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Abstract

Phosphate, an essential ingredient in fertilizers and detergents used daily worldwide, is a
finite resource that may be exhausted within 70 years, while improper phosphate waste disposal
into aquatic environments will result in eutrophication. Despite some chemical-based methods,
biological phosphorus removal using polyphosphate-accumulating organisms, such as microalgae,
is a sustainable alternative to reclaim phosphate from wastewater before the wastewater enters
aquatic environments, preventing ecosystem damage while recovering the phosphate for industrial
use. Moreover, polyphosphates have profound biological functions and biomedical applications,
serving as energy stock, drug delivery vesicles, coagulation factors, and antiviral agents depending
on the length of the polyphosphate chain, showing inherent value in polyphosphate recovery.
However, before this study, there were no sustainable and efficient approaches to synthesizing
purified polyphosphates enriched with different lengths, which limited industrial and biomedical
applications. Here, by leveraging the power of thermodynamic coupling and phase transitions, we
established a one-pot, two-step multi-enzyme cascade (comprising creatine kinase and two
polyphosphate kinases) to transform heterogeneous polyphosphate in microalgae biomass to
insoluble long-chain polyphosphate 1,300-mers, allowing for further purification in Single=step. In
the cascade reactions, introducing creatine as the high-energy P-shuttle enables controlled
manipulation of creatine kinase reaction direction via pH modulation, effectively circumventing
competition between the two polyphosphate kinase-mediated reactions. Finally, we optimized a
thermo-digestion approach to transform the polyphosphate 1,300-mers into shorter polyphosphates

enriched with'aharrow length'range. Therefore, the processes established here create a sustainable

P bioeconomy platform to refine microalgal biomass for biotechnological use.
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Introduction

Phosphorus is a key element in the biomass of all living organisms * and is essential for
modern agriculture/industry as a component in fertilizer, animal feed, and detergents 2. However,

the most AECESSIbIENPROSPROUSTEXiStS iR the form Of Withosphiere apatite minerals and is

inaccessible to land-based plants, while worldwide phosphorus demand has been rapidly growing
and is expected to exceed supply within 70 years due to fapid global"population increase . To
increase the phosphorus supply, “wet process methods” have been invented to convert unusable
inorganic phosphorus into phosphoric acid, a precursor to fertilizers, followed by an introduction
to land plants *. Howevel, €xcessive introduction of soluble phosphorus ifito'aguiatic environments
is also detrimental’®, e.g., phosphorus leakage from agricultural fields, wastewater plants, and
household sewage triggers eutrophication ii‘downstréam aquatic environments °. Therefore, the
sustainable recovery and reuse of phosphorus is urgently needed to sustain the global food chain

and other human activities, while preserving aquatic environments.

Wastewater is an abundant, widespread phosphorus sink produced by a variety of
agricultural and industrial activities. Phosphorus recycling from wastewater would not only
prevent further downstream ecological damage but also lead to the development of a sustainable
P bioeconomy, {here recyeled phosphorus can be converted into useful, value-added P-containing
materials. In addition to well-established P removal methods, such as adsorption and chemical
precipitation "*, biological phosphorus removal can occur through polyphosphate-accumulating
organisms (PAOs) uptaking phosphorus from wastewater and accumulating the phosphorus in the
form of inorganic polyphosphate (polyP) ®*% the accumulated polyP can subsequently be
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extracted from microalgal cells for downstream application 3. These examples suggest that
biological phosphorus removal systems are eco-friendly and cost-effective, making them good

candidates for developing the sustainable P bioeconomy.

PolyP has numerous biological functions and biomedical applications, which vary
depending on chain"length (Figuire"1)™™; short/medium-chain polyP (10-100-mer) promotes

bone regeneration ¢, wound healing "8, and blood coagulation °2°, while long-chain polyP
(100-1,000-mer) are less soluble (>300-mer is insoluble)?* and can be used as biomolecule-
carrying microdroplets that exhibit antiviral properties 2224 or as'molecular’ chaperones 2|
Traditionally, phosphate glass, composed of polydisperse polyP, is synthesized by heating
phosphoric acid at high temperatures (>700°C) 2905The chemically synthesized polyP is then
partially hydrolyzed by the alkaline treatment and separated by length via liquid chromatography
or fractional precipitation using organic solvents, which are resource and time-intensive 2’, along
with low yields of polyPofeach specific length. Similar to chemical methods, polyP purified from
microalgal systems is also polydisperse 28, which also requires Separation and harvesting' for
downstream use. Thus, for microalgal phosphate removal systems to be included within the

sustainable P bioeconomy, the development of a sustainable method to produce length=Variable

POIYP O RiGhErAOMOGERBItY is necessary.

