (K229C) and position 203 (E302C). Another exemplary mutant is
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set forth in SEQ ID NO: 11 corresponding to the mutant S17C, 176G and S197C. In this mutant,

two Cys residues are incorporated at position 17 (S17C) and position 197 (S197C). Another
exemplary mutant is set forth in SEQ ID NO: 18 corresponding to the mutant N17C, 176G,
A197C. In this mutant, two Cys residues are incorporated at position 17 (N17C) and position
197 (A197C). As will be understood, any of the mutations described herein for labelling — such
as one or more cysteine mutations — can be incorporated into any of the amino acid sequences
described herein.

In one aspect, there is disclosed a mutant PBP comprising or consisting of the amino acid
sequence selected from the group consisting of: SEQ ID NOs: 3, 4, 5, 6, 10, 11, 17, 18, 24, 27,
30, 33, 36 or 39 or an amino acid sequence with at least 30% identity thereto.

An inorganic phosphate-binding molecule comprising the mutant PBP(s) and at least one label
is also disclosed.

In another aspect, there is disclosed a mutant PBP comprising the amino acid sequence
selected from the group consisting of: SEQ ID NOs: 7, 12, 19, 25, 28, 31, 34, 37 or 40. An
inorganic phosphate-binding molecule comprising this amino acid sequence and at least one

label is also disclosed.

Function of mutant PBPs

Increasing the flexibility of the hinge region results in mutant PBPs that have a number of
unexpected and advantageous properties, as described herein.

The mutant PBP has a lower affinity for Pi as compared to a reference PBP. The affinity can be
reduced by about 50-fold, about 100-fold, about 150-fold or at least about 200-fold.

The mutants can have a dissociation constant in the micromolar range, depending on salt
concentration. The mutants can have a (Ky) of between about 5 yM and about 9 uM, suitably
between about 6 UM and about 8 UM, suitably about 7 uM.

P; affinity can be readily determined by the person skilled in the art, for example, by titration of 1
MM of the mutant to be tested with P; in 10 mM Pipes pH 7.0, as described herein.

The mutant PBP comprises at least one label that emits a detectable signal upon changing from
said first conformation to said second conformation. The signal from the label(s) can increase
around 5-fold, 6-fold, 7-fold, 8-fold or 9-fold or more on binding with Pi, as compared to a
reference PBP.

The mutants therefore have both a large signal change and a desirable reduction in affinity.
Suitably, the affinity for Pi is reduced by about 200-fold and the signal from the label upon
changing from the first conformation to the second conformation increases by around 9-fold.

It was also advantageously found that no significant fluorescence response was obtained from
the addition of a selection of Pi analogues, pyrophosphate and nucleotides, as set forth in Table

3. The mutants also do not respond to sodium arsenate. Accordingly, the mutants described
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herein have no significant fluorescence response to Pi analogues, pyrophosphate and

nucleotides selected from the group consisting of: ATP, ADP, PPi, sodium arsenate and
sodium vanadate, wherein ATP, ADP, PPi are treated with a phosphate mop to reduce
contaminating Pi prior to use.

When measuring the activity of ATPase of PcrA, a DNA helicase, the K, is between about 70
nM and about 100 nM, suitably about 88 £13 nM, and the k. is about 30 1 s'1, suitably about
2+1s".

Suitably, the affinity of the mutants is not affected by pH.

Reference PBP

Suitably, comparisons concerning activity and/or function of the mutant PBPs are made herein
with respect to a reference PBP that acts as a control. The reference PBP can be a wild-type
PBP. Suitably, the reference PBP will correspond to the wild-type version of the hinge region
of the PBP without the mutation(s) that are in the hinge region of the mutant version of the PBP
under test. The reference PBP may include one or more mutations outside of the hinge region
that are also in the mutant PBP under test. For example, the reference PBP may include one or
more mutations outside of the hinge region in order to attach the same label(s) that are attached
at the same position(s) to the mutant PBP. Thus, for example, when comparing the function or
activity of the mutant PBP as set forth in SEQ ID NO: 4 comprising the mutations A17C, 176G
and A197C, the reference PBP will comprise the mutations A17C and A197C but not the hinge
mutation at I76G. This ensures that comparisons that are made between the hinge mutant PBP
and the reference PBP are not influenced by differences in the labels or in the positions of the

labels.

Reference Sequence

When particular amino acid residues are referred to herein using numeric addresses, the
numbering is taken with reference to the mature wild type amino acid sequence after loss of
signal peptide (or to the polynucleotide sequence encoding same) from the respective
microorganism as set forth in, for example, SEQ ID NO: 1. This is to be used as is well
understood in the art to locate the residue of interest. This is not always a strict counting
exercise - attention must be paid to the context. For example, if the protein of interest is of a
slightly different length, then location of the correct residue in that sequence may require the
sequences to be aligned and the equivalent or corresponding residue picked. This is well within
the ambit of the skilled reader.

Mutating has it normal meaning in the art and may refer to the substitution or truncation or
deletion of one or more residues, motifs or domains. Mutation may be effected at the
polypeptide level, for example, by synthesis of a polypeptide having the mutated sequence, or

may be effected at the nucleotide level, for example, by making a polynucleotide encoding the
13-
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mutated sequence, which polynucleotide may be subsequently translated to produce the

mutated polypeptide. Suitably, the mutations to be used are as set out herein.

Sequence Variation

The polypeptides described herein may comprise sequence changes relative to the wild type
sequence in addition to the key mutations described in more detail herein. Specifically the
polypeptides described herein may comprise sequence changes at sites which do not
significantly compromise the function or operation of the polypeptides described herein. The
sequence changes may be at the polypeptide or the nucleotide level.

Polypeptide function may be easily tested using the methods as set out in the examples section,
in order to verify that function has not been abrogated or significantly altered. Thus, provided
that the polypeptide retains its function which can be easily tested as set out herein, sequence
variations may be made in the polypeptide relative to the wild type reference sequence.
Polypeptides include variants produced by introducing any type of alterations (for example,
insertions, deletions, or substitutions of amino acids; changes in glycosylation states; changes
that affect refolding or isomerizations, three-dimensional structures, or self-association states),
which can be deliberately engineered. The variant may have alterations which produce a silent
change and result in a functionally equivalent polypeptide. Deliberate amino acid substitutions
may be made on the basis of similarity in polarity, charge, solubility, hydrophobicity,
hydrophilicity and the amphipathic nature of the residues as long as the secondary binding
activity of the substance is retained. For example, negatively charged amino acids include
aspartic acid and glutamic acid; positively charged amino acids include lysine and arginine; and
amino acids with uncharged polar head groups having similar hydrophilicity values include
leucine, isoleucine, valine, glycine, alanine, asparagine, glutamine, serine, threonine,
phenylalanine, and tyrosine. Conservative substitutions may be made, for example according
to the Table below. Amino acids in the same block in the second column and suitably in the

same line in the third column may be substituted for each other:

ALIPHATIC Non-polar Gly Ala Pro

lle Leu Val

Polar - uncharged Cys Ser Thr Met
Asn Gly

Polar - charged Asp Glu
Lys Arg
AROMATIC His Phe TrpTyr

In considering what mutations, substitutions or other such changes might be made relative to
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the wild type sequence, retention of the function of the polypeptide is important. Typically

conservative amino acid substitutions would be less likely to adversely affect the function.

When engineering mutants to increase flexibility of the hinge region it is known that certain
amino acids and stretches of amino acids will confer increased flexibility.

Pi-binding in the E. coli PstS involves amino acids 10, 11, 38, 56, 137, 139 and 140.
Mutagenesis should avoid these critical residues.

Mutagenesis should also avoid the introduction of side chains that will interfere with access to
the binding cleft.

Mutagenesis should also avoid residues where an attached label will interfere with the binding
cleft.

The alignment shown in Figure 7 of W0O2007/026155 shows that PBPs from different organisms
display both conserved and non-conserved amino acids. The Figure 7 alignment, the Figure 8
alignment herein, and others alignments created using further PBPs, can be used to identify
candidate amino acid residues for mutagenesis. Residues which are less conserved between

proteins are more likely to tolerate mutation.

Sequence Homology/ldentity

Although sequence homology can also be considered in terms of functional similarity (that is,
amino acid residues having similar chemical properties/functions), in the context of the present
disclosure it is preferred to express homology in terms of sequence identity.

Sequence comparisons can be conducted by eye or, more usually, with the aid of readily
available sequence comparison programs. These publicly and commercially available computer
programs can calculate percent homology (such as percent identity) between two or more
sequences.

Percent identity may be calculated over contiguous sequences, i.e., one sequence is aligned
with the other sequence and each amino acid in one sequence is directly compared with the
corresponding amino acid in the other sequence, one residue at a time. This is called an
"ungapped" alignment. Typically, such ungapped alignments are performed only over a
relatively short number of residues (for example less than 50 contiguous amino acids).

Although this is a very simple and consistent method, it fails to take into consideration that, for
example in an otherwise identical pair of sequences, one insertion or deletion will cause the
following amino acid residues to be put out of alignment, thus potentially resulting in a large
reduction in percent homology (percent identity) when a global alignment (an alignment across
the whole sequence) is performed. Consequently, most sequence comparison methods are
designed to produce optimal alignments that take into consideration possible insertions and
deletions without penalising unduly the overall homology (identity) score. This is achieved by

inserting "gaps" in the sequence alignment to try to maximise local homology/identity.
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These more complex methods assign "gap penalties" to each gap that occurs in the alignment

so that, for the same number of identical amino acids, a sequence alignment with as few gaps
as possible - reflecting higher relatedness between the two compared sequences - will achieve
a higher score than one with many gaps. "Affine gap costs" are typically used that charge a
relatively high cost for the existence of a gap and a smaller penalty for each subsequent residue
in the gap. This is the most commonly used gap scoring system. High gap penalties will of
course produce optimised alignments with fewer gaps. Most alignment programs allow the gap
penalties to be modified. However, it is preferred to use the default values when using such
software for sequence comparisons. For example when using the GCG Wisconsin Bestfit
package (see below) the default gap penalty for amino acid sequences is -12 for a gap and -4
for each extension.

Calculation of maximum percent homology therefore firstly requires the production of an optimal
alignment, taking into consideration gap penalties. A suitable computer program for carrying out
such an alignment is the GCG Wisconsin Bestfit package (University of Wisconsin, U.S.A;
Devereux et al., 1984, Nucleic Acids Research 12:387). Examples of other software than can
perform sequence comparisons include, but are not limited to, the BLAST package, FASTA
(Altschul et al., 1990, J. Mol. Biol. 215:403-410) and the GENEWOR S suite of comparison
tools.

Although the final percent homology can be measured in terms of identity, the alignment
process itself is typically not based on an all-or-nothing pair comparison. Instead, a scaled
similarity score matrix is generally used that assigns scores to each pairwise comparison based
on chemical similarity or evolutionary distance. An example of such a matrix commonly used is
the BLOSUM®62 matrix - the default matrix for the BLAST suite of programs. GCG Wisconsin
programs generally use either the public default values or a custom symbol comparison table if
supplied. It is preferred to use the public default values for the GCG package, or in the case of
other software, the default matrix, such as BLOSUM62. Once the software has produced an
optimal alignment, it is possible to calculate percent homology, preferably percent sequence
identity. The software typically does this as part of the sequence comparison and generates a
numerical result.

In the context of the present disclosure, a homologous amino acid sequence is taken to include
the one or more mutations that are described herein and has an amino acid sequence which is
at least 15, 20, 25, 30, 40, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 70, 71, 72, 73, 74, 75, 76,
77,78, 79, 80, 90, 91, 92, 93, or 94% identical, suitably at least 95%, 96%, 97%, 98% or 99%
identical at the amino acid level. Suitably this identity is assessed over at least 50 or 100,
preferably 200, 300, or even more amino acids with the relevant polypeptide sequence(s)
disclosed herein, most suitably with the respective wild type sequence as set forth in SEQ ID
NOs: 1, 9 or 16, 23, 26, 29, 32, 35 and 38. Suitably, this identity is assessed over the full length

-16 -



10

15

20

25

30

35

WO 2016/156807 PCT/GB2016/050814
sequence with the relevant polypeptide sequence(s) disclosed herein, most suitably with the

respective wild type sequences as described herein.

Suitably, homology should be considered with respect to one or more of those regions of the
sequence known to be essential for protein function rather than non-essential neighbouring
sequences. This is especially important when considering homologous sequences from
distantly related organisms.

Fragments of the polypeptide sequences that retain the activity of the full length sequence are
also disclosed.

