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Selective binding of phosphate is vital to multiple aims including
phosphate transport into cells and phosphate-targeted
applications such as adsorption-based water treatment and
sensing. High-affinity phosphate-binding proteins and peptides
offer a nature-inspired means of efficiently binding and
separating phosphate from complex matrices. The binding
protein PstS is characterized by a Venus flytrap topology that
confers exceptional phosphate affinity and selectivity, and is
effective even at low phosphate concentrations, all of which are
essential for applications such as phosphate sensing, removal,
and recovery. The binding event is reversible under controlled
conditions, making it germane to catch-and-release objectives
that advance phosphorus sustainability. Peptides such as the P
loop motif are also promising for such applications. Future
advances in protein/peptide design can contribute to increased
implementation in engineered systems.
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Bio-inspired materials leveraging phosphate-
binding proteins and peptides have the
potential to advance phosphorus
sustainability

Phosphorus is a critical element underpinning all life with
essential roles in cellular structures and the storage and
transfer of energy and information [1,2]. Since phosphate
(orthophosphate) “can do almost everything...and no alter-
native is obvious” [3], cells have evolved elegant mechan-
isms of acquiring it. Leveraging this natural functionality
vields opportunities to design and implement bio-inspired
materials that can help address the phosphorus paradox,
wherein phosphorus is a finite, nonsubstitutable resource
needed for agriculture, yet excess discharges of phosphorus
to environmental waters stimulate eutrophication. To ad-
dress this formidable challenge and establish a sustainable
phosphorus cycle, all possibilities must be considered [1,4].
This includes designing and implementing phosphate-
binding protein- and peptide-based technologies to effi-
ciently and reversibly capture phosphate with remarkable
affinity and selectivity, even when phosphate is present at
low levels. Here, we describe foundational work establishing
protein and peptide phosphate-binding mechanisms. We
then focus on advances in protein and peptide phosphate-
binding applications in phosphate removal/recovery from
water and real-time sensing and decision support.

Molecular mechanisms of phosphate-binding
proteins and peptides

All living organisms rely on dedicated transport systems to
uptake critical nutrients, such as phosphorus, that cannot
diffuse through cellular membranes [1,5]. The ATP-binding
cassette (ABC) superfamily is a large class of transporters
that includes ABC importers, which feature two nucleotide-
binding domains, two transmembrane domains, and a sub-
strate-binding protein [5,6]. Substrate-binding proteins vary
in size and sequence [7], but their overall three-dimensional
structural folding pattern is highly conserved with a Venus
flytrap topology wherein two structurally conserved globular
domains are connected by a flexible hinge region that is
open when empty but closes upon binding the substrate in
the cleft [8].

"The high-affinity phosphate-specific ABC transporter Pst is
one of two major phosphate transport systems in bacteria
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(a) lllustration of E. coli’'s phosphate transport systems Pst and Pit and the cell’s phosphorus inventory (not drawn to scale). The high-affinity Pst ABC
transporter features a hinged Venus flytrap phosphate-binding mechanism utilized at low phosphate concentrations. Pit is a low-affinity phosphate
transporter operating at high phosphate concentrations and consists of a single constitutively synthesized transmembrane protein that symports a
proton and a soluble, neutral metal-phosphate complex (MeHPO,, where Me is a divalent cation) [1,9]. (created with Biorender.com) (b) Phosphate-
binding proteins (e.g. PstS) are characterized by similar tertiary structure, as illustrated by the comparison between E. coli PstS (PDB ID: 1IXH, orange)

and the human phosphate-binding protein (PDB ID: 2V3Q-1, blue) [15,16].