As polyP is ubiquitous in biology and because polyP function varies depending on chain
length, organisms must harbor some biochemical mechanisms to produce polyP of a specific
length to achieve their physiological goals. In prokaryotes, the biosynthesis and utilization of polyP

are primarily mediated by polyP kinases (PPKs) with the two main families represented by PPK1s
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and PPK2s, which catalyze the reversible transfer of phosphate between polyP and nucleotides 2°.
Recent phylogenetic analysis has identified three subtypes of PPK2s (class I, 11, and 111) 3°3; class
I and 1l PPK2s catalyze the polyP-driven phosphorylation of either NDP or NMP, respectively,
while class 111 PPK2s can phosphorylate both NDP and NMP, enabling direct NTP production

from NMP 32, Class | and 11 PPK2s have been used for in vitro biosynthesis of acetone *, aldehyde

w

4

to short-chain polyP at the

same molar content of total orthophosphate, can significantly enhance cell-free protein yield.
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Figure 1. Functional diversity of polyphosphates of different lengths.

Experimental section

For full experimental details please refer to the ESI. Unless specified otherwise, chemicals and

reagents are purchased from Sigma-Aldrich (St. Louis, MO, USA). Enzyme Kinetics and sources
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Quantification of polyP using the toluidine blue O (TBO) method

PolyP was quantified by a metachromatic assay with the TBO method using commercial polyP
(sodium polyP " (=25-mer); Sigma-Aldrich) as a standard. The TBO method is based on the
concentration-dependent decrease in Aszo nm by the metachromatic reaction of TBO with polyP “°.
Briefly, sample solution (5 pL) was mixed with TBO assay solution (250 puL; 15 pg/mL) and acetic
acid (0.1 N) at room temperature *'. Then, As30 nm Was measured for the TBO-treated sample in a
microplate spectrophotometer for 10 min (Molecular Devices/Spectra Max® iD3, San Jose, CA,
USA). The As30 nm Was later converted into polyP concentration based on standard curves derived
from the different commercial sodium polyP standard concentrations. The standard curves of

polyP concentrations are available in the Appendix.
Microalgae cultivation under nitrogen-deficient conditions

Microalgae Chlorella vulgaris (C. vulgaris) was purchased from the Bioresource Collection and
Research Center (Hsinchu, Taiwan), which was cultivated in heat-sterilized wastewater collected
from the discharge of a local piggery wastewater treatment plant with continuous daylight
exposure (Appendix). C. vulgaris was cultivated in 2 L Erlenmeyer flasks containing the sterilized
wastewater (1 L; pH adjusted to neutral) at room temperature with continuous shaking (200 rpm)
for aeration and to prevent microalgae from sticking to the bottom of the flask as previously

described %2,
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Epifluorescence microscopic detection of polyP

PolyP was detected by epifluorescence microscopy as previously described . Briefly, polyP
granules were stained with DAPI (4',6-diamidino-2-phenylindole) (0.1 mg/mL in distilled H20)
for at least 10 min and the stained granules were visualized by epifluorescence microscopy on an

oil objective at 1,000 x magnification (ZEISS/AXIOSKOP 2, Oberkochen, Germany).

In vivo polyP visualization using TBO staining

C. vulgaris cells were air-dried and heat-fixed on a glass slide (76 x 26 mm; Thickness 1.2-1.5
mm). Intracellular polyP granules were then stained with TBO (15 mg/L) for 10 min by
submerging the whole glass slide (containing the fixed cells) into TBO solution. The slide was
then gently washed with double distilled H>O, followed by air drying for 15 min and subsequent
observation by an optical microscope at 100 x magnification (Olympus CX21FS1, Shinjuku,

Tokyo, Japan).

C. vulgaris cell lysis and partial polyP purification

The C. vulgaris cells were disrupted and partially purified as previously described “°. C. vulgaris
biomass was collected by centrifugation at 4,430 x g for 10 min at room temperature and then
resuspended in buffer (HEPES-K (pH 7.0; 20 mM), KCI (0.15 M), and ethylenediaminetetraacetic
acid (EDTA) (5 mM)) at a pellet to buffer ratio of 1:3. The cells were lysed via ultrasonication for
20 min (3 s on and 3 s off) and the cell-lysate containing polyP was subsequently incubated at
100°C for 10 min, followed by centrifugation at 8,000 x g for 3 min at room temperature to separate
the cell debris from the supernatant containing the polydisperse polyP. The polyP concentration

within the supernatant and the initial microalgal wastewater were quantified by the TBO method
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(see above). The supernatant containing polyP was stored at —80°C for further use in subsequent

experiments.