The same considerations apply to polynucleotide sequences.

Polynucleotides

Polynucleotides can be incorporated into a recombinant replicable vector. The vector may be
used to replicate the polynucleotide in a compatible host cell. Thus in a further embodiment, the
dislcosure provides a method of making polynucleotides by introducing a polynucleotide into a
replicable vector, introducing the vector into a compatible host cell, and growing the host cell
under conditions which bring about replication of the vector. The vector may be recovered from
the host cell. Suitable host cells include bacteria such as E. coli.

Suitably, a polynucleotide in a vector is operably linked to a control sequence that is capable of
providing for the expression of the coding sequence by the host cell, i.e. the vector is an
expression vector. The term "operably linked" means that the components described are in a
relationship permitting them to function in their intended manner. A regulatory sequence
"operably linked" to a coding sequence is ligated in such a way that expression of the coding
sequence is achieved under condition compatible with the control sequences.

Vectors may be transformed or transfected into a suitable host cell as described to provide for
expression of a protein described herein. This process may comprise culturing a host cell
transformed with an expression vector as described above under conditions to provide for
expression by the vector of a coding sequence encoding the protein, and optionally recovering
the expressed protein.

The vectors may be for example, plasmid or virus vectors provided with an origin of replication,
optionally a promoter for the expression of the said polynucleotide and optionally a regulator of
the promoter. The vectors may contain one or more selectable marker genes, for example an
ampicillin resistance gene in the case of a bacterial piasmid. Vectors may be used, for example,
to fransfect or transform a host cell.

Control sequences operably linked to sequences encoding the protein described herein include
promoters/enhancers and other expression regulation signals. These control sequences may be
selected to be compatible with the host cell for which the expression vector is designed to be

used in. The term promoter is well-known in the art and encompasses polynucleotide regions
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ranging in size and complexity from minimal promoters to promoters including upstream
elements and enhancers.

Exemplary polynucleotide sequences are set forth in SEQ ID NOs: 8, 13, 14, 15, 20, 21 and 22.

Polynucleotides can be provided in isolated form.

Protein Expression and Purification

Proteins are typically made by recombinant means, for example as described below and in the
examples. However they may also be made by synthetic means using techniques well knownto
skilled persons such as solid phase synthesis. Proteins described herein may also be produced
as fusion proteins, for example to aid in extraction and purification. Examples of fusion protein
partners include glutathione-S-transferase (GST), 6xHis, GAL4 (DNA binding and/or
transcriptional activation domains) and B-galactosidase. If may also be convenient to include a
proteolytic cleavage site between the fusion protein partner and the protein sequence of interest
to allow removal of fusion protein sequences. Suitably, the fusion protein selected should not
hinder the function of the polypeptides described herein.

Host cells comprising polynucleotides may be used to express the polypeptides described
herein. Host cells may be cultured under suitable conditions which allow expression of the
polypeptides described herein. Expression of the polypeptides described herein may be
constitutive such that they are continually produced, or inducible, requiring a stimulus to initiate
expression. In the case of inducible expression, protein production can be initiated when
required by, for example, addition of an inducer substance to the culture medium, for example
dexamethasone or IPTG.

Polypeptides described herein can be extracted from host cells by a variety of techniques

known in the art, including enzymatic, chemical and/or osmotic lysis and physical disruption.

Labels

The polypeptides described herein carry labels. Particularly suitable labels are those that can
exhibit molecular stacking, which will thus include aromatic rings. These include the rhodamine
labels. Where two labels “exhibit molecular stacking”, this typically means that their emission
and/or excitation spectra are substantially identical to those of a stacked dimer.

Dye stacking is a non-covalent interaction between two chromophores having planar aromatic
rings, and it occurs when the rings are separated by a distance that is short enough to allow
them to interact e.g. to form dimers or trimers. The detectable signal of the stacked molecules is
different from that of the unstacked molecules (e.g. stacking can cause quenching of signals,
and so stacked chromophores will typically show a decreased fluorescence signal intensity
relative to the individual unstacked chromophores), and this difference can be used to detect

the presence or absence of stacking. Stacked chromophores can have absorption spectra with
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() a characteristic decrease in the principal absorption peak as chromophore concentration

increases and (ii) a characteristic shoulder peak (‘band splitting’).

For example, rhodamine chromophores can form dimers at high concentrations in solution. The
dimer (Amax ~520 nm) has a different absorbance spectrum from the monomer (Amax ~550 nm),
and has little or no fluorescence in comparison with the monomer. This optical difference
between free monomer and dimer in solution can be retained when two labels interact when
attached to a protein. Two rhodamine chromophores attached to suitable positions in the protein
can form dimers, whose interaction is altered when ligand binds to the protein. The difference
between the Pi-free and Pi-bound conformations of PBP can be spectroscopically detected.
Labels that can undergo molecular stacking are well known in the art. Stacking can occur
between identical chromophores, and can also occur between different chromophores.

Labels used herein can give various signals. Suitable labels are Iuminescent labels.
Luminescent labels include both fluorescent labels and phosphorescent labels. However, the
use of other labels is envisaged. For example, electrochemical labels could be used wherein
alteration in the environment of the labels will give rise to a change in redox state. Such a
change may be detected using an electrode.

The use of fluorescent labels, which may be excited to fluoresce upon exposure to certain
wavelengths of light, is preferred. The fluorescent label can be selected from the group
consisting of rhodamines, cyanines, pyrenes and derivatives thereof.

Suitable fluorescent labels are based on a xanthene nucleus, which can readily undergo

O ’

Such labels include the rhodamine fluorophores, which include the following core structure:

%NLW O MNfV%é
@

stacking to form dimers:

In addition to the xanthene and the two amino groups, the rhodamine core generally includes a

further aromatic ring with a carboxylic substitution, as shown below:
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Examples of specific rhodamine fluorophores that can be used are shown in Figure 7. Suitable
rhodamine labels are functionalised to give high selectivity for reaction with thiols, such as the
haloacetamidotetramethylrhodamine (XATR) molecules, even more suitably
iodoacetamidotetramethylrhodamine (IATR) and bromoacetamidotetramethylrhodamine (BATR)
molecules. Particularly suitable labels are 5-IATR and 6-IATR, shown in Figure 7.

In certain embodiments, one or more rhodamine labels are preferred as it is capable of
producing a large fluorescence response and it has a high photo stability.

Where labels can have different isomers, it is preferred to use a single isomer. Thus, for
example, where a rhodamine label is capable of existing as different structural isomers (e.g. 5-
IATR and 6-1ATR), a single isomer in a single PBP is suitably used.

Where two labels are attached to a single PBP, the magnitude of the detectable change seen
on Pi binding is suitably greater than the magnitude of the detectable change seen on Pi binding
to a PBP with either of the two labels attached without the other being present.

The use of two stackable labels to detect a conformational change in a protein is not restricted
to PBPs. For instance, the labels can be used with any periplasmic binding proteins, including
those that bind leucine, isoleucine, valine, L-arabinose, glucose, galactose, D-ribose, lactose,
purine, histidine, lysine, arginine, ornithine, glutamine, spermidine, putrescine, maltose, D-

maltodextrin or sulphate.

Conformational change

On binding to phosphate, PBPs undergo a conformational change. The cleft containing the Pi
binding site closes, causing a change in the relative distance and/or orientation of the protein’s
two globular domains. These alterations in structure, from an initial conformation to a final
conformation, are exploited in the present disclosure.

The disclosure can exploit the conformational change by attaching labels such that their
separation distance increases or decreases, or such that they rotate relative to each other.
Where two labels are attached, the movement can be used to change their ability to exhibit
molecular stacking, as described above. Thus the orientation of the first and second labels
changes between the initial conformation and the final conformation, and suitably their

separation increases which leads to an increase in signal.
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Attachment of labels

The PBPs have labels attached to them. The covalent attachment of extrinsic labels to proteins
is well known.

Different cysteine residues show different reactivities to labelling reagents, which can be
assessed using DTNB (5,5'-dithio-bis(2-nitrobenzoic acid). For PBPs, reactivity can also be
affected by the presence of bound Pi. In such cases, a phosphate mop (see below) can be
used during labelling, to ensure that protein is in a Pi-free conformation.

Labels can be attached via amines or carboxyl residues on amino acid side chains, but it is
preferred to use covalent linkage via thiol groups on a cysteine residue. Where more than one
label is attached to a protein, these are suitably attached to separate amino acid residues.

If appropriate, a natural cysteine residue in the PBP can be used for attachment of the label. As
E. coli PstS does not include any cysteine residues, these must be artificially introduced e.g. by
site-directed or random mutagenesis.

Where more than one cysteine residue is to be introduced, the same criteria apply. If attached
chromophores are to interact, however, the residues must be selected such that (a) they are in
proximity to each other, and (b) the conformational change that occurs on Pi-binding affects one
or both of the residues to cause a change in position or orientation or electronic environment of
a label attached thereto. Amino acids that move apart on Pi-binding are potential sites for label
attachment. The residues may be close to each other in the PBP’s primary sequence, or may
be far away, but the available 3D structures can be used to determine the spatial proximity of
chromophores (which will also have known structures) attached to any particular pair of amino
acids, both before and after Pi-binding, enabling assessment of likely molecular stacking.
Typically, the a-carbons on two residues chosen for label attachment will be separated by
between 0.7-2.2 nm (e.g. 0.8-1.3 nm) in either the Pi-bound or Pi-free protein, and by a larger
distance in the other form.

Suitably, residues chosen for label attachment are surface located. Such residues are more
easily accessible for labelling purposes and are less likely to disrupt the tertiary structure of the
protein when labelled.

Typical PBPs have two globular domains. Where two residues are chosen these may both be in
the same globular domain, or there may be one per globular domain.

For example, PstS crystal structure analysis shows that, as the cleft between the domains
closes on phosphate binding, amino acids located on either side of the phosphate-binding cleft
get closer in the Pi-bound structure than in the Pi-free structure. However, this movement is
also transmitted to structural changes in other parts of the protein. The hinge consists of two
extended pieces of the polypeptide, located centrally in the protein. On Pi-binding, the cleft
closes on one side of the hinge to produce a rocking motion of the protein domains relative to

each other, exposing a new ‘cleft’ on the opposite side of the protein.
-21 -



10

15

20

25

30

35

WO 2016/156807 PCT/GB2016/050814
In one embodiment, labels are attached to amino acid residues in a region of the protein remote

from the binding site. Suitably, such amino acid residues are not involved in binding Pi (i.e.
directly coordinate with Pi or indirectly via one other amino acid) or on the surface of the binding
cleft. Additionally, or alternatively, labels are attached to amino acid residues on opposite sides
of the binding cleft.

Using E. coli PstS, eight suitable amino acid residues for substitution by cysteine are, numbered
from the N-terminus of the mature PstS as set forth in SEQ ID NO:1 : Ala-17, Ala-197, Glu-222,
Asn-226, Lys-229, Glu-247, Ser-299, Glu-302. Where a pair of cysteine residues is introduced,
five suitable pairings are: 17 & 197, 229 & 302; 247 & 299; 222 & 299; 226 & 299.

Ala-17 and Ala-197 can both mutated to cysteine residues (e.g. SEQ ID NO: 4).

Asn-226 and Ser-299 can both mutated to cysteine residues (e.g. SEQ ID NO: 5).

Lys-229 and Glu-302 can both mutated to cysteine residues (e.g. SEQ ID NO: 6).

Other possible attachment pairs include Glu-222 & Asp-298, Glu-62 & Lys-235, Asn-226 & Gly-
230 and Lys-229 & Ser-299.

The corresponding amino acid residues in other PBPs can be identified based on sequence
homology e.g. using the alignment of Figure 7 of WO2007/026155 and are described herein.
Fluorophores will rarely be attached to an amino acid directly, but will instead be attached via a
linker. The choice of linker can also have an effect on the way the labelled PBP functions, as
the size, shape and flexibility of the linker can change the ability of a linker to come into
proximity with other groups. Haloacetamide linkers have been found to be useful.

Labels are suitably attached to the PBP in a manner that does not introduce a new chiral centre.
Thus the label-protein adduct does not exist in diastereomeric form. This can be achieved by
the use of linkers such as the haloacetamides (suitably iodoacetamides).

After attachment of the label, labelled protein will usually be purified to separate it from free
label and from any mis-labelled protein. The mis-labelled protein may be unlabelled protein with
which label did not react or protein where label has attached in the wrong position (either in
place of or in addition to the desired label). During purification of the labelled protein, treatment
with a thiol reagent may be included, such as B-mercaptoethanol, dithiothreitol or sodium 2-
mercaptoethanesulfonate as this can improve the fluorescence response of the protein.