(a) Modified after Blank [1]

(Figure 1a). Pst is induced at low phosphate concentrations
and has approximately 100 times greater phosphate affinity
than the other major transporter, Pit [9], making Pst highly
efficient and phosphate-specific, even when phosphate is
initially present at low concentrations. The periplasmic
phosphate-binding protein PstS serves as the high-affinity
phosphate receptor in Pst. PstS offers exquisite phosphate
specificity [10], readily distinguishing phosphate from other
highly similar tetrahedral oxyanions, for example, sulfate
(discriminated by ~5 orders of magnitude) and arsenate
(discriminated by >500-fold) [7,11]. This specificity derives
from ion-dipole hydrogen bonding between phosphate and
PstS [12]. Recent molecular dynamics simulation of Escher-
ichia coli PstS showed that 15 amino acid residues have
significant interactions with phosphate [13], 8 of which
match the 12 hypothesized hydrogen bonds found in the
crystal structure [7]. Additionally, phosphate is protonated in
common pH ranges, whereas sulfate is fully deprotonated;
this lends further selectivity since PstS contains negatively
charged amino acids that only accommodate protonated
oxygen [12]. Although arsenate and phosphate have nearly
identical pKa values, arsenate is still strongly discriminated
against by PstS, ostensibly due to a unique low-barrier hy-
drogen bond between phosphate and the aspartate side
chain [11,14].

There is no precedence for the existence of eukaryotic
PstS homologs, wherein phosphate transport occurs via
DING phosphate-binding proteins. DING proteins are

less well-characterized compared to PstS, with the ex-
ception of the human phosphate-binding protein, whose
tertiary structure strongly resembles PstS (Figure 1b) [6].

Outside of phosphate transport proteins, the most
common structural motif identified among enzymes that
catalyze phosphorus bonds is a generic P loop, GXXX
structure. Several motifs in the catalytic domain of ABC
include the Walker’s A ((GXXXXGK(T/S)), which
contains a conserved lysine residue. The P-loop motif
wraps around phosphate to optimize the formation of
hydrogen bonds between the sequence’s backbone
atoms and phosphate [17,18].

Beyond high phosphate affinity, selectivity, and binding
efficiency at low phosphate levels (all of which char-
acterize an excellent phosphate adsorbent), phosphate
binding by PstS is reversible to enable the membrane
protein to shepherd phosphate into the cell (in cells,
phosphate release from PstS is triggered by ATP
binding) [19,20]. Controlled binding reversibility is
likewise critical for technologies designed to both cap-
ture/remove and release/recover phosphate.

Phosphate-binding proteins and peptides for
phosphate removal and recovery from water

Depletion of mineable phosphorus, together with the chal-
lenge of aquatic phosphorus pollution, drives the exploration
of innovative methods to improve phosphorus removal and
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Graphical representation of the advantages offered by protein- and peptide-based adsorbents for environmental applications. The high specificity and
activity of the proteins for phosphate offer advantages compared to other P-capture technologies.
Information adapted from Hutchison et al. [23] and Venkiteshwaran et al. [24].

recovery from water (including wastewater) [21]. Among
these methods is the use of phosphate-binding proteins and
peptides, which have tremendous promise as selective
phosphate adsorbents able to facilitate recovery via pH-de-
pendent phosphate release (Figure 2) [22,23].

Extracellular immobilized PstS can remove phosphate to
ultra-low levels (<100 pg/L.), even when phosphate is
initially present at low concentrations, for example,
15 pg/LL [25,26,24,27]. Lab-scale tests demonstrated su-
perior performance in phosphate adsorption Kkinetics
(k = 4.9x10° g immobilized PstS/(mg P-PO4-min)) and
affinity (Kp, = 220 £ 52 L/mg-P-PO,4) compared to ion
exchange and metal oxide-based reversible adsorbents
[28]. Immobilized PstS also discriminates against ar-
senate; this selectivity is crucial for recovering high-
purity phosphorus suitable for agricultural reuse [29].

Lab-scale research has also been performed using geneti-
cally engineered bacteria overexpressing PstS or displaying
PstS on the cell surface for use as a bioadsorbent to enhance
phosphate removal [30-32]. Although phosphate removal
was observed, lower removal and recovery efficiency was
observed versus immobilized PstS configurations. Ad-
ditionally, the deployment of genetically modified organ-
isms in environmental applications may be limited due to
regulations.