ATP regeneration using polydisperse microalgal polyP

Enzymatic synthesis of creatine phosphate from polydisperse polyP in microalgal cell-lysate

A two-enzyme cascade comprising Cytophaga PPK2 and rabbit creatine kinase (CK) (Sigma-
Aldrich) was applied to sequentially convert the microalgal polyP into creatine phosphate via ATP.
The optimized reaction mixtures (200 pL) contained Tris-HCI (pH 9.0; 0.1 M), MgSO4 (10 mM),

microalgal polyP (10 mM), creatine (50 mM), ATP (1 mM), N-acetyl-L-cysteine (2 mM),

(o]
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Cytophaga PPK2 (0.3 mg/mL), and CK (0.03 mg/mL); different conditions, including pH 8.0, 5

mM and 15 mM MgSQO4, and 10-40 mM creatine were also tested, but the reported reaction

conditions are the optimized conditions (10 mM Mg?", 5 mM microalgal polyP, and 50 mM
MVE- 9506 Vield); WhichiWere Used for all SubSeqUERt eXperiments] The reaction was initiated by

the addition of Cytophaga PPK2 and CK, and the formation of creatine phosphate was monitored
at 30°C for 30 min by the consumption of the microalgal polyP using the TBO method (see above)

as well as HPLC analysis.
Enzymatic synthesis of insoluble polyP 1,300-mer

Another two-enzyme cascade comprising Ralstonia PPK2c (polyP-synthesizing) and rabbit CK
was used to sequentially convert creatine phosphate into homogeneous polyP 1,300-mer via ATP.
The formation of the polyP 1,300-mer was monitored by the TBO method (see above). The
reaction mixtures (200 pL) contained (HEPES-K (pH 7.0; 90 mM), Tris-HCI (pH 7.0; 10 mM),
MgSOs (10 mM), creatine phosphate (5 mM), ATP (3.5 mM), PPK2c (0.5 mg/mL), and CK (0.1
mg/mL); different ATP concentrations (1-5 mM) were also tested, but the reported reaction
conditions are the optimized conditions used for all subsequent experiments. The reaction was
initiated by the addition of CK and Ralstonia PPK2c at 30°C and the formation of the polyP 1,300-

mer was monitored via the time-dependent decrease in As30 nm USing the TBO method.
Degradation of insoluble polyP 1,300-mer by non-enzymatic hydrolysis

The synthesized polyP 1,300-mer in the microalgal cell-lysate was collected by filtration using a
0.45-um MF-Millipore® membrane filter paper (Burlington, Massachusetts, USA) along with a

vacuum pump. The remainder was washed by ddH-O until the intensity of A2es nm (indicative of
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N(M/D/T)P) and A2go nm (indicative of protein/polypeptide) of the flowthrough decreased to
background levels. After resuspension of the reaction by adding 300 uL HEPES-K buffer (25 mM;
pH 7.5), the reaction mixture (MgSO4 (5 mM), EDTA (5 mM), and polyP 1,300-mer (5 mM)) was

subjected to time-dependent hydrolysis at 95°C.

Results

To develop the sustainable P bioeconomy process, we selected wastewater discharge

samples collected from a local piggery as a substrate for microalgae cultivation and polyP

production (Figure 2A).

[N
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Figure 2. Microalgae cultivation and partial fractionation of the accumulated polyphosphate
(polyP). (A) The overall scheme for producing polydisperse microalgal polyP. (B) PolyP
accumulation in Chlorella vulgaris cultivated in sterilized wastewater under nitrogen-deficient
conditions. The intracellular polyP was visualized in vivo by TBO staining and analyzed by optical
microscopy. (C) Production of the polyP-rich cell-lysate (supernatant) from microalgal biomass
via sonication, heating, and centrifugation. (D) The soluble polyP concentrations (shown in total
Pi equivalents) in the supernatant and the cell debris (measured by the TBO assay). Error bars
represent the standard deviation from three experimental replicates. (E-F) DAPI-stained
epifluorescent microscopy analysis (E) and TBE-Urea polyacrylamide gel electrophoresis (6%,

wi/v) analysis (F) of the granular polydisperse polyP aggregates.
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The next step for the proposed sustainable P bioeconomy Was'td convert the polydisperse

microalgal polyP to another P-containing molecule (creatine phosphate) for the downstream