Where more than one label can be attached, it is preferred to use the protein in homogenous
form. A homogenous form, e.g. pure double-labelled species, may be purified (e.g. by ion
exchange and/or hydrophobic interaction chromatography) to obtain homogenous, double-
labelled species. Single and double labelled PBPs can be distinguished by methods such as

electrospray mass spectrometry.

Assay methods
The labelled PBPs can be used in assays for detecting Pi in a sample. These assays can be

qualitative or quantitative. The disclosure is particularly useful for following the kinetics of
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reactions. The assays can be for general biochemical use, or for diagnostic use e.g. for

diagnosis of disease. For example, measurements of Pi may be used in diagnosis of hyper
vitaminosis D, hypoparathyroidism, renal failure, rickets and Fanconi syndrome, as well as for
monitoring the causes and treatment of these diseases.

The labelled PBPs may also be useful for the identification and development of drugs against
phosphate-associated diseases, such as those in which phosphatase inhibitors might be useful.
For example, over-expression of the receptor-like human protein tyrosine ‘phosphatase &’
(PTPa) results in persistent activation of pp60C-SRC with concomitant cell transformation and
tumourigenesis. PTPa may function as an oncogene. Tumours such as human colon carcinoma
exhibit an elevated level of pp60C-SRC kinase activity. Inhibitors of PTPa are therefore of use
in the treatment of tumours. A high throughput screen assaying for Pi can be used for the
identification of suitable lead compounds.

The sample may be from any source, including serum, urine, saliva, sweat, tissue culture, cell
extracts, cell lines, food, beverages, pharmaceuticals and environmental (e.g. water). If
concentrations of Pi in the sample are high, samples may be diluted as necessary to achieve
accurate quantification of Pi levels.

These methods can be performed in vitro or in vivo, but will typically be in vitro assays.

Thus the disclosure provides a method for monitoring changes in the levels of inorganic
phosphate concentration in a sample comprising: (a) contacting said sample with an inorganic
phosphate-binding molecule as described herein; and (b) determining changes in conformation
of said inorganic phosphate-binding molecule, wherein changes in conformation of said
inorganic phosphate-binding molecule indicate changes in the concentration of inorganic
phosphate in said sample. The disclosure also provides a method for detecting Pi in a sample,
comprising the steps of: (i) mixing the sample with a inorganic phosphate-binding molecule as
described herein, and (ii) detecting a change in the mixture arising from interaction between the
Pi and the PBP. The change detected in step (ii) can be related to the concentration of Pi in the

sample.

Identifying mutations

Methods for identifying other mutation(s) in a PBP that afford the advantageous properties of
the mutant PBP of the present disclosure are also disclosed. In the method, at least one label
and at least one mutation are incorporated into the hinge region of the PBP — suitably the hinge
region of SEQ ID NO:1. The affinity of the mutant PBP for Pi is measured using the methods
described herein. The signal emitted by the label upon binding of Pi to the mutant PBP is
measured using the methods described herein. One or more mutations in the PBP that confer:
(a) a lower affinity for Pi as compared to a reference PBP; and (b) the label emits a change in
signal upon binding of Pi, as described herein are then selected for further study. If desired, the

at least one mutation can be incorporated into a PBP. Suitably, the PBP can then be
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incorporated into an inorganic phosphate-binding molecule comprising label. Suitably, the

inorganic phosphate-binding molecule can then be used in accordance with the present
disclosure.

The disclosure also provides an inorganic phosphate-binding molecule for use in an assay of Pi.
The invention is further described in the Examples below, which are provided to describe the
invention in further detail. These examples, which set forth a preferred mode presently
contemplated for carrying out the invention, are intended to illustrate and not to limit the

invention.

EXAMPLES

Example 1 — Materials & Methods

Materials. Bacterial purine nucleoside phosphorylase was obtained from Sigma and dissolved to
1000 U ml". PcrA helicase was purified as described (75, 16). Oligonucleotide dT,; and
nucleotides were from Sigma. 6-iodoacetamidotetramethylrhodamine (6-IATR) was a gift from
Dr J. Corrie (NIMR, London) (717, 18).

Expression and Furification of Phosphate Binding Protein. PBP mutants were created in
pET22b harboring the gene for mature E. coli (A17C,A197C)PBP between Nde1 and Xho1 sites
in the MCS using a Quikchange site-directed mutagenesis kit (Stratagene) according to
manufacturer’s instructions. A stop codon was inserted at the end of the PstS ORF, so that the
encoded Hisg-tag was not added to the polypeptide chain. Plasmids were sequenced (GATC
Biotech) to confirm the presence of the desired mutation(s). Previously PBP was expressed
from the full gene, induced by P; starvation, and so included the N-terminal signal peptide that
was lost in the mature protein (3, 79). The pET22 vector described above produced a protein
identical to the mature PBP except for an additional N-terminal methionine. It has an advantage
of simple induction by IPTG. The amount of purified (A17C, A197C)PBP from this new construct
was comparable to the previous method and typically 300 mg from 4 | of E. coli culture. An
equivalent construct produced similar amounts of (A197C)PBP for MDCC labeling.

Plasmid pET22b carrying the desired mutations within the PstS ORF encoding PBP was
transformed into BL21 (DE3) and used for preparing rho-PBP variants. An overnight culture was
grown in LB medium containing 100 pg ml” ampicillin at 37 °C with aeration by vigorous
shaking. This culture was diluted 50-fold into 500 ml aliquots of fresh medium and grown to an
ODggo ~0.8 before expression was induced with 500 uM IPTG. After 4 h induction, cells were
harvested by 20 min centrifugation at 2500 g and 4 °C. Cells were resuspended in 20 mM
Tris.HCI pH 8.0 and stored at -80 °C.

For purification, cells from 500 ml culture were thawed and sonicated 4 x 30 s at 200 W with a 5
s on/off pulse cycle. The lysate was cleared by centrifugation at 142000 g and 4 °C for 45 min.
A 5-ml HiTrapQ FF column (GE Healthcare) was equilibrated in 10 mM Tris.HCI pH 8.0, 1 mM

dithiothreitol (DTT). The conductivity of the supernatant was adjusted to that of the buffer before
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applying it to the column. Protein was eluted in a 50 ml gradient of 0-200 mM NaCl in 10 mM

Tris.HCI pH 8.0. Fractions containing PBP were pooled and concentrated in a Vivaspin 20
concentrator (MWCO 10 kDa, GE Healthcare), yielding ~130 mg of PBP per litre culture.

To determine the quarternary structure of (A17C, 176G, A197C)PBP it was applied to a
Superdex 200pg 16/60 size exclusion column equilibrated in 10 mM Tris.HCI pH 8, 150 mM
NaCl, 1 mM NaNs. The protein ran as single species corresponding to the size of the monomer.

Labeling. Purified PBP was labeled with 6-IATR as described previously (3) in 10 mM Tris.HCI
pH 8.0, 100 mM NaCl. The mixture was then slowly diluted to ~3 mM NaCl and concentrated
prior to separation of free label and labeled protein. Precipitate was removed from the soluble
protein fraction by centrifugation at 16000 g for 10 min at 4 °C and the supernatant filtered
through a 0.2 pM polysulfone membrane (PALL Life Sciences). The protein was then applied to
a 1 ml MonoQ HR 5/5 column (GE Healthcare) equilibrated in 10 mM Tris.HCI pH 8.0. The
protein was eluted with a 30 ml gradient of 0-100 mM NaCl. The elution profile showed three
peaks, with the major, second peak eluting at around 20 mM NaCl.

As determined by mass spectrometry and the ratio of absorbance of label (528 nm) and protein
(280 nm) this fraction corresponds to the double-labeled PBP. It was concentrated and further
analyzed as described below. The variant used for further study was (A17C, 176G, A197C)PBP,
labeled with 6-IATR and this is termed rho-PBPw. The concentration of rho-PBP was calculated
using an extinction coefficient of 108 mM'cm™ at 526 nm (3).

Absorbance and Fluorescence Measurements. Absorbance spectra were obtained on a JASCO
V-550 UVNVIS spectrophotometer. Fluorescence spectra and titrations were obtained on a Cary
Eclipse fluorimeter with xenon lamp. Stopped-flow experiments were performed using a HiTech
SF61MX apparatus with mercury-xenon lamp and HiTech Kinetic Studio software (TgK Ltd,
UK). There was a monochromator and 4 mm slits on the excitation light (548 nm) and a 570 nm
cut off filter on the emission. The concentrations given are those in the mixing chamber, unless
otherwise stated and data were fitted to theoretical curves using HiTech software and Grafit 7
(20).

Steady-state ATPase rate measurements. Rho-PBPw was used to measure the steady-state
ATP hydrolysis of the DNA helicase PcrA. Measurements were carried out in 50 mM Tris.HCI
pH 7.5, 150 mM NaCl, 3 mM MgCl, containing 4 nM PcrA, 100 uM ATP, 5uM BSA, 3 uM rho-
PBPw and dT;s at concentrations ranging from 25 to 300 nM. Reactions were followed using the

fluorescence detection setting on a CLARIOstar Microplate Reader (BMG Labtech).

Example 2 - Design Approach

In order to extend the useful range of the existing rhodamine-labeled phosphate biosensor (3)
for a wider concentration range, the affinity of PBP for P; was lowered by mutation. This could,
in principle, be accomplished by several means, given that the two domains are largely

unchanged internally by P; binding: only their relative position and orientation changes as they
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enclose the bound P,. Amino acids associated with P; binding could be changed, disrupting

binding interactions. Secondly, the associated conformational change could be targeted by
modifying amino acids that are in the cleft and modify its closure, but are not involved in P;
binding. Thirdly, the conformation change, and therefore P; binding, might be affected by
modifying the flexibility of the hinge between the two domains. Several mutation sites in these
three areas were identified, based on crystal structures (77, 12, 27) (Figure 1 and Table 1) and
each approach is described in turn. Each PBP variant was labeled on the two cysteines by 6-
iodoacetaminotetramethylrhodamine (6-IATR): the fluorescence of this product was used to

assess the response to P;.

Example 3 - Binding site mutations.

The crystal structures of PBP, bound with P;, show a large number of potential hydrogen bonds
between amino acids and the four oxygen atoms of P, (77). Previously PBP with the binding site
mutation T141D was used to obtain the crystal structure of the apo protein, as this was shown
to have weakened, but highly pH-dependent, binding of P; (72). A study of the PBP from the
cyanobacterium Synechococcus sp. identified several active site residues affecting phosphate
affinity (22). Although sharing only 37% sequence identity, it was predicted to have high
structural homology with the E. coli protein, with all but one active site residue between the
species being conserved. In Synechococcus sp., replacement of active-site residues lowered
phosphate affinity by up to five orders of magnitude.

Based on the crystal structures and these data, single or double mutations were introduced into
the E. coli PBP as listed in Table 1 and shown in Figure 1C. With ~1000-fold decrease
compared to the original tight binding PBP sensor, S38A (Ky 93 pM) and G140A (65 uM)
showed the largest change in P; affinity. Residue R135, forming contacts with two of the
phosphate’s oxygens and other residues close to the active site (77), was also mutated. While
this R135A variant showed the largest fluorescence change between apo and P; bound PBP,
binding remained tight. The T141D variant of MDCC-PBP was also tested, but the fluorescence
change and affinity were highly dependent on pH, as shown previously (5, 12). This would make
application of that variant as a biosensor difficult. In addition, some pairs of mutations were also
tested in combination, but failed to give a significant fluorescence response, and so their
phosphate affinity could not easily be determined. Overall for these variants with binding site
mutations, large changes in affinity were accompanied by considerable loss of fluorescence
change on P; binding.

The second approach was based on targeting the cleft closure by affecting the interactions
between the facing, inner surfaces of the two domains (23-25). This might be achieved by
changing amino acids that have interactions across the closed cleft with residues on the

opposite side or by changing residue size. Several residues on the domain surfaces were
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mutated (Table 1). In all cases the Pi-dependent fluorescence change was almost completely

lost and so the affinities of these variants for P; were not determined.