Optimizing recovery conditions and long-term reusa-
bility of PstS adsorbents is crucial for reducing costs and
environmental impacts for water treatment systems [22].
More than 85% of phosphate was desorbed from lab-
scale immobilized PstS using pH =12 without any impact
on phosphate adsorption efficiency over 10 adsorption

(circumneutral pH) and desorption (pH =12) cycles [24].
Consistent performance over multiple cycles highlights
the robustness of the immobilized proteins in water

treatment applications.

Phosphate-binding peptides may offer a means of fur-
ther improving phosphate adsorption bio-inspired tech-

nologies [13,22]. Peptides are short amino

acid

sequences that encompass only the portion of proteins

responsible for a particular function. In the case of

phosphate binding, the P-loop motif has been the target
for developing peptides to recover phosphate. The

binding site found in ATPase, which is characteristic of

the Walker’s A P-loop motif (GXXXXGK(T/S)), has
been tested as a peptide (sequence SGAGKT). The
peptide shows pH-dependent phosphate sorption and
desorption, making it ideal for phosphate recovery and
peptide reuse in environmental systems [33]. While the
conserved lysine is critical for catalytic activity, it may
not be necessary for phosphate binding [34]. Dynamic

force spectroscopy showed selective peptide binding of

phosphate beginning at pH 8, indicating a preference for
HPO,*, with selective phosphate binding over arsenate,
characteristic of many phosphate-binding proteins [35].
At higher phosphate concentrations and when the pep-
tide was attached to a hydrophobic tail with a spacer, the
peptide bound >90% phosphate at pH 5 to 8 [35].
Phosphate-binding peptides may be inhibited by NaCl

jonic strength >107° pM [33],

requiring careful con-

sideration of their application in phosphate recovery
from environmental matrices. Peptides that facilitate
calcium-P precipitation have been pursued extensively
for applications such as remineralization of dental caries

[36].
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The R-T-A working mechanism for sensor design is based on target recognition (R), signal transduction (T), and signal/data acquisition (A). High-affinity
proteins/peptides used to target phosphorus (P) using either solution-based or surface-based approaches. Two common transduction systems
(fluorescent/electrochemical) are shown as examples. Images courtesy of PubChem (ID: 1003; ID: 3681305; ID: 6326969; ID: 5957; ID: 890) and PDB

(ID: 1B05; ID: 2RGH). Select components created using BioRender.com.

Despite current advances, several challenges must be
addressed to achieve widespread adoption of protein- or
peptide-based phosphate removal, including further
consideration of material stability, design configuration,
and production scaling. Scaling laboratory-based protein/
peptide systems to industrial applications presents
technical and economic challenges. The cost of produ-
cing and immobilizing proteins or peptides at large
scales must be optimized to compete with existing
technologies [22]. Additionally, the longevity and
stability of immobilized biomaterials in wastewater and
environmental conditions, with varying water composi-
tions, flow rates, and potential fouling agents, must be
investigated to fully leverage PstS proteins and/or pep-
tides for phosphate recovery.

Sensing applications using phosphate-
binding proteins and peptides

Biosensors are analytical technologies that employ high-
specificity biomaterials to facilitate rapid analysis [37].

Materials such as PstS, Pit, or peptides have high affinity
in the presence of other compounds and thus are ideal
for optical and/or electrical sensing. Examples of the
logic for biosensor design are shown in Figure 3, which is
the basis for decision support systems based on bio-
sensors [38]. To realize this ambition, sensors should
have high target affinity, operate without reagents/co-
factors, and be reversible.

Many solution-based protein biosensors have been de-
veloped using optical transduction techniques, reviewed
in detail by Edwards [39]. Most PstS biosensors of this
type are focused on Forster resonance energy transfer
(FRET), which takes advantage of conformational pro-
tein changes to transduce signal. Yu et al. [40] extended
this concept by developing a bioluminescence system
(BRET) that uses luciferase as a donor. The BRET
system does not depend on hardware for excitation of
the acceptor, which is a step towards improving au-
tonomy. Both FRET and BRET systems have detection
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limits in the 1pg/lL range under laboratory conditions
[39] but are not commonly employed in field studies.