synthesis of homogeneous long-chain polyP. However, the prerequisite of this step is that the

microalgallcellFlysate polyP can serve as the substrate of Cytophaga PPK2, similar to the case with
commercial polyP 25-mers (Figire S2), so that the high-energy phosphate can be completely
transferred to the downstream P-carrier. [0 measure the reaction Kinetics to confirm complete P
transfer from polyP to produce ATP, we coupled the Cytophaga PPK2-mediated ATP production

process to an NADP reduction process driven by an enzyme cascade consisting of hexokinase
(HK) and glucose-6-phosphate dehydrogenase (G6PD) [(Figuireé 8A). Upon incorporation of the
HK/G6PD cascade to the Cytophaga PPK2-mediated ATP production process, we observed
NADPH accumulation over time upon progression of this reaction in the microalgal cell-lysate
(Figure 3B); stoichiometric analysis also confirmed that'NADPH production (i.e., ATP
regenerated) is equivalent to polyP consumption, suggesting that all high-energy phosphate

contained within polyP was transferred fully to produce ATP (Figuire 3C).
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Figure 3. Cytophaga PPK2-based ATP regeneration using polydisperse polyP in microalgal
cell-lysate. (A) Schematic diagram showing the enzymatic cascade of the Cytophaga class Ill
PPK2 and HK-G6PD-coupled NADPH production assay. HK; hexokinase, G6PD; glucose-6-
phosphate dehydrogenase, DHGG6P; dehydroglucose-6-phosphate. (B) PolyP-based ATP
regeneration monitored by ATP-dependent NADPH production (Azs nm) using G6PD-HK. (C)
Stoichiometric analysis of Cytophaga PPK2-dependent polyP consumption and ATP-dependent
NADPH production by HK-G6PD. The concentrations of the consumed polyP and produced
NADPH were monitored through the TBO assay and at Az nm, respectively. The error bars
represent the range and the data points represent the average from two independent experimental

replicates.
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We then chose creatine phosphate as the P-carrier for downstream synthesis of insoluble
long-chain polyP (Figure 4A; Table'l), as eQuilibrator-based free energy calculations suggest
that CK-mediated phospho-transfer from ATP to creatine is thermodynamically favorable at basic
pH [(Figures 4B and S3A)) “*. Given the previous demonstration that P from microalgal polyP can
be fully converted to ATP, complete phospho-transfer from the polydisperse polyP to creatine via
ATP in the microalgal cell-lysate is plausible. On the other hand, the CK-mediated phospho-
transfer from creatine phosphate to ADP (the reverse reaction) is thermodynamically favorable at
neutral pH (Figure S8B). Therefore, by modulating the pH of the microalgal cell-lysate, we
attempted to first convert the polydisperse polyP and creatine into creatine phosphate via ATP
(polyP(n) + creatine = polyP-1) + creatine phosphate) using polyP-consuming Cytophaga PPK2
and CK at basic pH, and later convert creatine phosphate back into long-chain polyP and creatine

using CK and polyP-synthesizing Ralstonia PPK2c via ATP at neutral pH (polyP() + creatine

phosphate - polyPn+1) + creatine). Using free energy calculations as a guide (Figure S3), we

optimized the conditions of the two-enzyme PPK2/CK cascade (Figtire 4A). The greatest polyP

consumption and creatine phosphate production were observed with 10 mM Mg?* at pH 9.0

(Figures 4C and S4A=E), while'5 mM microalgal polyP also resulted in nearly complete polyP
consumption (Figure 4D).
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Figure 4. Conversion of polydisperse microalgal polyP into creatine phosphate via ATP by

the enzymatic cascade comprising CK and Cytophaga PPK2. (A) Schematic diagram showing

the PPK2-CK enzyme cascade. (B) eQuilibrator-based thermodynamic calculations of creatine

phosphorylation at circumneutral (pH 7.5) or alkaline (pH 9.0) pH. (C) Time-dependent creatine

phosphate production by the PPK2-CK cascade in Tris-HCI or glycine buffer at pH 9.0. The

production of creatine phosphate was monitored by the consumption of the polyP via TBO assay.

(D) Time-dependent creatine phosphate production by the PPK2-CK cascade under optimized
conditions (Tris-HCI (pH 9.0), Mg?* (10 mM), creatine (50 mM), and microalgal polyP (5 mM)).