The final approach, in which the flexibility of the hinge region was altered, proved most
successful. The hinge consists of two peptides, approximately parallel and linking the two
domains. Cleft closure is achieved by a bending rotation of the hinge (Figure 1B). A double
glycine in the sequence provides flexibility and to increase this, a neighboring isoleucine was
replaced with a further glycine resulting in a triple glycine stretch. This residue is located at the
point of flexion associated with the rotational movement during the conformational change. The
I76G variant of the TMR-labeled (A17C, A197C)PBP responded to P; with a large fluorescence
change and showed the desired reduction in affinity. The combination of these characteristics
made this variant, from here on described as rho-PBPw, the candidate for further

characterization.

Example 4 - Absorbance and fluorescence properties of rho-PBPw.

On binding of P; to rho-PBPw, the absorbance spectrum of the rhodamine changed (Figure 2),
with the peak at 515 nm decreasing and the peak at 555 nm increasing. This is typical of the
two rhodamines shifting from a stacked configuration towards unstacked (26) and is similar to
that observed in the original tight binding rho-PBP (3). The isosbestic point was 526 nm (Figure
2 inset).

The spectra showed a maximum fluorescence increase of around nine-fold on binding P; (Figure
3), with excitation and emission maxima of 556 nm and 577 nm, respectively. This fluorescence
change was used to measure P; affinity, by titrating P; into the apo protein (Figure 4). This gave

a dissociation constant (K;) of 28 M.

Example 5 - Variation in response with solution conditions.

Both the affinity of rho-PBPw for P; and the fluorescence changed on binding P; varied with pH
and salt concentration (Table 2). The main features are that the amplitude of the signal change
decreased with pH, but did not change significantly with salt concentration. Conversely, the
dissociation constant did not vary much with pH, but increased with salt concentration. The

maximum signal change was observed in 20 mM Pipes pH 6.5, 150 mM NaCl.

Example 6 - Limit of P;binding kinetics.

The tight-binding variants, rho-PBP and MDCC-PBP, bound P; in two steps, interpreted as
diffusion-controlled binding to the open conformation, followed by the cleft-closing conformation
change (3, 13). It is likely that the weaker binding by rho-PBPw is accompanied by a
combination of slower binding and/or faster dissociation to produce the reduced affinity. To test
this, the time course was measured, following rapid mixing of rho-PBPw with P;, using

fluorescence stopped-flow. At all the concentrations of P; tested, no fluorescence change
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occurred during the observed time course. However, the fluorescence intensity, although

constant with time, increased with P; concentration with a similar dependence as the steady-
state titrations (Figure 5). This suggests that the transient fluorescence change on binding was
complete within the dead time of the stopped-flow instrument (~2 ms) and only the final, Pi-

bound fluorescence was observable. This is described further in the Discussion.

Example 7 - Specificity

Wild-type PBP and the original phosphate biosensor show high selectivity for inorganic
phosphate (3, 77). In order to establish whether lowering the affinity had an effect on the
specificity, rho-PBPw was titrated with selection of P; analogues, pyrophosphate and
nucleotides (Table 3). No significant fluorescence response was obtained from addition of the
main competing ligands. In contrast to the tight-binding P; sensor, rho-PBPw did not respond to

sodium arsenate over the concentration range tested.

Example 8 - Comparison of fluorescence intensity levels of TMR

The rhodamine fluorescence intensity of rho-PBPw was compared with the tight binding variant
and tetramethylrhodamine in solution. The fluorescence quantum yield is difficult to measure
accurately when the emission spectrum extends to high wavelength, where corrections are
large. To circumvent this, a simpler measure was used by dividing the corrected fluorescence
emission intensity at the maximum wavelength by the absorbance at the excitation maximum.
This ratio was then used to give an approximate comparison between different species
containing the same tetramethylrhodamine fluorophore (Table 4). This shows that this
rhodamine is much less fluorescent when attached to the (A17C, 176G, A197C)PBP than in free

solution or attached to a small molecule thiol, but does not change greatly on P; binding.

Example 9 - Steady-state assay of P; production.

To test rho-PBPw, the ATPase activity of PcrA, a DNA helicase, was measured in a multi-well
plate format (Figure 6). PcrA couples ATP hydrolysis to translocation along single-stranded
DNA, using one ATP molecule per translocation step of one base (27). This ATPase activity is
well characterized (28) and so provided a good test of the new biosensor. Both the K, (88 nM)
for dTss and Kk (32 3'1) obtained using the new biosensor are similar to previous
measurements. Using the new biosensor a larger range of P; could be monitored (up to 80 pM).
In addition, the lowered affinity rendered the sensor less sensitive to contaminating Pi, so that

no phosphate mop was required to remove such contaminant (9).

Example 10 - Discussion
The affinity of the original P; biosensor, rho-PBP (3), was altered by inserting mutations in

strategic positions of the PBP scaffold. Kinetic and other measurements on the fluorescent,
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tight-binding PBP suggested a rapid, possibly diffusion controlled initial binding of P; to the open

conformation, followed by a rate-limiting cleft closure (3, 73). In principle, the affinity could be
altered by changing either step of this mechanism. Three parts of the structure were targeted for
mutations that might affect the binding, namely the binding site, inter-domain cleft surfaces and
the hinge region between the two domains.

The P;binding site is highly specific, being able to discriminate against similar molecules such
as sulfate. It contains twelve residues that form hydrogen bonds with the four oxygens of the P;
(77). While most of these residues are hydrogen donors, D56 is a hydrogen bond acceptor and
plays a crucial role in substrate recognition and discrimination. On the whole for binding site
mutations, a large reduction in affinity was accompanied by a large reduction in the signal
change on binding P;. This meant that mutations in the binding site did not give a suitable
candidate weak-binding variant. Moreover, there were significant differences in effects with the
E. coli protein, used here, from those described for Synechococcus PBP, predicted to be a
close structural homologue (22). For example, the T10A mutation, which resulted in a large loss
of affinity (5 orders of magnitude) in the Synechococcus PBP, had ~500-fold lower affinity in the
E. coli protein. The difference in effect of active site mutations cannot, therefore, be exclusively
due to changes in the active site residues, as these are conserved between the two species,
even though overall the proteins share only moderate sequence homology. Active site
mutations may have varied secondary effects on the two proteins, due to differences in their
amino acid composition. This, together with the different signal element used in the two
biosensors, based on the two PBPs from these sources, provides a likely explanation of the
differences observed.

Mutations to the cleft surface resulted in small or no signal change upon P; addition, so the
affinity could not be readily determined. Although the predicted structure of the rhodamines in
the apo structure suggests little contact with surface amino acids (74), this aspect is little
understood and mutations in the cleft might affect indirectly the structural changes that disrupt
the rhodamine interaction. In other words, mutations that weaken the interaction across the cleft
may mean that cleft closure is not favored thermodynamically. Even in the absence of such
weakening mutations, the equilibrium constant assigned to the cleft closure conformation
change is ~40 (13).

The most successful strategy for lowering P; affinity, while maintaining a fluorescence signal,
was alteration of the flexibility of the hinge between two domains making up PBP. Insertion of a
third glycine residue at position 76 in the hinge (Figure 1B) lowered P; affinity up to several
hundred-fold, compared to the tight binding sensor, but maintained a reasonably large signal
change (Table 1). This extra mutation is on the opposite side of the protein from the rhodamines

(Figure 1A), so may be unlikely to affect their fluorescence directly.
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Measurements with the tight binding variant, rho-PBP, suggest that the cleft closing
conformation change on rho-PBP-P; occurs subsequent to P; binding itself and has an
equilibrium constant of 40 in favor of closure. Presumably the conformation change is still
favored thermodynamically in rho-PBPw, in order to result in net cleft closure and produce the
fluorescence change. So the main effect of 176G would be on the binding step itself, either
slowing binding or increasing dissociation rate constants.

Stopped-flow kinetic measurements were unable to give precise kinetic information as the
binding kinetics were too fast to measure. However, the data suggested that the sum of rate
constants for binding and dissociation, >1800 s™', for the reaction to be almost complete within
the 2-ms dead time of the stopped-flow instrument, even at low P; concentration. This in turn
suggests that a large increase in dissociation rate constant occurs from that for the tight-binding
rho-PBP. Because the fluorescence change is likely to depend on the cleft-closing conformation
change, here may be a limit on what can be achieved in terms of weakening binding by
mutation for this rhodamine-protein adduct. An equilibrium constant favoring cleft closure must
be maintained to result in a concomitant signal change.

Table 4 shows a measure of the relative fluorescence of various TMR adducts, including 6-IATR
free in different solvents, as its adduct with a small molecule, MESNA, and covalently attached
to the tight binding, as well as weak binding Pi sensor. By this measure, the ratio of
fluorescence emission to absorbance each at its maximum wavelength, TMR in aqueous
solution is half as fluorescent as in ethanol. Even in the presence of P, TMR has low
fluorescence when in rho-PBP, in both the weak and the tight binding variant. There is only a
relatively small difference in this fluorescence ratio of rho-PBP in presence and absence of P;,
which is qualitatively in line with the expected mechanism for the fluorescence increase. On
binding P; the TMR labels become at least partially unstacked, leading to an increase in
absorbance of the rhodamines. This, in turn, is accompanied by an increase at the fluorescence
excitation maximum. The observed fluorescence intensity change on binding P; is a combination
of this greater absorbance and increase in fluorescence per unit absorbance. However, the
absorbance spectra are complex with discrete maxima at 516 and 556 nm. In addition the
higher wavelength peak with P; has a shoulder. The predicted structure, based on molecular
modeling, suggests that the two rhodamines in the apo PBP are not exactly parallel, so the
stacking is imperfect (74), while the relative size of the two rhodamine peaks suggests
incomplete unstacking when P; binds. In contrast, monomeric TMR in free solution has the 555
nm peak larger than the 515 nm one. These factors suggest that the stacking/unstacking
between the two conformations of rho-PBP is more complex than seen in free solution.

The 176G variant of rho-PBP, rho-PBPw, extends the useable range of the biosensor so P, can
be readily measured in the tens of micromolar range. The fluorescence response to P; was ionic

strength and pH dependent with the maximum response was 9-fold. While the affinity of rho-
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PBPw was little affected by pH, there was a decrease with ionic strength (Table 2), which is in

accordance with findings that wild-type PBP affinity for P; decreases with increasing ionic
strength (Okoh, Hunter et al. 2006). These findings highlight the requirement to obtain a
calibration for each experimental condition in any assay based on fluorescence. Importantly, the
additional, weakening mutation did not affect specificity: none of the molecules tested resulting
in a significant fluorescence response (Table 3).

Both previous, high-affinity, sensors based on the PBP scaffold have been used in a range of in
vitro studies (4, 7, 27-29). The ability of rho-PBPw to be used to detect P; in a steady-state
assay in real time was demonstrated in a test system. The ATPase activity of the helicase,
PcrA, showed comparable results using rho-PBPw to those in the literature (28).

The new biosensor has several properties differentiating it from the existing MDCC-PBP and
tight-binding rho-PBP. Rhodamines are much more photostable than diethylaminocoumarin, an
important property for assays relying on high intensity excitation, such as single molecule and
high-throughput studies. High-throughput assays, in particular, also benefit from the extended
useable range in two ways. Firstly, the lower affinity allows for the sensor to be used at sub-
stoichiometric concentrations, making it more economical, whereas the tight binding biosensors
must be present in significant excess over the highest concentration of P;. Secondly, the higher
P; detection range allows reactions to be measured over a longer time span, extending the
assay range, for which the sensor can be used. The tight-binding MDCC-PBP and rho-PBP
remain particularly suited for rapid reactions, such as single-turnover measurements of P;
release, where sensitivity and rapid response are essential. The substoichiometric use and
weaker affinity mean that rho-PBPw is likely to be little affected by typical levels P;
contamination that can be present in many biological solutions, buffers etc (70). In contrast, the
tight-binding version binds contaminant P; stoichiometrically under most assay conditions, so
that a significant proportion of the biosensor can be Pi-bound at the start of the assay,
increasing the background fluorescence and also decreasing the biosensor free to detect Pi
formation.

The development of the weak-binding version of this biosensor, based on the phosphate
binding protein, illustrates the variety of mutational approaches possible to achieve this. They
contrast in the capability of mutations in different parts of the protein to achieve a combination of
weaker affinity, while maintaining a useful signal change. The addition of a third flexible glycine
in the hinge region achieved this aim, providing a different set of properties that widen the range

of uses for this type of biosensor.