Anchored/encapsulated protein biosensors may offer
continuous monitoring if desorption is controlled.
Electrochemical biosensors based on proteins en-
capsulated in polymeric gels (e.g. kinase-to-oxidase
cascade) are robust for measuring molecules such as
ATP [41], with detection limits in the 1 pg/LL range. In
the last decade, nanopore sensors have emerged for
quantifying charged species, for example, a nanopore
system for detecting organic phosphorus using a phos-
phonate-binding protein [42]. Exposure to 2-ami-
nocthylphosphonate or ethylphosphonate induced
conformational changes (Venus flytrap), which in turn
transduced an electrical signal (detection limits in the
125 pg/L. range).

Peptides are capable of selective interaction that has
been used to fabricate sensors targeting phosphorus. For
example, Fowler [43] developed a peptide-based system
for quantifying orthophosphate (HPO4%) using a micelle
system. The label-free system was based on aggregate-
induced fluorescence triggered by interaction with a
phosphate-binding sequence (limit of detection as low as
1 mg/L.). Although nanopore systems to date have not
targeted phosphate, tethered peptide systems (nanopore
sensors) are an excellent platform. The transduction
system is rooted in noncovalent intermolecular interac-
tion and/or peptide self-assembly. Zhang et al. [44]
provide an excellent review of an emerging concept
known as pore-in modification that serves as an oppor-
tunity for phosphate-sensitive peptides in selective
sensing.

Most P biosensors are based on the Venus flytrap be-
havior of PstS, where protein conformational changes
transduce local photonic and/or electronic behavior to
drive a signal. BRET and FRE'T sensors based on PstS
are generally reagent-free and perform well compared to
the standard colorimetric method based on Keggin ion
formation. These techniques have the potential to
compete with the colorimetric Keggin ion system, which
has been the standard for more than 60 years. Nanopore
protein sensors and tethered peptide sensors are po-
tentially reusable (if on/off states are controlled), but
limits of detection (approximately 100 pg/L or greater)
need to improve.

Future opportunities in phosphate-binding
protein and peptide biotechnology

Phosphorus biotechnology “should from the start con-
sider the potential application” [1]. Bio-inspired protein
and peptide-based systems have tremendous promise to
advance phosphorus sustainability, including in the
realms of water treatment and sensing. Beyond these

Phosphate-binding protein/peptide biotechnologies Mayer et al. 5

demonstrated applications, phosphate-binding bio-in-
spired materials may have promise in laboratory analytics
as solid-phase extraction materials (e.g. for phosphate
concentration or removal to improve the detection of
other analytes). Additionally, Zhao et al. [45] observed
the occurrence of PstS in cyanophage P-SSM2, which
was able to interact with the host to enhance the rate of
phosphate uptake by the cyanobacteria, introducing the
possibility of influencing oceanic phosphorus cycling via
picocyanobacteria. Increased implementation and ex-
panded applications may increase the importance of
optimized phosphate-binding protein and peptide
design.

Environmental selective pressures yielded exquisitely se-
lective PstS; however, these selective pressures may not
have produced a protein design optimal for biotechnology
applications. As such, the design of new proteins and
peptides with improved functionality will be required.
Machine learning approaches to improve existing or design
novel proteins and peptides with improved characteristics
(e.g. stability and resistance to inactivation) are emerging.
The development of such tools comes with challenges,
including the availability of adequate high-quality data
[46], as well as implementation challenges in design tra-
deoffs, for example, enhanced thermal stability versus so-
lubility. Several tools have been created to predict protein
structure (i.e. Alphafold 3 [47]), improve thermal stability
(ie. ThermoMPNN [48]), and design novel tertiary
structures (i.e. Rose'T"'T'AFold Diffusion [49]), which could
vield improvements to proteins and peptides for environ-
mental applications.
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