The reactions were conducted with and without Cytophaga PPK2. The nearly complete

consumption of polyP was verified via quantitative TBO measurements (top) from TBE-Urea

polyacrylamide gel electrophoresis analysis (bottom).
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Next, we sought conditions to transfer the high-energy phosphate ffom creatine phosphate
to build a growing polyP chain. Thus, we then applied a two-enzyme cascade containing CK and
Ralstonia PPK2c in HEPES-K at neutral pHiWith/ATP as the P shuitle (pH 7.0); the high-energy
phosphate from creatine phosphate 8§ transferred to ADP via CK (regenerating ATP), while the
Ralstonia PPK2c fransfers the high-energy phosphate on the regenerated ATP onto a growing
polyP chain (Figure 5A). After optimization throtigh'a combination of free energy calculations
and experiments, efficient conversion of the creatine phosphate into polyP via the CK/PPK2c
cascade was successfully demonstrated with the initial addition of 3.5 mM ATP (Figures 5B and

83B). In the absence of creatine phosphate (but with added ATP), nearly no long-chain polyP was

produced, suggesting the importance of creatine phosphate to drive the aforementioned exergonic

phospho-transfer (thermodynamic coupling) (Figure S5).

A. B 100
Creatine § 80—
S 60
Ralstonia o
PPK2c £ 40-
g Y
Insoluble o 20
3 I
Creatine-P homogeneous T
polyP 0 T T T 1
0 5 10 15 20

Time (min)
- 1mMATP -® 2mMATP -+ 3 mMATP
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Figure 5. Conversion of creatine phosphate into homogeneous insoluble long-chain polyP via
ATP by the enzymatic cascade comprising CK and Ralstonia PPK2c. (A) Schematic diagram
showing the two-enzyme cascade comprising CK and Ralstonia PPK2c for homogeneous
insoluble long-chain polyP production. (B) Time-dependent long-chain polyP production by the
CK-PPK2c cascade in HEPES-K buffer (pH 7.5) with varying ATP concentrations. Error bars
represent the standard deviation and the data points represent the mean from three independent

experimental replicates.

Next, given that both enzymatic cascades (Cytophaga PPK2-CK and CK-Ralstonia

PPK2c) were shown separately to be effective 0 convert the polydisperse microalgal polyP into
long=chain polyP Via creatine phosphate, we then sought to perform the entire reaction in a one-
pot, two-step fashion for greater throughput and scalability. Specifically, we first applied the
creatine phosphate-producing cascade (Cytophaga PPK2-CK) at pH 9.0 (Figure 6A), followed by
the removal of Cytophaga PPK2 and adjustment of the reaction pH to neutral (Figure 6B) and
addition of Ralstonia PPK2¢ to transform the produced creatine phosphate to ATP and then to the
long-chain polyP (Figure 6C). However, our experimental analysis revealed that the fwo cascades
require completely different buffer systems at the required pH range (pH 7.0-9.0) to be active.
Thus, we reasoned that a mixture of buffers amenable to each cascade at an intermediate pH may
facilitate both cascades in the same pot, albeit possibly with sub-optimal efficacy for either or both

cascades. Among all conditions tested, a HEPES-K: Tris-HClI ratio of 8:1 resulted in the greatest

long-chain polyP production (Figures S6A=E). In parallel, we observed @ nearly complete

conversion of the creatine phosphate into long-chain polyP and creatine by the CK-Ralstonia
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PPK2c cascade under the same assay conditions but in the HEPES buffer (Table'2), suggesting
that the mixed buffer is indeed sub-optimal for the CK-Ralstonia PPK2c cascade. However,

considering that the Cytophaga PPK2-CK cascade requires completely different conditions, the

mixed buffer conditions can still produce long-chain polyP at a high yield (90%) through a one-

pot, two-step process.

A. 1stenzyme cascade B. PPK2 removal C. 2" enzyme cascade
pH adjustment

Algal polyP,.q). Creatine > Creatine
% Ni resin @ @
[& i 0
{ 4 & @
/ e ) Insoluble
Algal polyP, Creatine-P Creatine-P homogler;eous
poly
Protein
Marker(kDa) 1 2 3 . .
100 0 245 Omln 40 min
3 90- 180 B
< 140 ~ 1001 A ¥
@ 804 100 = s | F ' hatS
T 70 it o 8o WY/ )
c 60 e
S 504 c 604 0 min 40 min
@ 60 o PR Jlr
o 40 [ /]
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E 30 45 CK 2
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© 10 . © ’
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25
Q D ... 0 10 20 30 40
& & 15 Time (min)
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Figure 6. One-pot, two-step enzymatic synthesis of homogeneous insoluble long-chain polyP
from polydisperse microalgal polyP. (A) Conversion of polydisperse microalgal polyP into
creatine phosphate via the Cytophaga PPK2-CK cascade. (B) The removal of His-tagged
Cytophaga PPK2 from the microalgal cell-lysate (verified by SDS-PAGE) using the Ni-chelating
resin. 1: the cell-lysate with both Cytophaga PPK2 and CK; 2: the cell-lysate after Cytophaga
PPK2 removal by a Ni-chelating resin; 3: the elution of the Ni-chelating resin used for Cytophaga
PPK2 removal. A trace amount of CK was also co-eluted. (C) Conversion of creatine phosphate