ABBREVIATIONS
6lATR, 6-iodoacetamidotetramethylrhodamine; DTT, dithiothreitol; MEG, 7-methylguanosine;
MESNA, 2-mercaptoethanesulphonate; MDCC, N-[2-(1-maleimidyl)ethyl]-7-

(diethylamino)coumarin-3-carboxamide; MDCC-PBP, (A197C)PBP, labeled with MDCC; PBP,
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phosphate binding protein; rho-PBP, (A17C,A197C)PBP, labeled with 6-IATR; rho-PBPw,
(A17C,176G,A197C), labeled with 6-IATR; PNPase, purine nucleoside phosphorylase; TMR,

tertramethylrhodamine.
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SEQUENCES

The numbering of amino acids herein is based on the mature protein wild type PstS protein from
(SEQ ID NO:1), so amino acid number 1 is E.

SEQ ID NO:1
Wild type PstS from Escherichia coli K-12 — mature protein after loss of signal peptide

EASLTGAGATFPAPVYAKWADTYQKETGNKVNYQGIGSSGGVKQIIANTVDFGASDAPLSDEKLAQEGLE
QFPTVIGGVVLAVNIPGLKSGELVLDGKTLGDIYLGKIKKWDDEATAKLNPGLKLPSQNIAVVRRADGSG
TSEVETSYLAKVNEEWKNNVGTGSTVKWPIGLGGKGNDGIAAFVQRLPGAIGYVEYAYAKQNNLAYTKLIT
SADGKPVSPTEENFANAAKGADWSKTFAQDLTNQKGEDAWPITSTTF ILIHKDOQKKPEQGTEVLKEFDWA
YKTGAKQANDLDYASLPDSVVEQVRAAWKTNIKDSSGKPLY

SEQ ID NO:2

Wild type PstS from Escherichia coli K-12 — protein as “naturally” expressed, before loss of

signal peptide (underlined)

MKVMRTTVATVVAATLSMSAF SVFAEASLTGAGATFPAPVYAKWADTYQKETGNKVNYQGIGSSGGVKQI
IANTVDFGASDAPLSDEKLAQEGLEFQFPTVIGGVVLAVNIPGLKSGELVLDGKTLGDIYLGKIKKWDDEA
IAKLNPGLKLPSQNIAVVRRADGSGTSFVFTSYLAKVNEEWKNNVGTGSTVKWPIGLGGKGNDGIAAFVQ
RLPGAIGYVEYAYAKONNLAYTKLISADGKPVSPTEENFANAAKGADWSKTFAQDLTNQKGEDAWPITST
TFILIHKDOQKKPEQGTEVLKFFDWAYKTGAKQANDLDYASLPDSVVEQVRAAWKTNIKDSSGKPLY

SEQ ID NO:3

PstS from Escherichia coli K-12 comprising an 176G mutation: The expression produces a

methionine at position -1 (underlined). Mutations are shown in bold and underlined.

MEASLTGAGATFPAPVYAKWADTYQRETGNRKVNYQGIGSSGGVKQITANTVDFGASDAPLSDEKLAQEGL
FQFPTVGGGVVLAVNIPGLKSGELVLDGKTLGDIYLGKIKKWDDEAIAKLNPGLKLPSQNIAVVRRADGS
GTSEFVEFTSYLAKVNEEWKNNVGTGSTVKWPIGLGGKGNDGIAAFVOQRLPGAIGYVEYAYAKQNNLAYTKL
ISADGKPVSPTEENFANAAKGADWSKTFAQDLTNQKGEDAWPITSTTFILTITHKDOQKKPEQGTEVLKEEFDW
AYKTGAKQANDLDYASLPDSVVEQVRAAWKTNIKDSSGKPLY

SEQ ID NO:4
PstS from Escherichia coli K-12 comprising A17C, 176G and A197C mutations: The expression

produces a methionine at position -1 (underlined). Mutations are shown in bold and underlined.

MEASLTGAGATFPAPVYCKWADTYQKETGNKVNYQGIGSSGGVKQITANTVDFGASDAPLSDEKLAQEGL
FQFPTVGGGVVLAVNIPGLKSGELVLDGKTLGDIYLGKIKKWDDEATIAKLNPGLKLPSQNIAVVRRADGS
GTSEVFTSYLAKVNEEWKNNVGTGSTVKWP IGLGGKGNDGIAAFVORLPGAIGYVEYCYAKQNNLAYTKL
ISADGKPVSPTEENFANAAKGADWSKTFAQDLTNQKGEDAWPITSTTFILTITHKDOQKKPEQGTEVLKEEFDW
AYKTGAKQANDLDYASLPDSVVEQVRAAWKTNIKDSSGKPLY

SEQID NO: 5

-35-



10

15

20

25

30

35

40

45

WO 2016/156807 PCT/GB2016/050814
PstS from Escherichia coli K-12 comprising 176G, N226C and S299C mutations. The

expression produces a methionine at position -1 (underlined). Mutations are shown in bold and

underlined.

EASLTGAGATFPAPVYARWADTYQKETGNKVNYQGIGSSGGVKQIIANTVDFGASDAPLSDEKLAQ
EGLFQFPTVGGGVVLAVNIPGLKSGELVLDGKTLGDIYLGKIKKWDDEATIAKLNPGLKLPSQNIAV
VRRADGSGTSFVEFTSYLAKVNEEWKNNVGTGSTVKWPIGLGGKGNDGIAAFVQRLPGAIGYVEYAY
AKQNNLAYTKLISADGKPVSPTEENFACAAKGADWSKTFAQDLTNQKGEDAWPITSTTF ILTHKDQ
KKPEQGTEVLKFFDWAYKTGAKQANDLDYASLPDCVVEQVRAAWKTNIKDSSGKPLY

SEQID NO: 6
PstS from Escherichia coli K-12 comprising 176G, K229C and E302C mutations. The
expression produces a methionine at position -1 (underlined). Mutations are shown in bold and

underlined.

EASLTGAGATFPAPVYARWADTYQKETGNKVNYQGIGSSGGVKQIIANTVDFGASDAPLSDEKLAQ
EGLFQFPTVGGGVVLAVNIPGLKSGELVLDGKTLGDIYLGKIKKWDDEATIAKLNPGLKLPSQNIAV
VRRADGSGTSFVEFTSYLAKVNEEWKNNVGTGSTVKWPIGLGGKGNDGIAAFVQRLPGAIGYVEYAY
AKQNNLAYTKLISADGKPVSPTEENFANAACGADWSKTFAQDLTNQKGEDAWPITSTTF ILTHKDQ
KKPEQGTEVLKFFDWAYKTGAKQANDLDYASLPDSVVCQVRAAWKTNIKDSSGKPLY

SEQID NO: 7
Mutated [76G hinge region of PstS from Escherichia coli K-12. Mutation is shown in bold and

underlined.

PTVGGGVVL

SEQID NO: 8

Nucleotide sequence encoding the amino acid sequence of SEQ ID NO:4. Mutations are
shown in bold and underlined.

atggaagcaagcctgacaggtgcaggtgcaaccttcectgegecggtgtattgeaaatgggctgacactt
accagaaagaaaccggtaataaagttaactaccagggtatcggttctteccggtggecgtaaaacagattat
cgctaataccgttgattttggtgcctctgacgcgecgctgtctgacgaaaaactggctcaggaaggtetyg
ttccagttccecgaccgtgggtggcggegtggtgctggeggttaacattecagggetgaagtectggegaac
tggtgctggatggtaaaaccctcggecgacatctacctgggcaaaatcaagaagtgggatgatgaagecat
cgccaaactgaatccgggtctgaaactgceccttcacaaaacattgctgtagtacgccgecgecagatggcetcece
gggacttccttcecgtcttcaccagctacctggcgaaagtgaacgaagagtggaaaaacaacgttggtactyg
gctctaccgtaaaatggceccgatcggtcectgggeggtaaaggtaacgacggtatcgecgegttegttcageg
tctgccgggtgecaattggttatgttgaatattgttacgcgaagcagaacaacctggegtacaccaaactyg
atctccgctgatggtaaaccggttagtccgaccgaagaaaacttcecgectaatgcagcaaaaggtgcagact
ggagcaaaaccttcgctcaggatctgaccaaccagaaaggcgaagatgcatggcectattacctctaccac
gttcattctgatccacaaagatcagaagaaaccagaacaaggcacagaagtgctgaaattcttcgactgg
gcgtacaaaaccggggctaaacaggcgaacgacctggattacgccagectgecggatagtgtagttgaac
aggttcgcgctgcgtggaagaccaatattaaagacagtagcggtaageccgectgtactaa

-36 -



10

15

20

25

30

35

WO 2016/156807 PCT/GB2016/050814
Glycine can be encoded by ggn, whereinn=a, c,gort.

Cysteine can be encoded by tgt or tgc.
SEQID NO: 9

Wild type full length amino acid sequence (before loss of predicted signal peptide - underlined)

of PBP from Xanthomonas campestris pv. campestris str. 8004.

MRRTPLPCNGVLRDVIPIATRSCSVISSIKSRLAVGVLAAALAMGAQAADVTGAGASFIYPVMSKWSADY
NTATKKQVNYQSIGSGGGIAQIKAASVDEFGSSDAPLKPEELAAAGLAQFPSVIGGVVPVINVPGIAAGAV
KLDGKTLGDIFLGKVTTWNDAAIVALNPGVKLPDSKITVVHRSDGSGTSEFNFTNYLSKVNPDWKSKVGEG
TAVOWPTGIGGKGNEGVAAYVKQIKGGIGYVELSYALQNKMAY TAMKNAAGKEVQPSDETFAAAANSADW
GSSKDFYLVMTNAAGDNAWPITATNFILVOKKPKNPAGLKNTLEFFRWVYSKGDAQAKALDYVPLPDTLV
SQIEAYWAKTLPR

SEQID NO: 10
Amino acid sequence of 176G mature PBP mutant from Xanthomonas campestris pv.

campesitris str. 8004. Mutations are shown in bold and underline.

QAADVTGAGASFIYPVMSKWSADYNTATKKQVNYQSIGSGGGIAQIKAASVDFGSSDAPLKPEELAAAGL
AQFPSVGGGVVPVINVPGIAAGAVKLDGKTLGDIFLGKVTTWNDAAIVALNPGVKLPDSKITVVHRSDGS
GISENFTNYLSKVNPDWKSKVGEGTAVQWPTGIGGKGNEGVAAYVKQIKGGIGYVELSYALQNKMAYTAM

KNAAGKEFVQPSDETFAAAANSADWGSSKDFYLVMINAAGDNAWPITATNF ILVOKKPKNPAGLKNTLEFF
RWVYSKGDAQAKALDYVPLPDTLVSQIEAYWAKTLPR

SEQ ID NO: 11

Amino acid sequence of S17C |76G S197C mature PBP mutant from Xanthomonas campestris

pv. campestris str. 8004. Mutations are shown in bold and underline.

QAADVIGAGASFIYPVMCKWSADYNTATKKQVNYQSIGSGGGIAQIKAASVDFGSSDAPLKPEELAAAGL
AQFPSVGGGVVPVINVPGIAAGAVKLDGKTLGDIFLGKVITWNDAATVALNPGVKLPDSKITVVHRSDGS
GTSFNFTNYLSKVNPDWKSKVGEGTAVQWPTGIGGKGNEGVAAYVKQIKGGIGYVELCYALQNKMAY TAM
KNAAGKEFVQPSDETFAAAANSADWGSSKDFYLVMINAAGDNAWPITATNF ILVOKKPKNPAGLKNTLEFF
RWVYSKGDAQAKALDYVPLPDTLVSQIEAYWAKTLPR

SEQID NO: 12
Mutated 176G hinge region of PBP from Xanthomonas campestris pv. campestris str. 8004.

Mutation is shown in bold and underline.

PSVGGGVVP

SEQID NO: 13
Nucleotide sequence encoding SEQ ID NO:9.
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ttgcgcaggacgccattgcecctgcaatggecgtectgecgggacgtcatcecectatecgectacaaggagetgtt
ccgtgatctcecttceccatcaaatcceccecgtcectggetgtecggegtgetegetgecgcactggeccatgggegececa
ggctgccgatgtcaccggcgcecggcecgcatecgttcatttaccecggtecatgtcgaagtggtecggecgactac
aacaccgccaccaagaagcaggtcaactatcagtcgatcggctececggtggecggcattgegcagatcaagg
ccgccagcegtggatttecggttettecgatgeccecgetcaageccgaagagttggetgecgecggactgge
gcagtttccctcecggtgatcggecggegtggtgecggtgatcaacgtgecgggecategetgecggtgeggte
aagctggacggcaagaccctgggcgatatcttectgggcaaggtcaccacctggaacgatgecggecatcg
ttgcgctgaacccgggecgtgaagctgceccgacagcaagatcaccgtggtgecatecgetecgacggttcecggg
caccagcttcaacttcaccaactacctgtccaaggtcaatccggactggaagagcaaggtcggcgaaggce
acggcggtgcagtggccgaccggcecattggecggcaagggcaacgaaggcecgtggecgectacgtgaagecaga
tcaagggcggcatcggctatgtcgagctgtecgtacgecgctgcagaacaagatggcecctacaccgcecgatgaa
gaatgcggccggcaagttcgtgcagceccgteccgatgagaccttcecgectgecggecgeccaacagtgecgactgg
ggcagcagcaaggacttctacctggtgatgaccaatgccgccggecgacaacgectggecgatcacecgeca
ccaatttcatcctggtgcagaagaagccgaagaatccggecggectgaagaacaccctggagttettecg
ctgggtctacagcaagggcgatgcgcaggccaaggcgctggactacgtgecgetgecggacacgetggte
agccagatcgaagcctactgggccaagaccctgecccgcectaa

SEQID NO: 14
Nucleotide sequence encoding SEQ ID NO:10. Mutations are shown in bold and underlined.

gccgcactggccatgggcegceccaggcectgececgatgtcacecggegecggegecategttecatttaceeggtcea
tgtcgaagtggtcggccgactacaacaccgccaccaagaagcaggtcaactatcagtcgatcggetceccgg
tggcggcattgcgcagatcaaggccgccagcgtggatttecggttettecgatgecececgetcaageccgaa
gagttggctgccgecggactggegcecagtttececteggtgggeggecggegtggtgecggtgatcaacgtgce
cgggcatcgctgccggtgcggtcaagctggacggcaagaccctgggecgatatcttectgggcaaggtcac
cacctggaacgatgcggccatcgttgcgctgaacccgggcegtgaagectgeccgacagcaagatcacegtyg
gtgcatcgctccgacggttcgggcaccagcttcaacttcaccaactacctgtccaaggtcaatccggact
ggaagagcaaggtcggcgaaggcacggcggtgcagtggecgaccggcattggecggcaagggcaacgaagyg
cgtggccgcecctacgtgaagcagatcaagggcecggcatcggectatgtcgagetgtegtacgegetgecagaac
aagatggcctacaccgcgatgaagaatgcggceccggcaagttecgtgcageecgtecgatgagaccttegetyg
cggccgccaacagtgccgactggggcagcagcaaggacttctacctggtgatgaccaatgceccgecggega
caacgcctggccgatcaccgccaccaatttcatcecctggtgcagaagaagceccgaagaatccggecggectyg
aagaacaccctggagttcttceccgectgggtctacagcaagggecgatgecgcaggeccaaggcecgctggactacyg
tgccgctgceccggacacgctggtcageccagatcgaagcectactgggecaagaccctgeececegcectaa

Glycine can be encoded by ggn, whereinn=a, c,gort.
SEQID NO: 15
Nucleotide sequence encoding SEQ ID NO:11. Mutations are shown in bold and underlined.

Gcecgcactggceccatgggcegceccaggcectgeccgatgtcacecggegecggegecategttecatttaceeggtcea
tgtegaagtggtcggecgactacaacaccgccaccaagaagcaggtcaactatcagtegatcecggetecygyg
tggcggcattgcgcagatcaaggccgccagcgtggatttecggttettecgatgecececgetcaageccgaa
gagttggctgccgecggactggegcecagtttececteggtgggeggecggegtggtgecggtgatcaacgtgce
cgggcatcgctgccggtgcggtcaagctggacggcaagaccctgggecgatatcttectgggcaaggtcac
cacctggaacgatgcggccatcgttgcgctgaacccgggcegtgaagectgeccgacagcaagatcacegtyg
gtgcatcgctccgacggttcgggcaccagcttcaacttcaccaactacctgtccaaggtcaatccggact
ggaagagcaaggtcggcgaaggcacggcggtgcagtggecgaccggcattggecggcaagggcaacgaagyg
cgtggccgectacgtgaagcagatcaagggcggecatcggcetatgtcgagetgtgetacgegetgcagaac
aagatggcctacaccgcgatgaagaatgcggceccggcaagttecgtgcageecgtecgatgagaccttegetyg
cggccgccaacagtgccgactggggcagcagcaaggacttctacctggtgatgaccaatgceccgecggega
caacgcctggccgatcaccgccaccaatttcatcecctggtgcagaagaagceccgaagaatccggecggectyg
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aagaacaccctggagttcttceccgectgggtctacagcaagggecgatgecgcaggeccaaggcecgctggactacyg
tgccgctgceccggacacgctggtcageccagatcgaagcectactgggecaagaccctgeececegcectaa

Glycine can be encoded by ggn, whereinn=a, c,gort.
Cysteine can be encoded by tgt or tgc.
SEQID NO: 16

Wild type full length amino acid sequence (before loss of signal peptide - underlined) of PBP

from Erwinia amylovora (strain ATCC 49946).

MTSMHKTLAQCVALTLSLSAVSALAATNLTGAGGTFPAPVYNKWAAEYHTATGSQVNYQGIGSSGGVKQI
IAKTADFGASDAPMKDEDLAKNGLEFQFPTVIGGVVLAVNIPGIKSGELTLDGKTVGDIYLGTVKKWNDPA
ITKLNPGVKLPDANINVVRRADGSGTSFVFTSYLSKVNKDWSSKVGKGS TVNWPVGLGGKGNDGVAAEFVQ
RLPGSVGYVEYAYAKQNSLAYTKLVDADGKAIAPSEKSE SDAAKGADWSTSFAQDLTFQKGDNAWPITST
TFILVHKEQANTAKGAAVLOQFFDWAYKNGGKTTSALDYASLPAPVVEQIRAAWKSNVKDSSGKALY

SEQID NO: 17

Amino acid sequence of 176G mature PBP mutant from Erwinia amylovora (strain ATCC

49946). Mutations are shown in bold and underline.

ATNLTGAGGTFPAPVYNKWAAEYHTATGSQVNYQGIGSSGGVKQI TAKTADFGASDAPMKDEDLAKNGLE
QFPTVGGGVVLAVNIPGIKSGELTLDGKTVGDIYLGTVKKWNDPAITKLNPGVKLPDANINVVRRADGSG
TSFVFTSYLSKVNKDWS SKVGKGSTVNWPVGLGGKGNDGVAAFVQRLPGSVGYVEYAYAKQNSLAYTKLV

DADGKATIAPSEKSFSDAAKGADWSTSFAQDLTFQKGDNAWPITSTTF ILVHKEQANTAKGAAVLOFEFDWA
YRKNGGKTTSALDYASLPAPVVEQIRAAWKSNVKDS SGKALY

SEQID NO: 18

Amino acid sequence of N17C 176G A197C mature PBP mutant from Erwinia amylovora (strain
ATCC 49946). Mutations are shown in bold and underline.

ATNLTGAGGTFPAPVYCKWAAEYHTATGSQVNYQGIGSSGGVKQITAKTADFGASDAPMKDEDLAKNGLEF
QFPTVGGGVVLAVNIPGIKSGELTLDGKTVGDIYLGTVKKWNDPAITKLNPGVKLPDANINVVRRADGSG
TSFVFTSYLSKVNKDWS SKVGKGSTVNWPVGLGGKGNDGVAAFVORLPGSVGYVEYCYAKQNSLAYTKLY
DADGKATIAPSEKSFSDAAKGADWSTSFAQDLTFQKGDNAWPITSTTF ILVHKEQANTAKGAAVLOFEFDWA
YRKNGGKTTSALDYASLPAPVVEQIRAAWKSNVKDS SGKALY

SEQID NO: 19
Mutated 176G hinge region of PBP from Erwinia amylovora (strain ATCC 49946). Mutation is

shown in bold and underlined.

PTVGGGVVL

SEQID NO: 20

Nucleotide sequence encoding SEQ ID NO:16.
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atgacttcgatgcacaaaactctggctcaatgcgttgcattaacccectttctcectgagegetgtttcectgege
tggctgcgacgaatctgaccggecgctggecggcacctttecggectecggtttataacaagtgggecggcaga
gtaccacaccgccacgggcagccaggttaactatcagggtatcggcectcttececggeggegtgaagcaaatt
atcgcgaaaaccgccgactttggtgegtcagatgcaccgatgaaagacgaagatttggctaaaaatggcece
tgttccagttcceccgacggtgattggcggggtggtactggecggtcaatattectggtatcaaatceccgggga
gctgacgctggatggtaaaaccgtgggggatatctaccttggtactgtcaagaagtggaacgatccggcet
atcaccaaactcaacccgggcgtaaagttgcecctgatgccaatatcaacgtggtacgececgegectgatggtt
ccgggacctcatttgtcectttaccagcectatctgtctaaagtgaacaaagactggagcagcaaagtcggecaa
aggcagcaccgttaactggccggtgggcecctgggcggtaaaggtaatgacggegttgectgecattegtacag
cgtttgccaggatctgtcggctatgtcgaatacgcctatgctaaacagaacagcectcecgectacaccaaac
tggtcgatgccgacggcaaagcgattgcceccgagecgagaaaagcecttcagecgatgecggctaaaggegecaga
ctggagcacctcgttcgctcaggatctgaccttccagaaaggcgataacgcectggecgatcacctcectace
acctttatcctggttcataaagagcaggccaacaccgcgaagggecgcagecgtgttgecagttetttgact
gggcttataaaaacggtggcaaaaccaccagcgcgctggactatgcatcgcectgceccagecteccecgtegtgga
gcagatccgcgceccgcectggaaaagcaacgtgaaagacagttceccggcaaggegttgtactga

SEQ ID NO: 21

Nucleotide sequence encoding SEQ ID NO:17. Mutations are shown in bold and underlined.

gcgacgaatctgaccggcgctggcggcacctttcecggectecggtttataacaagtgggecggcagagtace
acaccgccacgggcagccaggttaactatcagggtatcggectcttecggecggegtgaagcaaattatcge
gaaaaccgccgactttggtgcgtcagatgcaccgatgaaagacgaagatttggctaaaaatggectgtte
cagttcccgacggtgggtggecggggtggtactggcggtcaatattectggtatcaaateccggggagetga
cgctggatggtaaaaccgtgggggatatctaccttggtactgtcaagaagtggaacgatccggctatcac
caaactcaacccgggcgtaaagttgcectgatgceccaatatcaacgtggtacgeccgegctgatggttceccecggg
acctcatttgtctttaccagctatctgtctaaagtgaacaaagactggagcagcaaagtcggcaaaggceca
gcaccgttaactggccggtgggcecctgggcggtaaaggtaatgacggegttgcetgecattcecgtacagegttt
gccaggatctgtcggctatgtcgaatacgcectatgctaaacagaacagcectcgectacaccaaactggte
gatgccgacggcaaagcgattgccccgagecgagaaaagcttcagecgatgeggectaaaggecgcagactgga
gcacctcgttcgctcaggatctgaccttccagaaaggcgataacgcectggeccgatcacctcectaccacctt
tatcctggttcataaagagcaggccaacaccgcgaagggcgcagecgtgttgecagttetttgactgggcet
tataaaaacggtggcaaaaccaccagcgcgctggactatgcatcgctgeccagetcececgtegtggagecaga
tccgcecgecgectggaaaagcaacgtgaaagacagttcececggcaaggegttgtactga

Glycine can be encoded by ggn, whereinn=a, c,gort.

SEQ ID NO: 22

Nucleotide sequence encoding SEQ ID NO:18. Mutations are shown in bold and underlined.

gcgacgaatctgaccggcegetggeggecacctttceeggetecggtttattgeaagtgggeggcagagtacce
acaccgccacgggcagccaggttaactatcagggtatcggectcttecggecggegtgaagcaaattatcge
gaaaaccgccgactttggtgcgtcagatgcaccgatgaaagacgaagatttggctaaaaatggectgtte
cagttcccgacggtgggtggecggggtggtactggcggtcaatattcectggtatcaaatecggggagetga
cgctggatggtaaaaccgtgggggatatctaccttggtactgtcaagaagtggaacgatccggctatcac
caaactcaacccgggcgtaaagttgcectgatgceccaatatcaacgtggtacgeccgegctgatggttceccecggg
acctcatttgtctttaccagctatctgtctaaagtgaacaaagactggagcagcaaagtcggcaaaggceca
gcaccgttaactggccggtgggcecctgggcggtaaaggtaatgacggegttgcetgecattcecgtacagegttt
gccaggatctgtcggcectatgtcecgaatactgetatgctaaacagaacagectcegectacaccaaactggtce
gatgccgacggcaaagcgattgccccgagecgagaaaagcttcagecgatgeggectaaaggecgcagactgga
gcacctcgttcgctcaggatctgaccttccagaaaggcgataacgcectggeccgatcacctcectaccacctt
tatcctggttcataaagagcaggccaacaccgcgaagggcgcagecgtgttgecagttetttgactgggcet
tataaaaacggtggcaaaaccaccagcgcgctggactatgcatcgctgeccagetcececgtegtggagecaga
tccgcecgecgectggaaaagcaacgtgaaagacagttcececggcaaggegttgtactga
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Glycine can be encoded by ggn, whereinn=a, c,gort.
Cysteine can be encoded by tgt or tgc.
SEQID NO: 23

Wild type full length amino acid sequence (before loss of predicted signal peptide - underlined)
of PBP from Xylella fastidiosa 9a5c.