into homogeneous insoluble long-chain polyP solids via the CK-Ralstonia PPK2c cascade. The
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conversion rates of the insoluble long-chain polyP synthesis reaction with the mixed buffer system
were calculated at different time points. The reactions were conducted with and without Ralstonia
PPK2c. Error bars represent the standard deviation and the data points represent the mean from
three independent experimental replicates.

We also observed insoluble material produced after the one-pot, two-step enzymatic

cascade (Figure 6C). As polyP >300-mer is generally insoluble, which we conjectured was the
chain length of the polyP product. After filtration using a 100-kDa cutoff centrifugal filters) the
POIYP products appeared to be all “ultra” long-chain polyP (5100-kDa or >1,000-mer), which was
Righly homogeneous and'in'the 1300 mer unitrange (Figure 7A and STAB). This is in contrast

to the polydisperse polyP in microalgal cell-lysate before the enzymatic catalysis, which has

roughly equal concentrations of polyP of sizes larger and smaller than 100 kDa (Figure 2F). Prior

to this study, long-chain polyP 700-mer was referred to as “super long-chain” polyP; however, our
enzymatically synthesized homogeneous polyP produict is nearly twice as long compared to the

longest commercially available polyP.

Although homogeneous long-chain polyP has been produced via our one-pot, two-step
enzymatic cascades, the product could potentially contain some byproducts or contaminants, such
as nucleic acids and peptides, that would inhibit downstream use or processing for industrial
purposes. We thus further subjected the microalgal cell-lysate containing the polyP 1,300-mer

product to a protease treatment and filtration by a 0.45-um filter for polyP purification.
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Consistently, ATP and proteins (indicated by A260-280 nm) Were nearly completely removed (Figures
7B and S7C; Table 2), suggesting effective purification of the polyP 1,300-mer product. After
filtration, we then dried the remainder, which resulted in a white powder that fluoresced after

DAPI-staining, confirming its composition to be of polyP (Figure 7A).

A. B
I
3 m .
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-# Flow-through, Alcalase (+)
2
o
(¢]
1
e
0 L
#2. Long-chain polyP 250 300 350 400
@ Creatine kinase Wavelength (nm)
@ Ralstonia PPK2
twss Creatine
3 —
oy ATP -e- Remainder, Alcalase (-)
\ J ,\ -# Flow-through, Alcalase (-)
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10 (Polydisperse polyP) o)
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E (Polydisperse polyP) 1
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3 (Insoluble polyP)
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(Insoluble polyP) 250 300 350 400

Wavelength (nm)

Figure 7. Purification of long-chain polyP using a membrane filter after the protease
digestion. (A) The solutions containing the polydisperse microalgal polyP or the insoluble
homogeneous long-chain polyP obtained from the one-pot, two-step enzymatic cascades were
subjected to filtration through a 100-kDa filter. PolyP concentrations in the remainder and flow-
through fractions were quantified by the TBO assay. (B) Removal of small molecules (ATP,
creatine, and salts) and proteins from the remainder fraction (verified by UV-Vis analysis). The
reaction mixture containing insoluble long-chain polyP was subjected to filtration before and after
the proteolysis treatment.
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While the goal of this study was to convert polydisperse polyP in wastewater microalgae
biomass into insoluble and homogeneous long-chain polyP, we next wondered whether the
developed process could lead to more value-added products aside from the polyP 1,300-mer. As
mentioned previously, polyPs of different lengths have different functional properties, and the
ability to acquire polyPs of different lengths is of particular value. Before this study, industrial
production methods for polyP of different chain lengths were time-, resource-, cost-, and organic
waste-intensive. [Fhus, fo"produice a shorter homogeneous polyP, we first subjected the polyP
1,300-mer to enzymatic treatment by exopolyphosphatase (PPX) “°. However, rather than the
polyP product length decreasing over time, the polyP concentration instead decreased over fime
(Figure S8A). Moreover, the treatment of polyP 1,300-mer with polyP-consuming Cytophaga
PPK2'also restlted in'a similar result (Figlire’'S8B)! We attribute this to the fact that PPX and
Cytophaga PPK2 likely degrade single polyP chains fully before moving on to the next chain.

Therefore, such an enzymatic degradation strategy was not amenable to our goals.

We thus decided to search for a non-enzymatic strategy for polyP length shortening|that
did not degrade single polyP chains fully. /AsTMgZ*is'a known catalyst for non-enzymatic ATP
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with Mg**-chelating EDTA to slow down non-enzymatic polyP endo-cleavages. Our data revealed

that the length of the polyP products was slightly reduced in a time-dependent manner at 70°C
(Figure 8A); however, even after 4 hours of incubation, the size of the polyP products was still
quite large (and the chain length remained much higher than the polyP 200-500-mer marker).
Thus, we decided to increase the reaction temperature to 95°C. Over just one hour, the polyP length
was reduced in a time-dependent manner, ultimately reaching a length on the order of 100-mer,
while passing through the entire range of polymer lengths between 100-1,300-mer (Figure 8B).
Moreover, the overall polyP concentration remained greater than 90% after the non-enzymatic

hydrolytic process, confirming this process to be efficient with minimal loss of polyP product

(Figure 8C, Table 2). Thus, polyP mixtures enriched with a narrow length range between 100~

As mentioned previously, our prior study revealed that PPK2 is more efficient in utilizing
a polyP 100-mer than commercial short-chain polyP (25-65-mer) for ATP regeneration (at the
same phosphate molar content). Thus, to demonstrate the added value of the non-enzymatic

hydrolytic polyP 100-mer product while confirming its activity, we used the polyP 100-mer
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442  product to perform the Cytophaga PPK2-based ATP regeneration process. Indeed, we observed
443  more efficient ATP regeneration in the assays using the polyP 100-mer product than those using
444  the commercial short-chain polyP (Figure 8D), suggesting the added value of the produced polyP
445  100-mer. We also note that other than the 100-mer, polyP of other lengths that are non-
446  enzymatically generated from the homogeneous 1,300-mer, especially those between 100-mer and
447  300-mer, could also be used for biomedical applications (Figure 1). Altogether, the entire chemo-
448  enzymatic system presented herein has resulted in a sustainable P bioeconomy platform valorizing

449  low-value biomass waste to produce high-value products.
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Figure 8. Time-dependent thermo-digestion of a homogeneous polyP 1,300-mer by non-
enzymatic hydrolysis. (A-B) The polyP 1,300-mer was incubated at (A) 70°C and (B) 95°C and
at pH 7.5, along with 5 mM Mg?* and 5 mM ethylenediaminetetraacetic acid. The reaction
mixtures collected at different time points were analyzed by TBE-Urea polyacrylamide gel
electrophoresis, along with commercial polyP standards as a reference for the lengths. (C) The
total concentration of polyP (based on the molar content of orthophosphate) during the time-
dependent thermo-digestion was monitored by TBO assay. (D) HK-G6PD-mediated NADPH
production, which was coupled to Cytophaga PPK2-mediated ATP regeneration; commercial
short-chain polyP and purifiedpolyP 100-mer product was the high-energy phosphate donor
(normalized to the same molar content of orthophosphate). Error bars represent the standard

deviation and the data points represent the mean from three independent experimental replicates.
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Discussion

In this study, we devised an efficient enzyme cascade to sustainably produce polyP 1,300-
mer from wastewater microalgal biomass (or from commercial short-chain polyP). This
technology simultaneously purifies wastewater to avoid eutrophication of downstream aquatic
environments (SDG 6), while also mitigating the global phosphorus deficit and producing high-
value biomedical materials following non-enzymatic hydrolysis (SDG 3). From a biochemical
standpoint, the success of this technology results from the unusual properties of (i) CK that allow
a pH-based modulation of the direction of polyP-ATP phospho-transfer (thermodynamic coupling)
and (ii) Cytophaga PPK2 and Ralstonia PPk2c that allow a two-step back-and-forth polyP
phospho-transfer. However, this technique also succeeds due to a unique phase-transition property
of the polyP reactants and products. In biology, phase transitions have often been employed to
circumvent thermodynamic limitations, which can direct and inhibit the reversibility of bio-
polymerization reactions to accumulate high concentrations of polymerization products in cells4,
as is also observed in the case of polyP accumulation in the Chlorella cells (Figure 2B). We thus
employed the same principles to drive the enzymatic synthesis of solid long-chain polyP from
soluble"polydispersé polyP, where the phase-transition of the polyP products from soluble to
insoluble leads to the favorability of the forward polyP synthesis process in solution. Moreover,
the solidity of the long-chain polyP 1,300-mer products facilitates a streamlined, one-step polyP

purification procedure via simple filtration for downstream use.