MKVYFAGFTLLCLCTAVTITGCKPSNDNQSTGVSQDGNSTTPPSAEQTKSVKISGAGASFIYPLISQWSA
DYNAATGNKINYQSIGSGGGIAQIKAATIDFGSSDKPLDSSELTQAGLGQFPSATIGGVVPVVNLDNIEPG
KLRLTGPLLADIFLGKISKWNDAATIISANPGLHLPDTKINIVHRSDGSGTTENFSNYLSKVSAEWKQKVG
EGTSVQWPGGVGGKGNEGVASYVQQIKGSIGYVELAYALOQNKMSY TALQNAAGQWVQPSAESFAAAASNA
DWSNAKDENLVITNATGEAAWPITATNF ILMRKQTKDAAQRKATLDFFKWSFENGOKOQANELHYVPLPPN
LVKQIEAYWASEFK

SEQID NO: 24
Amino acid sequence of mature 176G PBP mutant from Xylella fastidiosa 9a5c. Mutation is

shown in bold and underline

SVKISGAGASFIYPLISQWSADYNAATGNKINYQSIGSGGGIAQIKAATIDFGSSDKPLDSSELTQAGLG
QFPSAGGGVVPVVNLDNIEPGKLRLTGPLLADIFLGKISKWNDAATITSANPGLHLPDTKINIVHRSDGSG
TTENFSNYLSKVSAEWKQKVGEGTSVOWPGGVGGKGNEGVASYVQQIKGSIGYVELAYALQNKMSYTALQ
NAAGOWVQPSAESFAAAASNADWSNAKDENLVITNATGEAAWPITATNF ILMRKOQTKDAAQRKATLDEFFEFK
WSFENGOKOANELHYVPLPPNLVKQIEAYWASEFK

SEQ ID NO: 25

Mutated hinge region of PBP from Xylella fastidiosa 9a5c. Mutation is shown in bold and
underline.

PSAGGGVVP

SEQ ID NO: 26
Wild type full length amino acid sequence (before loss of predicted signal peptide - underlined)

of PBP from Pasteurella multocida subsp. multocida str. Pm70.

MTKRAMLLATLFSTEFALTTQAQTITGAGASFPYPIYAKWASMYEKQTGNKVNYQSIGSGGGQQQITAKTI
DFGASDDPMKAELLAQHQLLOFPATIGGTVPVVNLPEITAGQLKLSGEVLADIFLGKIKKWNDPAIAKLN
QGANLPDKAITIVVHRSDGSGTTFGWINYLSKVSTEWKETVGQGKSVKWPTGQGGKGNEGVAAYVSKIKYS
IGYVEYAYAKQNQLAWASLONKAGQFVQPSAESFMAAAANAQWESAVGMGVILTNEEGDTSWPVTAASE T
LLHKHAEKPEITKAVFDFFDWAFKQGKVAATELDYVPLPEEVIQKIQAQWKTEVKSSDGKTLWQ

SEQ ID NO: 27
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Predicted amino acid sequence of mature 176G PBP mutant from Pasteurella multocida subsp.

multocida str. Pm70. Mutation is shown in bold and underline.

AQTITGAGASFPYPIYAKWASMYEKQTGNKVNYQSIGSGGGQQQITAKTIDFGASDDPMKAELLAQHQLL
QFPAIGGGTVPVVNLPEITAGQLKLSGEVLADIFLGKIKKWNDPAIAKLNQGANLPDKATIIVVHRSDGSG
TTEGWINYLSKVSTEWKETVGQGKSVKWPTGQGGKGNEGVAAYVSKIKYSIGYVEYAYAKQNQLAWASLQ
NKAGQFVQPSAESFMAAAANAQWESAVGMGVILTNEEGDTSWPVTAASFILLHKHAEKPEITKAVEDEED
WAFKQGKVAATELDYVPLPEEVIQKIQAQWKTEVKSSDGKTLWQ

SEQID NO: 28
Mutated hinge region of PBP from Pasteurella multocida subsp. multocida str. Pm70. Mutation
is shown in bold and underline.

PAIGGGTVP

SEQ ID NO: 29

Wild type full length amino acid sequence (before loss of predicted signal peptide - underlined)
of PBP from Haemophilus influenzae Rd KW20.

MKKKSYYVLTLGTLPFAQANSITGAGASFPYPIYAKWASLYEKETGNKVNYQSIGSGGGQQQITAKTVDE
GASDDPMKSELLQQHQLVQFPAVIGGIVPVVNLPEIKPGKLKLSGKLLAEIFLGKIKKWNDPDLVALNPT
LPLPNKNIIVIHRSDGSGTTFGFITNYLSKISNDWKNQVGEGKSVKWLTGQGGKGNEGVASYVROMKYSIG
YVEYAYAKONQLAWISLONQAGQFVQPSNESFMAAASHAKWHEKAGMGVILTNETGEKSWPITAASFILL
NKYSDNPETTKNVLAFEFDWAF SRGODAATELDYVPIPADVVSTIKSQWKTELKQ

SEQ ID NO: 30

Amino acid sequence of mature 176G PBP mutant from Haemophilus influenzae Rd KW20.

Mutation is shown in bold and underline.

ANSTITGAGASFPYPIYAKWASLYEKETGNKVNYQSIGSGGGQQQITAKTVDEFGASDDPMKSELLQQHQLV
QFPAVGGGIVPVVNLPEIKPGKLKLSGKLLAETIFLGKIKKWNDPDLVALNPTLPLPNKNIIVIHRSDGSG
TTEPGFTNYLSKISNDWKNQVGEGKSVKWLTGQGGKGNEGVASYVROMKYSIGYVEYAYAKQNQLAWISLQ
NQAGQFVQPSNESFMAAASHAKWHEKAGMGVILTNETGEKSWPITAASFILLNKYSDNPETTKNVLAFED
WAFSRGODAATELDYVPIPADVVSTIKSQWKTELKQ

SEQ ID NO: 31

Mutated hinge region of PBP from Haemophilus influenzae Rd KW20. Mutation is shown in
bold and underline.

PAVGGGIVP

SEQ ID NO: 32
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Wild type full length amino acid sequence (before loss of signal peptide - underlined) of PBP

from Shigella flexneri serotype 5b (strain 8401).

MKVMRTTVATVVAATLSMSAF SVFAEASLTGAGATFPAPVYAKWADTYQKETGNKVNYQGIGSSGGVKQI
IANTVDFGASDAPLSDEKLAQEGLEFQFPTVIGGVVLAVNIPGLKSGELVLDGKTLGDIYLGKIKKWDDEA
IAKLNPGLKLPSQNIAVVRRADGSGTSFVFTSYLAKVNEEWKNNVGTGSTVKWPIGLGGKGNDGIAAFVQ
RLPGAIGYVEYAYAKONNLAYTKLISADGKPVSPTEENFANAAKGADWSKTFAQDLTNQKGEDAWPITST
TFILIHKDQKKPEQGTEVMKEFFDWAYKTGAKQANDLDYASLPDSVVEQVRAAWKTNIKDSSGKPLY

SEQ ID NO: 33

Amino acid sequence of mature S76G PBP mutant from Shigella flexneri serotype 5b (strain

8401).Mutation is shown in bold and underline.

EASLTGAGATFPAPVYARWADTYQKETGNKVNYQGIGSSGGVKQIIANTVDFGASDAPLSDEKLAQEGLE
QFPTVGGGVVLAVNIPGLKSGELVLDGKTLGDIYLGKIKKWDDEATAKLNPGLKLPSQNIAVVRRADGSG
TSEVETSYLAKVNEEWKNNVGTGSTVKWPIGLGGKGNDGIAAFVQRLPGAIGYVEYAYAKQNNLAYTKLIT
SADGKPVSPTEENFANAAKGADWSKTFAQDLTNQKGEDAWPITSTTF ILIHKDOQKKPEQGTEVMKEFDWA
YKTGAKQANDLDYASLPDSVVEQVRAAWKTNIKDSSGKPLY

SEQ ID NO: 34

Mutated hinge region of PBP from Shigella flexneri serotype 5b (strain 8401). Mutation is
shown in bold and underline.

PTVGGGVVL

SEQ ID NO: 35

Wild type full length amino acid sequence (before loss of signal peptide - underlined) of PBP

from Salmonella schwarzengrund (strain CVM19633)

MKVMRTTVATVVAATLSMSAF SAFAAASLTGAGATFPAPVYAKWADTYQKETGNKVNYQGIGSSGGVKQI
TANTVDFGASDAPLSDEKLNQEGLFQFPTVIGGVVLAVNIPGLKSGELVLDGKTLGDIYLGKIKKWDDEA
ITKLNPGVKLPSQNIAVVRRADGSGTSFVFTSYLAKVNDEWKSKVGAGS TVNWPTGLGGKGNDGIAAFVQ
RLPGAIGYVEYAYAKQNNLAYTKLVSADGKPVSPTEESEF SNAAKGADWSKTFAQDLTNQKGDDVWPITST
TFILVHKAQKKPEQGAEVLKFFDWAYKNGAKQANDLDYASLPDNVVEQVRTAWKTSIKDSNGKALY

SEQ ID NO: 36

Amino acid sequence of mature 176G PBP mutant from Salmonella schwarzengrund (strain
CVM19633). Mutation is shown in bold and underline.

AASLTGAGATFPAPVYAKWADTYQKETGNKVNYQGIGSSGGVKQITANTVDFGASDAPLSDEKLNQEGLE
QFPTVGGGVVLAVNIPGLKSGELVLDGKTLGDIYLGKIKKWDDEAITKLNPGVKLPSQNIAVVRRADGSG
TSEVEFTSYLAKVNDEWKSKVGAGSTVNWPTGLGGKGNDGIAAFVQRLPGAIGYVEYAYAKQNNLAYTKLV
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SADGKPVSPTEESFSNAAKGADWSKTFAQDLTNQKGDDVWPITSTTF ILVHKAQKKPEQGAEVLKEFDWA
YKNGAKQANDLDYASLPDNVVEQVRTAWKTSIKDSNGKALY

SEQ ID NO: 37

Mutated hinge region of PBP from Salmonella schwarzengrund (strain CVM19633). Mutation is
shown in bold and underline.

PTVGGGVVL

SEQ ID NO: 38

Wild type full length amino acid sequence (before loss of signal peptide - underlined) of PBP
from Mesorhizobium loti MAFF303099.

MRHFIRSAAVATAMATASTFTLSAATAADLSGAGSTEFIYPVFAKWADTYKKDTGVGLNYQSIGSGGGIKQ
VIAKTVTFGATDKPMSDADLEKNGLVQFPMVMGGIVPIVNLTGVKPGELVLDGKTLAQIYLGAITTWDDA
ATKALNPSLTLPSTAIAVVHRSDGSGTITENFTNYLVKLSPDWKDKVGSDTAVEWPTGVGAKGSEGVANTV
KQTDGGIGYVEYAYAKQNNLSYSKMLNAAGKVVEPSLESFGAAASNADFKGAKNFNVIITNEPGDTTWPI
AASTWVLIHKAPDDAAATGEALKFFAWAYKDGKETAKALDYVSIPDSVVDLIKASWKADIQAGGKPVYAG
E

SEQ ID NO: 39

Amino acid sequence of mature M76G PBP mutant from Mesorhizobium loti MAFF303099.

Mutation is shown in bold and underline.