The presented microalgal cultivation and extraction procedures at the lab scale also have

the potential to be up-scaled to the industrial levels. \While microalgal biomass collection)
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sonication-based cell disruption, and heating seem to be easily scalable, the centrifugation step
required for the insoluble microalgal polyP separation from other cell debris could be one hurdle
in the development at large scale due to capacity limitations in centrifugal volume. Therefore,

future development of techniques that can facilitate both protease/lipase-based cell lysis to allow
us to access the microalgal polyP and membrane-based filtration to separate the microalgal polyP
from other cell debris at large scale would be required to bring the long-chain polyP synthesis
method into the industrial level. Similarly, the bio-enzymatic procedures to convert polydisperse
microalgal polyP into insoluble polyP 1,300-mer have currently been designed as a one-pot, two-
step cascade at the lab scale. Future optimization that allows the enzymatic conversion process to
upscale would be essential to facilitate long-chain polyP at the industrial scale. For example, the

use of magnetic nanoparticles to immobilize the His-tagged enzymes could bypass the need for

centrifugation and allow enzyme recycling. Moreover furtherinvestigations info a “panacean”

Given that the polyP=accumulating Chlorella spp. is regarded as Generally Recognized as
Safe (GRAS) by the USA Federal Drug Administration (FDA), the value-added polyP products of
various lengths reliably produced by our novel procedure €oUld be used in biomedicine. In
particular, polyP products of specific lengths can be used in bone stitches (300-1300-mer), as
antivirals (100-300-mer), or as drug delivery vessels (10-100-mer). Moreover, future discovery
of the unexplored biological functions or medical applications of purified polyP products of
lengths greater than 700-mer (other than bone materials) could also result in greater value for our

system. Furthermore, the intermediate creatine phosphate synthesized using the microalgal polyP
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could also be used as medicine for heart failure, cardiac surgery, and skeletal muscle hypertrophy

47,48

Conclusions

Altogether, the catalytic processes established in this study facilitate a sustainable P-
bioeconomy platform that can valorize microalgal biomass to produce value-added polyP products
at the lab scale. However, a large-scale global sustainable P-bioeconomy is crucial to solving the
imminent loss of all global phosphate sources in the next 70 years. Thus, we expect that upon
scale-up and further development, the scale of the sustainable P-bioeconomy platform will increase
to allow the production of large amounts of high-value polyP materials that are essential for
biotechnology and medicine. In particular, as microalgae are abundant in most aquatic ecosystems,
an initial application of our polyP synthesis technique in global regions with coasts or rivers that
undertake significant phosphorus mineral mining activities would help those regions to divest from
economic reliance on phosphorus mineral mining (SDG 9). The subsequent establishment of a
sustainable P-bioeconomy in other regions lacking phosphorus minerals would help to drive the
establishment of local, self-sustainable polyP material production, thereby reducing impacts both
of phosphate mineral mining as well as environmental costs related to constant shipping and

acquisition of polyP materials.
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Table 1. eQuilibrator-based estimation of the Gibbs free energy (ArG'™) of the listed
enzymatic reactions under the following experimental conditions: 1 mM reactant
concentration, pH 7.5, 25°C, pMg 3.0, and 0.25 M ionic strength).

Reaction ArG'™ (kJ/mol)
I PolyP) + ATP - PolyP(n+1) + ADP ~0
I ADP + Creatine phosphate - ATP + Creatine -122
I +11 PolyP(n) + Creatine phosphate = PolyP(+1) + Creatine 122

Table 2. The output summary of each step of the one-pot, two-step polyphosphate
(polyP) synthesis
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Step Substrates Products  Yield Residues and  Residual
(%) Byproducts polyP
yield (%)
A. Synthesis of creatine Algal Creatine 95% Creatine, 95%
phosphate from polyP, phosphate
microalgal polyP Algal polyP (<
Creatine 5-mer)
B. Enzyme removal/pH N.A. N.A. 99% N.A. 94%
adjustment
C. Synthesis of long- Creatine Insoluble  90% Creatine 84.6%
chain polyP phosphate,  long-chain
polyP
ATP 1,300-mer
D. Filtration N.A. N.A. 99% N.A. 84%
E. Hydrolysis of long-  Long-chain  polyP 100- 90% Pi 75.5%
chain polyP polyP 1,300-mer
1,300-mer
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