AADLSGAGSTFIYPVEFAKWADTYKKDTGVGLNYQSIGSGGGIKQVIAKTVIFGATDKPMSDADLEKNGLV
QFPMVGGGIVPIVNLTGVKPGELVLDGKTLAQIYLGATITTWDDAATIKALNPSLTLPSTATIAVVHRSDGSG
TTENFTNYLVKLSPDWKDKVGSDTAVEWPTGVGAKGSEGVANTVKQTDGGIGYVEYAYAKQNNLSY SKML
NAAGKVVEPSLESFGAAASNADFKGAKNENVIITNEPGDTTWPIAASTWVLIHKAPDDAAATGEALKEFFA
WAYKDGKETAKALDYVSIPDSVVDLIKASWKADIQAGGKPVYAGE

SEQ ID NO: 40

Mutated hinge region of PBP from Mesorhizobium loti MAFF303099. Mutation is shown in bold
and underline.

PMVGGGIVP
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Table 1. Summary of mutations to weaken binding.

Amino acids are numbered, based on the sequence of the mature PBP. Cysteine mutations for

fluorophore attachment are indicated as "label sites", while "mutations” denote residues altered

to lower P; affinity. The location denotes the general area of the protein where the mutation was

introduced. The fluorescence change is the ratio between the signal at saturating P;

concentrations to that containing P; mop. For variants showing a significant fluorescence

change, Tthe P; affinity was determined by titration of 1 uM rho-PBP variant with P; in 10 mM

Pipes pH 7.0. The maximum signal change obtained and the average K; determined typically

from three independent titrations.

label

fluorescence

sites mutations location ratio (+PJ-P;) Ky [MM]
T10A active site 22 32x2
S38A active site 1.5 68 +9
R135A active site 45 Tight'
G140A active site 2.8 70 +17
A17C, T10A, G140A active site <11 ND
A197C
S139A, T141A active site <12 ND
176G hinge 59 74+04
K200A cleft 2.1 ND
G140A, A225Q cleft <11 ND
G140A, A225Y cleft 1.0 ND
S39D, S164K,
G140A cleft 1.0 40+ 4
K229C T10A active site 12 ND
E302C
G140A active site 2.5 220 £ 11
This  showed tight binding, with dissociation constant ~1 MM or
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Table 2. Fluorescence change and affinity at different pH values and salt concentrations.

Fluorescence emission spectra and titrations were carried out as described in Figures 3 and 4 .
Measurements at pH 6.5 and 7 were in 20 mM Pipes, those at pH 7.5-8.5 in 50 mM Tris.HCI.

The fluorescence ratio is between the signal at saturating P; concentrations to that of the

solution prior to P; addition. The value displayed corresponds to the maximum signal change

obtained during all experiments. Measurements were done on at least three experimental

replicates and two separate protein preparations.

H NaCl Fluorescence Ky
P [mM] ratio (+P;/-P;) [MM]
20 7.6 83+06
6.5
150 9.5 34+3
0 59 7.4+03
7.0
20 6.8 15 + 1
150 8.8 57 +2
20 52 27 2
75
150 6.1 122 +6
20 2.4 46 + 3
8.0
150 3.3 213 +9
20 1.9 46 +5
85
150 2.2 224 + 19
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Table 3. Response of rho-PBPw to P; analogues and to nucleotides.

The species tested were added to 5 yM rho-PBPw in 20 mM Pipes pH 7.0, 100 mM NaCl.
Fluorescence emission spectra of the solution 100 uM of the respective species were
measured as described for Figure 4. Saturating P; was subsequently added to each mixture to
verify sensor response. The fluorescence ratio was calculated from the baseline fluorescence of
the solution prior to substrate addition and the resultant fluorescence after addition. The highest
signal change was observed for GDP but may be explained by contaminating P; in the
nucleotide stocks.

Species Fluorescence
ratio
ATP* 1.1
ADP* 1.1
GDP* 1.5
PP* 0.9
Sodium arsenate 1.1
Sodium vanadate 1.0

* These were treated with phosphate mop (1 U mI™* purine nucleoside phosphorylase, 200 uM
7-methylguanosine) (9) for 15 min at room temperature to reduce contaminating P;, prior to
addition to rho-PBPw. The phosphorylase activity may be inhibited by the presence of purine

nucleotides at high concentration, limiting the effectiveness of this treatment.
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Table 4. Relative fluorescence intensities of tetramethylrhodamines

Apart from the 6-IATR sample in ethanol, all measurements were in 10 mM Pipes pH 7.0, 100
mM NaCl using solutions with a maximal absorbance of <0.05. The fluorescence spectra were
then corrected for the photomultiplier profile and baseline. The fluorescence intensity at
maximum emission was divided by the absorbance at maximum excitation. The relative
fluorescence was normalized to that of 61ATR in ethanol.

Species Relative
fluorescence

6IATR in EtOH 1
6IATR in buffer 0.42
6IATR-MESNA 0.51
rho-PBPw, P, 0.08
rho-PBPw, no P; 0.03
rho-PBP, P; 0.13
rho-PBP, no P;’ 0.07

"Solutions were treated with phosphate mop as described in Figure 3.
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CLAIMS

1. An inorganic phosphate-binding molecule comprising a mutant phosphate-binding protein
(PBP) which undergoes a conformational change from a first conformation to a second
conformation upon binding of inorganic phosphate (Pi), said mutant PBP comprising:

(i) at least one label; and

(i) at least one mutation that increases flexibility in the hinge region of the PBP as
compared to a PBP that does not comprise the at least one mutation in the hinge region;

wherein said mutant PBP has a lower affinity for Pi as compared to a reference PBP;
and

wherein the label emits a detectable signal upon changing from said first conformation to

said second conformation.

2. The inorganic phosphate-binding molecule of claim 1, wherein the mutation is located at the
point of flexion associated with rotational movement during the conformational change of the
PBP, suitably, wherein said mutation is located at an amino acid position equivalent to amino
acid position 76 of SEQ ID NO:1.

3. The inorganic phosphate-binding molecule of claim 1 or claim 2, wherein the mutant hinge
region of the PBP comprises or consists of the amino acid sequence motif: PXXGGGXXX,
suitably, wherein the mutant hinge region comprises or consists of the amino acid sequence
motif: PX'X2GGGX3VX*, wherein X'is S, A, T or M, X2is A, Vor |, X3is V, T or | and X*is P or L,
suitably, wherein the mutant hinge region comprises or consists of the amino acid sequence set
forth in SEQ ID NOs: 7, 12, 19, 25, 28, 31, 34, 37 or 40.

4. The inorganic phosphate-binding molecule of any of the preceding claims, wherein the
mutant PBP comprises or consists of an amino acid sequence selected from the group
consisting of: SEQ ID NOs: 3, 4, 5, 6, 10, 11, 17, 18, 24, 27, 30, 33, 36 or 39 or an amino acid
sequence with at least 30% identity thereto; or wherein the mutant PBP is encoded by the
nucleotide sequence set forth in any of SEQ ID NOs: 8, 14, 15, 21 or 22 or a polynucleotide
sequence with at least 30% identity thereto.
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5. The inorganic phosphate-binding molecule of any of the preceding claims, wherein the PBP
is or is derived from a member of the genus Xylella, Xanthomonas, Pasteurella, Haemophilus,
Escherichia, Shigella, Salmonella, Erwinia or Mesorhizobium, suitably wherein the PBP is or is
derived from Xylella fastidiosa 9a5c, Xanthomonas campestris pv. campestris str. 8004,
Pasteurella multocida subsp. multocida str. Pm70, Haemophilus influenzae Rd KW20,
Escherichia coli K-12, Shigella flexneri serotype 5b, Salmonella schwarzengrund, Erwinia

amylovora or Mesorhizobium loti.

6. The inorganic phosphate-binding molecule of any of the preceding claims, wherein the
protein comprises at least two labels, with at least one label attached to each side of the cleft of
the PBP.

7. The inorganic phosphate-binding molecule of any of the preceding claims, wherein the
protein comprises at least two cysteine substitutions, for attachment of first and second labels.

8. The inorganic phosphate-binding molecule of claim 6 or claim 7, wherein the first and
second labels comprise fluorophores.

9. The inorganic phosphate-binding molecule of any of claims 6 to 8, wherein the first and
second labels include a rhodamine, suitably, a tetramethlyrhodamine.

10. The inorganic phosphate-binding molecule of claim 9, wherein the rhodamine is 6-IATR.
11. The inorganic phosphate-binding molecule of any one of claims 6 to 10, wherein the first
and second labels shift from a stacked conformation towards an unstaked conformation upon

binding of Pi and the signal from the label increases.

12. A mutant PBP comprising the amino acid sequence selected from the group consisting of:
SEQID NOs: 7,12, 19, 25, 28, 31, 34, 37 or 40.

13. A mutant PBP comprising or consisting of the amino acid sequence selected from the group
consisting of: SEQ ID NOs: 3, 4, 5, 6, 10, 11, 17, 18, 24, 27, 30, 33, 36 or 39 or an amino acid

sequence with at least 30% identity thereto.

14. An inorganic phosphate-binding molecule comprising the mutant PBP of claim 12 and at
least one label, or comprising or consisting of the mutant PBP of claim 13 and at least one label.
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15. An isolated polynucleotide sequence encoding the mutant PBP according to claim 12 or
claim 13 or a polynucleotide sequence with at least 30% identity thereto.
16. An isolated polynucleotide sequence comprising or consisting of polynucleotide sequence
set forth in any of SEQ ID NOs: 8, 14, 15, 21 or 22 or a polynucleotide sequence with at least
30% identity thereto.
17. A polynucleotide construct comprising the polynucleotide sequence of claim 15 or claim 16.
18. A host cell transformed with the polynucleotide construct of claim 17.

19. A method of producing an inorganic phosphate-binding molecule comprising:

(a) culturing said host cell according to claim 18 in a suitable culture medium under suitable
conditions to produce the mutant PBP;

(b) obtaining said produced mutant PBP; and optionally

(c) purifying said mutant PBP to provide a purified mutant PBP.

20. A method for monitoring changes in the levels of inorganic phosphate concentration in a

sample comprising:

(@) contacting said sample with an inorganic phosphate-binding molecule according to any
of claims 1 to 11 and 14; and

(b) determining changes in conformation of said inorganic phosphate-binding molecule,

wherein changes in conformation of said inorganic phosphate-binding molecule indicate
changes in the concentration of inorganic phosphate in said sample.

21. The method according to claim 20, wherein the mutant PBP is present at sub-stoichiometric
concentrations, suitably between about 0.1 pM and 5 pM.

22. The method according to claim 20 or claim 21, wherein the change is detected in the

mixture over a time span of from 1 about 1 ms to about 1 hour.

-51-



10

15

20

25

30

WO 2016/156807 PCT/GB2016/050814
23.The method according to any of claims 20 to 22, wherein a phosphate mop is absent from

the mixture.

24. Use of an inorganic phosphate-binding molecule according to any of claims 1 to 11 and 14
or the mutant PBP according to claims 12 or 13 for measuring Pi in a sample.

25. A method for identifying a mutation in a PBP for use in measuring Pi comprising the steps
of:

(i) incorporating at least one label into a PBP and incorporating at least one mutation into
the hinge region of the PBP;

(i) measuring the affinity of the mutant PBP for Pi;

(iii) measuring the signal emitted by the label upon binding of Pi to the mutant PBP; and

(iv) identifying a mutation in the PBP that confers: (a) a lower affinity for Pi as compared to a
reference PBP; and (b) the label emits a change in signal upon binding of Pi.

26. A method of incorporating at least one mutation into a PBP comprising the steps of:

(i) identifying a mutation in a PBP according to the method of claim 25; and

(i) incorporating said mutation into a PBP.

27. A PBP obtained or obtainable by the method of claim 26.

28. An inorganic phosphate-binding molecule, a mutant PBP, a polynucleotide, a construct, a
host cell, a method or a use substantially as described herein and with reference to the
accompanying drawings.
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FIGURE 9

Accession Percent

no. identity”
Xylella fastidiosa 9a5c QOPBK3 52%
Xanthomonas campestris pv. campestris str. 8004. Q4UT67 54%
Pasteurelfa multocida subsp. muffocida str. Pm70 QOCNJ4 55%
Haemophilus influenzae Rd KW20 P45192 54%
Escherichia coli K-12 POAGS2Z
Shigella flexneri serotype 5b {strain 8401) QOSYS3 98%
Salmonella schwarzengrund (strain CVM18633) B4TN22 91%
Erwinia amylovora (strain ATCC 49946) D4IGHT 74%
Mesorhizobium loti MAFF303099 QY8FLZ 56%

*Percent identity is compared against the E. coli sequence.
The algorithm excludes non-aligning termini.

The accession numbers are from Uniprot.
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